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Abstract

This article briefly summarizes the diffusion and reactions of interstitial oxygen species in amorphous SiO2 (a-SiO2). The most com-
mon form of interstitial oxygen species is oxygen molecule (O2), which is sensitively detectable via its characteristic infrared photolumi-
nescence (PL) at 1272 nm. The PL observation of interstitial O2 provides key data to verify various processes related to interstitial oxygen
species: the dominant role of interstitial O2 in long-range oxygen transport in a-SiO2; formation of the Frenkel defect pair (Si–Si bond
and interstitial oxygen atom, O0) by dense electronic excitation; efficient photolysis of interstitial O2 into O0 with F2 laser light
(k = 157 nm, hm = 7.9 eV); and creation of interstitial ozone molecule via reaction of interstitial O2 with photogenerated O0. The efficient
formation of interstitial O0 by F2 laser photolysis makes it possible to investigate the mobility, optical absorption, and chemical reactions
of interstitial O0. The observed properties of O0 are consistent with the model that O0 takes the configuration of Si–O–O–Si bond. Inter-
stitial O2 and O0 react with dangling bonds, oxygen vacancies, and chloride groups in a-SiO2. Reactions of interstitial O2 and O0 with
mobile interstitial hydrogen species produce interstitial water molecules and hydroperoxy radicals. Interstitial hydroxyl radicals are
formed by F2 laser photolysis of interstitial water molecules.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Amorphous silica (a-SiO2 or SiO2 glass) is an important
material in modern optics and electronics technologies.
Since oxygen is a component of a-SiO2, diffusion and
reactions of oxygen species are closely related to intrinsic
phenomena in a-SiO2. For example, oxygen diffusion in
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Fig. 1. Schematic diagram of low-lying electronic states and electronic
transitions of interstitial O2 in a-SiO2.
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a-SiO2 is utilized to fabricate gate dielectric a-SiO2 films on
silicon-based integrated circuits [1]. Radiation-induced dis-
placement and migration of oxygen species in a-SiO2 create
point defects, which degrade the optical and electrical
properties of a-SiO2 [2,3].

The structure of a-SiO2 is visualized as a continuous net-
work of Si–O bonds, consisting of corner-shared SiO4 tet-
rahedra. Each oxygen atom in the network bridges two
silicon atoms and is termed ‘bridging oxygen’ or ‘network
oxygen’. A distinct structural feature of the network is
the presence of network interstices (voids) that enable dis-
solution and diffusion of small chemical species [4,5].

Oxygen species embedded in the interstitial voids are
distinguished from the network oxygen; they migrate
through the voids and participate in various chemical and
photochemical reactions in a-SiO2. The purpose of this
paper is to present a brief overview of the current under-
standing of the diffusion and reactions of oxygen species
dissolved in the interstitial voids in a-SiO2. Other excellent
articles covering the scope of this paper include Refs. [4–6].
In this article, we describe the properties of interstitial oxy-
gen species including oxygen molecules (O2), oxygen atoms
(O0), ozone molecules (O3), and oxygen radicals. Emphasis
is placed on the properties of interstitial O2 because it is the
main form of excess oxygen in a-SiO2. We present the util-
ity of detecting interstitial O2 via the characteristic infrared
photoluminescence to study processes involving the inter-
stitial oxygen species.

2. Interstitial oxygen molecules

2.1. Observation by optical spectroscopy

Raman spectroscopy is a conventional technique to
detect diatomic molecules. The presence of interstitial O2

has been first confirmed by a Raman observation of the
O–O stretching mode appeared in a-SiO2 optical fibers of
low hydroxyl (SiOH) concentrations [7], which were pre-
pared by oxidation of SiCl4 in hydrogen-free plasma flame
(often termed ‘type IV’ silica) [8].

