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The interaction of Hwith the defect sites of the Si@urface 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 occupiec®stangling bonds (Ecenters)=Si'; nonbridging oxygen

centers (NBO)=Si—0Or; divalent Si,=Si:; and neutral oxygen vacanciesSi—Si=. H, cracking on the

NBO sites is exothermic by 0.4 eV and has an energy barrier-09.1 eV (or less considering nonadiabatic
effects) which suggest the occurrence of the process even at low temperature. On Si dangling bonds the
formation of=Si—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 centerssSi: and=Si—S=, leads to the formation of stab#Si—H groups with exothermic
processes and relatively high activation energies of about 2 eV. Thusakking is predicted to occur at

room temperature on paramagnetic defects and only at high temperatures on the diamagnetic centers.

1. Introduction with the bonded hydrogen (&Si—OH or =Si—H groups) to
form H,. Recently, it has been found that the addition of
hydrogen into buried oxide layers of Si/SISi structures results

in the formation of mobile Fl ions which form the basis for a
new class of nonvolatile memory deviceshe mechanism of
formation of the protons is still unclear. Besides microelectron-
ics, hydrogen has been shown to be useful in fiber optics
echnology since the refractive index of pure and Ge-doped SiO
ibers can be greatly enhanced by loading the fiber wigtf H

The interaction of molecular hydrogen with defect sites (in
particular dangling bonds) of Sids 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)
devicest™* Charge traps in the SiCfilms and at the Si/Si@
interface states are known to degrade the dielectric response ot

the films and the performance of the device. It was recognized - . S .

a long time ago that the main origins of the charge traps in the l_Desplte _the con_5|derable technological Interest in t_he mech-

material are oxygen deficient centers and other related defects;ar?'sm of Interaction of mo'ecu'?“ hydro_gen with .$;Oh_e
microscopic aspects of the,Hreaking remain unclear; the field

many of them have been characterized through electron spinh b " . d by Edwafdshas b ted
resonanc®(ESR) or UV absorption bandsThese defect centers as been recently reviewed by £dwardshas been suggeste
that the two major processes responsible for atomic hydrogen

can be stabilized both in the bulk and at the surface of silica ¢ .
glasses. ormation are
In the semiconductor industry, annealing of the Sfins e e .
in a hydrogen-containing atmosphere is used as a standard =SI+H,—~=Si—H+H )
technique to reduce the concentration of the defects at the Si/ i e . .
SiO; interface. Molecular hydrogen is in fact the only species =Si—0"+H,—~=S—OH+H @
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 essentia
since it has been observed that there is no change in the
concentration of oxygen deficient centers (charge traps) when
silica is saturated with pat room temperature. On the other
hand, it has also been observed that hydrogen i 8ftects
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 hydroge
is present in SiQit can depassivate the interface by reaction

In these two processes, the centers involved are a Si singly
| occupied spdangling bond, the Ecenter, and a nonbridging
oxygen, NBO. On the basis of semiempirical calculations,
Stahlbush et al.estimated an activation barrier for reaction 1
of 1.7 eV, a sufficiently high barrier to exclude thédenter as
a likely candidate for hibreaking. This conclusion was contrary
to a large set of experimental data which indicate that reaction
1 occurs rapidly at room temperatdfeThe activation energy

as also been measured experimentally, although slightly
different values have been reported for the same process. Li et
alll have foundE, ~ 0.3 eV in thermal oxides; in a rather

t Part of the special issue “Electronic and Nonlinear Optical Materials: accurate kinetic study, Radzig _etlélf.ound a larger barrieik,
Theory and Modeling”. ~ 0.4-0.5 eV. On the basis of these results, Edwards
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Figure 1. 1-Tetrahedron (1T) cluster model of a Si dangling bond reacting with(g) =Si* center; (b) transition sta&Si® + Hy; (¢) =Si—H
center.

