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Mechanism of Interconversion among Radiation-Induced Defects in Amorphous Silicon Dioxide
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We here present a series of ab initio quantum-chemical calculations on clusters of atoms modeling
several oxygen-deficiency-related defects in amorphous silica and illustrate how these defect centers
will change their atomic configurations upon photoionization. We first give theoretical evidence that
structural conversion from a neutral oxygen monovacancy to a divalent Si defect is possible, explaining
the observed photoluminescence properties associated with these defects.
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Silicon dioxide is not only one of the most abundant
materials on earth but also a material of considerable tech-
nological importance, including its use in microelectronic
devices and optical fiber communications [1]. Further-
more, since the discovery of photoinduced refractive in-
dex changes in Ge-doped amorphous silicon dioxide [2],
the finding has opened up the potential of a wide vari-
ety of applications in communication and sensing tech-
nology such as photoinduced Bragg gratings [3,4]. It
is well accepted that the photosensitivity of amorphous
silicon dioxide (a-SiO,) is closely related to the nature of
intrinsic point defects that can be transformed into other
defect species during the irradiation process [5]. Among
other defect centers in a-Si0O,, oxygen-deficiency centers
(ODCs) have attracted much interest since they are be-
lieved to play a vital role in the irradiation process and
subsequent photostructural changes [5,6]. It has been
demonstrated that there exist at least two distinct diamag-
netic ODCs in a-SiO;; these are commonly denoted as
ODC(I) and ODC(II), giving rise to the photoabsorption
bands at ~7.6 and ~5.0 eV, respectively [6,7]. It should
also be noted that these ODCs are transformed into the
so-called E’ center upon strongly ionizing radiation with,
for example, ArF [7-9] and KrF [8,10,11] excimer lasers.
The generic term “E’ center [12]” is commonly used for
different paramagnetic variants comprising an unpaired
spin in an sp>-like orbital of a three-coordinated Si atom,
namely, =Sie (= and e represent three Si—O bonds and
an unpaired electron, respectively).

Although the physical origin of the diamagnetic ODCs
is still a subject of controversy, there is a general con-
sensus that the “relaxed oxygen vacancy,” namely, the
=Si—Si= bond having a Si—Si bond distance identi-
cal with that of H3Si—SiH3 (~2.3 A), is a good candi-
date for ODC() [6,7]. As for ODC(I), however, there
are at least two alternatives. One is the “unrelaxed oxy-
gen monovacancy,” namely, the =Si-- - Si= bond having
a Si---Si distance similar to that of regular Si—O—Si
bonding (~3.1 A) [7], and the other is the “divalent Si”
having two Si—O bonds and a lone pair of electrons in a
Si sp? hybrid orbital [13—15]. Recent theoretical calcula-
tions [16—19] have shown that the observed optical prop-
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erties of ODC(II) can be reproduced almost satisfactorily
by the divalent Si model rather than the unrelaxed-oxygen-
vacancy model, suggesting that the latter model will not be
responsible for the ~5-eV photoabsorption band [20]. It
has also been found that a photoluminescence (PL) band
at ~4.4 eV is observed when exciting a ~5.0-eV photoab-
sorption band in a-SiO, [6]. This PL band most likely
results from a singlet-to-singlet decay of the divalent Si
defect [21]. Surprisingly, this typical emission feature of
the divalent defect is also observed upon excitation of the
relaxed oxygen vacancy in the 7—8 eV region [22]. Several
researchers [6,14,23,24] have proposed that an interconver-
sion may occur between the divalent defect and the relaxed
oxygen vacancy upon ultraviolet irradiation, although a de-
tailed mechanism of this interconversion is unknown.

To get a better knowledge about the formation mecha-
nism among these preexisting and photoinduced defects in
a-Si0,, we here employ ab initio quantum-chemical meth-
ods using clusters of atoms that model the local structure
of several diamagnetic and paramagnetic defect centers.
It has been demonstrated that ab initio quantum-chemical
approaches are useful to investigate the structure and vi-
brational properties of liquids as well as amorphous solids
[25-28]. In particular, the defect states in disordered
solids are, in general, quite localized, indicating that their
structure and energy states will be reasonably modeled by
such cluster calculations [5].

