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Density functional theory of structural transformations of oxygen-deficient centers in amorphous
silica during hole trapping: Structure and formation mechanism of the E ;, center
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We investigate the hole trapping process of a neutral oxygen vacancy in amorphous silicon dioxide
(a-Si0,) using cluster calculations based on the density functional theory (DFT) method. We show that
trapping a hole at a neutral oxygen vacancy leads to the formation of several types of positively charged
defects. One immediate consequence of the hole trapping process at the oxygen vacancy site is the creation of
the positively charged dimer, in which a unpaired electron is almost equally distributed over the two Si aoms
in the defect. Our calculations further demonstrate that the dimer configuration can be transformed into other
minimum energy structures. Three possible relaxation channels are likely to exist, leading to the three distinc-
tive defect configurations called the puckered, forward-oriented, and bridged hole-trapping oxygen-deficiency
center (BHODC) configurations. To evaluate the stability of these positively charged defects against discharg-
ing, we then calculate the electrical levels for all the positively charged clusters investigated here. It is shown
that the BHODC configuration has the highest electrical level, implying that this type of positively charged
defect is the most stable configuration against electron trapping. We also calculate the hyperfine parameters and
g values of the BHODC using the DFT method. The calculated hyperfine parameters and g values are in good
agreement with those observed for the £ ; center. These results corroborate our previous attribution of the £ ;

center [Uchino and Yoko, Phys. Rev. Lett. 86, 5522 (2001)].
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I. INTRODUCTION

Photoinduced electronic excitation of amorphous solids is
primarily followed by the formation of electrons, holes, and
excitons near the band edge states. Among other electronic
excitation processes in amorphous materials, charge carrier
trapping in amorphous silicon dioxide (a-SiO,) induced by
ionizing radiation has attracted considerable interest because
the trapping properties of a-SiO, strongly affect the perfor-
mance and reliability of insulating oxide layers used in metal
oxide semiconductor (MOS) devices.! In addition, recent ad-
vances in fiber Bragg grating devices used in silica-based
optical waveguides are indebted to the photoinduced change
in refractive index called the photorefractive effect.? Thus,
the trapping of photoinduced carriers and the consecutive
structural modifications in a-Si0O, have attracted much atten-
tion during the past decades.

By electrical measurements, it is possible to obtain infor-
mation about the charge state of a radiation-induced defect.
The charge state of a defect in thin oxide layers is evidenced
by a shift in characteristic voltages of MOS devices. The
measured voltage shift demonstrated that thin-film a-SiO,
tends to become positively charged during ionizing radiation
or hole injection, indicating that a certain defect in the oxide
layer actually behaves as a hole trap.? It has been well rec-
ognized from the combination of electron paramagnetic reso-
nance (EPR) and electrical measurements* that the principal
positively charged defect center in a-SiO, is the E 'y center,>0
which is ascribed to an unpaired electron in a dangling tet-
rahedral orbital of a three-coordinated silicon atom with near
axial symmetry. Thus, any good model of hole trapping in
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a-Si0, must successfully explain the structure and formation
mechanism of the E’, center as well. However, the question
concerning the mechanism of hole trapping process in
a-Si0, along with the formation and structure of the E ; cen-
ter still remains to be solved.

It was once generally assumed that the microscopic struc-
ture of the E; center in a-SiO, is basically identical to
that of the E| center in a quartz because the EPR character-
istics of these two types of E’ centers are very similar.’
The accepted model of the E| center in a quartz, which
was originally given by Feigl, Fowler, and Yip (FFY)}?
can be viewed as a positively charged and asymmetrically
relaxed oxygen monovacancy. According to the FFY model,
an unpaired electron is localized in the sp? orbital of one of
the silicon atoms in the oxygen monovacancy, whereas a
hole is trapped at the silicon atom on the other side of the
vacancy. This hole trapping reaction can be written by
=Si—Si=+h*— =Si- +*Si=. This structure can further
relax through the plane of the three neighboring oxygens and
then forms a puckered configuration with a nearby back oxy-
gen atom [see Fig. 1(a)].’

