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Proton plays a key role in the interface-trap formation that is one of the primary reliability concerns, thus learning how
it behaves is key to understand the radiation response of microelectronic devices. The first-principles calculations have been
applied to explore the defects and their reactions associated with the proton release in ¢¢-quartz, the well-known crystalline
isomer of amorphous silica. When a high concentration of molecular hydrogen (H,) is present, the proton generation
can be enhanced by cracking the H, molecules at the positively charged oxygen vacancies in dimer configuration. If the
concentration of molecular hydrogen is low, the proton generation mainly depends on the proton dissociation of the doubly-
hydrogenated defects. In particular, a fully passivated E} center can dissociate to release a proton barrierlessly by structure
relaxation once trapping a hole. This research provides a microscopic insight into the proton release in silicon dioxide, the
critical step associated with the interface-trap formation under radiation in microelectronic devices.
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1. Introduction

Radiation-induced silicon/silica interface traps are the
dominant defects associated with the reliability of microelec-
tronic devices.!'™ The mechanisms leading to the interface-
traps have been extensively studied, where hydrogen plays a
crucial role. It has been shown that both interface and ox-
ide charge buildups induced by radiation increase with the in-
creasing hydrogen amount exposed during processing, indicat-
ing that hydrogen can facilitate the interface trap generation
and enhance the degradation of microelectronic devices.>~7]
In fact, hydrogen can play a double role. On one hand, it can
passivate or anneal the interface dangling bonds, the dominant
interface traps, ¥l if its concentration and form near the inter-
face are appropriate. On the other hand, it can react with the
interface dangling bonds previously passivated by hydrogen
and reactivate them. The reactions giving rise to the interface
dangling bond have also been intensively studied, and it has
been shown by first-principles calculations that protons gen-
erated by ionization radiation can attack the Si—H bonds, the
passivated dangling bonds, at the interface to reactivate the
interface trap with a low reaction barrier.*!% The radiation-
induced proton release is thus directly correlated to the inter-
face trap reactivation. In fact, since the proton release and
transportation are generally slow, they may contribute to the
enhanced low dose rate sensitivity (ELDRS).[!1-13]

Several mechanisms have been proposed for proton re-
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lease from different sources in silica. A mechanism is the
dissociation of Hy molecules at the positively charged oxy-
gen deficiency defects,!"*!> such as Ej and E, centers, which
has been investigated by first-principles calculations.[!6-18] Tt
has been shown that H, molecules react with these positively
charged defects, producing protons and neutral hydrogenated
defects. This mechanism tends to be dominant if there is a
sufficient supply of H, molecules, which can be the residue
of hydrogen exposed in processing. Another mechanism is
the dissociation of hydrogenated defects after trapping holes.
It has been shown that the passively charged singly or doubly
hydrogenated oxygen deficient defects can release protons and
restore neutral charge state.!!'”) Hydrogen annealing of the in-
terface dangling bonds can also anneal the oxygen vacancies
that are abundant in silica, leading to the hydrogenated defects.

Although the proton release reactions in amorphous sil-
ica (a-SiO;) have been investigated by first-principles calcu-
lations, the calculated reaction curves depend on the local en-
vironments, which are different site-by-site. Thus, the reac-
tion barriers and energies calculated using a-SiO, models are
usually scattered, leading to uncertainties in further numeri-
cal simulations based on drift-diffusion equations, where they
are the fixed parameters. The calculations using a crystalline
isomer of SiO; can detour this difficulty. In fact, all the de-
fect centers involved in the proton release reactions in a-SiO;
have their counterparts in quartz, the well-studied crystalline
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SiO,. For example, the E)’, center in a-SiO, corresponds to
the E] center in quartz, and the singly hydrogenated oxygen
vacancy in a-SiO; can be mapped to the E} or Ej in quartz.
More than that, the microscopic structures of these E’ centers
have been reliably specified by the electron paramagnetic res-

[20-23] We thus take a-quartz to

[24]

onance (EPR) measurements.
model the proton release reactions in a-SiO;.