In this work, we, hence, employ the relaxed oxygen va-
cancy and the divalent Si defect as models of ODC(I) and
ODC(I), respectively. Previous quantum-chemical cal-
culations, especially on the divalent Si defect, employed
rather small clusters modeling solely the corresponding
defect sites [16—18]. However, the photoinduced pro-
cesses will involve more remote spheres of coordination
environment of the defects of interest and utilize struc-
tural freedom in the nondense-packed structure of amor-
phous systems. Thus, we use two types of relatively large
isomers, Sij5017Hy4, modeling the local configurations
of the relaxed oxygen vacancy [model 1, see Fig. 1(a)]
and the divalent Si [model 2, see Fig. 1(b)] embedded
in the silica framework. The “surface” silicon atoms of
these clusters were terminated by H atoms, which is a
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Bond distances (A)
Si1-Si2=2.321
Si1-01=1.628
Si1-02=1.631
Si1-03=1.626
Si2-04=1.629
Si2-05=1.627
Si2-06=1.625

Bond angles (degree)
01-Si1-02=108.5
01-Si1-03=108.8
02-Si1-03=108.8
04-Si2-05=107.2
04-Si2-06=109.0
05-Si2-06=109.2

Bond distances (A)
Si1-01=1.651
Si1-03=1.637
Si2-02=1.618
Si2-04=1.615
Si2-05=1.615
Si2-06=1.611
(Si1-02=3.553)

Bond angles (degree)
01-Si1-03=101.3
02-Si2-04=109.6
° 02-8i2-05=107.9
02-8i2-06=110.3
04-Si2-05=110.6
04-Si2-06=107.9
05-Si2-06=110.6

FIG. 1. Optimized geometries of the Si;sO;7Hy4 clusters cal-
culated at the HF/6-31G(d) level: (a) the relaxed oxygen va-
cancy model (model 1), (b) the divalent Si model (model 2).
Principal bond distances and bond angles are shown in A and
degrees, respectively.

commonly used technique to saturate the cluster dangling
bonds [16-19,25,26]. The geometries of these clusters
were fully optimized at the Hartree-Fock (HF) level us-
ing the 6-31G(d) basis set [29]. We then reoptimized
the geometries of the above two clusters by assuming a
total charge of +1 to simulate the photoinduced ioniza-
tion process. The positively charged clusters derived from
models 1 and 2 are referred to as models 1(+) and 2(+),
respectively (see also Fig. 2). The equilibrium geometries
of these open shell systems were obtained at the unre-
stricted open HF (UHF) level with the 6-31G(d) basis set,
without imposing any structural constraints. All ab initio
MO calculations in this Letter have been performed with
the GAUSSIAN-98 program [30].

The HF/6-31G(d) geometries of models 1 and 2 are
shown in Fig. 1. The Si—Si bond distance of the oxygen
defect site model 1 is calculated to be 2.321 A, which is in
good agreement with the values reported previously for a
smaller (OH)3Si—Si(OH)3 cluster [18,31] (2.30-2.32 A)
modeling ODC(I). We have also found that the Si—O
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Bond distances (A)
S$i1-8i2=2.596
Si1-01=1.575
Si1-02=1.581
Si1-03=1.572
§i2-04=1.580
S§i2-05=1.572
Si2-06=1.577

Bond angles (degree)
01-5i1-02=115.9
01-8i1-03=117.6
02-Si1-03=116.4
04-8i2-05=116.8
04-5i2-06=115.5
05-5i2-06=116.4

Bond distances (A)
Si1-01=1.584
Si1-02=1.796
Si1-03=1.592
Si2-02=1.759
Si2-04=1.590
Si2-05=1.586
Si2-06=1.581

Bond angles (degree)
01-Si1-02=105.6
01-Si1-03=115.0
02-Si1-03=105.9
02-Si2-04=103.4
02-Si2-05=103.2
02-Si2-06=104.9
04-Si2-05=115.4
04-Si2-06=113.5
05-Si2-06=114.5

FIG. 2. Optimized geometries of the (Si;sO;7Ha4)* clus-
ters calculated at the UHF/6-31G(d) level: (a) model 1(+),
(b) model 2(+). Principal bond distances and bond angles are
shown in A and degrees, respectively.

bond distances (1.637 and 1.651 A) and the 0—Si—o0
angle (101.3°) in model 2 (e e indicates a lone pair of
electrons on the divalent defect) agree well with the corre-
sponding bond distances (~1.64—~1.65 A) and the bond
angle (~101°) calculated for a smaller Si(OSiH3), cluster
[16,17] modeling ODC(II). These results suggest that, as
far as the local structural parameters are concerned, these
neutral oxygen vacancies are hardly affected by the sur-
rounding environments.

Table I shows the Mulliken atomic charges for the Si
atoms associated with the defect sites in the model clusters.
We see from Table I that the atomic charge, ¢, of the
divalent Si defect (Sil) in model 2 (gsij; = 0.836) is about

TABLE I. Calculated Mulliken atomic charges, g, and atomic
spin densities, p, for the Si atoms associated with the defect
centers in the model clusters.