Other optical methods to detect interstitial O2 make use
of the electronic transitions in O2. The ground state O2

ðX3R�g Þ is triplet wherein the doubly degenerate antibond-
ing pg orbitals are occupied by two electrons with the same
spin. The first and second excited states (a1Dg and b1Rþg ) are
singlet. As shown in Fig. 1, these states are obtained by just
altering the spin and distribution of the two electrons in the
two pg orbitals [9]. Since the a–X and b–X transitions are
both spin- and parity-forbidden, optical absorption bands
associated with these transitions are very weak. However,
the transition probabilities are enhanced by interactions
between interstitial O2 and surrounding Si–O network,
which partially relax the parity selection rule. Indeed, the
a–X and b–X absorption bands of interstitial O2 are detect-
able in O2-rich optical fibers with a large optical path length
[10], and the evaluated absorption cross sections are two
orders of magnitude larger than those of O2 in air [11].
The a! X transition of interstitial O2 gives rise to an
infrared (IR) photoluminescence (PL) band at �1272 nm
[12]. The same PL band has been recorded by an in situ

PL observation of a fluorine-doped fiber exposed to neu-
trons and c-rays in a nuclear reactor [13]. The PL quantum
yield of interstitial O2 is considered to be larger than 0.1
[14]. Since the interactions with the surrounding Si–O net-
work increase the transition rate, the measured PL decay
constant of interstitial O2 (�0.8 s [15,16]) is much shorter
than that of an isolated O2 molecule (>60 min [17,9]). Such
increase in the radiative transition rate is typical of O2 mol-
ecules dissolved in solids or liquids [9]. The decay constant
of interstitial O2 in a-SiO2 is further decreased by non-radi-
ative transitions caused by SiOH groups [16].

Measurements of the a! X PL band make it possible to
detect interstitial O2, much more sensitively than by the
optical absorption or Raman spectroscopy. The ‘a’ state
is efficiently populated via the b X transition located at
�765 nm (Fig. 1). Using a titanium sapphire laser to excite
the b X transition, interstitial O2 molecules as few as
�1014 cm�3 have been detected [14]. The PL band is also
induced by the fundamental wavelengths of Nd:YAG
and Nd:YVO4 lasers (k ’ 1064 nm) [12], which are com-
monly used as light sources in Fourier-transform IR
Raman spectrometers. The efficiency of the excitation at
1064 nm causing the transition from the X state to the first
vibronic sideband of the ‘a’ state (Fig. 1) is two orders of
magnitude lower than that at 765 nm. However, the
1064 nm excitation induces both the PL band and the fun-
damental Raman bands of a-SiO2 in the same spectral
range as shown in Fig. 2, making it possible to evaluate
the absolute concentration of interstitial O2 from the inten-
sity of the PL band normalized to that of the Raman bands
of a-SiO2. The relation between the normalized PL inten-
sity and the concentration of interstitial O2 has been cali-
brated using a type IV O2-rich a-SiO2 (Suprasil W),
whose O2 concentration was determined from the ratio of
the Raman band intensity of interstitial O2 to that of O2

in air [18].
Thermal desorption spectroscopy (TDS), which mea-

sures the amount of O2 released by thermal annealing
[19], offers a more straightforward way to relate the nor-
malized PL intensity to the concentration of interstitial
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Fig. 3. (a) TDS profiles of O2 (m/e = 32), H2 (2), H2O (18), CO + N2 (28),
and CO2 (44) released from an O2-loaded a-SiO2 sample set (SiF
1.4 · 1019 cm�3, SiOH � 1 · 1018 cm�3; set of five plates each sized
10 · 20 · 1 mm, total volume 1 cm3). The background gas release from
the TDS chamber is subtracted. The numbers of the desorbed molecules
were 8.3 · 1016 (O2), 0.4 · 1016 (H2), 3.7 · 1016 (H2O), 1.9 · 1016