reconsidered the reaction and foug= 0.6-0.7 eV from ab guantum mechanical molecular mechanics appréache

initio calculations, a value which drops to below 0.2 eV if one results have shown that in general even relatively small clusters

includes adiabatic effecfsTo the best of our knowledge no provide answers similar to those of larger or more complex

estimates exist of the activation barrier for reaction 2. models where part of the lattice relaxation is treated based on
Beside the two paramagnetic centers involved in reactions 1 parametrized force fields. Here we have considered the con-

and 2, other diamagnetic oxygen deficient centers in silica can vergence of our results versus cluster size and we have found

in principle play a role in the reaction with hydrogen, the very similar results with small or large clusters, suggesting that

dicoordinated Sis=Si:, and the neutral oxygen vacanegSi— the nature of the interaction is markedly local. As an additional
Si= or Vo. In this case, the reactions of interest are proof of the validity of the cluster model approach for the study
of point defects in silica, we mention that very similar structural,

=Si: + H, > =Si(H), = =Si—-H + H’ 3) electronic, and energetic descriptions of dia- and paramagnetic

defects in Si@ have been obtained with quantum chemical
cluster models using atomic basis functitngd® and with ab
initio molecular dynamics periodic approaches using plane
waves?122 The cluster approach has also been successfully
applied to the study of optical transitions in sili€a?’ Since
most of the properties associated with point defects in, 8i©@
local and do not depend markedly on the long range ortéf,
results obtained from models ofquartz can be transferred to
amorphous silica with some confidence.

The E center=Si*, was described by a (HEBi* unit, Figure
la, including only one Si atom. Since each Si in Sias a
tetrahedral coordination, we denote this cluster as 1T. A larger

dinated GSi)' and 7.6 eV () in the optical spectra of the o4l [(HOYSIOLSF, Figure 2a, contains four Si atoms and
material® These defect centers are probably the primary cause g qenoted as 4T. In a similar way, we used two cluster models

of the hydrogen dissociation in the oxide or at surfaces. of the =Si—O* groups (HO)SIi—O, 1T, Figure 3a, and
The object of this paper is to elucidate the role played by the [(HO)sSIOLSI—Or, 4T, Figure 4a. Given the similar results

defects described above in the hydrogen breaking in silica. In gpioinaq with the 1T and 4T models (see below), we used only

particular, we have performed high quality quantum mechanical 5 gal cluster, (HQBi, to model the dicoordinated S&S.,

calculations based on cluster models and gradient corrected,;igure 5a. The neutral oxygen vacanesSi—Si=, has been

density functional theory, GC-DFT. The relative stabilities of represented by two clusters, a small one, (88D}Si(OH)s,

the reactants and the products and the corresponding enerY¥igure 6a, and a larger two-rings cluster, Figure 7a. Full

barriers and transition states h_ave been o_Ietermined. The result(%eometry optimizations have been performed by means of
have been checked as a function of the size of the clusters useq,q\ tical gradients of the total energy with the only constraint
in the calgulatlons and provide a flrm energetic basis for the of keeping the embedding H atoms fixed.
interpretation of the complex reaction pathways of neutral  he glectronic structure of the cluster has been computed by
hydrogen in silica. 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-
To describe point defects in SiOwe used cluster models  tionaP® combined with the Lee Yang—Parr gradient-corrected
with structures that are derived from thatwfguartz (the St correlation functiond® (B3LYP). The basis sets used are
O-—Si angles in the crystal are 144vhile values in a range of  6-31G* (a doubleZ plus d polarization function) on Si and on
130-160 are observed in the glassy materil)The cluster O atoms, 6-31G** (a doublé- basis wih a p polarization
broken bonds were saturated by H atoms placed at 0.98 A alongfunction) on the H molecule, and 3-21G on the saturating H
the O-Si bond directions of the perfect crystal. The H atoms atoms of the clustei®31 The use of a hybrid GC-DFT approach
were kept fixed during the geometrical optimization to provide guarantees that the energetic is described very accurately. In
a simple representation of the mechanical embedding in the solidfact, B3LYP calculations have been shown to reproduce
matrix. In a previous study on the interaction of Cu atoms with thermodynamic quantities for a large class of molecular systems
similar defect centers at the SiGurface, we used a mixed with great accuracy? However, several uncertainties are

=Si—Si= + H, — =Si—H + H—Si= @)

Very similar variants of these defect=%i*, =Si—0*, =Si:,

and =Si—Si=) are present in bulk amorphous silica and
o-quartz® on the surface of mechanically activated siftéan

SiO; thin films,** and in UHV cleavedx-quartz single crystals
after Art bombardment® 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
295i and’0 nuclear spins (Eand NBO) but also characteristic
absorption bands at 5.8 eV'{E2 eV (NBO), 5.0 eV (dicoor-

2. Computational Approach
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Figure 2. 4-Tetrahedron (4T) cluster model of a Si dangling bond reacting with(gl) =Si* center; (b) transition sta&Si* + Hy; (c) =Si—H
center.
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Figure 3. 1-Tetrahedron (1T) cluster model of a nonbridging oxygen (NBO) reacting with(&) =Si—0O* center; (b) transition sta&eSi—0O* +
H,; (c) =Si—OH center.

