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ArF excimer laser and x-ray induced absorption bands in type-III fused silica synthesized under re-
ducing (sample DR) and oxidizing (sample DO) conditions were investigated. Under ArF excimer laser
and x-ray irradiation, an absorption band at 5.0 eV called the B,a band and ascribed to an unrelaxed
oxygen-deficient center was observed only in the sample DR and was not observed in the sample DO.
Emission bands at 4.4 and 2.7 eV induced by exciting the B,a band only appeared in the sample DR.
The creation mechanism of the B,a band in the sample DR and the reason for the nonexistence of the

B,a band in the sample DO were discussed.

I. INTRODUCTION

Studies on radiation induced optical absorption are
useful to clarify defect structures in vitreous silicas,!? be-
cause optical absorption bands are derived not only from
paramagnetic defects but also from diamagnetic defects
such as oxygen-deficient centers® or dissolved molecules
in glass network.*~7 The nature of the radiation induced
defects in vitreous silica strongly depends not only upon
their type but also upon the manufacturing conditions
such as atmosphere and temperature. The present au-
thors and their co-workers studied excimer laser® '3 and
x-ray'4! induced absorption and emission spectra in
various types of vitreous silica:'® type-III fused silicas
synthesized directly by flame hydrolysis of SiCl, in a
hydrogen-oxygen flame under reducing®!®!* and oxidiz-
ing®>1%14 conditions, OH-free (type I) and OH-containing
(type II) fused quartz made by melting of natural quartz
power,!! and dry and wet chemical vapor deposited
(CVD) soot-remelted silicas.'>!3

When studying radiation induced absorption, the fol-
lowing points should be noted. First, the spectrum might
be a composite of more than two absorption bands even
when it appears as a unique peak with no shoulder.
Second, there might be absorption bands derived from
different origins peaking at almost the same position.

An example of the former case is x-ray induced absorp-
tion. X-ray induced absorption spectra in type-III fused
silica synthesized under reducing conditions have a peak
at 5.8 eV and no shoulder, but this spectrum was fitted by
five Gaussian absorption bands. !>

An example of the latter case, a simple spectrum of
complex origin, is the absorption bands called the B,
bands whose peaks are located near 5 eV. Tohmon
et al.'” showed that there are at least two kinds of B,
bands, named B,a and B,f3 bands; the peak positions and
full widths at half maximum (FWHMs) of the B,a band
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are 5.02 and 0.35 eV, and those of the B,/ band are 5.15
and 0.48 eV, respectively. If such a component emerged
simply by Gaussian fitting, the distinction of these two
types of absorption bands by the peak position and
FWHM would be difficult because the fitting process may
not be unique. However, the decomposition can be made
unambiguous by using photoluminescence (PL) spectra;
the PL peak positions of the B,a band are 4.42 (strong)
and 2.74 eV (weak), and those of the B,f3 band are 4.24
and 3.16 eV. Kuzuu'® studied x-ray induced absorption
in type-III fused silica synthesized under reducing condi-
tions containing (5.8—-8.7)X 10 cm™3® of OH, and
showed that the absorption spectra having a peak at 5.8
eV and no shoulder can be constructed by five Gaussian
absorption bands including a 5.0-eV band. The PL spec-
tra showed that the 5.0-eV absorption band in these sam-
ples is the B,a band.

In Ref. 14, we compared x-ray induced absorption
bands in type-III fused silicas synthesized under reducing
(DR) and oxidizing (DO) conditions, and suggested the
existence and nonexistence of the B,a band in samples
DR and DO from the PL spectra; sample DO showed no
evidence of the existence of the 5.0-eV band in the PL
spectra. However, we did not try to show the existence
in sample DR and nonexistence in sample DO of the B,a
band by Gaussian peak decomposition.

We studied, in Ref. 8, ArF laser induced absorption
and emission bands in sample DR; absorption spectra
peaking at 5.8 eV and an emission band at 4.4 eV were
observed. We proposed a model to describe these phe-
nomena, and suggested a correlation between the 5.8-eV
absorption and 4.4-eV emission bands in that paper.
However, we could not clarify the origin of the 4.4-eV
band.

In the present paper we study the origin of the ArF
laser induced 4.4-eV emission band and show that this
band is caused by the same defect responsible for the B,a
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band. Moreover, the existence of the 5.0-eV band was
shown by Gaussian peak decomposition of the absorption
spectra in sample DR irradiated with an ArF laser and x
rays. We also confirmed by Gaussian peak decomposi-
tion that no 5.0-eV band exists in sample DO irradiated
with either an ArF laser or x rays.

