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Abstract
We have investigated defect generation in soda-lime silicate and iron-doped soda-lime silicate
glasses by excimer laser irradiation in order to apply coloration due to radiation-induced defects
as a coloring technique for practical glass products. The laser irradiation generated various
kinds of defects, i.e., non-bridging oxygen hole centers (NBOHCs), E′ centers, and trapped
electron centers, as does x-ray and γ -ray irradiation. The amounts of generated NBOHCs,
monitored by the absorption intensity, increased at first with the irradiation time for both the
ArF and XeF lasers, and eventually became saturated. The saturated values for the ArF laser
irradiation were almost the same regardless of the laser intensity, whereas those for the XeF
laser irradiation were dependent on the intensity; a higher intensity generated a larger amount of
NBOHCs. From the comparison of the energies of the photon and the absorption edge of the
soda-lime silicate glasses, the defect generation reactions were expected to be one-photon and
two-photon processes for the ArF and XeF lasers, respectively. In order to explain the defect
generation behavior, we used a simple kinetic model in which the NBOHCs are reversibly
generated and annihilated through the photo-reaction. The model includes a stretched
exponential function, which is often observed for reactions occurring in amorphous materials.
The dependences of the amounts of the generated NBOHCs on the irradiation time and intensity
of the laser pulses derived from the model were consistent with the experimental results.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

It is well known that high energy irradiation of glasses induces
various kinds of defects [1–7]. When the glasses are based
on multi-component systems consisting of alkali and alkaline
earth oxides, one of the representative defects is the non-
bridging oxygen hole center (NBOHC) [1–5]. NBOHCs in
multi-component glasses have strong absorption in the visible
region and make the glasses a brownish color. Since the

5 Author to whom any correspondence should be addressed.

color resembles the amber color, which is commonly used for
colored glass containers, we have proposed that the coloration
induced by the high energy irradiation of glasses be applied
for practical glass products [8–13]. The advantage compared
with the conventional coloration of glasses, in which transition
metal ions or colloidal particles are incorporated into glasses,
is that irradiation-induced colors can easily be bleached by
heat treatment. Thus, glasses colored by irradiation can
be recycled as if they were colorless glasses and without
any separation processes being required between colored and
colorless glasses [8].
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Figure 1. Absorption spectra of the base glass (broken line) and
those irradiated by the ArF, KrF, and XeF lasers (solid lines) and
x-rays (dotted line). The irradiation conditions for the lasers were
78 mJ cm−2 in intensity operated with a repetition rate of 10 Hz for
1 h. The x-ray irradiation time was 10 min.

The high energy radiation generally used for the defect
generation is x-rays and γ -rays. On the other hand, well
developed UV lasers, such as excimer lasers, also generate
defects in glasses. The defects, and their generation and
annihilation by excimer laser irradiation have been investigated
for various kinds of silica glasses [6, 7, 14–21] and other
glasses used for the UV region, such as phosphate and
fluorophosphates glasses [22–28]. However, there are
few studies on the soda-lime silicate glasses used for the
conventional glass products. If UV laser irradiation can be
used for the brownish coloration of soda-lime silicate glasses,
we expect that the technique would have highly potential
applications because of the possibility for drawing lines and
pictures.

In the present study, we investigated the behaviors of
the generation and annihilation of irradiation-induced defects,
particularly, focused on NBOHCs in soda-lime silicate glasses
using excimer lasers.

2. Experimental procedures

Glasses having the composition, 74SiO2·16Na2O·10CaO
(mol%), were prepared from batch mixtures of reagent grade
raw materials, SiO2, Na2CO3, and CaCO3. Glasses doped
with 0.07 wt% of Fe2O3 (for 100 wt% of the undoped glass)
were also prepared in order to investigate the effects of iron
on the radiation behavior. The concentration of the iron was
decided as a typical content of the impurity iron in sheet
glasses. The batches were melted in Pt crucibles at 1400 ◦C
for 3 h under air atmosphere and were cast into carbon molds.
The glasses were annealed at 500 ◦C. The obtained glasses
were cut into 2 mm thickness and both sides were optically
polished. The undoped and Fe2O3-doped glasses are referred
to as base and Fe-doped glasses, respectively. Ultraviolet laser
irradiation was performed using three kinds of excimer laser,
ArF (193 nm), KrF (248 nm), and XeF (351 nm), under various
intensities and radiation times. The pulse durations of all the
lasers were around 20–30 ns. The repetition frequencies were 1

or 10 Hz. X-ray irradiation was also performed for comparison,
using an x-ray source of a Mo target (λ = 0.7107 Å at Kα line)
operating at 50 kV and 50 mA.

Absorption spectra were measured with a spectropho-
tometer, Hitachi U-4100. Electron spin resonance spectra were
obtained with a Bruker ESP 300E using a conventional X-
band spectrometer at liquid N2 temperature. The spectra were
obtained at a power of 0.1 mW, a modulation amplitude of
0.1 mT, and a frequency of 100 kHz. The g values were cal-
ibrated using a diphenylpicrylhydrazyl (DPPH) standard with
g = 2.0036.

In order to estimate experimental errors, we measured
the irradiation time dependences of the absorption intensities
several times under the same condition, i.e., about 76 mJ cm−2

ArF laser intensity and 10 Hz repetition with the use of the base
glass (see section 3.2 in detail). The scatter of the absorbance
data was within ±6 to ±9% for each irradiation time and ±8%
in average.