Figure 4. 4-Tetrahedron (4T) cluster model of a nonbridging oxygen (NBO) reacting with(&) =Si—0O* center; (b) transition sta&Si—0O* +
Hy; (c) =Si—OH center.

inherent to the models used, like the long-range polarization of =Si—H + H°*, have been fully optimized separately. This
the lattice and neglect of the long-range contribution of the provides the energy data to obtain thermodynamic information
Madelung potential, or to the method, like completeness of the about the reaction. Using the 1T minimum model, Figure 1,
basis set, validity of the exchange-correlation functional, we found that thesSi—H + H* system is 0.55 eV less stable
quantum effects in hydrogen motion, etc. Because of all thesethan the=Si* + H, one, indicating that cracking of the,H
limitations, the computed energy differences and barriers have molecule is slightly endothermic. Still, the energy required is

to be considered with some care. _ ~_easily accessible in high-temperature treatments. Much more
The calculations have been performed using the Gaussian94complex is the determination of the transition state, TS, and of
program packag& 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
3.1. Hy Cracking at E' Center. The isolated fragments giving  H—H axis to be collinear with theeSi—H bond of the resulting

rise to the reaction 1=Si* and H, and the reaction products, fragment, as shown in Scheme 1; the two geometrical parameters

3. Results Discussion
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Figure 5. Cluster model of a dicoordinated Si reacting with Ha) =Si: center; (b) transition stateSi: + Hy; (c) =Si(H). center; (d) £Si—H]"
center.

b

Figure 6. Small cluster model of an oxygen vacancy reacting with k&) =Si—Si= center; (b) transition stateSi—Si= + Hp; (c) =Si—H
H—Si= center; (d)=Si—H *Si= center.

that have been varied are therefo(8i—Hz) andr(Ha—Hyp). et al. algorithm®* The starting geometry has been assembled
From Figure 8, one sees that the potential is rather flat and using the fully optimized=Si—H cluster geometry, Figure 1c,
the saddle point is close t¢Si—H.) ~ 1.6 A, andr(H.—Hy) ~ r(Si—Hj) = 1.49 A, and positioning Kat 0.9 A from H. The

1.25 A a rough estimate of the activation energfis~ 0.58 search of the TS has been successful, leading to a structure with
eV. This shows that the TS is sufficiently similar to the final Si—H, and H,—Hj, distances of 1.56 and 1.31 A, respectively,
products of the reaction. Figure 1b. The resulting activation energy valudeis— 0.58

A real search for the TS has been performed using the PengeV, which is almost identical to the value deduced from the
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Figure 7. Large cluster model of an oxygen vacancy reacting with th) =Si—Si= center; (b)=Si—H H—Si= center.
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Figure 8. Potential energy surface for the react®%sir + H, — =Si—H + H*; only two geometrical parameters have been vanigsi—H) and
r(H—H). The energy difference®\E, are given with respect to the total energy of the reactaa&; + H..

SCHEME 1 sentation of the reaction path is shown in Figure 9. To make
H-O 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

H-O—Si-—--- H-—--- H for the Si-H, stretching mode, thus providing compelling
evidence that the stationary point corresponds to the TS for
H reaction 1. Thus, the calculations predict that atomic hydrogen

readily depassivates tteSi—H bonds forming Si dangling

total ¢ . Fi 8 This i v 0.03 eV bonds,=Si*, and molecular hydrogen. Indeed the reaction is
otal energy surlace scanning, Figure o. This 1S only L.US V. o qocumented at the Si/SjOnterface where neutral Si
higher than the energy required for the reaction, 0.55 eV. Th|sd lina bonds h b detected by ESR and it
means that the reverse procesS§i—H + H* — =Si* + H, is angiing bonds have been detected by and capaci 'ance
exothermic and has a very small barrier. A schematic repre- voltage method&>36There have been reports that the extraction
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(1) Si*+H, (2) Si-H + H* (3) Si° + 2H°

