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Role of Mobile Interstitial Oxygen Atoms in Defect Processes in Oxides:
Interconversion between Oxygen-Associated Defects in SiO, Glass
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The role of mobile interstitial oxygen atoms (O°) in defect processes in oxides is demonstrated by
interconversion between the oxygen dangling bond and the peroxy radical (POR) in SiO, glass.
Superstoichiometric O° was created by F, laser photolysis of the interstitial O,. On annealing above
300°C, O° migrated and converted the oxygen dangling bond to POR. Exposure to 5.0 eV light
converted POR back to a pair of the oxygen dangling bond and O° (quantum yield: ~0.1). These
findings suggest that various defect processes typically occurring in SiO, glass at ~300-500 °C are
related to migration of O°, which exists in the glass network in the peroxy linkage form.
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Silica (Si0O,) glass attracts fundamental interest as a
model glassy material because of its relative structural
simplicity and high purity. Further, it is an outstanding
optical material due to its high transparency in the near-
infrared to vacuum-ultraviolet spectral regions. While
SiO, glass is by far the most radiation-resistant optical
glass, generation of point defects often limits its numer-
ous applications. Similar to many oxides, one of the most
typical defects in SiO, is the oxygen vacancy. While it has
been widely studied both theoretically [1,2] and experi-
mentally [3-5], the fate of the other member of the
Frenkel pair, the neutral interstitial oxygen atom (Q°),
has remained poorly understood. This situation is gener-
ally similar in other oxides as well [6]. Apart from several
theoretical treatments predicting that O° is relatively
strongly bound to the SiO, network by forming the per-
oxy linkage (=Si—0—0—Si=) [7-9], there is little
experimental evidence on its chemical and spectroscopic
properties, due to the absence of distinct spectral finger-
prints for O°. There are indications [10] that O° becomes
mobile at around 400 °C, as detected by formation of the
interstitial oxygen molecules (O,) at this temperature.
Another distinct reaction involving O is the formation
of the ozone molecules (O3) in O,-rich SiO, glass [11,12].
Further, it has been proposed in several papers [13-16]
that O° could mediate reactions between the two main
oxygen-associated paramagnetic defects in SiO, glass,
the oxygen dangling bonds (=SiO°®, termed ‘“‘nonbridg-
ing oxygen hole centers,” NBOHC) and the peroxy radi-
cals (=Si00°, POR) [17,18]:

=Si0* + 0 — =Si00°, (1a)

=Si00°® — =Si0* + 0°. (1b)

However, there are no direct experimental data on inter-
action of OY with the point defects bound to the SiO,
network, although controversial results have been re-
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ported on photolysis of POR: exposure to UV light de-
composed PORs via Eq. (1b) [16,19], while exposure to
KrF laser light (5.0 eV) destroyed PORs leaving the
concentrations of other paramagnetic defects unchanged
[20]. This paper presents an experimental confirmation of
the role of mobile O° by demonstrating a reversible con-
version between NBOHC and POR in SiO, glass.

One of the main reasons why the reaction described by
Eq. (1a) has remained experimentally unconfirmed is the
creation of PORs by another reaction, between the inter-
stitial O, and the silicon dangling bonds (the E’ centers,
=Si*) [21]:

=Si* + 0, — =Si00°. (2a)

This reaction is generally accepted for the following
reasons. First, POR is primarily formed in O,-rich
SiO, glasses [17,22]. Second, thermal anneal bleaches
the radiation-induced E’ centers and concomitantly cre-
ates PORs [17,23]. Third, consistently with the diffusion-
limited reaction theory [21,24], an impregnating with
additional O, enhances POR formation [25] while a
densification of the glass, which restricts O, diffusion,
suppresses the POR formation [26]. Further, an electron
paramagnetic resonance (EPR) study [27] reported a
destruction of PORs with x-rays accompanied by a si-
multaneous creation of the E’ centers, suggesting a reverse
reaction to Eq. (2a),

=Si00°* — =Si"* + 0,. (2b)

Evidently, to distinguish the reactions involving O°
[Egs. (1a) and (1b)] from those involving O, [Egs. (2a)
and (2b)], the concentrations of O° and NBOHC must be
maximized while those of the E' centers and O, must be
minimized. In the present work, this was implemented by
two key techniques using an F, laser (7.9 eV, 157 nm) to
photolyze O, into O° [28] and to create NBOHCs [29],
and using a photoluminescence (PL) technique to monitor
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they were thermally annealed in air to create PORs and
subsequently irradiated with a KrF laser (Compex205,
Lambda Physik, pulse duration ~20 ns) at ambient tem-
perature to destroy PORs. The concentrations of para-
magnetic centers were measured at 77 K by an X-band
EPR spectrometer (E580, Bruker; microwave power
20 mW and modulation amplitude 0.2 mT for NBOHC
and POR; 2 uW and 0.1 mT for the E' center). The
concentrations of the Si-Si bonds were evaluated from
their 7.6 €V absorption band measured by a vacuum ultra-
violet spectrometer (VU-201M, JASCO).

