
Dominant role of E8 centers in x-ray-induced, visible luminescence
in high-purity amorphous silicas

A. J. Miller, R. G. Leisure, V. A. Mashkov, and F. L. Galeener*
Department of Physics, Colorado State University, Fort Collins, Colorado 80523

~Received 14 December 1995; revised manuscript received 22 January 1996!

Detailed measurements of the x-ray-dose dependence of spectrally resolved x-ray-induced luminescence in
bulk high-puritya-SiO2 were performed. The dose dependence of the luminescence intensity is compared to
that of the paramagneticEg8-center concentration in two types of silicas. Clear experimental evidence is
presented that the main features of the 2.6 and 2.75 eV luminescence bands are due to the same radiation-
induced defect, and that this defect is related to theEg8 center.

High-purity, amorphous silicon dioxide~a-SiO2) is an ex-
tremely important material used in a wide variety of optical
and electronic applications. In environments where high lev-
els of ionizing radiation are present, or where devices are
exposed to lower levels of radiation for long periods of time,
radiation-induced defects may adversely affect the material.
Such defects have been extensively studied using a wide
range of experimental techniques, especially electron spin
resonance~ESR!, luminescence, and optical absorption.1

Luminescence bands in high-puritya-SiO2 have been ob-
served with peak centers near 1.9, 2.2, 2.5, 2.7, 3.1, 4.2, and
4.4 eV;2–5 these bands have been studied by conventional
photoluminescence and thermally stimulated luminescence,
as well as x-ray-induced5 and particle-induced luminescence.
The emission band centered at approximately 2.7 eV has
been seen in numerous experiments ona-SiO2. This line has
been observed under ion-beam irradiation,6 in thermolumi-
nescence after neutron irradiation,7 by conventional lumines-
cence after neutron irradiation,8 and in pristine materials
when excited by 5.0 to 7.9 eV photons,3,9–11or by x-rays.10

This band has been variously attributed to a twofold coordi-
nated silicon,10–12 an oxygen vacancy,9 or a self-trapped
exciton.13

Several experiments have shown a luminescence band in
a-SiO2 with a peak in the 2.2–2.5 eV range3,14,15,8which has
been attributed14 to interstitial O2

2 or a self-trapped exciton.15

Mervic et al.8 found that the 2.2 eV line was very dependent
on impurities.

There are many unanswered questions concerning the
identification and mechanisms of formation of radiation-
induced defects in SiO2 , and the picture is unlikely to be-
come complete without a fuller experimental characteriza-
tion of material properties. While emission bands have been
observed in many different experiments, the only study of
the x-ray-dose dependence has been that of Marrone,5 who
observed 1.9 and 2.75 eV x-ray-induced luminescence bands
in silica core optical fibers.

In this article we present a study of the most intense vis-
ible luminescence bands, those at 2.6 and 2.75 eV, in two
types of high-puritya-SiO2 over a wide x-ray-dose range
and compare the dose dependence of this luminescence with
that of the paramagneticEg8 defect as measured by ESR. We
have also observed lines at 1.9 and 2.2 eV, which will be

discussed in another paper. The luminescence is stimulated
by x rays and the x radioluminescence~XRL! is measured
continuously as the sample is irradiated. In addition to easy
applicability to the study of dose dependence, this method
differs in other ways from previous luminescence experi-
ments. In the present work, the charge carriers participating
in luminescence are excited directly by ionizing radiation
and the resulting secondary electrons rather than by visible
or ultraviolet photons, as is the case with photoluminescence.
This results in a dynamic spectrum of luminescence from
several centers, rather than only those excited by a specific
absorption band. Defects which might not be observed in
postradiation experiments may contribute to the XRL signal.

The high-purity a-SiO2 samples studied were
Suprasil-W1 and a material designated in this paper as J8.
Both were synthetically prepared, Suprasil-W1, which is
oxygen-rich, by an O2 plasma method,16 and J8, which is
oxygen-deficient, by chemical vapor deposition soot
remelting.17 More details about the roles of oxygen in these
materials are given by Zhanget al.18,19 Both types of mate-
rials are low in hydroxyl content, with@OH# below the de-
tection limit of approximately 3 ppm. All samples were rect-
angular parallelepipeds approximately 133.538 mm in
dimension.

The XRL was induced by x rays from a conventional
molybdenum-anode diffraction tube operated at 45 kV dc
and 9 mA. The x rays struck the samples perpendicularly to
the 3.538 mm face. To improve the uniformity of penetra-
tion of the x rays into the sample, an aluminum filter attenu-
ated low-energy x rays from the beam. The average dose rate
was 1.53103 rad/s. Light emitted by the sample during irra-
diation was focused onto the entrance slit of a charge-
coupled device spectrograph, which used a grating that al-
lowed the simultaneous observation of the entire visible
spectrum. Spectra were accumulated for 60 s and stored in a
computer, repeating until the desired total dose had been ap-
plied to the sample. A brass sample holder allowed samples
to be precisely positioned in the XRL apparatus, keeping the
dose rate and light collection efficiency consistent to better
than 10% between different experimental runs.

Data were taken until each sample had received a total
accumulated dose of at least 400 Mrad, yielding over 4300
spectra per sample. These spectra were then individually de-
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convoluted into the sum of Gaussian peaks and a linear back-
ground using the Levenberg-Marquardt nonlinear least
squares method as illustrated by Fig. 1. Next, the parameters
describing these peaks~center, width, and intensity! were
analyzed as functions of dose and sample type, and com-
pared to the concentration ofEg8 centers as measured by
Austin20 and Zhang,19 whose samples were cut from the
same blocks as those used for the XRL measurements and
were irradiated under similar conditions. Control ESR mea-
surements were done to calibrate the doses between the XRL
and ESR data. Figure 2 shows the ratio of the integrated
intensities of the 2.6 to the 2.75 eV lines as a function of

dose for Suprasil-W1~a! and J8~b!. This ratio is very nearly
constant over the entire dose range in both oxygen-deficient
and oxygen-excess samples, with the low-dose behavior pri-
marily due to difficulties in fitting broad overlapping curves
at low signal levels. The peak positions are the same for the
two different materials to within approximately 10%.