AE =4.29 eV (4.42 eV)
Transition state

4
E. = 0.58 eV (0.51 eV) 57 ~ @ Y
AE = 0.55 eV (0.43 eV)
v v

Figure 9. Energy profile for the reactioeeSir + H, — =Si—H + H* — =Si* + 2H. Energy values obtained with the 1T model; in parentheses
are given the energy values computed with the 4T model.

of H by H atoms from the=Si—H groups is exothermic with  and a correlated MP2 wave function these authors found a

a very small energy barrier, in full agreement with the present barrier for reaction 1 of 0.72 e®.

results3’ Another important process which has been considered here
These results have been carefully checked as a function ofiS

cluster size by repeating the calculations using the 4T model,

Figure 2. From the thermodynamic point of view, we found =Sj—-H—=S{" + H°* (5)

that the endothermicity of the process is reduced, from 0.55 to

0.43 eV, Figure 9. To reduce the computation effort, the OH which provides a direct estimate of the strength of the i
groups of the 4T model were fixed during the TS search. pond. The two clusters, 1T and 4T, give again similar energies
However, the search for the TS leads to a similar structure asfor this highly endothermic process, 4.29 and 4.42 eV, respec-
found with the 1T model, with SiHa and Hi—Hp distances of  tively. These values are in line with previously reported
1.57 and 1.23 A, respectively, Figure 2b. The corresponding experimental and theoretical estimates. The strength of the bond

energy barrier is slightly smaller, 0.51 eV, but still close to that s large enough to conclude that high-energy photons in the UV
obtained with the minimum cluster. These calculations do note region of the spectrum are required. Actually, #88i—H bond

take into account nonadiabatic effects which can be of consider-in silica shows absorption bands around 7.628¥2photons of
able importance given the relatively high zero-point energy of this energy can therefore lead to a homolytic rupture of the-Si
the hydrogen molecule, about 0.3 eV. Indeed, Edwards hashond and to the release of atomic H in the lattice. It should be
shown recentlythat nonadiabatic terms can lower the computed mentioned that the cost for reaction 5 could significantly
barriers for hydrogen dissociation by 0.4 eV. Other groups have decrease if the H atom which forms during the process
recently estimated nonadiabatic effect to be of the order of 0.2 simultaneously reacts with another site to form a new bond.
eV only3 Thus, our computed adiabatic values of the energy Indeed, there have been reports that the energetic cost of
barriers must be considered as upper bounds to the real valuespreaking the SiH bond in solid SiQis lower than in the gas-
There have been a number of reports indicating that the E phaset!
center is responsible for hydrogen dissociation, but the issue 3.2. H, Cracking at NBO Center. As opposed to reaction
has been rather controversial. Recently, Conley and LeAdhan 1, the interaction of Kl with a NBO center leading to the
concluded that the 'BH, reaction occurs quite rapidly in novel formation of an hydroxyl group=Si—OH, is exothermic
as well as in thermally grown oxides. In a similar way, Li et according to the DFT-B3LYP calculations. Also in this case,
alll saw an E density decrease with room temperature H the calculations have been performed with the 1T and the 4T
exposure. The bdissociation at Ecenters in bulk silica or at  cluster models, Figures 3 and 4, respectively, but the energy
the silica surface is also the only one for which experimental released in the reaction is practically the same, 0.38 and 0.40
estimates of the activation barrier have been reported. Li et al. eV, respectively. This is a very important result which strongly
have foundEg, ~ 0.3 eV for thermal oxide, and Radzig and indicates the NBO center as one of the key sites for hydrogen
co-workerd? have found a barrier of 0.43% 0.04 eV on the cracking in silica. The accurate determination of the activation
surface of reactive silica. Our computed values are very close barrier becomes even more important than for thediter since
to the experimental estimates, in particular if one considers the the favorable thermodynamic balance does not necessarily imply
absence of nonadiabatic effects. From these values, one cam kinetically accessible process.
conclude that the chemical reaction between thecters and To identify the TS, we first performed a scan of the potential
hydrogen will take place only at room or higher temperatures. energy surface keeping some geometrical parameters fixed and
On the other hand, we have shown that the reverse processyarying the most crucial parameters for the reaction, i.e., the
creation of Si dangling bonds, occurs easily when atomic H O—H, and the H—Hyp, bonds. The scan has been done with the
reacts with the silane groups. From the computational point of smaller 1T model. The HH bond has been imposed to be
view we have to mention that the present results are close tocollinear with the G-H bond of the=Si—O—H final product;
those obtained by Edwards et #.using a similar basis set see Scheme 2.
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Figure 10. Potential energy surface for the reacts®i—O + H, — =Si—OH + H*; only two geometrical parameters have been varni@d;-H)
andr(H—H). The energy difference®\E, are given with respect to the total energy of the reactam&;-O* + Ha.

