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Electron-spin-resonance (ESR) and vacuum-ultraviolet (vuv) absorption measurements were per-
formed on a series of high-purity silica glasses exposed to 6.4-eV photons, 7.9-eV photons from excimer
lasers, and to ¥ rays. The concentration of defect centers varies from 10'* to 10'® cm > depending on the
method of material fabrication and photon energy of the irradiating lasers. Variation of the defect
species with both the incident-photon energy and manufacturing condition is observed by ESR measure-
ments. E’ centers (==Si-) are observed in all types of silicas. Nonbridging-oxygen hole centers
(NBOHC’s =Si—O0") in high-OH silica ((OH]~= 1000 ppm) and peroxy radicals (PR’s, =8Si—0—O") in
oxygen-surplus silica ((OH] < 1 ppm) are observed, only when the samples are exposed to 7.9 eV photons.
The defect centers observed in y-irradiated silica are qualitatively in agreement with those in 7.9 eV
laser-irradiated silica. The variation of defect species with manufacturing methods indicates that the ob-
served paramagnetic centers are created from preexisting defects. Concentration of the defects induced
by either 6.4 or 7.9 eV laser photons is proportional to the square of the pulse energy, indicating that
two-photon absorption process dominates in the defect formation. The defect formation process can be
understood in terms of the creation of an electron-hole (e-h) pair by two-photon excitation and the subse-
quent hole trapping or decay of an e-h pair at the site of preexisting defects. Dependence of the
induced-defect species on incident-photon energy can be explained by the variation in the energy level of
preexisting defects or in the defect formation energy. Results of vuv-absorption measurements reveal the
conversion of diamagnetic precursor defects (e.g., =Si—Si=, =8i—0—0—Si=, and =Si—OH)
introduced during the manufacturing process, into paramagnetic defect centers, the E’ centers,
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NBOHC’s, and PR’s.

I. INTRODUCTION

There have been numerous efforts to understand the
basic mechanisms involved in radiation-induced defect
formation in silica glasses.!”® Electron-spin-resonance
(ESR), optical absorption, and photoluminescence mea-
surements have been employed in these studies.®™> Fol-
lowing the observation of the E’ center by Weeks,®
thorough ESR investigations on intrinsic defect centers in
silica have been made by Griscom and co-workers, on the
basis of 2°Si and 7O hyperfine structures.>* To date, four
intrinsic defect centers have been identified by ESR: E’
center (=Si-), peroxy radical (PR, =Si—0—O-),
nonbridging-oxygen hole center (NBOHC, =Si—O0-),>*
and self-trapped holes (STH, and STH,).” Here, the sym-
bols “=" and ““-” represent bonds with three separate
oxygens and an unpaired spin, respectively. The E’
center, PR, and NBOHC are stable at room temperature,
while the STH’s are observable only after irradiation
below 200 K. ESR-inactive species have been mainly
studied by optical absorption measurements in the region
from ultraviolet (uv) to vacuum-uv (vuv).®~!* It has been
reported that oxygen vacancy (=Si—Si=), peroxy
linkage (=Si—O—0O—Si=), and hydroxyl (=Si—
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OH) exhibit uv and vuv absorption bands at 5.0 eV (Ref.
10) and 7.6 eV (Refs. 9, 11, and 12), at 3.8 eV (Ref. 13)
and 7-8 eV (Refs. 8 and 9), and at 7.5—-8 eV (Refs. 8 and
9), respectively.

It was reported by Stathis and Kastner!# that paramag-
netic defect centers are observed in silica (band gap =9
eV) (Ref. 15) exposed to sub-band-gap uv-vuv photons
(5.0, 6.4, and 7.9 eV) from excimer lasers. Motivated by a
technological application of uv optics for excimer-laser
lithography, several studies have been made to elucidate
mechanisms involved in the laser-induced defect
creation.® 172! Apart from these technological reasons,
it is important to understand the process of photon-
induced defect creation in solids, not to mention the ex-
ample of the Staebler-Wronski effect in a-Si:H.?

Mechanisms proposed for the laser-induced defect
creation in amorphous SiO, (a-SiO,) can be divided into
intrinsic and extrinsic processes. The intrinsic mecha-
nism is a radiolytic process wherein an oxygen atom is
displaced out of the normal Si—O—Si bond by the non-
radiative decay of self-trapped excitons, while the extrin-
sic one involves ionization or bond rupture at the site of
preexisting defects. The intrinsic mechanism proposed
by Griscom!? has been supported by the studies of Tsai,
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Griscom, and Friebele'®?° using a highly focused ArF-

excimer laser (6.4 eV) with photon density two orders of
magnitude higher than other studies. The extrinsic
mechanism has been reported to be observable in silica
when exposed to ArF-excimer-laser photons with
moderate pulse energies of 10—100 mJ/cm? Imai and
co-workers proposed that the E’ centers observed in
oxygen-deficient type silicas are induced through a two-
photon absorption process based on the observation that
the concentration of the E’ centers is proportional to the
square of pulse energies.®!”!® The authors have reported
that the observed E’' center or NBOHC concentration
varies widely from 10'* to 10'® cm ™3 in a series of silicas
containing various preexisting defects.?! These studies on
the extrinsic defect formation process have demonstrated
that preexisting defects play a significant role as precur-
sors in the laser-induced defect formation process. How-
ever, due to lack of information on the behavior of preex-
isting defects under laser irradiation, correlation between
preexiting defects and paramagnetic defects is still not
fully understood.