In this work, the first-principles calculations are taken to
investigate the defects and reactions associated with two pro-
ton release mechanisms, the dissociation of molecular hydro-
gen at a positively charged defect and that of a hydrogenated
defect after trapping a hole. The structures, density of states
(DOS), and spin densities are calculated for the defects, and
also the Fermi contacts for the EPR-active ones. The reac-
tion barriers and energies, the key parameters in further nu-
merical simulations based on drift-diffusion equations, are ex-
tracted from the calculated reactions curves. The crystalline
structure of quartz significantly reduces the uncertainty of the
calculation due to the randomness of a-SiO,, which is help-
ful to identify and characterize atomic scale mechanisms for
radiation-induced proton release.

2. Methods

The calculations have been performed in the framework
of density functional theory (DFT) with the projected aug-
mented wave method implemented in the Vienna ab initio sim-
ulation package (VASP).[>5-?7l The Perdew—Burke—Ernzerhof
(PBE) parameterization of general gradient approximation
(GGA) is chosen for the exchange—correlation functional.[?8]
The cut-off energy of plane wave expansion is set to be 520 eV.
The experimental lattice parameters,'”’! @ = 4.916 A and ¢ =
5.4054 A, are set for the initial quartz unit cell. The 2x2x3
supercells including 108 atoms are constructed for the calcu-
lations. The Brillouin zone integration is taken only at the
I'-point. The structure optimization will continue until the to-
tal energy difference between consecutive cycles is less than
10~* eV and the force on each atom is less than 0.05 eV/A.
The partial occupancies are determined by using the Gaus-
sian smearing scheme with a smearing width of 0.1 eV. The
climbing image nudged elastic band (CI-NEB) method that
couples a series of DFT calculations is applied to calculate

s.39 Images are inserted to search for the

the reaction curve
minimum-energy path and the saddle point between the initial
state (IS) and the final state (FS), and the spring constant is
set to be 5.0 eV/A? between adjacent images. The (forward)
reaction barrier is defined by Ey, = E1s — E1s, where ETs and
Ejg are the total energies of transient and initial states, respec-
tively. The reaction energy is defined by AE = Egs — Eis,
where Erg and Ejg are the total energies of final and initial

states, respectively. To reproduce the bandgap underestimated

by the exchange-correlations based on local density approxi-
mation including GGA, the electronic structures of the defects
are specially calculated by using the unscreened hybrid func-
tional where the Hartree—Fock exchange is mixed with PBE
at 35%.1311 Spin-polarization is enabled in all calculations to
describe the unpaired electrons properly.

3. Results and discussion

Holes play a crucial role in the mechanisms of radiation-
induced proton release. They are induced as electron—hole
pairs in the oxide by ionization radiation, and then transport
with a rather low mobility compared to electrons, since they
tend to trap themselves by distorting the lattice. The holes
that survive from the initial recombination may be trapped by
neutral oxygen vacancies, the most abundant defect in oxygen
deficiency silica. This leads to the positively charged config-
urations, such as dimer (E é) and puckered (E;,) configurations
in a-Si0,, which may react with H, molecules to give rise to
protons.*?] This mechanism however requires a sufficient sup-
ply of Hy, which can also be radiolytic. The holes may also be
trapped by the hydrogenated defects, and then the positively
charged hydrogenated defects dissociate to give protons. This
mechanism requires pre-existing hydrogenated defects, which
can be generated in the hydrogen annealing of interface traps.

3.1. Positively charged oxygen deficiency defects

It is necessary to specify the structure and other properties
of the positively charged oxygen deficiency defects in quartz
before the simulation of H, dissociation at the defects.[2433]
Since both quartz and a-SiO; are networks of SiO4 building
blocks, it is reasonable to assume that the most prevalent pos-
itively charged oxygen deficiency defects in quartz are anal-
ogous to those in a-Si0;. Two configurations of positively
charged oxygen vacancies in quartz are considered in the cal-
culations. One is the dimer configuration, analogous to the Ej
center in a-SiO,, and the other is the well-known E| center, **!
corresponding to the £, center in a-SiO,. The E} and E;, cen-
ters are characterized by the puckered configuration, where
a Si atom adjacent to the oxygen vacancy relaxes backward
through its basal oxygen plane and bonds to a back oxygen
atom, leading to a Si dangling bond and a three-coordinated
oxygen.