SCHEME 2 the larger 4T cluster. The results are very satisfactory since the
H-O 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 mod&l0—H,) = 1.36 A and
H-O——Si—Q. r(Hs-Hp) = 0.83 A, Figure 4b, are very close to the values
obtained with the 1T cluster, Figure 3b.
\H We have also considered the process
H-
H =Si—O—H—=Si—O"+ H’ (6)
From the energy surface, shown in Figure 10, the transition With breaking of the G-H bond; this requires about 5.2 eV.
state is found to be close tO—H,) ~ 1.5 A andr(Ha—Hp) ~ Again, notice the very similar values found with the two clusters,
0.85 A: at this geometry, the total energy is about 0.3 eV higher Figure 11. Thus, the energy needed to dissociate thil Gonds
than the energy of the noninteracti#pi—O" and H fragments. is even higher than for the SH bonds. Notice that the energy

The full localization of the TS has been performed starting Of reaction 6 is lower than that involved in the dissociation of
from this geometry and leads to a stationary point where the the =Si—O—H bond into=Si + OH; this latter process in
optimal O—H, and H—Hy, distances are of 1.35 and 0.83 A, fact requires 5.8 eV according to our calculations.
respectively, Figure 3b. The TS nature of the stationary point Recent experiments suggest thatdracking is due to surface
has been verified by performing a full vibrational analysis. We NBO centers created by breaking the-8iH surface group&
obtained a single negative frequency corresponding to thigiO The processes and the corresponding energy changes; are
stretching, thus confirming that the geometry is that of a saddle Si—OH — =Si—O + H* with AE = 5.2 eV and=Si—0O" +
point. The energy of the TS is only 0.15 eV above that of the H, — =Si—OH + H* with AE = —0.4 eV. In this global
reactants. Thus, the activation energy for reaction 2 is very low, process, thesSi—O* groups are formed at high temperatures,
well below that found for the Ecenter and such thatdracking around 1000 K, at the expense of 888i—OH groups, but then
at NBO centers can occur even below room temperature. Givenact as “catalytic” centers for further cracking of incoming
the very low computed barrier and the absence of nonadiabatichydrogen molecules. The process releases atomic hydrogen
terms, it is likely that the wave function tunnels readily through which, at these temperatures, is not trapped at the defect sites
the barrier between the two wells. A summary of the energetics but diffuses rapidly into the bulk material.
for reaction 2 is given in Figure 11. As for thé Ease, we 3.3. H; Cracking at Dicoordinated Si. The results of the
have shown in parenthesis the energy values computed withprevious sections have shown that the interaction of molecular
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(1) Si—O° + H, (2) Si—OH + H° (3) Si-O° + 2H°

E.=0.15eV (0.13 V)
AE = 5.22 eV (5.25 eV)

AE =-0.38 eV (-0.40 eV)

Figure 11. Energy profile for the reactioeeSi—0O* + H, — =Si—OH + H* — =Si—0O° + 2H. Energy values obtained with the 1T model; in
parentheses are given the energy values computed with the 4T model.

