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Intrinsic point defect formation in a fluorine-doped synthetic
silica (Si0,) glass by ®°Co y-ray irradiation was examined. The
most abundantly formed defects are oxygen vacancies (Si—Si
bonds). The concentrations of Si—Si bonds and interstitial oxy-
gen molecules increase almost linearly with the y-ray dose.
These observations indicate that the primarily intrinsic defect
process in SiO, glass irradiated with ®*Co y-rays is the Frenkel
pair formation, rather than a simple cleavage of an Si—O bond
into a pair of silicon and oxygen dangling bonds.

Silica (Si0,) glass is the most radiation-resistant amorphous
material for optical application and is widely used under intense
ionizing radiation, such as X- and y-rays. However, the ionizing
radiation still induces some point defects that degrade optical
properties of SiO; glass. These point defects are generated by
impurity-related reactions as well as by intrinsic processes,
i.e., radiation-induced decomposition of Si—-O network. Since
the currently available synthetic SiO, glasses contain little
impurities, it becomes increasingly important to understand the
intrinsic defect processes in SiO, glass. To date, two intrinsic
mechanisms have been found. One is the cleavage of Si-O
bond into a pair of the silicon and oxygen dangling bonds (£’
center, =Si" and non-bridging oxygen hole center, NBOHC,
=Si0"),"?

=Si-0-Si= — =Si"+0Si=. (1)

The other mechanism is the generation of oxygen vacancy (Si—Si
bond) and interstitial oxygen atom (Q°),

=Si-0-Si= —» =Si-Si=+ 0°, (2)

followed by the dimerization of O° into interstitial oxygen mole-
cules (0,).5 Reaction eq 2 is due to the radiation-induced dis-
placement of the bridging oxygen atom into interstitial position
in the glass network and may be regarded as “Frenkel defect
process” in SiO, glass. However, it has been unclear which
mechanism (eqgs 1 or 2) is dominant as the intrinsic defect forma-
tion process in SiO, glass.

In the present study, formation of E’ centers, NBOHCs, Si—
Si bonds, and interstitial O, was simultaneously measured with
an aim to evaluate which of the reactions eqs 1 and 2 is more
efficient. However, extrinsic processes, typically the radiolysis
of common network modifiers in synthetic SiO, glass (SiH,
SiOH, and SiCl groups), also yields NBOHC and E’ centers, %12
and they hamper the evaluation of the efficiency of eq 1. We
therefore chose fluorine-doped SiO, glass on the bases of follow-
ing reasons. Fluorine atoms in SiO, glass hardly participate in
radiation-induced defect processes™'> because they form Si-F

bonds that are stronger than Si—O bonds. Furthermore, fluorine
doping largely decreases the concentrations of SiH, SiOH, and
SiCl groups. y-rays (%°Co source) were employed as an excita-
tion source to focus on the effects of the ionizing radiation and
to avoid the nuclear displacement damage.

Fluorine-doped SiO, glass plates (SiF, ca. 4 x 10" cm™3;
SiOH, SiCl, H, <107 cm™3; 2-mm thick) were exposed to
60Co y-rays up to an absorbed dose ca. 4 x 10° Gy (SiO, equiv-
alent) at a rate ca. 1 x 10°Gyh~'. The y-ray-induced Si-Si
bonds, NBOHC, and E’ centers were observed by optical absorp-
tion using visible to ultraviolet (U-4000, Hitachi) and vacuum-
ultraviolet (VU-201M, Bunkou-Keiki) spectrometers. Interstitial
O, was detected utilizing the characteristic infrared (IR) photo-
luminescence (PL) band at 1272 nm (7860 cm™!) under excita-
tion at 765nm with a continuous-wave titanium sapphire
laser.®!415 The PL spectra were recorded by a Fourier-transform
IR Raman spectrometer (Model 960, Nicolet).