The dimer configuration can be obtained by optimizing
the initial structure, where the oxygen vacancy is induced by
removing an oxygen atom and the hole-trapping is simulated
by removing an electron. A perturbation to the initial structure
is however required to obtain the puckered configuration, since
there is an energy barrier between the initial structure and the
puckered configuration. In spite of the barrier, the puckered
configuration is energetically more stable than the dimer by
133 meV.
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Fig. 1. (color online) The calculated DOS of (a) the dimer configura-
tion and (b) the puckered configuration (E]) of the positively charged
oxygen vacancy in ¢-quartz, where the structures and spin densities are
shown in the insets, respectively.

The atomic structure of the dimer configuration is pre-
sented in the inset of Fig. 1(a). The Si—Si bond over the va-
cancy in the dimer configuration is 2.95 A, which is longer
than that in a neutral oxygen vacancy and in good accordance
with the previous report.[3] The total magnetic moment is
1.0 up, and the spin density asymmetrically distributes be-
tween the two Si atoms adjacent to the vacancy. The asym-
metry of the spin density is confirmed by the calculated Fermi
contacts on the two Si atoms, which are —10.54 mT and
—8.20 mT, respectively. The asymmetry is associated with the
quartz structure, where the two bonds of each oxygen atom are
unequal. The calculated DOS shows that there is an occupied
shallow state in the spin-up channel at 0.26 eV above the va-
lence band maximum (VBM) and an unoccupied deep state in
the spin-down channel at 4.67 eV above the VBM. The calcu-
lated DOS implies that the dimer configurations are not deep
hole traps, and may exchange the captured holes with the lat-
tice.

The structure of the puckered configuration (EY) is pre-
sented in the inset of Fig. 1(b). The puckering significantly
increases the Si—Si distance over the vacancy to 4.29 A, which
is much larger than the Si—Si bond length in the neutral oxygen
vacancy. The total magnetic moment is 1.0 ug, and the spin

density is almost entirely localized on the three-coordinated
Si atom. A large Fermi contact of —42.04 mT on the three-
coordinated Si atom is consistent with the spin density and
in excellent agreement with the electron spin resonance mea-
surements in o-quartz.3 The calculated DOS shows that the
occupied and unoccupied states are at 2.46 eV and 7.64 eV
above the VBM, respectively, implying that the puckered con-
figuration is a deep hole trap.

3.2. Reactions between H; and the dimer or puckered con-

figuration

The dissociation of Hy at the dimer configuration is in-
vestigated by the NEB calculations, which gives the reaction
curve connecting the initial and final states and the transition
state associated with the energy barrier (Fig. 2). The reaction
starts from the initial state where the Hy molecule stands by
at a local energy minimum. When the H, molecule moves
toward one moiety of the dimer, the reaction curve goes up
in energy and reaches its maximum at the transition state,
where the Hy molecule splits and the two H atoms bond to
a Si atom adjacent to the vacancy and one back oxygen atom
of the Si atom, respectively. It should be noted that there are
a three-coordinated oxygen and a five-coordinated silicon si-
multaneously in the transition state. It has been shown by
first-principles calculations that protons (H") tend to attach to
oxygen bridges in silica, leading to three-coordinated oxygen
atoms, and that H™ ions tend to attach to silicon atoms, leading
to five-coordinated silicon atoms.?”) The negatively-charged
five-coordinated Si atom is unstable due to the positively-
charged Si—Si bond adjacent to it, and then the transition state
further relaxes to the final state where a Si dangling bond is
projecting toward a H-Si group. By this reaction, a proton is
released and a Si dangling bond is also created, which can be
correlated to the fact that both oxide and interface traps may
increase with the increasing hydrogen exposure. ! It should be
noted that the released proton attaches to one oxygen bonded
to the dangling bond Si, which lowers the total energy as
shown by first-principles calculations. !