In this paper, we report the results of ESR and vuv ab-
sorption measurements on silica glasses exposed to 6.4 or
7.9 eV laser photons. The defects induced by 6.4 or 7.9
eV laser are compared with those induced by y rays. We
will discuss how laser-induced defect species and their
concentrations depend on manufacturing methods and
laser photon energy. In order to elucidate the correlation
of paramagnetic defect centers with preexisting diamag-
netic defects, the emphasis will be placed on comparison
of the results of the ESR and vuv optical-absorption mea-
surements, leading to the observation of the conversion of
preexisting defects into paramagnetic defect species by
6.4 or 7.9 eV laser irradiation.

II. EXPERIMENTAL PROCEDURES

Samples used in the experiments are listed in Table I.
They are classified in terms of oxygen stoichiometry and
OH content. Samples OD1 and OD2 are of oxygen-
deficient type, which contain neutral oxygen vacancies.!!
Sample OS is an oxygen-surplus-type silica, which con-
tains excess oxygen either in the form of peroxy linkage
or interstitial molecular oxygen." Samples OD1 and OS
were manufactured by the plasma method and OD2 by
chemical vapor deposition (CVD)-soot remelting. These
samples contain OH groups of less than a few ppm. Sam-
ple OH is a high-OH silica produced by flame hydrolysis,
which contains OH groups of =~ 1000 ppm. The dimen-
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sion of the samples is a slab of 0.7 X2X25 mm? for ESR
measurements or a mirror-polished plate with ¢ =10 mm
and thickness of # =0.7 mm for vuv absorption measure-
ments.

Excimer-laser irradiation was carried out with a Lamb-
da Physik LPX-105i excimer laser using Ar/F,/He (193
nm, 6.4 V) or F,/He mixture (157 nm, 7.9 eV) as a lasing
medium. Irradiation was carried out at room tempera-
ture in air for 6.4 eV photons and in N, atmosphere for
7.9 eV photons. Pulse energy was varied by changing
operating conditions of the excimer laser, and the average
pulse energy was estimated with a thermopile power me-
ter (Scientech 38-2UVS5). For reference, y irradiation was
carried out at room temperature with a °°Co source at a
dose rate of 85 Gy/hr to a total dose of 14.3 KGy.

The ESR measurement was performed using a JEOL
RE2XG spectrometer operated at X-band frequency
(v=9.25 GHz) with a modulation amplitude of 0.063
mT. During the measurement, the sample in a quartz
tube was kept at 77 K by immersing in liquid N,. Mi-
crowave power was set at 1 uW for the detection of the
E’ centers and at 5 mW for the detection of oxygen hole
centers (NBOHC and PR). The concentration of
paramagnetic centers was determined by comparing re-
sults of double numerical integration of each ESR signa-
ture with that of the JEOL strong or weak pitch stan-
dard. The accuracy of the absolute concentration is
~150%, whereas that of the relative concentration is
~+10%.

The vuv absorption measurement in the region of 6—8
eV was carried out with a 1-m Seya-Namioka-type mono-
chromator using synchrotron radiation as a light source
(0.38 GeV SR ring, Institute for Solid State Physics, The
University of Tokyo, Tanashi, Tokyo).

III. RESULTS

A. Variation of ESR spectra with incident-photon energy

No ESR signal was detected in unirradiated samples.
Figure 1 shows the ESR spectra of oxygen-deficient sam-
ple OD1 exposed to (a) 6.4 eV and(b) 7.9 eV laser pho-
tons. Both samples exhibit virtually identical spectra
with only a signature of the E’ center characterized by g
values: g,;=2.0018, g,=2.0006, and g;=2.0003.%>
Similar spectra were obtained for the OD2.

Shown in Fig. 2 are the ESR spectra of oxygen-surplus
sample OS exposed to (a) 6.4 eV and (b) 7.9 eV laser pho-
tons. In addition to the E’ center, ESR signals due to the

TABLE 1. Sample list.

Impurities (ppm)

Sample Characteristics Preparation method OH Cl
OD1 oxygen deficient Plasma CVD 0.75 3200
OD2 oxygen deficient CVD soot remelting ND 0.3
oS oxygen surplus Plasma CVD 0.46 320
OH high-OH (stoichiometric?) Flame hydrolysis 1000 NDP

“No optical-absorption bands associated with oxygen vacancy or peroxy linkage.

®ND, not detected.



15 586 NISHIKAWA, NAKAMURA, OHKI, AND HAMA 48
SAMPLE OD1 SAMPLE OH
(a)6.4 eV 91=2.0018 (a)6.4 eV E' center
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x5/2
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(b)7.9 eV NBOHC
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FIG. 1. ESR spectra of oxygen-deficient type silica OD1 ex-
posed to (a) 6.4 eV (1.9X10* J/cm?, 30 Hz) and (b) 7.9 eV (90
J/cm?, 50 Hz) lasers. Spectra were recorded at X band and 77
K.