(CO + N2), and 0.3 · 1016 (CO2). (b) PL–Raman spectra of the O2-loaded
sample measured before and after the TDS experiment. The dashed line in
the magnified Raman spectrum of a-SiO2 shows the baseline used to
calculate the integral intensity of the Raman bands, and the two-headed
arrow indicates the amplitude at 1200 cm�1.
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O2 [20].1 Fig. 3(a) shows the result of a recent TDS exper-
iment2 for an O2-loaded a-SiO2 sample (SiF �1.4 ·
1019 cm�3, SiOH �1 · 1018 cm�3; a set of five plates each
sized 10 · 20 · 1 mm, total volume 1 cm3, total surface
area 23 cm2), prepared by thermal annealing for 288 h
at 1000 �C in an SiOH-free silica tube (inner diameter
�12 mm and wall thickness �1.2 mm) sealed with �3 atm
O2 at room temperature. The sample was taken out from
the tube just before the TDS measurement, and this proce-
dure greatly suppressed the emission of gases other than O2

(m/e = 32) as compared with the previous report [20]. The
number of desorbed O2 molecules was �8.3 · 1016 (uncer-
tainty of +20–10%3). The main source of H2O (m/e = 18)
released above 500 �C is dehydroxylation of the sample.
The remaining part of H2O and other gases may result
from adsorbates on the sample.

Fig. 3(b) shows the PL–Raman spectra of the sample
before and after the TDS measurement. Since the decrease
in the PL intensity corresponds to the concentration
change of interstitial O2, DC, of �7.2 · 1016 cm�3,4 the
1 In the TDS experiment reported in Ref. [20] we overestimated the
amount of desorbed O2 because we were unaware that the mass
spectrometer indicated larger values than the actual partial pressures of
O2 at low pressure ranges where the desorption of O2 was measured.

2 The experimental procedure was identical to that described in Ref. [20].
The type of the sample used in this study was different from that used in
Ref. [20] (‘LowOH’, SiOH �2 · 1018 cm�3). However, these samples
exhibit nearly the same PL quantum yield of interstitial O2 as shown in
Ref. [16]. Thus, the sample difference does not influence the result.

3 The uneven uncertainty is due to the possible conversion of O2 into
H2O, CO, and CO2 through reactions with adsorbates on the sample and
contaminants in the TDS chamber. In Ref. [20], this effect was also
overlooked but was less serious than the overestimation of the amount of
O2 desorbed.

4 We assumed that interstitial O2 is equally lost from all the surfaces. On
the other hand, the PL–Raman measurements probe only the two largest
surfaces. Thus, the concentration change can be calculated by �8.3 · 1016/
23 · 2/0.1 ’ 7.2 · 1016 cm�3.
data shown in Fig. 3(b) yield the relation DC (cm�3) ’
4.0 · 1016DIPL/IRaman, where DIPL is the change in the
integrated intensity of the PL band and IRaman is the
intensity of the Raman band of a-SiO2 arbitrarily defined
as an area above a straight line connecting the spectrum
points at 1000 and 1300 cm�1. It is also possible to relate
DC to the ratio of the amplitudes of the PL and Raman
bands, which is measured easier than the intensity ratio,
as DC (cm�3) ’ 2.7 · 1016DAPL/ARaman(1200), where DAPL

is the change in the peak PL amplitude and ARaman(1200)

is the amplitude of the Raman band arbitrarily defined as
the height of the spectrum point at 1200 cm�1 from the
ordinate origin.

Electron transfer into the unoccupied molecular orbitals
of O2 induces optical absorption bands at much higher
energies. Gaseous O2 shows an intense absorption band
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consisting of a vibrational structure (the Schumann–Runge
(S–R) system, �200–175 nm) and a continuous part (the
S–R continuum, [200 nm), both attributed to the
B3R�u  X3R�g transition [21,22]. The term ‘vacuum-ultra-
violet’ (VUV) in fact stems from this absorption of O2,
which significantly blocks the propagation of wavelengths
below �200 nm unless air is evacuated. Interstitial O2 in
a-SiO2 shows a VUV absorption band of the same origin
[23]. However, its absorption spectrum is shifted to lower
energy side and is more intense as shown in Fig. 4, proba-
bly because of the London dispersion interaction between
interstitial O2 and surrounding Si–O network [20,24].5 Pho-
toexcitation of the VUV absorption band of O2 results in
the cleavage of the O–O bond, as described in Section 3.1.