0.8

0.6
0.4}

IS ¢
L % " o FS 4
' " : SE
0 1 2 3 1 5 6

Reaction coordinate/A

e
2o

Energy/eV
o

| |
°© o
P

—0.6

—0.8

Fig. 2. (color online) The reaction curve of H, dissociating at the dimer
configuration. The structures of the initial, transition, and final states
are illustrated in the insets.
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It is worthwhile to point out that the reaction details re-
vealed by this work are very different from those given in
Ref. [17]. According to Ref. [17], the Hy molecule first hydro-
genates the dimer configuration in SiO,, leading to the tran-
sition state in which two adjacent H-Si groups share a pos-
itive charge, and then one of the H-Si bonds dissociates to
give a proton, which migrates and attaches to a nearby oxygen
bridge. It is obvious that the reaction in a-SiO; can be divided
into three major steps corresponding to the three peaks in the
reaction curve. However, the reaction in quartz is one-step,
and then there is only one peak in the reaction curve.

The forward reaction barrier in quartz is 0.79 eV, slightly
higher than that in a-SiO;. The rate constant of the reaction
estimated from the barrier is approximately 0.3 s~ at room
temperature (300 K), implying that the reaction takes place
rather quickly, possibly in seconds. More than that, while
the reaction in a-SiO, is shown to be endothermic by first-
principles calculations,!!”! the reaction in quartz is exother-
mic, and the final-state energy is lower than the initial state
energy by 0.74 eV. This implies that the reaction tends to gen-
erate protons in quartz instead of annihilating them in a-SiO5.

1.2
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Energy/eV
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—-0.2

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
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Fig. 3. (color online) The reaction curve of molecular hydrogen disso-
ciating at the puckered configuration of the positively charged oxygen
vacancy. The structures of the initial, transition, and final states are
illustrated in the insets.

The dissociation of H, molecules at the puckered E cen-
ters is also investigated, and the reaction curve is plotted in
Fig. 3. The reaction starts from the initial state where the H;
molecule is approaching the Si dangling bond of the puckered
configuration. When the reaction goes up, the H, molecule
gradually interacts with the dangling bond and dissociates. At
the transition state, one of the H atoms passivates the Si dan-
gling bond and the other is neutral and free in the interstitial
space. The neutral free H atom then attaches to one oxygen
atom of the puckered moiety of the center, and triggers the
collapse of the puckered moiety with a charge transfer. At
the final state, the bond between the puckered Si atom and
its back oxygen is broken, and the hole trapped at the three-
coordinated oxygen in the puckered moiety transfers to the

oxygen attached to the H atom. By this reaction, a proton is
released and a Si dangling bond is also created. In addition,
the released proton attaches to one oxygen atom bonded to the
dangling bond Si atom. In fact, the final state of the reaction
at the puckered configuration is almost identical to that at the
dimer, except that the dangling bond is projecting forward the
H-Si group in the former but backward in the latter.

It should be noted that the details of the reaction simulated
by this work are quite different from those given in Ref. [17].
According to Ref. [17], the H, molecule is split by an sp> hy-
bridized Si atom and an oxygen atom, leading to the final state
in which the released proton is attached to one oxygen not
bonded to the dangling bond Si atom.

The forward barrier of the reaction in quartz is 1.00 eV,
about twice that in a-Si0O,. The rate constant estimated from

I at

the forward reaction barrier is approximately 1 x 10~ s~
300 K, implying that the reaction takes place rather slowly.
Given the concentration of the puckered configuration is about
a tenth that of the dimer, 38401 it can be estimated that the pro-
ton production rate at puckered configurations is lower than
that at dimers by four orders of magnitude. The final state
is lower than the initial state by 0.12 eV, so the reaction is
exothermic. This implies that the reaction at puckered config-
urations tends to release protons instead of annihilating them.
From the reaction energies at dimer and puckered configura-
tions and the fact that the concentration of puckered configura-
tion is about a tenth that of dimer, it can however be estimated
that the proton concentration associated with the H, dissocia-
tion at puckered configurations is lower than that at dimers by
five orders of magnitude at equilibrium at 300 K. This implies
that the H, dissociation at dimers can be the dominant reaction
that generates protons from H, molecules.