In view of the EPR characteristics, it is indeed true that
“there seems to be no reason not to assume that E’y in glass is
essentially identical with the E| center in a quartz,” as was
pointed out by Griscom.!® However, this is not necessarily
true for the electrical properties. As mentioned earlier, the
charge state of the E’y center was shown to be positive from
the electrical measurements. It is also interesting to note that
the charge state of the E’, is rechargeable.'"'? That is, the
positive charge of the E! center can be discharged to the
neutral and EPR invisible state by electron injection under
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FIG. 1. (Color online) Schematic illustration of the positively
charged defect centers investigated in this work: (a) Conventional
puckered configuration; (b) bridged hole-trapping oxygen-
deficiency center (BHODC); (c) dimer configuration; (d) forward-
oriented configuration.

positive bias, and essentially equal number of E ’y centers and
positive charges are generated again by the subsequent hole
injection process under negative bias,'?> showing a switching
behavior. These results appear to indicate that there is little
permanent structural change at the hole trapping site after
subsequent electron capture.'® In other words, the resulting
neutral site is able to recharge in response to changes in the
voltage applied to the system. However, such rechargeablil-
ity against applied electric fields is not expected to occur in
the FFY model of the E ; center because the electron capture
at the =Si- +*Si= site will lead to the original oxygen
monovacancy site, =Si— Si=, which will be inert against
applied voltages unless accompanied by ionizing
radiations.!! Thus, as far as the E;-center model in silica
glass is concerned, the FFY model that will involve any per-
manent change after an electron capturing event may need to
be reevaluated, as has been previously implied by Warren et
al.3

Furthermore, it has recently been recognized that the FFY
model or a relevant puckered configuration is not the only
configuration that can account for the basic experimental fea-
ture of the E ; center in a-Si0,.'"*"!7 Thus far, there have been
several attempts to predict microscopic structures of the E ;
center using different theoretical approaches,'®?° and a
couple of new structural models have been proposed.!*! It
should be noted, however, that the models proposed in Refs.
14 and 15 are more or less based on the FFY model and give
no explanation for the switching behavior of the £ ; center.

In our recent papers,'® we have also put forward an alter-
native model of the E ; center using ab initio quantum-
chemical cluster calculations. Our model consists of a three-
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fold coordinated silicon with an unpaired electron (=Si-)
and a threefold coordinated silicon with a hole (=Si*) simi-
lar to the case of the FFY model, but these two types of Si
centers share a common oxygen atom to form an oxygen-
bridged structure =(Si-)—O—(Si")=. We called this de-
fect structure as a bridged hole-trapping oxygen-deficiency
center [BHODC, see Fig. 1(b)]. One of the possible precur-
sors of this charged defect is a neutral epoxidelike structure,
=Si_";_ Si=, which we called a triangular oxygen defi-
ciency center (TODC).!'® We have further shown that our
newly proposed model can account for several previously
unexplained characteristics of the E’! center, including a
switching phenomenon,?! the capture of diffusing O, and
H,'¢ and the related luminescence behaviors.? Recently, in-
dependent support for our model was given by Alemany and
Chelikowsky?® by using different ab initio techniques.

Although our newly proposed model may capture some
basic experimental characteristics of the £ ; center, it appears
that this model gives any insight into the hole trapping pro-
cess at a neutral oxygen vacancy, =Si—Si=, which will
certainly be a major vacancy site in a-SiO,. In this paper, we
hence perform a series of ab initio cluster calculations to
investigate the fate of the hole trapped at the =Si—Si=
defect and show that this vacancy site can also become a
precursor of the BHODC structure. More interestingly, we
will show that the electrical level of this bridged configura-
tion is substantially higher than that of the conventional posi-
tively charged puckered configuration, illustrating the more
stability of BHODC against discharging. We further calculate
the hyperfine parameters and g values of BHODC and dem-
onstrate that the calculated values are in good agreement
with those observed for the E ; center, further corroborating
our structural attribution of this paramagnetic center.

This paper is organized as follows. Models and methods
of calculations are given in Sec. II. Section III describes the
structure and energies of various neutral and positively
charged oxygen vacancies. In Sec. IV, the structure and sta-
bility of the positively charged defects pertaining especially
to the £ ; center are discussed in terms of the electrical levels,
hyperfine parameters, and g values. The conclusions are
given in Sec. V.

II. MODELS AND CALCULATIONAL PROCEDURES

In this work, a cluster approach based on the ab initio
molecular orbital method is used to model the local structure
of various oxygen vacancy defects in a-SiO, and the relevant
hole-trapping processes. It has been well recognized that ab
initio quantum-chemical calculations give highly accurate re-
sults concerning the structure, energies, and electronic prop-
erties of isolated molecules.>* This method has been further
applied to solids to calculate their electronic and vibrational
properties using a cluster approach. It should be noted, how-
ever, that the cluster method should only be used to calculate
the localized electronic states since this approach cannot
fully take into account the actual effect of condensed envi-
ronments. Thus, cluster approaches have been mainly de-
voted to the characterization of the electronic structure of
point defects in crystalline and amorphous materials.!®->>-26
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This is based on the assumption that the electronic states
associated with point defects are rather localized and do not
extend through the corresponding solid.