2.2. Thermal diffusion

Isotope labeling is a common technique to investigate
the diffusion of mobile species. In a silicon substrate oxi-
dized first by 16O2 followed by 18O2, two 18O-rich SiO2 lay-
ers are formed near the outer surface and the silicon–oxide
interface [25–29]. This observation indicates that there are
two types of mobile oxygen species whose properties are
largely different. The 18O-rich layer near the outer surface
has been believed to be formed by the diffusion of the net-
work oxygen; however, recent reports have indicated the
importance of residual water in determining the 18O profile
5 The value of the concentration change of interstitial O2,
�4.7 · 1016 cm�3, described to explain Fig. 1 on page 2304 of Ref. [24]
is incorrect. It should read �2.4 · 1017 cm�3. The correct value was used in
the calculation and plots presented in Ref. [24]. However, all the
concentration values of interstitial O2 presented in Ref. [24], including
the value shown above, should be decreased by �12% on the bases of the
TDS result presented in this paper. See also Fig. 4 in this paper.
[5,30]. In contrast, the oxygen flow that forms the interface
18O-rich layer has been attributed to interstitial oxygen spe-
cies, which migrate thorough interstitial voids without
extensive interactions with the Si–O network [6,30–32].
This oxygen flow evidently governs the thermal oxidation
of silicon. The solubility and diffusion coefficient of the
interstitial oxygen species have been evaluated by measur-
ing the amount of oxygen passing through thin a-SiO2

plates (permeation method) [33]. This experiment have
further confirmed that the solubility depends linearly on
ambient O2 pressure, strongly suggesting that the diffusing
species is interstitial O2.

The PL technique described in Section 2.1 is sensitive
enough to study the dissolution and diffusion of O2 in a-
SiO2 caused by thermal annealing in air [34–36]. Fig. 5
shows the depth distribution of interstitial O2 in a-SiO2

treated at 900 �C in air. The O2 concentration is nearly con-
stant at the sample surface irrespective of the annealing
time, verifying that the surface dissolution of O2 is much
faster than the following diffusion of interstitial O2 in
a-SiO2. The solubility6 and diffusion coefficient of intersti-
tial O2 determined in this way agree well with those evalu-
ated from the permeation experiment [33], the growth rate
of SiO2 films on silicon [1], and by a method utilizing the
conversion of interstitial O2 into SiOH groups reported
recently (see also Section 2.3) [37]. Thus, it is confirmed
that interstitial O2 dominates the long range oxygen trans-
port in a-SiO2. The activation energy for the diffusion of
6 We revise the solubility preexponential factor S0 reported in Ref. [36]
as 4.2 · 1015±0.2 cm�3 atm�1 (LowOH) and 4.8 · 1015±0.2 cm�3 atm�1

(HighOH) (decrease of �12%) on the bases of the TDS result presented
in this paper.
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interstitial O2 is �0.8–1.2 eV and is nearly constant
between �600–1200 �C [33,35–38].

Growth rate of a-SiO2 films thinner than �20–25 nm
does not follow the linear-parabolic kinetics predicted by
the Deal–Grove model [1]. Thermal oxidation rates at the
corners of silicon step edges [39] and that of silicon nano-
particles [40] and nanorods [41] are smaller than the rate
for flat wafers. These phenomena are most likely due to
slow diffusion of interstitial O2 in a stressed a-SiO2 layer
near the silicon–oxide interface, which is formed by the vol-
ume expansion that accompanies the oxidation [39,42,43].
Models that introduce such a modified a-SiO2 layer with
slow O2 diffusion explain the actual growth kinetics well
[44,45]. On the other hand, X-ray reflectivity observations
have evidenced the presence of compressed a-SiO2 layer
with density �2.4 g cm�3 (�2.2 g cm�3 for normal a-
SiO2) [46,47]. Theoretical calculations as well support the
slow diffusion of interstitial O2 in the compressed a-SiO2

layer [48–50].