3.3. Hydrogenated oxygen vacancies

The Hj dissociation mechanism can generate protons effi-
ciently, as long as there is a sufficient supply of H, molecules.
However, radiation can still induce interface traps, even if
excess H, is absent in the oxide.l>! This can be partly at-
tributed to the radiolytic hydrogen molecules from hydroxyl
groups,*!1 and partly to other mechanisms of proton release,
such as the dissociation of hydrogenated oxygen vacancies.
Before exploring these reactions, we specify the structures and
properties of these defects in neural charge state.

When an oxygen vacancy is singly hydrogenated, there
are two different resulting structures depending on the projec-
tion of the Si dangling bond. In the so-called E} centers, the
Si dangling bond is projected backward to the H-Si group as
shown in the inset of Fig. 4(a), where the spin-density is well
localized on the dangling bond Si atom except that a small
amount diffuses on the three oxygen atoms bonded to the Si
atom and one nonbonding back oxygen. The back-projected
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Si dangling bond will be well isolated if there is no back oxy-
gen atom close to the dangling bond in a-SiO;. This struc-
ture is thus proposed for the El’3 observed in EPR.[4>#4] In
the so-called E} centers, the Si dangling bond is however pro-
jected toward the H-Si group as shown in the inset of Fig. 4(b),
where two Si atoms and one H atom are bonded by two elec-
trons and asymmetrically share one extra spin. The calculated
DOS shows that the occupied defect states are 3.34 eV and
4.20 eV above the VBM in the E} and E centers, respectively.
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It should be noted that H, dissociations at dimers and puckered
configurations lead to the E) and E} centers, respectively.
Two doubly-hydrogenated oxygen vacancies are obtained
by further passivating the E) and Ej centers (Fig. 4(c) and
4(d)).
ments. The calculated DOS shows that the occupied defect

They are nonmagnetic and silent in EPR measure-

states of the E} and Ej centers induce shallow defect states
in the bandgap, which lie at 0.24 eV and 0.52 eV above the
valence band, respectively.
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Fig. 4. (color online) The calculated DOS of (a) the E} center, (b) the E} center, (c) the doubly hydrogenated oxygen vacancy derived
from the E), center, and (d) the doubly hydrogenated oxygen vacancy derived from the E} center. The structure and spin density of the

centers are illustrated in the insets, respectively.

3.4. Proton release reactions of hydrogenated oxygen va-
cancies

The hydrogenated oxygen vacancies may dissociate to
give protons once positively charged. These reactions are sim-
ulated by the NEB calculations, and the initial states are given
by the structure optimizations of the positively charged hy-
drogenated centers. We first consider the dissociations of the
positively charged E} and Ej centers. Although the neutral E}
and E}, centers have different structures, the positively charged
centers both relax to the hydrogen bridge configuration Hy;,
which is the initial state of the dissociation (Fig. 5). The for-
ward reaction barrier is as high as 2.25 eV, corresponding to

a rate constant of 1 x 10723 s~! at room temperature, which
implies that the dissociation is almost impossible. The high

barrier is due to the strong three-center bond that stabilizes

the initial state, the Hy configuration. In fact, the Hy con-
figuration can be obtained by removing the extra spin on the
nonbonding orbital from the neutral Ej center. It can thus be
estimated from the calculated DOS of the E center that the Hg
configuration is lower than the neutral Ej center in energy by
about 4 eV. The strong three-center bond is interrupted in the
transition state, and then the H atom moves from the middle of
the Hy; configuration to one side of the vacancy, which leads
to the high forward reaction barrier. The final state however
is rather low in energy because of the hydronium-like struc-
ture associated with the released proton and the neutral Si—Si
bond over the vacancy, but is higher than the initial state by
about 0.27 eV. The dissociation is thus an endothermic reac-
tion, which is more likely to trap protons instead of freeing

them.
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2.5

s TS 1

Energy/eV

o 10 20 30 40
Reaction coordinate/A

Fig. 5. (color online) The reaction curve of the proton liberated from
the positively charged Hf; configuration. The structures of the initial,
transition, and final states are illustrated in the insets.