Even in the case of the calculations of point defects in
solids, however, it would be preferable to employ larger clus-
ters. In particular, larger models will be necessary in inves-
tigating the structural transformation of a defect, which will
accompany the atomic rearrangements not only of a defect
itself but also of its surrounding atoms in the medium-range
length scale. To overcome the problem of a conventional
cluster approach, Shluger et al.?’-*® have recently proposed a
atomistic embedding technique which combines a quantum-
chemical treatment of a defect and its surrounding with the
classical shell-model treatment. This embedding technique is
intriguing in that it can take account of a full dielectric and
mechanical representation of the infinite solids.

Although the effect of the electrostatic potential of the
solid cannot be fully taken into account, we here use a con-
ventional cluster approach based on the state-of-the-art den-
sity functional theory (DFT) calculations, which allow one to
obtain several important electron paramagnetic resonance
(EPR) properties, e.g., hyperfine parameters and g values, in
good accuracy. To include the effect of the surrounding di-
electric medium as possible as we can and we employ model
clusters as large as possible within the limitation of our com-
puter time.

In this work, we constructed the model clusters having an
oxygen vacancy according to the following procedures. First,
we obtained a stoichiometric or a nondefective cluster con-
sisting of 31 Si and 46 O atoms; the cluster is so constructed
as to consist of five- and six-membered rings, which are
major ring components in a-Si0,.?’ The surface Si atoms in
the cluster are terminated by H atoms to tie up the surface
related dangling bonds. Thus, the stoichiometry of the cluster
can be described as Siz;OycHs,. The geometry of the sto-
ichiometric cluster was fully optimized at the DFT level. To
create a neutral-oxygen-vacancy site, we intentionally re-
moved one oxygen atom that is located almost in the center
of the cluster and reoptimized the structure without imposing
any structural constraints.

On the basis of the above procedures, we constructed two
isomers of Siz;O,45H3, both having a neutral oxygen vacancy
(see Fig. 2). As shown in Fig. 2, two isomers have different
connectivity of the constituent SiO, tetrahedra; one of the
isomers, termed model I, has two back oxygen atoms behind
the oxygen vacancy site, whereas the other, termed model II,
does not. We employed these two types of clusters as a
model of the neutral oxygen vacancy in a-SiO, because, un-
like the case of a quartz, the vacancy site in the amorphous
silica network will not necessarily have back-oxygen atoms.

To mimic an ionization process related to the oxygen va-
cancy defect, we reoptimized the structure of models I and 11
by simply assuming a total charge of +1, resulting in the
positively charged “dimer” configuration (see Fig. 3). To
search other local minimum structures of the positively
charged defect, we then intentionally changed the coordi-
nates of several atoms around the defect and performed ge-
ometry optimization starting from such a modified configu-
ration. As a result, several defect structures that are
substantially different from the dimer configuration were ob-
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FIG. 2. (Color online) Two different model clusters of atoms
(Siz;O45H;3,) with a neutral-oxygen-monovacancy employed in this
work: (a) model I, two back oxygen atoms are indicated by arrows;
(b) model II.

tained. It should also be noted that some configurations have
been shown to have lower total energies than the dimer con-
figuration. The details of the calculated results will be given
in the next section.

In this work, all ab initio quantum-chemical calculations
have been done at the DFT levels with the 6-31G(d) basis
set’® using the GAUSSIAN 03 computer program.>' For the
DFT calculations, we employed the B3LYP exchange-
correlation functional consisting of the Lee-Yang-Parr corre-
lation functional®? in conjunction with a hybrid exchange
functional proposed by Becke.®
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FIG. 3. (Color online) Moiety of the clusters modeling a neutral oxygen vacancy shown in Fig. 2 and its corresponding positively charged
dimer configuration: (a) model I, two back oxygen atoms are indicated by arrows; (b) model II. Geometry optimizations were performed at
the B3LYP/6-31G(d) level. Principal bond distances (in A), spin densities, and hyperfine coupling constants (in mT) are also shown.

III. RESULTS

A. Structure of a neutral oxygen vacancy and a positively
charged dimer configuration

The whole optimized structure of two neutral off-
stoichiometric clusters, namely model I and model II, is
shown in Fig. 2. Figure 3 highlights the defect part of the
clusters and shows some optimized bond distances related to
the defect. The positively charged dimer configurations de-
rived from models I and II are also shown in Fig. 3. As has
been reported previously,'®!? the Si-Si bond in the oxygen
vacancy site is weakened after trapping a hole and a remain-
ing unpaired electron is delocalized between the two Si at-
oms in the defect, forming a dimer configuration. The calcu-
lated isotropic hyperfine coupling constants of the two
paramagnetic silicons in models I and II are ~8— ~ 10 mT
(see Fig. 3), which are in reasonable agreement with those
obtained from previous cluster calculations.'®!®

B. Formation of the back-puckered configuration

It has been recognized that the positively charged dimer
structure is metastable and can be relaxed to some lower
energy forms of the defect.!>'%1° It is hence interesting to
investigate possible lower or minimum energy configurations
using the present cluster approaches.