2.3. Reactions with hydrogen atoms, hydrogen molecules,

and network-bound point defects

O2 is reactive since it has unpaired spins (Fig. 1). H2

cracks an Si–O bond as

BSiAOASiB + H2 ! BSiOH + HSiB ð1Þ

However, H2 loading in a-SiO2 containing interstitial O2

causes a relatively rapid formation of SiOH groups with lit-
tle accompanying creation of hydride (SiH) groups [51,52].
This observation has been interpreted by a two step process
wherein interstitial O2 first reacts with H2 to form H2O,
and the resultant H2O then hydrolyzes the Si–O network
[53]:

1=2O2 þH2 !H2O ð2Þ
BSiAOASiBþH2O!2BSiOH ð3Þ

The reaction of interstitial O2 with H2 (Eq. (2)) has been
confirmed by a PL observation of the complete decompo-
sition of interstitial O2 after H2 loading [54]. Recently,
these reactions have been used to study the diffusion of
interstitial O2 [37]. O2-rich a-SiO2 samples (Suprasil W)
are thermally annealed in vacuum to partially remove the
dissolved interstitial O2. Then the remaining interstitial
O2 is converted to SiOH group by H2 loading because
the concentration of SiOH groups is easily determined by
the IR absorption spectroscopy [19,55–57]. The evaluated
diffusion coefficients and those determined from the PL
technique described in Section 2.2 [35,36] are in excellent
agreement.

Hydrogen atom (H0) is highly mobile in a-SiO2 because
of the small atomic size. It is metastable but is efficiently
created by the F2 laser photolysis of SiOH groups (quan-
tum yield >0.1) [58–60]. Reaction of H0 with interstitial
O2 produces interstitial hydroperoxy radical ðHO�2Þ [61].
This reaction is further described in Section 5.
Above �400–500 �C interstitial O2 becomes mobile and
reacts with network-bound point defects. Reaction between
interstitial O2 and the silicon dangling bond (E 0 center,
„Si�)

BSi� þO2 ! BSiOO� ð4Þ

is a major formation route of peroxy radical (POR,
„SiOO�) [62–64]. This reaction is slowed down by high-
pressure densification of a-SiO2 [65], consistent with the
idea that interstitial O2 is less mobile in compressed
a-SiO2 (Section 2.2). Interstitial O2 oxidizes oxygen defi-
ciency centers in a-SiO2, such as Si–Si bond and divalent
silicon, to eliminate optical absorption and PL bands asso-
ciated with these centers [66,67]. It also oxidizes chloride
(SiCl) groups to interstitial Cl2 [54]:

2BSiCl + 1/2O2 ! BSiAOASiB + Cl2 ð5Þ
3. Interstitial oxygen atoms

3.1. Formation mechanisms

Cleavage of Si–O bond into a pair of dangling bonds

BSiAOASiB !hm
BSiO� þ �SiB ð6Þ

is an intrinsic radiation-induced defect process in a-SiO2.
However, this mechanism does not yield mobile oxygen
species and thus cannot account for the formation of
POR in high-purity O2-free a-SiO2 exposed to focused
ArF laser light [63]. Dense electronic excitation forms
self-trapped excitons (STE) in a-SiO2. Optical studies of
a-SiO2 exposed to electron pulses [68] and a-quartz ex-
posed to X-rays [69] have suggested that the formation of
STE is accompanied by a large transient displacement of
the bridging oxygen atom. Theoretical calculations have
also predicted that a part of STEs relaxes into pairs of oxy-
gen vacancies (Si–Si bond) and interstitial oxygen atoms
(O0) (Frenkel pair) [70,71]:

BSiAOASiB !hm
BSiASiBþO0 ð7Þ

A convincing result in favor of reaction Eq. (7) has been
presented by proton implantation in a-SiO2, where intersti-
tial O2 (‘O0 dimer’) is found to be formed along with the
Si–Si bonds as shown in Fig. 6 [72]. The following detec-
tions of interstitial O2 in a-SiO2 exposed to c-rays [14]
and electron beam [73] have confirmed that reaction Eq.
(6) commonly occurs in a-SiO2 subjected to the dense elec-
tronic excitation.

Another way to form interstitial O0 is to photolyze inter-
stitial O2 (Section 2.1) using VUV light sources such as ArF
(k = 193 nm, hm = 6.4 eV) [23] and F2 (k = 157 nm,
hm = 7.9 eV) lasers [74,75]

O2 !
hm

2O0 ð8Þ
F2 laser light, which is strongly absorbed by interstitial O2,
causes the photolysis Eq. (8) very efficiently.
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Decomposition of POR also yields O0. POR has a weak
optical absorption band at �5 eV [76–78]. Photoexcitation
into this absorption band decomposes POR [79], by disso-
ciating the O–O bond to form a pair of the oxygen dangling
bond (non-bridging oxygen hole center, NBOHC, „SiO�)
and O0 [76,77,80]:

BSiOO� !hm
BSiO� þO0 ð9Þ

The photolysis quantum yield of POR by KrF laser light
(k = 248 nm, hm = 5.0 eV) is �0.1 [80]. Other organic per-
oxy radicals and HO�2 undergo similar UV photolysis reac-
tions [81]. X-rays destroy PORs as well [82–84]; while
earlier works [82,83] indicated that the bleaching of POR
by X-rays is due to a separation of an O2 molecule from
the silicon atom, a more recent evidence [84] shows that
the dominant process is most likely the same as the UV
photolysis (Eq. (9)).
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3.2. Configuration in a-SiO2 network

Theoretical studies have indicated that interstitial O0

forms an Si–O–O–Si bond (peroxy linkage, POL; peroxy
bridge) rather than is isolated in the interstitial voids [85–
88], and that O0 of the POL configuration exhibits a weak
VUV absorption band [89,90]. The predicted peak param-
eters are close to that of a weak absorption band induced at
�7.1 eV by F2 laser photolysis of interstitial O2 (Eq. (8))
[74]. Furthermore, a recent X-ray diffraction study has
shown that the migration of interstitial O0 is accompanied
by a significant rearrangement of the Si–O network, which
is not caused by the diffusion of interstitial O2 [91]. Thus,
interstitial O0 probably forms POL in the Si–O network.
Fig. 7. Concentration change of interstitial O2 by F2 laser irradiation at
77 K followed by sequential thermal annealings steps at 150, 400, 600, and
800 �C (15 min at each step). Open triangles and dotted lines are calculated
by fitting to the experimental data points (solid circles). The activation
energy for diffusion of O0 (DE) and the preexponential factor (D0)
obtained from the fit are shown. After Ref. [75].
3.3. Thermal diffusion and reactions

Oxidation of silicon by O0 below �500–600 �C is a
promising technique to fabricate thin gate dielectric oxide
films while avoiding undesirable phenomena occurring at
high temperatures [92–97]. Mobility of O0 in a-SiO2 can
be studied via the rate of the dimerization of O0s (reverse
reaction of Eq. (8)), which is measured by monitoring the
formation of interstitial O2 using the PL technique (Section
2.1). Fig. 7 shows the concentration change of interstitial
O2 with F2 laser photolysis at 77 K followed by sequential
thermal annealing steps at several temperatures [75]. O0

becomes mobile above �200 �C and is mostly converted
back to interstitial O2 after heating above 400 �C. This tem-
perature range coincides with that of the silicon oxidation
by O0 [93,95,97].