NBOHC at g, =2.0015 and g, =2.0099 can be observed
after exposure to either 6.4 or 7.9 eV photons.*> The g,
component at g =2.078 of the NBOHC is too broad to be
detected in these spectra. Three features, each located at
g=2.0018, g =2.0079, and g =2.025 are observed in the
spectra of the sample irradiated by 7.9 eV photons. The
features at g,=2.0018 and g, =2.0079 are part of the
spectrum of PR’s.*> Although not shown in Fig. 2(b), a
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(a)6.4 eV NBOHC
g»=2.0099
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Aj\fo/Z

(b)7.9
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FIG. 2. ESR spectra of oxygen-surplus type silica OS ex-
posed to (a) 6.4 eV (1.9X 10° J/cm?, 30 Hz) and (b) 7.9 eV (90

J/cm?, 50 Hz) lasers. Spectra were recorded at X band and 77

K. A feature at g ~2.025 in (b) corresponds to m ,=% com-

ponent of a four-line hyperfine spectrum of ClO, radicals (see
also Ref. 23).

MAGNETIC FIELD (mT)

FIG. 3. ESR spectra of high-OH-type silica OH exposed to
(a) 6.4 €V (1.9X10° J/cm?, 30 Hz) and (b) 7.9 eV (90 J/cm?, 50
Hz) lasers. Spectra were recorded at X band and 77 K.

shoulder peak corresponding to the g; component at
g =2.067 of the PR was observed at lower magnetic field.
The other signature at g =2.025 is m; =1 component of
a four-line hyperfine spectrum, which was identified to be
ClO, radicals (see Ref. 23).

Figure 3 shows the ESR spectra of high-OH sample
OH exposed to (a) 6.4 eV and (b) 7.9 eV laser photons.
The E’ centers are observable in sample OH exposed to
either 6.4 or 7.9 eV photons. Curiously, the NBOHC’s
are dominantly observed when exposed to 7.9 eV pho-
tons, as shown in Fig. 3(b).

Note that when compared with the sharp g, peak at
g =2.01 of the NBOHCs in Fig. 3(b) for the 7.9 eV irra-
diated sample OH, the corresponding peak in Fig. 2(a) for
the 6.4 eV irradiated sample OS, appears to be somewhat
broader at the bottom. Such broadening is more evident
in Fig. 2(b) for the 7.9 eV irradiated sample OS. There-
fore, there are undoubtedly some components superim-
posed on the “pure” g, peak of NBOHC’s in oxygen-
surplus sample OS. This will be discussed in detail in
Sec. IVE.

Defect species and concentrations observed in these
samples are summarized in Table II.

B. Dependence of defect concentration on laser fluence

Shown in Figs. 4(a) and 4(b) are the concentrations of
the E’ centers and NBOHC’s plotted as a function of 6.4
eV laser fluence, respectively. The repetition rate and
pulse energy were held constant (30 Hz, 35 mJ/cm? per
pulse). The E’ concentration in the low-OH samples
OD1 and OS increases linearly with the fluence, while
high-OH sample OH shows an immediate saturation fol-
lowed by a gradual decay. Linear growth in the concen-
tration of the NBOHC’s is observed in the sample OS, as
shown in Fig. 4(b).
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TABLE II. Defect species and their concentration induced by 6.4 eV photons (fluence: 1.8X 103
J/cm?), 7.9 eV photons (fluence: 1.5X 10? J/cm?), and °Co ¥ rays (total absorbed dose: 1.4 X 10* Gy).

Concentration (10" c¢cm™3)

Oxygen deficient (OD1)

Oxygen surplus (OS)

High-OH (OH)

Radiation E’ NBOHC PR E’ NBOHC PR E’ NBOHC PR
6.4 eV 6.8 ND? ND 11 180 ND 5.7 ND ND
79 eV 120 ND ND 150 D° 250 26 350 ND
Y rays 76 ND ND 27 43 6.1 7.2 20 ND

2ND, not detected.

*D, detected but it was impossible to determine the absolute concentration due to the interference with
strong signatures of PR and impurity-related radicals (see text).