One of the previously recognized lower energy structures
is the puckered FFY configuration’ mentioned in the Intro-
duction. The asymmetric relaxation of the dimer accompa-
nied by puckering most likely result from the strong interac-
tion between the positively charged puckering silicon atom
(Siy) and the back oxygen atom (Op). When the stabilization

energy due to this interaction exceeds the delocalization en-
ergy of an unpaired electron in the dimer configuration, the
defect will be transformed into the puckered configuration. It
should be noted, however, that the severe puckering of Sij
will induce unfavorable strain on the network around the
defect. This implies that not all of the dimer configuration
will relax into a puckered configuration, but a part of the
defect sites having Op in their neighborhood will accept the
Si}-Ojp interaction. Mukhopadhyay et al.'’ estimated from
their recent embedded cluster method that the number of
sites capable of accommodating puckered configurations
does not exceed 10% and the resultant asymmetric structure
is governed by the initial atomic configurations around the
dimer. The results reported by Mukhopadhyay et al.'> dem-
onstrates that the stabilization energy due to puckering de-
pends strongly on the surrounding atomic environment
around the dimer.

In our previous calculations using small cluseters,'® we
tried to obtain the puckered configuration starting from a
dimer configuration. However, we did not obtain any puck-
ering of the positively charged Si atom; the symmetric dimer
configuration was always produced even when we started
from a highly asymmetric positively charged configuration.'®
From these calculated results, we suggested that at the
charged oxygen vacancy site there exists only a single poten-
tial well that leads to the symmetric dimer configuration. We
should note, however, that, as also pointed out in Ref. 34,
this result may be applied only to the case in which a back
oxygen was missing and/or not properly located.

In the present larger model, the dimer in model I has two
Op atoms behind the respective Si atoms [see Fig. 3(a)]. It is,
hence, expected that the puckered configurations are ob-
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FIG. 4. (Color online) Two configurations of the positively-
charged puckered defect derived from model I. Geometry optimiza-
tions were performed at the B3LYP/6-31G(d) level. Principal bond
distances (in A), spin densities, and hyperfine coupling constants (in
mT) are also shown.

tained even in our cluster models. To induce such a possible
asymmetric relaxation, we shifted the position of each Si
atom in the dimer to the nearest O, atom by 0.3—0.5 A and
then performed geometry optimization by using the inten-
tionally deformed configurations. As a result, we found that
such deformed configurations lead to an asymmetric relax-
ation, resulting in the puckered configurations. When the ini-
tial position of the Si2 (or Sil) atom in model T was so
shifted as to interact with the back O8 (or O7) atom, the
resultant positively charged cluster lead to the configurations
shown in Fig. 4(a) [or Fig. 4(b)]. The total energy of cluster
shown in Fig. 4(a) is lower than that of that shown in Fig.
4(b) by 0.66 eV. (See also Fig. 5.) This energy difference
between the two puckering configurations probably results
from the difference in the atomic environments behind the
Sij atoms in the respective clusters. It should also be noted
that the higher energy form of the cluster shown in Fig. 4(b)
is even higher in total energy than the positively charged
dimer by 0.085 eV, demonstrating that the puckered configu-
rations are not necessarily energetically favored as compared
with the original dimer configuration. As for the lower en-
ergy form of the cluster shown in Fig. 4(a), however, its total
energy is lower than that of the dimer configuration by
0.57 eV, which is in reasonable agreement with the values
estimated previously for the puckered configuration in «
quarts estimated by cluster 0.64 eV (Ref. 19), embedded
cluster 0.4 eV (Ref. 35), and supercell calculations [0.4 eV'3
0.6 eV (Ref. 14)] The present calculations hence show that
the energy stabilization obtained by puckering depends
strongly on the surrounding environments of the defect cen-
ter. This is basically in harmony with the results obtained by
Mukhopadhyay et al.'
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FIG. 5. Total energies of all the positively charged clusters em-
ployed in this work. The calculations were performed at the
B3LYP/6-31G(d) level. As for the energies of the puckered,
forward-oriented, and TODC clusters, the energy of the correspond-
ing dimer cluster is referenced to 0 eV.