Model 1  Model 2 Model 1(+) Model 2(+)

q q q P q P
Sil  1.293 0.836 1388 0402 1321 0912
Si2 1.290 1.658 1.380 0411 1.706  0.005
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half the atomic charge of the ordinary four-coordinated Si
atom (Si2) in the same model (gsi» = 1.658). Table I also
shows that the atomic charge of the three-coordinated Si
atoms in model 1 (gsi1si2 ~ 1.29) is nearly three quarters
of that of the four-coordinated Si (Si2) in model 2. These
results elucidate that the Si atomic charge is almost linearly
correlated to the number of Si—O bonds in the respective
Si0,, (n = 2,3,4) units.

Since models 1 and 2 have the same stoichiometry of
Si15017Hy4 it is interesting to compare their total energies.
It has been found that model 1 is lower than model 2 in total
energy by 1.18 eV. This calculated value is in agreement
with the observed enthalpy difference between ODC(I) and
ODC(I), 1.0 eV [7], obtained from a fictive temperature
dependence of the ~4.4-eV photoluminescence band due
to ODC(I). Thus, we consider that the present clusters
most likely represent the fundamental features of two types
of ODC:s in the condensed environments and can be used
as reasonable models of the ODCs in actual a-SiO,.

The optimized geometry of model 1(+) calculated at
the UHF/6-31G(d) level is shown in Fig. 2(a). The spin
density of the unpaired electron in model 1(+) is almost
equally distributed between Sil and Si2, giving rise to
similar atomic spin densities p for the two Si atoms (psi1,
psiz ~ 0.40, see Table I) [32]. The resultant Si—Si bond
distance for the defect is 2.596 A, which is slightly longer
than the corresponding bond distance (2.321 A) calculated
for model 1. Figure 2(b) shows the UHF/6-31G(d)
geometry of model 2(+). One notices from Fig. 2(b)
that the Sil atom in model 2(+) attracts a nearby oxygen
atom (0O2), forming a three-coordinated Si (Sil) and
a three-coordinated O (O2) atom. It should be worth
mentioning that the spin density of the unpaired electron
in model 2(+) is mainly located on Sil (ps;; = 0.912).
The average O—Sil—O bond angle in model 2(+) was
calculated to be 108.8°, indicating that the valence orbitals
of Sil are characterized by the sp3-like hybrid orbitals.
These calculated results allow us to suggest that, when
one of the lone pairs of electrons on the divalent Si defect
is excited to the conduction band, the silicon sp? hybrid
orbitals on the two-coordinated center will be relaxed into
the sp3-like ones by attracting a nearby bridging oxygen
atom, resulting in the three-coordinated Si site having an
unpaired spin. Accordingly, the three-coordinated Si (Sil)
in model 2(+) (gsi1 = 1.321) becomes more positive than
the two-coordinated Si (Sil) in model 2 (gsi; = 0.836). It
should also be noted that the atomic charge of Si2 adjacent
to Sil in model 2(+) (gsi2 = 1.706) is even larger than
that of the corresponding atom in model 2 (gsj» = 1.658),
demonstrating that the nominal positive charge of model
2(+) is not localized strictly on the defect site but will be
partially distributed over the surrounding SiO4 units [33].

It should be noted that the total energy of model 2(+)
has been found to be lower than that of model 1(+)
by 0.861 eV. This implies that the defect configuration
shown in model 1(+) corresponds to a metastable mini-
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FIG. 3. Schematic illustration of the proposed interconversion
mechanism among intrinsic and radiation-induced defects in
amorphous silicon dioxide. The assumed energy level for the
first excited singlet state (S;) of the divalent Si defect is also
shown for convenience. The broken arrows stand for nonradia-
tive processes such as thermal transitions and recombinations.

mum and is possible to relax into a lower energy configu-
ration shown in Fig. 2(b) during thermal processes.
We see from Fig. 2 that this transformation is ac-
complished just by forming a new bond between Si2
and O2 at the expense of the Sil—Si2 bond. We
suggest that the observed photoluminescence proper-
ties of a-SiO, mentioned earlier is related to such a
structural relaxation from model 1(+) to model 2(+)
during irradiation process. Upon the ~7.6-eV irradiation,
the valence electron in the relaxed oxygen vacancy will
be excited, and, accordingly, a photoinduced defect center
analogous to model 1(+) will be initially formed. This
photoinduced center will then be (partially) relaxed into
lower energy configurations such as model 2(+) through
thermal processes. When an electron is trapped by model
2(+), the defect will decay into a divalent Si defect
via its excited singlet state. It is most likely that this
recombination gives rise to the singlet-to-singlet PL. band
at ~4.4 eV, similar to the case of the direct excitation of
a 5.0-eV band due to the divalent Si defect.

The present formation and decay mechanisms of the
photoinduced defects are summarized in the schematic
energy level diagram shown in Fig. 3. It is likely that
these mechanisms are responsible for the interconversions
between relaxed oxygen vacancies and divalent Si de-
fects preceded by excitation in the ~7.6 eV absorption
band, and the observed PL properties of a-SiO, can be
reasonably interpreted in terms of this scheme.
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