Exposure to F, laser light dominantly created the E’
centers and NBOHCs (Fig. 1). The concentration of
NBOHC exceeded that of the E' center several times.
This was explained by creation of pairs of the E’ centers
and NBOHC:s via breaking of the Si-O-Si bonds, supple-
mented by formation of NBOHCs via photolysis of the
SiO-H bonds [29]. The concentration of the laser-induced
Si-Si bonds was ~1 X 10" cm™3, similar in the low- and
high-O, samples [33]. The interstitial O, disappeared
early during the irradiation, suggesting that O, was
cleaved into a pair of O° [28].

Thermal conversion of the F,-laser-induced defects was
studied by isochronal (10 min) thermal anneals in 100 °C
steps from ambient temperature to 800 °C. In the low-O,
sample [Fig. 1(a)], thermal anneal up to 300 °C reduced
NBOHC concentration mostly due to reaction with mo-
bile hydrogen [34], while slightly enhancing the E’ center
concentration. On further raising of temperature, both
concentrations of the E’ center and NBOHC decreased,
whereas that of POR started to grow and peaked at
500 °C. Above 600 °C, all laser-induced defects were
annihilated as commonly observed in SiO, glass. Below
500 °C, O, was not detectable. However, a measurable
amount of O, emerged at 600 °C, which disappeared at
higher temperatures.
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FIG. 1. Concentration changes of the E’' center, NBOHC,
POR, and interstitial O, in the F,-laser-irradiated (a) low-O,
and (b) high-O, samples on isochronal anneals for 10 min at
each temperature. In the high-O, sample, the dotted line
indicates the O, concentration before the irradiation.

Figure 1(b) shows the results for the high-O, sample. It
showed temperature dependences of the paramagnetic
defects similar to the case of the low-O, sample, except
for ~1.5 times larger NBOHC and POR concentrations.
The interstitial O,, which was destroyed by F, laser
irradiation, started to be restored above 500 °C. It slightly
exceeded the preirradiation level at 600 °C and 700 °C,
and settled at that level at 800 °C.

The creation of the majority of PORs above 300 °C
is unlikely due to Eq. (2a) because of the following
reasons. First, the amount of the created PORs was ~3
times larger than that of the destroyed E’ centers. Second,
the interstitial O,, which should decrease if Eq. (2a) is
dominant, remained nearly constant below 500 °C. On
the other hand, temperatures at which PORs formed
were close to those at which O° starts migrating to turn
into O, (~200—400 °C) [10]. Thus, we suggest that most
of the PORs were created according to Eq. (1a). However,
the decay of the E' center above 300 °C was stronger in
the high-O, sample. It is likely due to a two-step POR
formation from the E’ center and O°,

=Si* + 20° - =Si0"* + 0’ — =Si00". 3)

The POR concentration in the high-O, sample was
larger than that in the low-O, sample, indicating that
0, provides O° to form POR. A significant amount of
POR, however, was also found in the low-O, sample,
posing a question on the source of O in this case. It is
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probably not a simple Frenkel process, since the concen-
tration of the laser-induced Si-Si bond was ~10 times
lower. Evidently, other O° sources exist, possibly in the
form of the preexisting peroxy linkages [7-9] (see below).

Next, photoconversion of POR to other defects was
examined. The F,-laser-irradiated high-O, sample was
thermally annealed at 500 °C in 30 min steps, each
followed by KrF laser irradiation (600 pulses of
~100 mJ cm™2 pulse™!) (Fig. 2). In accord with the data
of Fig. 1(b), the first thermal anneal step eliminated the
F,-laser-induced E’ centers and NBOHCs, and enhanced
the POR concentration. On the following KrF laser irra-
diation, the concentration of POR rapidly decreased,
while that of NBOHC simultaneously increased, and that
of the E' center remained almost unchanged. Similar
semireversible concentration changes occurred during
the subsequent ‘““anneal-irradiation” cycles. Hence, it is
evident that Eq. (1b) controls the KrF-laser-photolysis of
POR whereas Eq. (2b) is insignificant. After the first
anneal at 500 °C, the E’ center concentration remained
below 10cm™3 throughout the subsequent anneal-
irradiation steps, indicating that POR is created by
Eq. (1a) rather than by Egs. (2a) and (3). On the other
hand, O, accumulated during the anneal-irradiation
cycles, indicating that, besides Eq. (1a), 0° is consumed
to form O,.