As for model II, the puckered and related dangling-bond
configurations were not obtained even if we start from a
highly asymmetric defect configuration during the optimiza-
tion process, in agreement with our previous calculations us-
ing small clusters.!6

C. Formation of the forward-oriented configuration

As mentioned in the previous section, the driving force to
induce the asymmetric relaxation of the dimer will be a
strong electrostatic force between the Sij and Oy atoms. We
would like to mention, however, that the back oxygen atom
may not be the only oxygen atom that can interact with the
positively charged Si atom in the dimer; rather, a “forward”
oxygen (Op) is also expected to interact with the charged Si
atom, resulting in an asymmetric relaxation similar to the
case of the conventional puckered configuration. The possi-
bility of such a “forward-oriented” configuration was previ-
ously pointed out in our previous paper** to account for the
interconversion between the =Si— Si= bond and the two-
fold coordinated divalent Si atom (=Si:) upon ionizing ra-
diation. In Ref. 34, we have shown from cluster calculations
that one of the Si atoms in the dimer can interact with one of
the three oxygen atoms that are bonded to the rest of the Si
atom in the dimer, forming the lower-energy forward-
oriented configuration shown in Fig. 1(d). When the positive
charge of the forward-oriented configuration is neutralized
by capturing an electron, the defect configuration does
not go back to the original neutral oxygen vacancy but to the
divalent Si atom, giving a theoretical account for the
=Si—Si= = =Si: interconversion during ionizing radia-
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FIG. 6. (Color online) An example of the forward-oriented configurations (left) and the corresponding neutral species (right) obtained in
this series of cluster calculations. Geometry optimizations were performed at the B3LYP/6-31G(d) level. Principal bond distances (in A),

spin densities, and hyperfine coupling constants (in mT) are shown.

tion exposure.** This interconversion process was also con-
firmed by Donadio, Bernasconi, and Boero®® using ab inito
molecular dynamics simulations.

In this work, we will also explore the above relaxation
process that leads to the forward-oriented configuration using
the present cluster models. To search the equilibrium con-
figuration associated with the positively charged forward-
oriented Si (Siy,) atom, we intentionally induced the inter-
action between one of the Si atom in the dimer and its nearby
Op. That is, the position of one Si atom in the neutral
=Si—Si= defect in model I or model II is shifted to the
direction of a nearby O atom by ~0.4 A, and the geometry
of this cluster is fully optimized by assuming the total charge
of +1. In this work, we selected several different sets of Siz
and O atoms in model I or model II to induce such a
forward-oriented interaction.

As a result of the geometry optimization, we actually
found that the forward-oriented relaxations are possible to
occur for different sets of Siz, and O atoms. Figure 6 shows
an example of the optimized configurations. We have found
that the unpaired electron is almost localized at a single Si
atom in the forward-oriented defect configurations (see, for
example, Fig. 6). Figure 5 shows the relative total energies of
four isomers having different forward-oriented configura-
tions derived from model I or model II. We see from Fig. 5
that the calculated total energy of the optimized clusters de-
pends on the set of Siy, and Oy atoms employed to induce
the forward-oriented relaxation. This indicates that the total
energy of these clusters is affected by the surrounding envi-
ronment around the defect, similar to the case of the puck-
ered configurations mentioned in Sec. III B.

It is interesting to note that in inducing forward-oriented
relaxation there is no need to assume the presence of any
particular atoms around the defect since forward oxygens are
always located in front of each Si atom in the dimer. On the
other hand, the conventional puckering is allowed to occur
only at a restricted dimer site where a back oxygen is prop-
erly located behind the dimer to accommodate puckering.
Unfortunately, we did not evaluate the energy barrier for the
transitions from the dimer to puckered and forward-oriented
configurations in the present cluster approach because the
reaction coordinates involved in these transitions are rather
complex. However, the present cluster calculations will give
theoretical evidence that the forward-oriented configurations

are not far from realistic in considering the transformations
of the positively charged dimer structure.

D. Formation of the bridged hole-trapping oxygen-deficiency
center

In the preceding sections, we have shown that the dimer
configuration can relax into the puckered and/or forward-
oriented configurations. In this section, we will demonstrate
that the forward-oriented configuration can further be trans-
formed into the structure called the bridged hole-trapping
oxygen-deficiency center, BHODC, shown in Fig. 1(b).

In the forward-oriented configuration, the forward oxygen
Op is coordinated by three Si atoms. We have found that all
the three Op—Si bonds have rather long bond distances
(~1.8 A) as compared with the normal Si—O bond
(~1.62 A) in the silica network. This implies that the bond-
ing character of the Oy—Si bonds is substantially weakened
as a result of the interaction between Siy, and Op. It is hence
expected that these weakened Si—Op bonds tend to be rup-
tured, which may allow further atomic rearrangements. One
possible atomic rearrangement is the bond switching shown
in Fig. 7, leading to the transformation from the forward-
oriented configuration to the BHODC configuration. On the
basis of the concept, the atomic positions related to the
forward-oriented configurations were so changed as to ac-
complish the bond switching depicted in Fig. 7. We then
performed full geometry optimization using this modified
configuration as an initial geometry by keeping the total
charged of +1.