Shown in Figs. 5(a) and 5(b) are the concentrations of
the E' centers, NBOHC’s, and PR’s plotted as a function
of 7.9 eV laser fluence (50 Hz, 3 mJ/cm?). Saturation
components are dominant in growth curves of the E’
centers in the samples OD1, OS, and OH. For all sam-
ples, the E’ concentration is one order of magnitude
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FIG. 4. Concentrations of (a) E' centers and (b) NBOHC’s
induced by a 6.4 eV laser as a function of laser fluence (0 ODI,
(A OS, and O OH). Pulse energy (35 mJ/cm?) and repetition
rate (30 Hz) were held constant.

higher than the case of 6.4 eV photons. Peroxy radicals
in the oxygen-surplus sample OS exhibits a monotonic
growth over the whole range of laser fluence. A linear in-
crease in the NBOHC concentration can be seen in the
high-OH sample OH, followed by a saturation com-
ponent.
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FIG. 5. Concentrations of (a) E’ centers and (b) OHC’s (PR’s
and NBOHC’s) induced by a 7.9-eV laser as a function of laser
fluence (0 OD1, (A OS, and O OH). Pulse energy (3 mJ/cm?)
and repetition rate (50 Hz) were held constant.
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C. Pulse-energy dependence of defect concentration

Shown in Fig. 6 is the concentration of the paramag-
netic defects induced by 6.4 or 7.9 eV photons in (a) OD1,
(b) OS, and (c) OH as a function of pulse energy. The re-
petition rate and irradiation time were held constant (30
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FIG. 6. Concentrations of paramagnetic centers induced by
6.4 eV (30 Hz, 10 min) or 7.9 eV photons (50 Hz, 10 min) in (a)
oxygen-deficient silica OD1, (b) oxygen-surplus silica OS, and
(c) high-OH silica OH as a function of pulse energy.
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Hz and 10 min for 6.4 eV photons, and 50 Hz and 10 min
for 7.9 eV photons). In the low-OH samples OD1 and
OS, the concentrations of the E’ centers, NBOHC’s, and
PR’s increase with the square of 6.4 or 7.9 eV laser-pulse
energy, as shown in Figs. 6(a) and 6(b), where a log-log
plot of the pulse energy versus the defect concentration
gives a slope of 2. Although the slopes of the pulse-
energy dependence of the E’ center and NBOHC are ill
defined due to the scattered data points in the high-OH
sample OH exposed to 7.9 eV photons, superlinear
features presumably due to two-photon processes, can be
seen at pulse energies more than 1 mJ/cm® At a lower
pulse-energy region, the concentrations of the E’ centers
and NBOHC’s appear to increase with a slope of 1, sug-
gesting a linear dependence of the defect concentration
on the pulse energy.

D. Vacuum-ultraviolet absorption spectra
of unirradiated and irradiated silicas

Shown in Fig. 7 are the vuv absorption spectra of unir-
radiated samples OD1, OD2, OS, and OH. An absorp-
tion band is observed at 7.6 eV in oxygen-deficient sam-
ples OD1 and OD2, though the one in OD1 is so intense
that the peak is driven off the scale. Oxygen-surplus sam-
ple OS exhibits an absorption tail from 7 to 8 eV. High-
OH sample OH exhibits an absorption tail above 7.5 eV.

Figure 8 shows the change in absorption spectra of (a)
OD2, (b) OS, and (c) OH induced by 6.4 or 7.9 eV laser
irradiation. They were obtained by subtracting the spec-
tra before irradiation from those after irradiation. Note
that instead of using the sample ODI1, the spectrum of
the sample OD2 was chosen, since the 7.6-eV band in
OD?2 is moderate enough to see the change induced by ir-
radiation. Oxygen-deficient sample OD2 shows a de-
crease of the 7.6-eV band and an increase of the back-
ground around 7 eV after exposed to 6.4 eV photons.
Curiously, only in the case of the exposure to 7.9 eV pho-
tons, we observed an increase at 7.3 eV and a decrease at
7.9 eV. When exposed to 7.9 eV photons, oxygen-surplus

ABSORPTION COEFFICIENT (cm™)

PHOTON ENERGY (eV)

FIG. 7. Vacuum-ultraviolet absorption spectra of unirradiat-
ed silica glasses: oxygen-deficient silica OD1 and 2, oxygen-
surplus silica OS, and high-OH silica OH.
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sample OS exhibits a decrease of the broad absorption
band from 7 to 8 eV, which has a valley at 7.9 eV. High-
OH sample OH shows a decrease of tail above 7.5 eV
only when exposed to 7.9 ¢V photons.
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FIG. 8. Changes in vuv spectra of (a) oxygen-deficient silica
OD2, (b) oxygen-surplus silica OS, and (c) high-OH silica OH
induced by 6.4 eV (solid curves, 30 Hz, fluence: 1.9X 10° J/cm?)
and 7.9 eV laser (broken curves, 50 Hz, fluence: 2.3X10?
J/cm?).
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IV. DISCUSSION

The following discussion comprises five subsections
from Sec. IV A—Sec. IV E. First, discussed in Sec. IVA
is variation of laser-induced paramagnetic defects with
incident-photon energy, laser fluence, and pulse energy.
In Sec. IVB, preexisting defects introduced during
manufacture are discussed on the basis of the vuv absorp-
tion spectra. Then in Sec. IV C, correlation between the
induced paramagnetic defects and preexisting defects is
discussed. Specific defect formation reactions are dis-
cussed for E’ centers, NBOHC’s, and PR’s. In Sec. IVD,
defect formation processes are discussed on the basis of
an energy diagram of precursor defects. Finally, in Sec.
IV E, comparison with other experiments is made.