Assuming that Egs. (1a) and (1b) and the dimerization
of OY are dominant processes in the anneal-irradiation
cycles, concentration balances for the paramagnetic cen-
ters and excess oxygen species can be given by Eqs. (4a)
and (4b), respectively,

A[POR] + A[NBOHC] = 0, (4a)
A[POR] + 2A[0,] + A[0°] = 0. (4b)

The brackets denote concentration of each species.
Equation (4a) qualitatively agrees with the results shown
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FIG. 2. Concentration changes of the E' center, NBOHC,
POR, and interstitial O, in the F,-laser-irradiated high-O,
sample during multiple cycles of thermal anneal (30 min at
500 °C) and subsequent brief exposure to KrF laser light at
ambient temperature (600 pulses of ~100 mJcm™2 pulse™!).
The dotted line indicates the O, concentration before the F,
laser irradiation.
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in Fig. 2. However, |A[NBOHC]| was always smaller than
|A[POR]|. This may be in accord with the frequently
observed deficiencies in NBOHC concentrations evalu-
ated by EPR compared to those measured by optical ab-
sorption, which implies that a part of NBOHCs is EPR
silent [16,35]. After a cumulative anneal time of 120 min,
the O, concentration approached the initial level (Fig. 2),
making A[O,] =0 in Eq. (4b). Since KrF laser light
hardly cleaves O,, the accumulated O, is excluded from
forming POR via Eq. (1a). Thus, A[POR] of ~10'® ¢cm ™3
is due to A[O°] that does not originate from the interstitial
0,. These O° probably preexist in the form of less mobile
peroxy linkages within a distribution predicted by large
site-to-site variations of oxygen binding energies in the
peroxy linkage due to structural disorder [9].

The kinetics of KrF-laser-photolysis of POR was ex-
amined for the F,-laser-irradiated high-O, sample that
was thermally annealed for 30 min at 500 °C. Figure 3
shows the decay of POR plotted against the number of
KrF laser pulses (n). Up to ~90% of PORs was bleached
within the first 200 pulses (‘‘fast-bleaching POR’) while
the remaining ~10% survived for ~10* pulses (“‘slow-
bleaching POR”) [36]. The decay of the fast-bleaching
POR was well fitted with a single exponential,
exp(—n/7). The decay rate of POR (1/7) depended
linearly on the pulse energy (Fig. 3, inset), verifying
suggestions [16,19,20] that 5 eV light destroys PORs via
one-photon absorption processes. The E’' centers were
hardly induced during the decay of POR, while the
increase of NBOHC concentration followed a single ex-
ponential. The formation rate of NBOHC was also pro-
portional to the pulse energy (Fig. 3, inset). Further, it
accorded well with the bleaching rate of POR. These
findings confirm that 5 eV light decomposes POR by
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FIG. 3. Normalized concentration change of POR versus
number of KrF laser pulses recorded at different pulse energies
for the high-O, sample which has been F, laser irradiated and
thermally annealed for 30 min at 500 °C. The dotted line
indicates the POR concentration before the thermal anneal
The inset shows the rates of concentration change of NBOHC
and POR as a function of the pulse energy. They were calcu-
lated assuming that the concentration change follows a single
exponential.
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breaking the O-O bond. A study of surface PORs in glassy
SiO, powders reported a similar type photodissocia-
tion [19].

The quantum yield of POR photolysis (®) was calcu-
lated by a relationship,

®=1/(rNo), (5)

using a 1/(7N) value (~6.8 X 107! cm?), which was
obtained from the Fig. 3 inset. Here N is the photon flux
of a KrF laser pulse, o is the absorption cross section of
POR at 5.0 eV (~5 X 107 '8 cm? [19,37]), and it is as-
sumed that the sample absorption is negligible at 5 eV.
This yields ® ~ 0.1. On the other hand, the photolysis of
gaseous organic PORs is mainly due to rupture of the O-O
bond which forms the neutral oxygen atom [38], and a ®
value of ~0.2-0.3 was reported for CH;00° [39]. This
similarity of the ® values suggests that valence electrons
associated with the O-O bond are localized and little
influenced by adjacent functional groups, and the oxygen
atom released from POR is likely to be neutral.

In summary, this work has demonstrated that diffusion
of interstitial oxygen atoms (O°) is a fundamental, thus
far largely not explored, mechanism for radiation-
induced processes in SiO, glass. Many thermally acti-
vated defect processes in SiO, take place in the region at
~300-500 °C [13] and the possible influence of oxygen
interstitials on these processes must be reevaluated.
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