Figure 3 shows the dose-dependent part of the sum of
integrated intensities of the 2.6 and 2.75 eV XRL bands for
each sample as a function of dose. There is also a zero-dose
component in J8, which is about 20% of the high-dose value,
which has been subtracted. This subtraction has no effect on
the ratio shown in Fig. 2~b!. Also plotted in Fig. 3 are the
absolute concentrations of theEg8 centers in these two types
of amorphous silica as determined by ESR. TheEg8 is the
most commonE8 variant, which is widely believed to con-
sist of an asymmetrically relaxed oxygen vacancy.21 A con-
stant scaling factor was applied to scale the XRL data so as
to match the luminescence intensity in Suprasil-W1 at 200
Mrad to theEg8 concentration. It is important to note that
exactly the same factorwas applied to the XRL intensities
for both samples, so the only effect of this scaling was to plot
the XRL and ESR data on visually compatible scales.

These figures reveal three important facts regarding the
physics of the radiation response of high-puritya-SiO2.
First, for each sample the 2.6 and 2.75 eV lines have nearly
identical dose dependences, which is reflected by the con-
stant ratio of the intensities~Fig. 2!. This indicates that these
two lines are due to the same defect. Next, Fig. 3 shows that
the XRL andEg8 concentrations scale the same between the
two materials; both are approximately five times stronger in
oxygen-deficient J8 than in oxygen-rich Suprasil-W1. Fi-
nally, Fig. 3 also shows that the dose dependences of the
XRL intensities and ESR-active centers are very similar in
each material. In J8, the dose dependences of these centers
are very nearly identical over the range of available data,
with the XRL intensities andEg8 curves both decreasing in
slope with increasing dose. In Suprasil-W1 there is a mea-
surable difference in the dose curves of the XRL andEg8
intensities below 100 Mrad.

The subtraction of the zero-dose component of the XRL
spectrum in J8 requires explanation. Pristine, unirradiated

FIG. 1. XRL spectrum of oxygen-deficienta-SiO2 , J8, with a
total dose of 387 Mrad. Spectrum recorded for 60 s with a dose rate
of 1.53103 rads/s. The raw data, individual Gaussian curves, and
the sum of the Gaussian curves are shown.

FIG. 2. Ratios of the 2.6 and 2.75 eV integrated peak intensities.

FIG. 3. Comparison of the dose dependence of the 2.6 and 2.75
eV total XRL intensity withEg8 concentration. The XRL intensities
are represented by the continuous lines, whileE8 concentrations are
depicted using circles (s) for J8 and squares (h) for Suprasil-W1.
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samples of both materials contain no measurableE8 or other
paramagnetic defects. However, J8, being oxygen deficient,
contains neutral oxygen vacancies, known as B2 centers, at a
concentration of approximately 1018 cm23.17 We propose
that there are two or more concurrent physical processes giv-
ing rise to the 2.6 and 2.75 eV luminescence during x-ray
irradiation. The dose-independent~zero-dose! component of
the XRL in J8 is due to de-excitation luminescence at B2
sites. The dose-dependent part of the XRL is due to recom-
bination luminescence atE8 centers. BecauseE8 centers are
positively charged, while B2 centers are electrically neutral,
anE8 is very likely to attract an electron and yield lumines-
cence, and the luminescence fromE8 centers will be strongly
governed by their concentration. However, for a B2 center to
luminesce it must be excited by an interaction with an ener-
getic electron produced by the ionizing radiation. Therefore,
subtraction of the zero-dose signal in J8 represents removing
the portion of the XRL arising from neutral B2 centers,
which are structurally similar to the positively chargedE8
centers. Thus the subtraction has a clear physical meaning.

Now considering the Suprasil-W1 XRL dose behavior, we
observe a difference between the XRL andE8 signal
strengths at low dose. Suprasil-W1 is known to be oxygen
rich. While the exact configuration of this excess oxygen is
not well understood, it is likely that peroxy linkages, as well
as interstitial atomic and molecular oxygen exist within this
material. Because oxygen can serve as an electron trap, the
number of electrons available to participate inE8 recombi-

nation luminescence is reduced, particularly at low dose
when there are relatively fewE8 centers existing within the
sample. As the dose increases, moreE8 centers are produced
and the excess oxygen becomes relatively less important.

Based upon the experimental data presented, we conclude
that theEg8 center is the dominant center of visible radiative
recombination luminescence in high-purity amorphous sili-
cas. While there are several slightly differentE8 center con-
figurations, all are based upon a three-coordinated silicon.22

J8, which is oxygen deficient and rich in three-coordinated
silicon,17 has significantly higher levels of XRL andEg8 cen-
ters than Suprasil-W1, which is oxygen rich.1

In conclusion, using the technique of XRL, we have pre-
sented a detailed study of the x-ray-dose dependence of spec-
trally resolved luminescence ina-SiO2. Their correlated
dose dependences indicate that the 2.6 and 2.75 eV lines
originate from the same defect. We have presented strong
evidence that theEg8 center serves as the site of the 2.6 and
2.75 eV recombination luminescence. The existence oftwo
luminescence bands associated with theEg8 center suggests
that the currently accepted theoretical model21 of the asym-
metrically relaxedE8 center may be incomplete.
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