A. Induced paramagnetic defects

One of the interesting features is the variation in the
ESR spectra in Figs. 1-3 and growth curves in Figs. 4
and 5, with incident laser-photon energy. As shown in
Table II, induced defect species and their concentrations
are found to be sensitive to the incident laser-photon en-
ergy, as well as to the OH concentration and oxygen
stoichiometry. The dependence on the type of silica sug-
gests that precursors of the induced paramagnetic species
are preexisting defects introduced during manufacture.
Thus, the dependence on the incident-photon energy can
be accounted for by the variation of defect formation re-
actions. We also note in Figs. 4 and 5 that the growth of
paramagnetic defects as a function of laser fluence varies
again with both the OH concentration and stoichiometry.
As already mentioned, the growth curves of paramagnet-
ic defects seem to comprise three regions, i.e., linear
growth, saturation, or decay component, depending on
the types of samples. This also reflects the variation in
the defect formation reactions. Kinetics of defect forma-
tions should be discussed taking into account the secon-
dary reactions involving the diffusion of mobile species
such as atomic hydrogen and oxygen, but won’t be dis-
cussed in detail here. )

Another important result is the pulse-energy depen-
dence of induced paramagnetic defects shown in Fig. 6.
It is shown from the square pulse-energy dependence that
a two-photon absorption process is involved in the forma-
tion of the E’ centers, NBOHC’s, and PR’s both for the
cases of 6.4 and 7.9 eV photons. These results are reason-
able in view of the fact that the band gap of a-SiO, (=9
eV) (Ref. 15) is higher than the one-photon energy but
lower than the two-photon energy of either the 6.4 or 7.9
eV photon. This means that the defect reactions follow
the band-to-band electronic excitation through two-
photon absorption.

B. Preexisting diamagnetic defects

As shown in Fig. 7, several absorption bands are ob-
served at 7—8 eV in the vuv spectra of unirradiated sili-
cas. Since these unirradiated silicas exhibit no
paramagnetism, diamagnetic defects are responsible for
these vuv absorption bands. Thus, possible precursors
for laser-induced paramagnetic defects are such diamag-
netic defects introduced during manufacture.
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The intense absorption band at 7.6 eV can be seen in
oxygen-deficient silicas OD1 and OD2. Although there
still remains a debate over the structural models for
oxygen-deficient center,’ it has been generally regarded
that the 7.6-eV band arises from oxygen vacancy denoted
as =Si—Si=.>%!! This model is supported by the re-
sults of ab initio molecular-orbital calculation,!! or by
analogy with an absorption spectrum of the Si,Hy mole-
cule.” The concentrations of the =Si—Si=structure
in samples OD1 and OD2 are estimated to be > 108
cm™3 and 7X10"7 cm 3, respectively, using an absorp-
tion cross section of 0 =8X10"17 cm? reported by Imai
et al.

The absorption tail observed at 7—8 eV in oxygen-
surplus type silica OS has been assigned to either peroxy
linkage (=Si—O—O—Si=) or dissolved O,."%** The
former assignment is based on theoretical calcula-
tions?>2% and experimental results of H, treatment.'® The
latter assignment is, on the other hand, based on the simi-
larity with Schumann-Runge band due to O, molecule.?*
Since the peroxy linkages and O, molecules coexist in the
oxygen-surplus sample,!> both of these two absorption
bands can overlap in the region of 7-8 eV. Since these
two bands cannot be isolated in the vuv spectrum, we will
consider both models for the 7—-8 eV band in the follow-
ing discussion.

The absorption band above 7.5 eV in high-OH sample
OH has been attributed to Si—OH bonds, with a fairly
well-established correlation between the absorption inten-
sity and the hydroxyl concentration.'® Since the samples
contain fairly large concentrations of hydroxyl or
chlorine, impurity-related defects such as Si-H and Si-Cl
are possibly present. Although they can give rise to opti-
cal absorption above 8 eV,!®2* both are unobservable in
the vuv spectra of Fig. 7. This is due to the interference
with the intense absorption edge of a-SiO,.

C. Correlation between induced paramagnetic
defects and preexisting diamagnetic defects

1. E’ center

Oxygen vacancy ( = Si—Si==) has long been accepted
as one of the precursors for the E’ centers. As predicted
by the theory of Feigl, Fowler, and Yip,?’ hole trapping
at the site of the oxygen vacancy results in the formation
of the E’ center, or positively charged oxygen vacancy:’

=Si—Si=->=Si-+"Si=+e . (1)

As shown in Fig. 8(a), a decrease of the 7.6-eV band is ob-
served in oxygen-deficient sample OD?2 in the case of 6.4
eV photons. Also in the case of 7.9 eV photons, a de-
crease of the 7.6-eV band is seen at 7.6—8 eV though an
increase is observed at the lower energy region.”® These
results support the conversion of the oxygen vacancy into
the E’ center, as expressed by the reaction of Eq. (1).