In addition to the Hj configuration, there is another possi-
ble configuration for the singly hydrogenated oxygen vacancy
in the positive charge state, that is, the singly hydrogenated
E/ configuration. In this configuration, the dangling bond in
the puckered configuration is passivated by hydrogen, and the
puckered moiety stays untouched (Fig. 6). Taking this config-
uration as the initial state, the dissociation takes place in two
major steps. The singly hydrogenated E configuration first
converts to the Hy configuration by overcoming a low bar-
rier of 0.5 eV associated with the transition state, where the
puckered moiety collapses to give a three-coordinated Si atom
with sp? hybridization. The intermediate Hg configuration
then dissociates to give a proton with a high barrier. It should
however be noted that the reverse barrier of the first step is as
low as 0.25 eV, and the singly hydrogenated E{ configuration
is lower than the Hg configuration in energy by about 0.25 eV.
This implies that the Hg configurations, generated from the
E), and E} centers, should dominantly take the reverse reac-
tion and convert to the singly hydrogenated E| configurations,
instead of releasing protons.
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Fig. 6. (color online) The reaction curve from the initial state (IS), the
singly hydrogenated E| configuration, to the final state (FS), the neutral
oxygen vacancy with the proton dissociated and attached to a nearby
oxygen atom like hydronium, via the intermediate state (IM), the Hg
configuration.

Although the singly hydrogenated E{ configuration is
lower than the Hg configuration in energy, its generation does
depend on the back oxygen atom, which is guaranteed to be
there in quartz by the crystal structure but might not be there
in a-SiO, due to amorphousness. Thus, some singly hydro-
genated oxygen vacancies may convert to and stay at the Hg
configurations after trapping holes. The hydrogen atom in the
H‘g defect is located asymmetrically between the two Si atoms
with the Si—H bond lengths of 1.64 A and 1.69 A, respectively,
and the Si—-H-Si bond angle is 148.41°, in agreement with the
previous calculations.3> The Hg configuration induces a se-
ries of unoccupied defect states close to the conduction band
minimum (CBM) of quartz, the lowest of which is 7.61 eV
above the quartz VBM (Fig. 7). Assuming that the Si VBM
is aligned at 4.5 eV above the SiO, VBM, it can be estimated
that the defect states are above the Si CBM. The H]Jg configu-
ration is thus stable for a technically meaningful Fermi level,

and can be a deep hole trap in a-Si0,.[*!
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Fig. 7. (color online) The atomic and electronic structure of the positive
hydrogen bridge (Hg) configuration.

The dissociations of the doubly hydrogenated oxygen va-
cancies are investigated in addition to those of the singly hy-
drogenated ones. The reaction curve of the doubly hydro-
genated vacancy derived from the E} center is plotted in Fig. 8,
where there is no barrier. This implies that the vacancy can
readily release a proton by structure relaxation after trapping
a hole. In this reaction, the hydrogen atom on the silane group
pointing outward from the vacancy gets close and then bonds
to one back oxygen atom, forming a hydronium-like structure,
and captures the positive charge on the three-coordination oxy-
gen atom. Facilitated by the back oxygen, the dissociation is
barrierless and exothermic with a reaction energy of —0.60 eV.
Both the barrierless and exothermic characters strongly recom-
mend that this reaction can serve as the dominant mechanism
of proton release when the concentration of H, molecules is
low. A caution however should be taken that the back oxygen
might not be there in a-SiO, due to amorphousness.
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Fig. 8. (color online) The reaction curve of the dissociation of doubly
hydrogenated oxygen vacancy derived from the E) center that releases
a proton.