The activation energy for the diffusion of O0 in a-SiO2

remains controversial. The activation energy evaluated
from the dimerization rate (�1.0–1.5 eV [74,75]) is in
accord with a theoretical calculation predicting the diffu-
sion of O0 as POL [86]. However, the activation energy
of the parabolic rate constant of the O0 oxidation is much
small (�0.1–0.4 eV) [94–97].

Mobile O0 transforms NBOHC to POR [77,80,98]:

BSiO� þO0 ! BSiOO� ð10Þ

Thus, NBOHC and POR convert to each other via reac-
tions Eqs. (9) and (10). Observations suggest that reaction
of O0 with E 0 center

BSi� þO0 ! BSiO� ð11Þ

also takes place [12,80]. The reaction Eq. (10) is slower in a
sample with a higher fictive temperature [99], implying that
O0 is less mobile in more disordered a-SiO2 network.

F2 laser irradiation to a-SiO2 containing both SiCl
groups and interstitial O2 produces interstitial chlorine-
related radicals (ClO�x where x = 2,3) [100]. However, F2

laser light alone does not dissociate the Si–Cl bond [54].
Thus, the most probable mechanism of the formation of
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ClO�x is the cracking of SiCl groups by O0 generated via the
F2 laser photolysis of interstitial O2, and following oxygen
addition to the reaction intermediates.
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Fig. 8. Experimental and simulated EPR spectra of HO2 and OH radicals
4. Interstitial ozone molecules

Interstitial ozone molecules (O3) are formed via reaction
of interstitial O2 with O0 photogenerated by exposure to
ArF [23] or F2 [101] laser light

3=2O2 !
hm

O3 ð12Þ

An analogous reaction that involves the thermal diffusion
of O0 is unlikely to occur because O3 decomposes above
�200 �C. Interstitial O3 has an optical absorption band
at �4.8 eV. Unfortunately, this band almost overlaps with
the 4.8 eV absorption band of NBOHC, one of the most
frequently observed color centers in a-SiO2. This overlap
is the most probable reason for poor intensity correlation
between optical absorption at 4.8 eV and the 1.9 eV PL
band of NBOHC in F2-laser-irradiated O2-rich a-SiO2

[102].
Interstitial O3 is decomposed by UV light (hm J 4 eV)

without changing the NBOHC concentration, making it
possible to extract the peak parameters of the absorption
band of interstitial O3 [101]. The UV photolysis yields
excited interstitial O2 (a1Dg) (Fig. 1) and O0 (1D). The
excited interstitial O2 generated in this way as well induces
the characteristic IR PL band of singlet O2 (Section 2.1,
Fig. 1), which is useful in verifying the presence of intersti-
tial O3 [101].
in a-SiO2 (measured at 77 K; microwave power, 20 mW; modulation
amplitude, 0.1 mT for HO2 radical and 0.2 mT for OH radical). After
Refs. [61,106].
5. Interstitial reactive oxygen radicals

Reactive oxygen radicals such as O��, O��2 (superoxide
ion radical), and O��3 (ozonide ion radical) are important
oxidants in the catalytic oxidation reactions. Their conju-
gated bases, HO� (hydroxyl radical), HO�2 (hydroperoxy
radical), and HO�3 (hydrogen trioxide radical) are also
involved in reactions in acidic solutions and protic solvents.
Since a-SiO2 is an important catalytic support and even a
heterogeneous catalyst, it is of interest to study interactions
of a-SiO2 with reactive oxygen radicals.