II. EXPERIMENTAL PROCEDURE

A. Samples

Type-III fused silicas synthesized directly by flame hy-
drolysis of SiCl, in a hydrogen-oxygen flame under reduc-
ing (sample DR) and oxidizing (sample DO) conditions
were cut from almost the same position in the same ingot
as in the previous papers.>® The OH content of samples
DR and DO is 6.2X 10" cm ™2 (800 ppm in mass) and
9.3X 10 cm™3 (1200 ppm in mass), respectively. The
samples were cut into pieces of size 10X 10X 30 mm?,
and their surfaces were polished. )

One of the pieces of sample DO was annealed in am-
bient He at 900°C for 2 h to accelerate creation of the
ArF laser induced absorption in the same manner as in
Ref. 9.

B. Luminescence measurement

ATrF excimer laser induced luminescence was measured
by the same manner as in previous papers.®® A Questek
2240 type excimer laser employing ArF as the lasing
medium was utilized in the present study. The energy
density was controlled by a fused silica lens (f =500 mm)
and the beam was adjusted to 3 mm in diameter using an
iris.

The luminescence was measured from a direction per-
pendicular to the incident beam. Emission spectra were
measured shot by shot monochromatically (using a Jasco
CT-10) by a diode-array image intensifier (a Hamamatsu
Photonics C2808-03). The spectral bandwidth of each
measurement was about 100 nm.

C. X-ray exposure

The x-ray exposures were accomplished utilizing the
x-ray beam of a fluorescence x-ray spectrometer (a
Rigaku type 3080) with a rhodium target tube operated
at 50 kV and 50 mA, which are the same conditions as in
previous papers.'4 1

D. Absorption measurement

X-ray induced absorption and ArF laser induced ab-
sorption in sample DO annealed in ambient He were
measured by a spectrophotometer (a Shimadzu UV-
3101PC). ArF laser induced absorption in sample DR
was measured by an ultrasensitive spectrophotometer
which is the same apparatus as in Ref. 18. The ArF laser
beam was not adjusted by a lens and impinged on the
center of the sample. The beam of the ultrasensitive
spectrophotometer (1 cm diameter) was masked to 5X8
mm? in the measurement to measure the central portion

NOBU KUZUU AND MASATAKA MURAHARA 52

of the excimer laser exposed region (the area being 22 X 8
2
mm?).

E. Photoluminescence measurement in x-ray irradiated samples

Photoluminescence and photoluminescence excitation
(PLE) spectra in the samples irradiated with x rays for 3
h were measured by a fluorescence spectrophotometer (a
Jasco FP-770).

III. RESULTS

A. ArF-laser induced luminescence

Examples of emission spectra of samples DR and DO
are shown in Fig. 1. Figure 2 shows the shot-number
dependence of ArF laser induced emission spectra near 4
eV. In sample DR, a luminescence peak at 4.1 eV ap-
peared in a short irradiation time. With increasing shot
number, the 4.1-eV peak disappeared and an emission
band at 4.4 eV increased with increasing shot number. A
similar luminescence peaking at 4.1 eV as appeared in
short irradiation time in sample DR also appeared in
sample DO and decreased with increasing shot number,
but the 4.4-eV band did not appear. The peak position
and the FWHM of the 4.4-eV band in Fig. 1 are 4.43 and
0.48 eV, respectively.

In addition to the 4.4-eV band, a weak emission band
at 2.7 eV was induced in sample DR as shown in Fig. 3.
As in the case near 4 eV, broad luminescence appeared at
low shot numbers in both samples and decreased with in-
creasing irradiation time. After sufficiently high irradia-
tion times such broad luminescence disappeared and an
absorption band at 2.7 eV appeared.

B. ArF laser induced absorption bands

As shown in Fig. 4, the absorption spectrum in sample
DR irradiated with the ArF laser measured by an ul-
trasensitive spectrophotometer can be decomposed into
five Gaussian peaks at 6.5, 5.8, 5.4, 5.0, and 4.8 eV. The
peak positions and FWHM’s shown in Table I are con-
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FIG. 1. Luminescence spectra of samples DR and DO irradi-

ated with an ArF excimer laser (200 mJ/cm?, 100 Hz, 6.0X 10*
shots).
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FIG. 2. Shot-number dependence of luminescence spectra of
samples DR and DO near 4 eV irradiated with an excimer laser
(200 mJ/cm?, 100 Hz): Solid curve, 6.0X 10° shots, dashed
curve, 3.0X 10 shots, and dashed-and-dotted curve 1.0X10?
shots. The peak position and FWHM of the sample DR irradi-
ated with 6.0X 10° shots are 4.43 and 0.48 eV, respectively.

strained to be the same as those derived in Ref. 15 for the
case of x rays.