The mechanism of Eq. (1) can be only applicable to
oxygen-deficient-type silicas, in which the 7.6-eV band is
observed. In the case of high-OH silica, =Si—H bond
has been considered as one of the E’ precursors:!®?!
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=Si—H—>=Si-+-H . (2)

Still, neither Eq. (1) nor (2) explains the creation of the E’
centers in the low-OH oxygen-surplus silica OS, whose
concentration is comparable with those in samples OD1
and OH. Assuming that chlorine of 370 ppm in the sam-
ple is all incorporated in the form of Si—Cl bonds, the
formation of E’ centers in sample OS can be attributed to
the fission of the Si—Cl bonds:**?

=8Si—Cl—» =Si-+-Cl. (3)

The atomic chlorine (-Cl) in the right-hand side of Eq. (3)
has been reported to form CIO, (x =2,3) radicals as a re-
sult of the reaction with excess oxygen.”> A part of the
spectrum of ClO, radicals can be seen in Fig. 2(b). The
decay of the absorption band associated with Si—H and
Si—Cl bonds is expected for the mechanisms of Egs. (2)
and (3), respectively, in harmony with the annihilation of
the precursors in the left-hand sides of these equations.
Unfortunately, this could not be confirmed due to the
overlap with intense absorption edge above 8 eV.

2. NBOHC’s

The NBOHC’s are observable in the oxygen-surplus
silica OS for the case of either 6.4 or 7.9 eV photons. As
we discussed about the vuv spectrum, two forms of excess
oxygen, peroxy linkage (=Si—O—O—Si=) and O,
molecule, are suggested to preexist in sample OS. Peroxy
linkage has been reported to be a candidate for the pre-
cursor in oxygen-surplus sample OS:?!

=Si—O0—0—Si= —» =Si—0-+:-0—Si= . 4)

Another possible reaction involves the production of
atomic oxygen by the dissociation of the O, molecule and

its subsequent trapping at the E’ center produced by Eq.
(3):23,24

0,—20 (5)
and
=Si-+0—=Si—O0- . (6)

The photochemical reaction of Eq. (5) has been reported
to occur by excitation with photon energy above 5.1 eV.*
As shown in Fig. 8(b), however, vuv spectral change is
scarcely observed in the case of 6.4 eV photons. The con-
centration of the induced NBOHC’s (1.8 X 10 cm™3) in
the sample OS is one order of magnitude smaller than
those of precursors (e.g., peroxy linkages: 7X10'7 cm™3
from Ref. 13; O,: ~10'7 cm~* from Ref. 24). The result-
ing optical-absorption change might be below the detec-
tion limit. By contrast, a decrease of the 7—8 eV tail ab-
sorption can be clearly seen in Fig. 8(b) for the case of 7.9
eV photons. This result supports the reaction of Eq. (4)
or those of Egs. (5) and (6).

Nonbridging oxygen hole centers are also observable in
high-OH silica OH only after exposure to 7.9 eV photons.
The formation of the NBOHC’s in the high-OH silica has
been attributed to the rupture of Si—OH bonds which
are abundant ( = 1000 ppm) in the sample:>°
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=Si—OH— =Si—0-+-H . (7

In fact, as shown in Fig. 8(c), sample OH exhibits a sharp
decrease at 8 eV only when exposed to 7.9 eV photons.
Therefore, this can be attributed to the transformation of
Si—OH bonds into NBOHC’s according to Eq. (7). In
this case, we can estimate the concentrations of both the
decreased Si—OH bonds and induced NBOHC’s. The
concentration of the decreased Si—OH bonds is estimat-
ed to be ~4X10" cm™3 using an absorption cross sec-
tion of 0 =1.1X 107" cm? for Si—OH at 7.8 eV.’! Curi-
ously, this value is three orders of magnitude higher than
that of the NBOHC’s [ =5X10'® cm™3 estimated from
Fig. 5(b) for the 7.9 eV laser fluence of 2.3X 10? J/cm?).
This suggests that most of the induced NBOHC’s become
ESR-inactive by trapping electrons or holes. For exam-
ple, it might be reasonable to assume formation of such a
negatively charged nonbridging oxygen (=Si—O" ) as a
result of electron trapping, in view of the fact that the E’
center can be created by ejecting an electron through the
reaction of Eq. (1).

3. Peroxy radical

Peroxy radicals are observed in oxygen-surplus silica
only when exposed to 7.9 eV photons, while not when ex-
posed to 6.4 eV photons. It has been thought that PR’s
can be created by hole trapping on a peroxy linkage:

=Si—0—0—Si= — =Si—0—0-+TSi=+e¢ "~ ,
(8)

or by the reaction of an interstitial O, molecule with an
E’ center:32

=Si+0,—> =Si—0—O0- . )
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Since the reaction of Eq. (9) is a diffusion-limited reaction
which can be thermally activated at temperatures above
200°C,*? it could be prohibited in the present experimen-
tal condition. On the other hand, atomic oxygen induced
as a result of the photochemical reaction of Eq. (5) can
easily diffuse at room temperature and then react with an
E’ center:?*

=Si-+20— =8S8i—0—0- . (10)

Both mechanisms of Egs. (8) and (10) are possible candi-
dates for the production of the PR’s in sample OS. That
the 7—-8 eV band is decreased after exposure to 7.9 eV
photons is in good agreement with the mechanisms of
both Egs. (8) and (10) for PR’s.