Fig. 8 shows electron paramagnetic resonance (EPR)
spectra of interstitial HO�2 and HO� in a-SiO2. Interstitial
HO�2 is formed by reactions of interstitial O2 with H0 [61]

O2 þH0 ! HO�2 ð13Þ

The same reaction occurs in the gas phase but the reaction
requires a third body M, which takes away the heat of the
reaction, to generate HO�2 efficiently [103–105]

O2 þH0 þM! HO�2 þM ð14Þ

Thus, in a-SiO2 the Si–O network serves the role of M that
dissipates the excess energy of the reaction intermediate.
Although HO�2 is highly reactive, the trapping in chemically
inert a-SiO2 interstices makes HO�2 thermally stable up to
�100 �C.

Interstitial HO� is formed by photolyzing interstitial
H2O with F2 laser light at 77 K [106]

H2O !hm
HO� þH0 ð15Þ

EPR spectra of HO� in a-SiO2 (Fig. 8) and in amorphous
ice [107] are similar to each other, indicating that the de-
tected HO� is confined by hydrogen bonding with adjacent
H2O molecules and SiOH groups. The hydrogen bonding
quenches the angular momentum of the doubly-degenerate
O 2pp orbitals accommodating the unpaired spin, and al-
lows interstitial HO� to be detectable by EPR. The decom-
position of HO� occurs above �150 K simultaneously with
the formation of HO�2. The creation of HO�2 is not due to
reaction Eq. (13), but rather due to the reaction of HO�

with O0

HO� þO0 ! HO�2 ð16Þ
because the sample is initially O2 free but O0 is formed by
F2 laser photolysis of HO�.
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HO�3, which has been generated in solid Ar matrices
[108], has not been found in a-SiO2 yet. Charged radicals
such as O��, O��2 , and O��3 can be formed on surfaces of por-
ous a-SiO2 [109] but are unlikely to be trapped in neutral
a-SiO2 network. Paramagnetic species found in some
non-porous a-SiO2 samples exposed to c-rays [109,110]
may be HO�2 rather than O��2 . Recently, a new EPR signal,
probably attributed to oxygen related centers, has been
reported in heavily O+-ion-implanted a-SiO2, in which a
large fraction of the implanted oxygen is considered to be
turned to interstitial species [111].
6. Summary

Oxygen molecules (O2) incorporated in the interstitial
voids in a-SiO2 play a central role in diffusion and reactions
of oxygen species in a-SiO2, and the characteristic infrared
(IR) photoluminescence (PL) of interstitial O2 is very useful
in studying these processes. The IR PL band at
k = 1272 nm due to the a1Dg ! X3R�g transition of O2 is
induced by excitation with a continuous-wave titanium
sapphire laser operated at k = 765 nm or a Nd-doped
solid-state laser oscillating at k = 1064 nm. The quantita-
tive relation between the PL intensity measured at room
temperature and the concentration of interstitial O2 is cal-
ibrated by the thermal desorption spectroscopy. Results
obtained by the PL method confirm that the mobile species
dominating the thermal oxygen transport in a-SiO2 is inter-
stitial O2. The dissolution of O2 from ambient atmosphere
is much faster than the following diffusion of O2 in a-SiO2.
Exposure to F2 laser light (k = 157 nm, hm = 7.9 eV)
efficiently decomposes interstitial O2 by dissociating the
O–O bond. The resultant interstitial atoms (O0) are most
likely embedded in the Si–O network by forming Si–O–
O–Si bonds. Interstitial O0 becomes mobile above
�200 �C. The mobility of O0 in a-SiO2 is evaluated from
the rate of recovery of O2 by thermal annealing. Other
reactions involving O0 include the radiation-induced
decomposition of an Si–O–Si bond into a pair of Si–Si
bond and O0 (Frenkel process), conversion between the
oxygen dangling bond („SiO�) and peroxy radical
(„SiOO�), and formation of interstitial ozone molecules
(O3). Interstitial hydroxyl (HO�) and hydroperoxy ðHO�2Þ
radicals are created by photochemical reactions involving
interstitial hydrogen and oxygen species in a-SiO2.
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