— Li/ \ /Si\
e 4 \ — o O—
A &,«0\ /° ~ o—gf
_—~0 sik bond switching +gi / it
\

forward-oriented configuration BHODC configuration

FIG. 7. Schematic illustration of the bond switching from the
forward-oriented configuration to the bridged hole-trapping oxygen-
deficiency center (BHODC).
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FIG. 8. (Color online) An example the BHODC configuration (left) and the corresponding neutral species (right) obtained in this series
of cluster calculations. Geometry optimizations were performed at the B3LYP/6-31G(d) level. Principal bond distances (in A), spin densities,

and hyperfine coupling constants (in mT) are shown.

As a result, we have found that the BHODC structure
shown in Fig. 1(b) is successfully reproduced. In this work,
we obtained four different configurations of the BHODC
structure derived from model I or model II. A typical ex-
ample of the BHODC configuration is shown in Fig. 8. As in
the case of the other positively charged clusters mentioned in
the previous sections, one sees a distribution in total energy
among the BHODC clusters (see also Fig. 5), also indicating
that the total energy is affected by the surrounding environ-
ments of the defect center.

We also notice from Fig. 5 the total energies of the
BHODC clusters are comparable to or even lower than those
of the clusters modeling the dimer, puckered, and forward-
oriented configurations, indicating that the BHODC configu-
ration is not energetically unfavored.

The present cluster calculations hence demonstrate that as
far as the total energy is concerned, none of the above defect
configurations, i.e., dimer, puckered, forward-oriented, and
BHODC configurations, are to be excluded as a model of the
positively charged defect centers in a-SiO,.

IV. DISCUSSION
A. Electrical levels

We have shown in Sec. III that trapping a hole at a neutral
oxygen vacancy leads to the formation of various types of
positively charged defects. We have also demonstrated that
the total energy of the defect configurations depends strongly
on the surrounding atomic arrangements. This is because the
total energy includes not only the energy of the defect itself
but also the strain energy around the defect, which may vary
from site to site depending on the surrounding environments.
Thus, judging from the total energy, we cannot tell which
defect configuration is the most appropriate as a model of the
thermally stable E center.

In actual a- 8102 the EPR signal related to the E’ , center is
completely bleached out as the temperature of the system is
raised above ~800 K.37 This indicates that the paramagnetic
E; center is eventually converted to a certain diamagnetic
center by capturing an electron at such high temperatures. It

is hence interesting to evaluate the stability of the respective
defect centers against electron trapping. To evaluate the sta-
bility of the defect during charging and discharging events,
we calculate the electrical level of the present defect centers.
The electrical level is a measure of the energy involved in
changing the charge state of a defect when both initial and
final states of the system are in thermal equilibrium.®3%3
The lower the electric level is located, the more stable the
corresponding neutral state becomes. In other words, the
higher the electrical level, the more stable the positively
charged state against electron capturing.

The electrical level is estimated from the total energy dif-
ference of two relaxed configurations of a cluster having dif-
ferent charges as follows:’

E(+/0) = E,,(0) = E,,,(+) + X, (1)
where E,,,(n) is the total energy of the optimized configura-
tion corresponding to the charge state n and y is the electron
affinity of SiO,, which moves the reference energy from the
vacuum level to the bottom of the conduction band. This
definition hence gives the electrical level below the conduc-
tion band. We used the experimental value for y (0.9 eV)
according to previous studies.’38

To calculate the electrical levels, we have to obtain the
equilibrium configurations of the positively charged clusters
after capturing an electron. For this purpose, we intentionally
added one electron to the positively charged clusters, and
then the structures were fully optimized starting from the
configurations of the respective positively charged ones.