Reactions discussed in Sec. IV C are summarized in
Table III.

D. Photon-energy dependence of defect formation reactions

Next, we turn to the photon-energy dependence of de-
fect formation reactions. First of all, it is instructive to
discuss the band-to-band excitation induced by two-
photon absorption of 6.4 and 7.9 eV photons. Shown in
Fig. 9 is the schematic illustration of the energy diagram
of defects in SiO, calculated by O’Reilly and Robert-
son.?>26 The valence band (VB) comprises the upper and
lower VB’s, each corresponding to the oxygen nonbond-
ing state and Si—O bonding state, respectively. The en-
ergy gap between the conduction band (CB) and the
upper VB, and the one between the CB and the lower VB
are estimated to be =9 and =14 eV, respectively. There-
fore, two-photon excitation by 6.4 eV photons can excite
an electron from the upper VB to the CB, while two-
photon excitation by 7.9 eV photons can excite an elec-
tron from the lower VB to the CB.

TABLE III. Paramagnetic defect centers induced by 6.4 and 7.9 eV photons, and by y rays, their possible precursors, and oc-

currence.
Precursor Occurrence?®
I;z;zglacgezigf Sample Species Density (cm™?) 6.4 eV 7.9 eV v rays
OD1 =Si—Si= > 10'8° yes yes yes
OD2 =Si—Si= 7X 107" yes yes yes
E’' (=Si-) oS =Si—Cl 7X1018¢
OH =Si—H yes yes yes
NBOHC (=S8i—O0-) (0N =8Si—O0—0—Si= 7% 10174 yes yes yes
oS 0O, (—20) ~10"7¢ no yes
=Si-+0
OH =Si—OH 8x10"f no yes yes
PR (=Si—0—0-") oS =Si—0—0—Si= 7% 10174 yes yes yes
[ 0, (—20) ~10'7¢ no yes
=Si-+20

“Possibility of the reaction occurrence (see text in Sec. IV D).

“Estimated using absorption cross section of =8 X 1077 cm? for =Si—Si= (Ref. 9).

“Estimated by assuming that all chlorine exists in the form of Si—Cl.

dReference 13.
‘Reference 24.
‘Estimated from IR absorption intensity at 3650 cm ™',
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FIG. 9. The energy diagram of various preexisting defects in
SiO, calculated by O’Reilly and Robertson (after Refs. 25 and
26) reproduced from Ref. 21. The upper valence band at —4-0
eV comprises nonbonding states and the lower valence band
below —5 eV comprises Si—O bonding states.

Since defect formation reactions follow the formation
of an electron-hole (e-h) pair through the band-to-band
excitation, there are two possible mechanisms by which
paramagnetic defects are created from preexisting pre-
cursors: electron rearrangement [such as Eqs. (1) and
(8)], and radiolytic reactions [such as Egs. (2)-(5) and
(7)]. Therefore, defect reactions critically depend on the
location of energy levels of precursor defects in the band
gap of a-Si0,. Using the energy diagram shown in Fig. 9,
we can discuss the occurrence of specific defect reactions.

Occurrence of the defect formation reactions is sum-
marized in Table III. In the case of electron rearrange-
ment, for example, since the =Si—Si= bond has a
filled bonding state at =0.5 eV above the E,, the oc-
currence of the reaction of Eq. (1) is expected through
trapping of a hole in the upper VB at the site of the oxy-
gen vacancy. If we suppose that the O—Si bonding state
of peroxy linkage (not reported in the literature) lies
within the O—Si bonding states of the normal Si—O—Si
network (i.e., lower VB), creation of a hole in the lower
VB is required for the hole trapping at the O—Si bond of
peroxy linkage [Eq. (8)]. Therefore, while the occurrence
of the reaction of Eq. (1) is possible in the case of either
the 6.4 or 7.9 eV photon, the occurrence of the reaction
of Eq. (8) is possible only in the case of 7.9 eV photon.

On the other hand, the occurrence of the radiolytic re-
actions of Egs. (2)—(4) and (7) should be determined by
the quantitative relation between defect formation energy
[i.e., the energy difference between bonding (o) and anti-
bonding (0*) states, E__ _«] of precursor defects and the
energy released by the relaxation of an e-h pair. From
the energy diagram, the value of the E__ .+ is estimated
to be =~8-9 eV for the =Si—H and O—O bonds. The
value of E__ 4 of about 20 eV for the O—H bond in Fig.
9 should be extended down to about =~ 15 eV, when the
broad density of states of Si—OH is taken into account.?
Based on this argument, energy released by the decay of

NISHIKAWA, NAKAMURA, OHKI, AND HAMA 48

an e-h pair created by two-photon absorption of 6.4 eV
light is sufficient to induce rupture of the =Si—H [Eq.
(2)] and O—O bonds [Eq. (4)], while it is insufficient to in-
duce rupture of the O—H bond [Eq. (7)]. It is considered
that the rupture of the O—H is possible only when two-
photon excitation by 7.9 eV photons occurs.