Figure 1 shows optical absorption spectra induced by expo-
sure to y-rays. As shown in the inset, the induced absorption be-
low 6eV was deconvoluted into three bands associated with
NBOHC (4.8¢eV), divalent Si (5.0eV), and E’ center (5.8¢eV).
The induced absorption above ca. 7eV was mainly due to Si—
Si bond (7.6 eV). The origins of the induced absorption between
6 and 7 eV were unclear because several absorption bands over-
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Figure 1. Optical absorption spectra (resolution 1 nm) of point
defects induced in fluorine-doped SiO, glass by exposure to
three different doses of y-rays. Absorption of unirradiated sam-
ple was subtracted. The inset shows a peak deconvolution of the
induced absorption at 4.0 x 10° Gy into components of NBOHC
(peak at 4.8 eV, full-width at half-maximum 1.07 eV), divalent
Si (5.0eV, 0.3eV), E' center (5.8eV, 0.8eV), and Si-Si bond
(7.6eV, 0.7eV) by least squares fitting. These peaks were
assumed to be Gaussian-shaped and the peak parameters were
taken from Ref. 11.
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Figure 2. Photoluminescence (PL) spectra (resolution 8 cm™!)
of interstitial O, generated by exposure to three different doses
of y-rays. The PL band was excited at 765 nm.

lap in this spectral region and their peak parameters are highly
uncertain. The concentrations of NBOHC, E’ center, and Si-Si
bond were calculated using the peak absorption cross sections
reported for these absorption bands; NBOHC, 5.3 x 10718 cm?
at 4.8eV; E center, 2.5 x 1077 cm? at 5.8eV; Si-Si bond,
7.5 x 1077 cm? at 7.6 eV.!! Figure 2 shows PL spectra of inter-
stitial Oy, whose intensity increased monotonically with the y-
ray dose. The concentrations of interstitial O, were determined
from the PL intensity ratios between the irradiated samples
and a reference O,-rich SiO, glass with a known O, content.'®17

The concentration changes in Si—Si bond, NBOHC, E’ cen-
ter, and interstitial O, with the absorbed y-ray dose, D, are sum-
marized in Figure 3. Si-Si bond was the most abundant defect.
The concentrations of Si—Si bond and interstitial O, increased al-
most proportionally to D. The concentrations of E' center and
NBOHC were nearly equal and it is consistent with the forma-
tion mechanism eq 1. However, their concentrations were small-
er than the concentration of Si—Si bonds and were not propor-
tional to D. These observations indicate that the Frenkel process
(eq 2) is dominant over the cleavage of Si—O bonds (eq 1) in
high-purity SiO, glasses exposed to y-rays. The concentration
of O° forming interstitial O, (twice the O, concentration) was
comparable to that of E’ centers and NBOHC, but was smaller
than the Si—Si concentration. It is probably because only a minor
portion of the radiation-induced O° turns into interstitial O, and
the rest of O is stabilized in the glass network by forming Si-O-
0-Si bonds (peroxy linkage).'$2!

Figure 3 indicates that the formation efficiency of Si-Si
bonds and interstitial O, is nearly constant up to ca. 4 x
10° Gy. The efficiency (number of defects created per an elec-
tron-hole pair, &) may be expressed by the concentrations of de-
fects, C, divided by the number of electron—hole pairs generated
in SiO; glass, N: & = C/N = C/(Dp/W), where p is the densi-
ty of SiO5 glass (0 >~ 2.2 gcm™3) and W is the energy necessary
to create an electron—hole pair. Using the C/D ratio evaluated
from Figure 3 (Si-Si bond, ca. 1.3 x 10'° cm™3 Gy~!; interstitial
0, ca. 1.0 x 10° cm™3 Gy~') and provided that W ~ 18 eV, ®
was calculated to be ca. 2 x 107> for Si-Si bonds and ca. 1 x
10~ for interstitial O,. The formation efficiency of Si—Si bonds
agrees well with that reported for an SiO, glass implanted with
10 MeV protons (ca. 1 x 107 at W = 18eV).”
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Figure 3. Dependence of the concentrations of Si-Si bond, E’
center, NBOHC, and interstitial O, on the absorbed y-ray dose.
The error bars represent the experimental uncertainties.
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