In sample DO, we also measured an ArF laser induced
absorption spectrum by the ultrasensitive spectrophotom-
eter. However, peak decomposition to sufficient accuracy
was difficult because the absorption is very weak, and
scatter is observed in the value of data obtained. Thus, in
place of the as-manufactured sample, a sample heat treat-
ed in ambient He was used as in the case of Ref. 9; the
sample shows strong absorption after irradiating with the
ArF laser as shown in Fig. 5. The absorption com-
ponents could be fitted by Gaussian absorption bands
with the same values of peak positions and FWHM’s as
in the case of the sample DR. However, the best-fit result
is obtained by fitting only four absorption bands, exclud-
ing the 5.0-eV band. In addition to these absorption
bands, a weak absorption band at 2.0 eV was observed as
in the case of Ref. 9.
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FIG. 3. ArF laser (200 mJ/cm?, 100 Hz, 6.0X 10° shots) in-
duced luminescence spectra near 3 eV in sample DR.

Photon Energy(eV)
FIG. 4. ArF laser (50 mJ/cm?, 100 Hz, 6.0X 10* shots) in-
duced absorption spectra in sample DR measured by an ul-
trasensitive spectrometer.

C. X-ray induced absorption

The x-ray induced absorption spectrum in sample DR
shown in Fig. 6(a) also could be fitted by five Gaussian
peaks, at 6.5, 5.8, 5.4, 5.0, and 4.8 eV, as in the case of
ArF laser irradiation. The values of the peak positions
and FWHM’s obtained by least-squares fits are shown in
Table I.

The x-ray induced absorption in sample DO shown in
Fig. 6(b) can also be decomposed into absorption bands
at 6.5, 5.8, 5.4, and 4.8 eV as in the case of ArF laser irra-
diation (Fig. 5) and the 5.0-eV band does not appear ei-
ther. In this case we used an as-manufactured sample as
in the case of Ref. 14. It is noted that the relative intensi-
ty of the 5.8-eV band is higher than in the case of ArF
laser irradiation; the ArF laser induced absorption spec-
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FIG. 5. ArF laser (200 mJ/cm?, 100 Hz, 6.0 X 10* shots) in-

duced absorption spectra in sample DO annealed in ambient
He.
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TABLE 1. Peak positions and FWHM’s of absorption components.

ArF laser irradiation

X-ray irradiation

Band Sample DR Sample DO Sample DR Sample DO
(eV) Peak FWHM Peak FWHM Peak FWHM Peak FWHM
6.5 6.50 0.74 6.50 0.74 6.50 0.66 6.50 0.89
5.8 5.79 0.80 5.79 0.80 5.79 0.82 5.79 0.85
5.4 5.41 0.61 5.41 0.61 5.40 0.62 5.38 0.60
5.0 4.99 0.51 5.02 0.38
4.8 4.79 1.12 4.79 1.12 4.76 0.96 4.78 1.15

tra shown in Fig. 5 have a peak at 4.8 eV and no shoul-
der, whereas the x-ray induced absorption spectra have a
peak at 5.8 eV and a shoulder at 4.8 eV. In addition to
these bands, weak absorption bands at 2.0 eV were ob-
served as in the case of Ref. 14.

The values of peak positions and FWHM’s agree fairly
well with each other in the case of ArF and x-ray irradi-
ated samples as shown in Table I; they indicate the relia-
bility of the peak decomposition. Although the FWHM
of the 4.8-eV band in the x-ray irradiated sample DR is a
little smaller than in the case of the laser irradiated sam-
ple DR, this could be derived from numerical error be-
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FIG. 6. X-ray induced absorption spectra in (a) sample DR
and (b) sample DO. X rays from a rhodium target were operat-
ed at S0 kV and 50 mA and exposed for 3 h.

cause the relative intensity of this band is considerably
smaller.

Figure 7 shows the x-ray irradiation time dependence
of the absorption components of samples DR (a) and DO
(b). In sample DR, the peak value of the absorption spec-
trum is almost the same as the intensity of the 5.8 eV
band. In the sample DO, the growth curves of these four
components have the same slope in a doubly logarithmic
plot.
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FIG. 7. Irradiation time dependence of the x-ray induced ab-
sorption components in samples (a) DR and (b) DO. (O: 5.8
eV,A: 54¢eV,V:50eV,0:4.8¢eV,0:2.0eV, O:6.5eV, +: ab-
sorption intensities at 5.8 eV, and X: absorption intensities at
4.8eV.)