(1)=Si: +H,  (2)=Si(H;)  (3) =Si-H" + H* (4) =Si: + 2H°

AE =1.94¢eV

Transition state

Ea=2.19eV AE =2.91eV

AE =420eV

4
AE =-1.29 eV

_v

N

Figure 12. Energy profile for the reactiorSi: + H, — =Si(H), — [=Si—H]* + H* — =Si. + 2H".

hydrogen with the Eand NBO centers depends on the first compare Figure 5b with Figure 1b in ref 44. In a recent study,
neighbors only and that very similar results are obtained with Radzig and co-worket3have studied in detail the kinetics of
clusters of different size. For this reason, we decided to usethe cracking reaction of Hat a dicoordinated Si center. They
only the small (HO)Si cluster to study reaction 3 where found that this type of oxygen deficient center does not react
hydrogen dissociates at a dicoordinated Si center with formation with H, under normal conditionsl(= 300 K andP(H,) = 100

of two Si—H bonds; see Figure 5a. The first important result is Torr) and that even af = 900 K the reaction rate constant is
that the process is exothermic by 1.29 eV as a result of the of the order of 1017 cm?/(molecule s). On the basis of this

formation of two St-H bonds at the expense of the4i bond observation, they concluded that the activation energy for
which has aD. = 4.84 eV and &)y = 4.57 eV according to reaction 3 is not less than 1.3 eV; our calculations diyex
our calculations (the experimental value fos id Do = 4.45 2.2 eV. It is important to mention that when the sample is

eV).*3 The reaction, however, is accompanied by a relatively irradiated with UV light the barrier drops dramatically since
large barrier of 2.19 eV; see Figure 12. The structure of the TS the reaction becomes photoinduced and involves the excited
is shown in Figure 5b along with the main geometrical singlet or triplet states of the dicoordinated Si center. In fact,
parameters. As for the previous cases, the TS nature has beethe estimated activation energy is, in this case, of the order of
checked by performing a full vibrational analysis. Clearly, the 0.04 eV for the singlet and 0.2 eV for triplet excited stéfes.
cracking of hydrogen can occur at these diamagnetic sites only An alternative path for the reaction could be the following:
at relatively high temperatures.

Recently, Zhang and Raghavacf&hnave studied the addition =Si: + H, = [=Si—H]" + H’ (7
of H, to a dicoordinated Ge atom in Ge-doped silica using a
similar computational approach to ours. They found that the in which the H forms only one S+H bond and leads to the
reaction is exothermic by 0.4 eV, i.e., less than for the Si case formation of atomic hydrogen. The optimal structure of tie [
where we found @\E of —1.3 eV, Figure 12, and has a barrier Si—H]* fragment is shown in Figure 5d. However, as can be
of 2.8 eV, somewhat higher than fetSi: whereE, = 2.2 eV. seen from Figure 12, the process is endothermic by 2.91 eV
The structure of the TS is also similar, with 66 and H-H and, more important, the energy of the products of reaction 7
distances which are about 0.1 A longer than in the Si case;is higher than that of the TS of reaction 3. Thus, reaction 7 is
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(1)=Si-Si=+H, (2)=Si-H H-Si= (3)=Si-H ‘Si=+H’ (4) =Si-Si= + 2H°

Transition state AE =242 eV (1.48 eV)

E.=2.34eV AE =4.09 eV (3.83 eV)

N~
AE = -1.66 eV (-0.47 eV)

AE =2.43 eV (3.37 eV)

Figure 13. Energy profile for the reactiosSi—Si= + H, — =Si—H H—Si= — =Si—H + *Si= + H* — =Si—Si= + 2H* (small cluster results);
in parentheses are given the energy values computed with the large cluster, Figure 7a.

unlikely to occur unless the H atom which is produced binds at Dissociation in vacuum of th&Si—H neutral state occurs at

the same time to another site. ~ 1300 K and most probably proceeds as the reverse of reaction
Finally, it is interesting to comment on the relative strength 4. Thus, the interaction of molecular hydrogen with this defect
of the Si-H bond in=Si(H,), Figure 5c, compared &Si—H, center may lead in principle to the formation of two silane

Figure 1c, where the Si atom is bonded to three instead of two groups,=Si—H, or to a structure where one H atoms replaces
oxygen neighbors. However, this seems to have very little effect the bridging oxygen in the regular networlsE$i—H—-SiE=]*,

on the first Si-H dissociation energy which i#Si(H), is 4.29 also known as the neutral hydrogen bridge in quartz and
eV, almost exactly the same value found for the breaking of attributed to the & center* In this latter case, the reaction is
the =Si—H bond; see Figure 9. The breaking of the second