As for the dimer and puckered configurations, we found
that these defects returned to the structures that are almost
identical to the original neutral-oxygen-vacancy configura-
tion upon capturing an electron. That is, the present calcula-
tions did not predict any puckered configurations in the neu-
trally charged state, in basically agreement with previous
supercell calculations.'®3° This indicates that the puckered
configuration as well as the dimer configuration will sponta-
neously return to the original neutral-oxygen-vacancy form
without any barrier or after overcoming a negligibly small
barrier.
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As for the forward-oriented and BHODC configurations,
however, we obtained the structures that are different from
the neutral-oxygen-vacancy configuration when the respec-
tive positively charged defects are given back an electron.
We found that all the forward-oriented configurations are
transformed into the divalent twofold coordinated Si struc-
ture upon capturing an electron (see Fig. 6), in agreement
with our previous calculations using small clusters.’*3¢ On
the other hand, as shown in Fig. 8, the TODC has its own
neutral form of the defect configuration, as has also been
reported in our previous paper.?! It appears that the neutral
defect structure seen in Fig. 8 retains the basic defect con-
figuration of BHODC, but one can find several crucial dif-
ferences between the structure of the BHODC and its neutral
form. For example, as shown in Fig. 8, all the three Si-O
bonds associated with Sil in the BHODC configuration have
similar bond distances of ~1.6 10\, whereas, in its neutral
form, the Sil-O4 bond is characterized by an exceptionally
short bond distance (1.567 A) as compared with the rest of
the Si-O bonds related to Sil (~1.62—~ 1.64 A), suggesting
a higher bond order for the Si1-O4 bonding in the neutral
configuration. Furthermore, the other side of the Si-O bond
related to the O4 atom in the neutral defect, namely the
Si2-04 bond, has rather a long distance (1.814 A) and hence
may not be regarded as a normal siloxane bonding. From
these calculated results, it is likely that the electron capturing
process of the BHODC proceeds according to the following
scheme:

=(Si®)-0—(Si")= +e — =(Si:)’—\c;1—(Si+)= — =Si: - 0-Si"=
(2)

The Si:---~O and ~“O-Si* bonds on the far right side of Eq.
(2) correspond respectively to the long and short Si-O dis-
tances seen in the neutral defect mentioned above.

Since we have obtained the optimized structures of the
positively charged clusters and those of the corresponding
neutral species, we can now estimate the electrical level
E(+/0). The calculated E(+/0) values are shown in Fig. 9.
As for the positively charged dimer and its neutral form, the
electrical level was estimated previously by several
researchers.?®3 It is worth mentioning that the present cal-
culated value (~-7.2 eV) is in reasonable agreement with
those obtained previously from supercell calculations
[-7.3eV (Ref. 39)] and embedded-cluster calculations
[-8.24 eV (Ref. 28)], showing that the present calculations
yield a reasonable value for the electrical level although us-
ing an isolated cluster approach.

We notice from Fig. 9 that the electrical levels become
higher in the order of dimer, puckered, forward-oriented, and
BHODC configurations. This shows that the stability of the
positively charged state against discharging increases in this
order. We should note that the calculated values of the elec-
trical levels are also affected by the surrounding environ-
ments around the defects. In the electrical-level calculations,
however, the strain energies derived from the surrounding
silica network are partially canceled out and that the calcu-
lations will yield the electrical levels due mainly to the de-
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FIG. 9. Electrical levels calculated for the present model clus-
ters related to the dimer, puckered, forward-oriented, and BHODC
configurations. Levels are in eV referenced to the bottom of the
conduction band of a-SiO,.

fect of interest. We hence consider that the high-lying elec-
trical level for the BHODC configuration results from rather
a high total energy of the corresponding metastable neutral
=Si:---"O-Si*= configuration and that the high electrical
level calculated for BHODC will rest inherently on this neu-
tral species.

From the foregoing calculations and discussion, we can
conclude that the most stable form of the positively charged
defects is the BHODC in terms of the electrical levels. The
other forms of the positively charged defects such as the
dimer, puckered, and forward-oriented configurations will be
discharged earlier than the BHODC and will easily be trans-
formed into the corresponding rather stable neutral configu-
rations such as the neutral oxygen vacancy and the divalent
Si (see Fig. 10). Once these stable neutral defects are formed,
they will not be recharged just by injection of holes and
electrons. As for the BHODC, however, the switching behav-
ior is expected to occur between this positively charged state
and the corresponding neutral =Si: ---~O-Si*= configura-
tions in response to changes in the applied voltage because
of the high electrical level (see also Fig. 10).

B. Model of the E ;, center

Considering its high electrical level and the related
switching behavior mentioned in the previous section, we
suggest that the BHODC is the most probable candidate for
the thermally stable form the E’-center variants, namely, the
E, center.

To give further theoretical support for the above model,
we here calculate isotropic 28i hyperfine coupling constants
and g values for the present positively charged clusters at the
DFT-B3LYP/6-31G(d) level using the GAUSSIAN 03 code. It
has previously been shown that the B3LYP hybrid functional
can predict g values of small radicals with reasonable
accuracy.*
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discharging processes.