The dissociation of the doubly hydrogenated oxygen va-
cancy derived from the E} center is also simulated in Fig. 9,
and there is an obvious barrier in the reaction curve unlike
the case of doubly hydrogenated vacancy derived from the E),
center. In the initial state, the vacancy is positively charged,
resulting in a smaller distance between two hydrogen atoms
than that in the neutral charge state. The reaction curve goes
up in energy when one hydrogen atom is dissociating from a
silane group, and reaches the peak associated with the transi-
tion state, where the proton is completely freed and a Si dan-
gling bond is created. The freed proton then moves toward and
finally attaches to one oxygen atom bonded to the dangling
bond Si atom, which is a specific low-energy in quartz.'®! Tt
is noted that the hydrogen atom that initially passivates one
of the Si atoms surrounding the vacancy finally turns to form-
ing a Si—H bond with the other Si atom through experiencing
the Si—H-Si configuration. The forward reaction barrier of the
dissociation is 0.81 eV, from which the rate constant is esti-
mated to be 0.15 s~ at room temperature. This implies that
the dissociation can take place rather quickly, within seconds.
The reaction however is endothermic with a reaction energy of
0.12 eV, from which it can be estimated that the product con-
centration is about one percent of the reactant concentration at
equilibrium at room temperature. In fact, the reverse reaction
is more likely to take place, by which a free proton is captured
and fixed into a silane group.

Summarizing the dissociations of the hydrogenated oxy-
gen vacancies in quartz, there is only one reaction, the disso-
ciation of the doubly hydrogenated oxygen vacancy derived
from the E} center that is characterized of low activation bar-
rier and exothermicity. In addition, the doubly-hydrogenated
defects are expected to be present in concentrations ten times
larger than the singly-hydrogenated defects.!°! Therefore, the
doubly hydrogenated oxygen vacancies derived from the E}
centers may serve as the dominant proton sources in quartz. A
caution however should be raised, that the back oxygen facili-
tating the dissociation might not be there in a-SiO, due to the

amorphousness.
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Fig. 9. (color online) The reaction curve of the dissociation of the dou-
bly hydrogenated oxygen vacancy derived from the E} center that re-
leases a proton.

4. Conclusion

The first-principles calculations have been performed to
investigate the reactions that probably release protons in Q-
quartz. The dissociations of H, at the dimer and puckered
configurations are simulated for the situation that the con-
centration of molecular hydrogen is sufficiently high. The
calculated reaction curves show that the dissociation at the
dimer configuration has a lower reaction barrier and a larger
exothermic reaction energy than that at the puckered configu-
ration. Given that the concentration of the dimer configuration
is about ten times that of the puckered configuration, we con-
clude that the dissociation of H, molecules at the dimer con-
figurations should be the dominant mechanism accounting for
proton production when there is plenty of molecular hydrogen.
The dissociations of the hydrogenated oxygen vacancies have
also been studied for the situation that molecular hydrogen is
absent. The calculated reaction curve shows that the singly hy-
drogenated vacancies need to climb over a high energy barrier
to give protons, and that the reaction is endothermic because of
the low energy of the positive hydrogen bridge configuration
in the initial state. In addition, the positive hydrogen bridge
can further lower its energy by puckering. The dissociations
of the doubly hydrogenated vacancies however sensitively de-
pend on the projections of the silane groups. The hydrogen
atom can dissociate without an energy barrier from the silane
group projecting toward the back oxygen atom in the vacancy
derived from the E) center. The dissociation of the vacancy
derived from the E} center has a moderately high barrier and
is endothermic, because both silane groups are projecting to-
ward the center of the vacancy. The reactions investigated here
can be associated with the proton generation at high and low
concentrations of molecular hydrogen. The specific details of
these reactions are revealed, providing an insight to proton re-
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lease mechanism in silicon dioxide, the most widely applied

oxide in microelectronics.
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