The formations of NBOHC’s in Eq. (6) and PR’s in Eq.
(10) assume the generation of atomic oxygen by Eq. (5).
Thus, yields of these reactions should be subject to
photon-energy dependence of the atomic oxygen yield.
In fact, the absorption coefficient of O, at 7.9 eV is re-
ported to be about four orders of magnitude higher than
at 6.4 eV.>* Therefore, in the case of the 7.9 eV photon,
the generation of the NBOHC’s and PR’s through Egs.
(6) and (10), respectively, is expected to be several orders
of magnitude higher than in the case of the 6.4 eV pho-
ton. Actually, this is in good accord with the photon-
energy dependence of the PR’s of sample OS, as shown in
Table II.

As discussed above, photon-energy dependence can be
understood in terms of the difference in the excitation
process between 6.4 and 7.9 eV laser irradiations. There-
fore, qualitative agreement between the results of 7.9 eV
photons and y rays is reasonable, since y irradiation is
expected to cause excitation of electrons from the lower
VB as in the case of 7.9 eV photons.

E. Comparison with other experiments

The results of the two-photon process are in good ac-
cord with the results reported for low-OH oxygen-
deficient silicas by Imai, Arai, and co-workers,'!”!® and
high-OH silica (Suprasil) by Tsai, Griscom, and
Friebele!®3 in the case of 6.4 eV photons. While the
pulse-energy dependence for the 7.9 eV induced defects
has never been reported so far to our knowledge, present
results show that the two-photon process is the rate-
limiting step in the case of 7.9 eV photons.

Next, we turn to the ESR spectra and their interpreta-
tion. The results of oxygen-deficient sample OD are in
good agreement with those reported by Imai and co-
workers.!”!® The spectra of oxygen-surplus sample OS in
Figs. 2(a) and 2(b) are quite similar to those reported by
Stathis and Kastner!* for commercially available Suprasil
W. It was argued in Ref. 14 that the signal at g =2.01
may consist of several superimposed components due to
unknown impurities. The component at g =2.01 in Fig.
2(b) is, in fact, somewhat broader than those seen in both
Figs. 2(a) and 3(b). Furthermore, such broadening ap-
pears in concert with the appearance of a feature at
g =~2.025 due to ClO, radicals, as shown in Figs. 2(a) and
2(b). Thus, our tentative interpretation is that such
broadening is due to the presence of the superimposed
components associated with both impurity chlorine and
excess oxygen.

The results of 7.9 eV excitation of the OH sample are
in marked conflict with those reported in Ref. 14. A
three-line spectrum dominates for high-OH silica
(Suprasil) in the spectrum in Ref. 14, while the E’ centers
and NBOHC’s dominate in Fig. 3(b) for sample OH. The
three-line spectrum was first attributed to the hyperfine
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interaction of an unpaired spin with nitrogen (/=1 nu-
cleus) by Stathis and Kastner'# and later has been charac-
terized by Tsai, Griscom, and Friebele®® as an unpaired
electron occupying an sp” hybrid orbital of the nitrogen
and a neighboring silicon. According to Ref. 36, sample-
to-sample variation was observed in the appearance of
the nitrogen centers in different lots of Suprasil 1. Thus,
the discrepancy can be attributed to the fact that our
high-OH sample contains much less impurity nitrogen in
contrast to the high-OH sample (Suprasil) used by Stathis
and Kastner. Another possible reason for the discrepan-
cy is that our ESR measurements at 77 K afforded us
higher sensitivity for the detection of the NBOHC’s and
E’ center in concentrations as low as ~10-10'® ¢cm ™3
than in the measurements at room temperature per-
formed in Ref. 14.

V. SUMMARY

We have performed ESR and vuv absorption measure-
ments on a series of silica glasses unirradiated and those
irradiated by 6.4 or 7.9 eV photons from excimer lasers.
The results of the ESR measurements show that defect
species and their concentrations are strongly influenced
by both the manufacturing process and incident-photon
energy. It is shown that defect species induced by y rays
are in a good agreement with those induced by 7.9 eV
photons. The influence of the manufacturing methods
and conditions can be explained by variation in preexist-
ing defect species. The defect formation process can be
understood in terms of the creation of an e-h pair as a re-
sult of two-photon absorption, and subsequent hole trap-
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ping or recombination of e-h pair at the site of preexisting
defects, leading to the formation of paramagnetic defect
centers. The photon-energy dependence is explained in
terms of the energy levels of preexisting defects. The
changes in the vuv spectra induced by 6.4 or 7.9 eV pho-
tons are also examined in order to elucidate correlations
of preexisting defects with laser-induced defects. We ob-
served the decrease of the 7.6 eV band, 7—8 eV band, and
absorption tail above 7.5 eV, associated with the annihila-
tion of oxygen vacancies, excess oxygen (peroxy linkages
or molecular oxygen), and hydroxyls, respectively. Com-
parison of the results of the vuv absorption measurements
with those of the ESR study has given direct evidence for
the conversion of these preexisting defects into E’
centers, NBOHC’s, and PR’s under 6.4 or 7.9 eV laser ir-
radiation.
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