The results of hyperfine parameter and g value calcula-
tions for a series of clusters employed in this study are
shown in Table I. Table I also shows the experimental spin
Hamiltonian parameters observed for the E ; center. We see
from Table I that the hyperfine parameters and g values cal-
culated for the BHODC clusters are in good agreement with
those observed for the E!, center. It should also be noted that
the puckered configurations also yield the hyperfine con-
stants and g values that are comparable to those of the E'y
center. We, however, still propose that the BHODC structure
is more pertinent to the microscopic origin of the E :/ center
than the back-puckered one because of the expected higher
thermal stability of the former structure against discharging,
as demonstrated in Sec. IV A. We admit that the formation of
the BHODC structure requires rather complex structural re-
arrangements of the neutral oxygen vacancy during the hole
trapping process as compared with the conventional pucker-
ing process. We should note, however, that the E’y center is
induced by energetic radiations such as y-rays,® x-rays,® and
neutrons*! or by the act of fiber drawing.* It is reasonable to
expect that such energetic radiations and fiber drawing pro-
cess will cause substantial atomic rearrangements around the
oxygen vacancy defect. During ionizing radiation exposure,
it is quite likely that a variety of hole-trapping centers, in-
cluding dimer, puckered, forward-oriented, and BHODC
configurations, are created. We should note, however, that

TABLE I. Results of g-value and hyperfine-parameter calcula-
tions for a series of positively charged clusters and comparison to
the experimental results for the £ ; center.

Type g & 8 Aiso(P’Si)

Expt.?

E; 2.0018 2.0006 2.0003 42

Calc.b

dimer configuration 2.0023 2.0028 2.0028 -7.5,-9.8
2.0023 2.0026 2.0031 -7.5,-9.9

puckered configuration  2.0020 2.0010  2.0004 -35.9
2.0019 2.0006 2.0003 -38.5

forward-oriented 2.0019 2.0015 2.0000 -35.7

configuration 2.0022 2.0013 1.9996 -46.0
2.0019 2.0011 1.9994 —42.1
2.0019 2.0012 1.9994 -41.2

BHODC configuration ~ 2.0019  2.0006 2.0000 -41.8
2.0020 2.0006 2.0001 -43.5
2.0019 2.0006 2.0001 -38.8
2.0018 2.0007 2.0001 -39.5

#Reference 37.
bCalculated values at the DFT-B3LYP/6-31G(d) level are shown for
all the positively charged clusters investigated in this work.
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ionizing radiation process creates not only holes but also
electrons. If the electrical level of resulting hole-trapping
centers is rather low, these centers will tend to capture elec-
trons and return to the corresponding neutral species. On the
other hand, the hole-trapping centers with higher electrical
levels are more stable against electron trapping and will re-
main intact during radiation exposure. We hence consider
that the BHODC-type defect is more likely to survive the
electron capturing process in the course of ionizing radia-
tions because of its high electrical level.

When the BHODC-type defect is created in silica glass by
ionizing radiations, this type of defect will show a switching
behavior against applied electric fields. Although the electri-
cal level of BHODC is rather high, some of the BHODC
defects will be eventually discharged by electron injection
under positive bias (electron injection), forming the neutral
version of BHODC. Under negative bias (hole injection), on
the other hand, the neutral version of BHODC will be posi-
tively charged rather easily because of its high electrical
level. BHODC can hence switch charge state in response to
change in the polarity of the applied electric field, as indeed
observed experimentally for £ ; center.

From the foregoing arguments, we insist that BHOCD
configurations may exist in silica glass and they would have
properties similar to those observed for E; centers.

V. CONCLUSIONS

In this work, we have investigated structural transforma-
tions of the neutral oxygen vacancy during the hole trapping
process on the basis of the DFT cluster calculations. As a
consequence of the hole trapping at the neutral-oxygen-
vacancy site, the positively charged dimer is formed. The
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present DFT cluster calculations have further demonstrated
that the dimer can be relaxed into other positively charged
configurations depending on the surrounding environments.
When the back oxygen is suitably located behind the dimer
site, it will be asymmetrically relaxed into the conventional
puckered configuration. The total energy of the clusters with
the puckered defect is dependent on the atomic arrangements
around the defect. We should note, however, that an alterna-
tive asymmetric relaxation can be achieved by the forward-
oriented process. In this process, there is no need to assume
the existence of a particular oxygen site which is requited to
induce the relaxation. We have also shown that the forward-
oriented configuration can further be transformed into the
structure called the BHODC by appropriate bond switching.

We then evaluate the stability of the above positively
charged defects against discharging in terms of the electrical
levels. We have found that the electrical level associated with
the BHODC and the related neutral species is the highest
among the defect configurations investigated in this work.
This indicates that the BHODC is the most stable configura-
tion against discharging and is hence likely to be responsible
for the E! center. The structural model of the E’ center has
further been supported by the hyperfine-parameter and
g-value calculations performed for the BHODC configura-
tion.
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