52 EFFECTS OF SYNTHESIS CONDITIONS ON EXISTENCE AND . ..

IV. DISCUSSION

A. Origin of 4.4-eV emission band in sample DR

As shown in Fig. 2, the 4.4-eV emission band in sample
DR grows with increasing shot number of the ArF laser
pulses. The peak position and FWHM of the 4.4-eV
band are 4.43 and 0.48 eV, respectively. Combined with
the 4.4-eV band, a very weak luminescence peak at 2.7 eV
(peak intensities are about one-thirtieth of the 4.4-eV
band) is created. Such luminescence is characteristic of
the B,a band; the reported value'” of the peak position is
4.42 eV which is equal to the ArF laser induced 4.4-eV
band within the experimental error. To compare the
FWHM in the B,a band, we measured the PL spectra of
a soot-remelted silica having a strong B,a band (see Ref.
14); the peak position and FWHM of the PL band are
4.37 and 0.46 eV, respectively, which are comparable to
those of the ArF laser induced 4.4-eV band (4.43 and 0.48
eV, respectively). In addition to the correspondence of
the peak position and FWHM of the 4.4-eV band, the ex-
istence of the 2.7-eV band supports the postulate that the
ArF laser induced 4.4-eV band is derived from the B,a
band. The ArF laser induced emission band in a soot-
remelted silica having the B,a band also shows an emis-
sion band at 2.7 eV in addition to the 4.4-eV band.’

Further evidence of the existence of the B,a band is
the 5.0-eV absorption band emerging from the peak
decomposition of the absorption spectra shown in Fig. 4.

The assignment of the absorption components has been
described in a previous paper.!> The 5.8-eV band is a
kind of E’ center (=Si-) called the E’, center caused by’
the reaction

hv |
ESi-'-SiE_—_»ESi-+/Si\++e*, (1)

in which/Sli+ represents a planar three-oxygen coordinat-
ed stricture and =Si---Si= represents an
unrelaxed oxygen-deficient center (ODC) causing the B,a
band. The 5.4-eV band is also a kind of E’ center called
the Ej center which is related to hydrogen.! The 4.8-eV
band is an oxygen-related center and some models have
been proposed:! dissolved oxygen,* nonbridging oxygen
hole centers (= Si—O0-),?® and peroxy radicals (= Si—
0—0-).%!

The 5.0-eV band component in the x-ray irradiated
sample DR [Fig. 6(a)] is also derived from the B,a band,
which is shown by the PL and PLE spectra shown in Fig.
8; a PL peak at 4.3 eV and a weak emission band at 2.7
eV were observed by exciting with 5.0-eV photons.

A probable mechanism to produce the ODC is as de-
scribed in Ref. 15 in the case of x-ray irradiation: the pre-
cursor is the = Si—HH-—O—Si = structure and is pro-
duced by the reaction

hv
=Si—H H—O—Si= ——»=Si- - Si=+H,0. (2)

Most ODC’s in the right-hand side of Eq. (2) will be
changed into the E, center by Eq. (1).

It might be considered that the ODC is created by
breaking Si—O-—Si bonds by the reaction
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FIG. 8. Photoluminescence and photoluminescence excita-
tion spectra in both samples irradiated with x rays for 3 h.

=Si—O0—Si=—>=Si---Si=+0, (3)

which can explain the existence of ODC’s and E’, centers
by successive production of the ODC and then the E/,
center by the reaction of Eq. (1). However, this mecha-
nism cannot explain the effect of preirradiation annealing
on the creation of the 4.4-eV band described in Ref. 8.
Therefore the mechanism described by Eq. (3) is not the
main process at least in the case of ArF excimer laser ir-
radiation.

Matsumoto, Yoshikado, and Murahara?? studied the
excimer laser induced absorption and emission bands in a
sample similar to DR. The ArF laser light (6.4 eV) was
first directed into the sample, which was then exposed to
KrF laser light (5.0 eV) directly after cessation of the ArF
laser irradiation. When irradiated with the ArF laser,
the intensity of the 4.4-eV band increases with increasing
shot number as in the case of the sample DR, whereas the
intensity decreases with increasing shot number of the
KrF laser. By ArF laser irradiation, absorption spectra
peaking at 5.8 eV are induced. By the subsequent irradia-
tion of the KrF laser, absorption intensities around 5.0
eV are decreased with increasing shot number. These
phenomena can be explained as follows. Growth of the
4.4-eV band by ArF laser irradiation can be caused by the
reaction of Eq. (2). Successive decrease by the KrF laser
irradiation can be caused by the reaction of Eq. (1) be-
cause the KrF laser photon (5.0 eV) directly excites the
ODC.