Si—H bond, however, corresponding to the following process =Si—Si= + H, — [=Si—H—Si=]" + H’ (10)

=Si—H"— =Si: + H" (8) L .
A neutral oxygen vacancy in silica is formed by removing a
requires only 1.94 eV, Figure 12. This means that a free H atom bridging oxygen atom from &Si—O—Si= bond; the recom-
could easily extract a bonded H atom from ts&i—H* center bination of the twc=Si * dangling bonds results in a new, direct,
to form the H molecule and leaving the di-coordinated Si center; Si—Si bond and in a substantial relaxation of the structure. The
this is the reverse of reaction 7 and corresponds indeed to anSi—Si distance, which is of 3.06 A in-quartz, decreases to
energy gain of almost 3 eV. ~2.5 A. To model the oxygen vacancy we used two clusters, a
3.4. H, Cracking at an Oxygen Vacancy.A number of  Small one, (HOSi—Si(OH), Figure 6a, and a larger one, Figure
recent studies suggest that films of buried oxides deposited on7a. A search of the transition states has been attempted only
Si contain excess Si in order to explain the enhanced sensitivityfor the smaller model. We first analyzed the structure of the
to E' generatiorf>47 This excess Si leads to an increased density final products of the reactions 4 and 10; in the calculations, we
of neutral oxygen vacanciessSi—Si=, and it is generally always maintained fixed the positions of the saturating H atoms
accepted that these centers may serve’ @an#=Si—H bond of the clusters.
precursors. Indeed, two processes have been postulated at We performed a first geometrical optimization placing an H
different temperatures. At 750 K, the reaction proceeds by atom along the SiSi bond of the oxygen vacancy (product of
incorporation 6a H atom in a=Si—Si= bond with release of reaction 10). The system has an odd number of electrons, and
a free electron and a neutral H atom and formation of a proton we considered a doublet spin state. The Sidistance, which
bridge, is ~2.6 A initially, increases considerably, and the system
undergoes a strong distortion. The H atom binds to only one Si
=Si-S=+ H,— [=Si-H-Si=] "+ H + e (9) atom, with a Si-H distance of 1.48 A, and is separated by 2.84
A from the second one, Figure 6d. As a consequence, the
The electrons can escape from the oxide to the Si conductionunpaired electron is entirely localized on the second Si, as shown
band leaving a positively charged but ESR-inactive center. At also by the value of the Fermi contact term and of the
higher temperatures, above 1000 K, it has been suggested thagorresponding hyperfine coupling constant with & nuclide,
reaction 4 takes place where k4 incorporated into thesSi— 284 G, which is very close to that obtained with a 1T model of
Si= bond with formation of twa=Si—H units?° The occurrence  the E center =Si*, 273 G. This center is thus ESR visible and
of reaction 4 is shown by the appearance of a peak at 2250corresponds to the'[Ecenter ina-quartz and to the 'k center
cmtin the infrared absorption spectrum due to #88i—H in amorphous silic4?*°
bond; furthermore, there is a decrease of the typical 7.6 eV The formation of two silane groups starting from an O
optical absorption band due to a neutral oxygen vacancy. vacancy has been described by placing annidlecule with
Reaction 4 is believed to convert &#Si—SE= precursor centers  r(H—H) = 0.7 A into the Si-Si bond; the geometry optimization
in neutral=Si—H bonds around 1000 K, thus preventing the leads to twe=Si—H groups, with similar SiH distances;-1.47
activation of the positively charged state (the proton bridge). A, and a large StSi distance of 4.13 A, Figure 6¢. The distance
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between the twe=Si—H groups is much shorter in the larger formation of stable=Si—H groups with an exothermic process
model, which shows a SiSi distance of 3.4 A, Figure 7b. The  but involves relatively high activation energies of the order of
local coordination around each Si is pseudotetrahedral and very2 eV. In conclusion, K cracking is predicted to occur at room
similar to what is found when an isolated H atom passivates a temperature on paramagnetic defects (more easily on the
=Si* dangling bond. Since the space in the cavity left by the nonbridging oxygens) and at high temperatures of the diamag-
missing oxygen is not large, the twaSi—H groups give rise netic centers.
to a considerable repulsion which results in a distortion of the
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