Probable creation mechanisms of the other absorption
components in samples DR and DO are described in Ref.
15. Since the purpose of the present paper is to describe
the creation mechanism of the 4.4-eV emission band, we
do not review them here.
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B. Nonexistence of the B, a band in sample DO

In the ArF excimer laser and the x-ray irradiated sam-
ple DO, the 5.0-eV band does not appear in the Gaussian
peak decomposition as shown in Figs. 5 and 6(b). If we
try to fit the absorption spectrum by least squares, assum-
ing five Gaussian components as in the case of the sample
DR, the peak intensity of the 5.0-eV band has a negative
value, and the fitted curve is worse than in the case of
four Gaussian components.

The nonexistence of the B,a band in sample DO is also
supported by the PL and PLE spectra in the x-ray irradi-
ated sample shown in Fig. 8; a strong PL peak at 1.9 eV
excited by 4.8-eV photons and a broad PLE band at 4.8
eV were observed. When excited by 5.0-eV photons,
broad peaks at 4.0 and 2.8 eV were also observed. How-
ever, when we monitored the PLE spectra at 4.0 eV, tails
from a peak at higher photon energy than 5.9 eV were
observed. Although we cannot completely exclude the
possibility of the existence of the 5.0-eV PLE band with
these data, it must be very weak if it exists at all.

In Ref. 14 we proposed a model to describe the x-ray
induced 5.8- and 4.8-eV absorption bands. In that model,
there is no mechanism to produce ODC’s. In the case of
x-ray irradiation, the ODC might be created by bond
breakage, but it could react with oxygen or hydrogen
atoms produced by photo-decomposition.!> Thus ODC’s
produced by bond breakage would be destroyed as rapid-
ly as they are created.

It should be noted that the relative intensity of the
5.8-eV band to the 4.8-eV band in the x-ray induced ab-
sorption is almost three times greater than that in the
case of the ArF laser induced absorption. One probable
reason, as discussed in Ref. 14, is the creation of the E’
center from a preexisting precursor, which is strongly
promoted by irradiating with x rays, because of the long
irradiation times and high photon energy. Another prob-
able reason, as pointed out in Ref. 15, is that bond break-
age can only occur in the case of x-ray irradiation.

C. Irradiation time dependence of the absorption components

We also compared the irradiation time dependence of
the intensities of the x-ray induced absorption com-
ponents as in Ref. 15. Figure 7 shows the irradiation
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time dependence of the absorption components in sam-
ples DO and DR.

In the sample DO, the slopes of the four absorption
components are 0.5 in a doubly logarithmic plot. In sam-
ple DR the time dependencies of absorption components
are similar to those in Ref. 15; the intensities of the 6.5-
and 5.8-eV bands are concave upward and the slopes of
the irradiation time dependences of the 5.4-, 5.0- and
4.8-eV bands are 0.5 in a doubly logarithmic plot. How-
ever, the order of the 4.8- and 5.0-eV bands is opposite to
that in the previous paper.!’

Since the 4.8-eV band is related to the stoichiometrical-
ly excess amount of oxygen in the silica, it strongly de-
pends on the history of the production conditions. Thus
the order of the intensities of the 5.0- and 4.8-eV bands is
interchangeable by subtle changes in production condi-
tions.

V. SUMMARY AND CONCLUSION

ATrF laser and x-ray induced absorption bands in type-
III fused silicas synthesized under reducing and oxidizing
conditions were investigated. A fused silica synthesized
under reducing conditions shows emission bands at 4.4
eV and a weak peak at 2.7 eV, which are due to the same
defect giving rise to an absorption band at 5.0 eV called
the B,a band ascribed to an unrelaxed oxygen-deficient
center. The existence of the 5.0-eV band was supported
by a Gaussian peak decomposition of the absorption
spectra. By peak decomposition, absorption bands at 5.8,
5.4, and 4.8 eV are also observed. Similar absorption
bands are also observed in an x-ray irradiated sample.

In a fused silica synthesized under oxidizing condi-
tions, no such ODC exists in either ArF laser or x-ray ir-
radiated samples because no evidence of the existence of
the B,a band was observed; neither PL bands at 4.4 and
2.7 eV nor the absorption band at 5.0 eV were observed.
This is because no precursors of the ODC exist in the oxi-
dized samples and none are created in the case of ArF
laser irradiation. In the case of x-ray irradiation, ODC’s
could be induced by bond breakage, but they could react
with oxygen or hydrogen atoms produced by photo-
decomposition and hence would be destroyed as rapidly
as they are created.
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