3. Results and discussion

3.1. Generation of defects by excimer laser irradiation

Figure 1 shows absorption spectra of the base glasses which
were irradiated with the excimer lasers and the x-ray together
with that before irradiation. The irradiation conditions for
all the lasers are 78 mJ cm−2 in intensity, operated with a
10 Hz repetition rate for 1 h. The irradiation time for x-rays
was 10 min. For all the laser irradiated glasses, absorption
bands with peaks at 430 and 620 nm were observed as well
as the x-ray irradiated glass, although the absorption bands
for the XeF laser irradiated glass were very weak. These
absorption bands are assigned to the NBOHCs, HC1 (430 nm)
and HC2 (620 nm), respectively [4, 5]. The glass irradiated
by the ArF laser became brownish colored. In figure 2,
the absorption spectra of the Fe-doped glass before and after
ArF laser irradiation are shown with those of the base glass
for comparison. The spectrum of the Fe-doped glass before
irradiation showed a broad absorption at 800–1000 nm, which
is assigned to the six-fold coordinated Fe2+ [29–31]. The
small peak near the absorption edge is considered to be
assigned to the absorption relevant to Fe3+ [29–32]. The
red shift in the absorption edge is due to the charge transfer
absorption between the iron and oxide ions [29–32]. The
spectrum of the irradiated Fe-doped glass showed the same
absorption bands as those of the irradiated base glass in the
visible region, although the intensities were a little weaker.
Figure 3 and table 1 show the peak decomposition results in
which the subtraction spectra between those after and before
the irradiation were decomposed into four Gaussian lines for
the ArF laser irradiated and x-ray irradiated base glasses. In
addition to the absorption bands at 430 nm (2.84 or 2.74 eV)
and 620 nm (1.97 or 1.98 eV), 4.02 or 4.07 eV and 5.57 or
5.37 eV peaks were observed. These were assigned to the
trapped electrons and E′ centers, respectively [3].

The ESR spectra around 345 mT of the ArF, KrF, and
XeF laser irradiated base and ArF laser irradiated Fe-doped
glasses are shown in figure 4. The spectrum of the x-ray
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Figure 2. Absorption spectra of the base and Fe-doped glasses
before and after the ArF laser irradiation. The irradiation conditions
were the same as those in figure 1.

Figure 3. Peak decompositions for the subtraction spectra (red solid
lines) between those after and before irradiation by (a) x-rays and (b)
ArF laser. The summation of the four Gaussian lines are illustrated
by circles.

irradiated base glass is also shown for comparison. The signals
at g = 2.011, 2.005, and 2.001 were assigned to the NBOHCs
(HC1 and HC2) and E′ center, respectively [1–3, 7]. Comparing
these with the spectra of the x-ray irradiated glass, it is a
remarkable feature that the signal of the E′ center in the ArF
laser irradiated base glass was strong. This was also indicated
in the peak decomposition data of the absorption spectra in
table 1, in which the relative intensity of the E′ center for the
ArF laser irradiated base glass is 2.5 times larger than that of
the x-ray irradiated one. This is probably due to the ArF laser

Figure 4. ESR spectra for the ArF, KrF, and XeF laser irradiated
base glasses and the ArF laser irradiated Fe-doped glass, and the
x-ray irradiated base glass.

Table 1. Results of the peak decomposition of the subtraction
spectra between those after and before ArF laser and x-ray irradiation
(see figure 3).

Assignment ArF laser X-ray

NBOHC (HC2) Peak position (eV) 1.97 1.98
FWHM (eV) 0.48 0.49
Peak height 0.070 0.39
Relative peak areaa 1.0 1.0

NBOHC (HC1) Peak position (eV) 2.84 2.74
FWHM (eV) 1.18 1.15
Peak height 0.20 0.88
Relative peak area 7.1 5.3

Trapped electron Peak position (eV) 4.02 4.07
FWHM (eV) 1.13 1.42
Peak height 0.15 0.75
Relative peak area 5.2 5.6

E′ center Peak position (eV) 5.57 5.37
FWHM (eV) 1.53 1.23
Peak height 0.62 1.79
Relative peak area 29 12

a The peak area normalized to that of the absorption due to
HC2.

irradiation promoting a generation reaction of the E′ centers
such as

≡Si − O − Si≡ → ≡Si · + · O − Si≡.

Here the bonding electrons between Si–O are more effectively
excited by the photon energy of the laser resulting in the
cleavage of bonds. The importance of this kind of reaction
in silica glasses under irradiation by a F2 laser was pointed
out for E′ center generation, although the quantum yield
was very low [16]. Although the yield is expected to
further drop because of the relaxation of strained Si–O–Si
bonds in the multi-component glasses, the reaction can occur
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Figure 5. Irradiation time dependences of the absorption intensities
at 620 nm for the base glasses irradiated by the ArF laser at
247 mJ cm−2 (•) and 76 mJ cm−2 (◦), by the XeF laser at
263 mJ cm−2 (�) and 65 mJ cm−2 (�), and the Fe-doped glass
irradiated by the ArF laser at 247 mJ cm−2 ( ) and 76 mJ cm−2 (��).
The repetition frequencies were 10 Hz.

more efficiently under ArF laser irradiation than with x-ray
irradiation.

3.2. Dependences of the defect generation on the irradiation
time and intensities

Figure 5 shows the irradiation time dependences of the
absorption intensities at 620 nm for the base glasses irradiated
by the ArF and XeF lasers and the Fe-doped glass irradiated
by the ArF laser. The irradiation was carried out for two
different laser intensities, one was high intensity, 247 mJ cm−2

and 263 mJ cm−2 for the ArF and XeF lasers, respectively,
and the other was low, 76 and 65 mJ cm−2. Both repetition
frequencies were 10 Hz. The absorption intensities increased
with the irradiation time for all the experiments and reached
saturated values at about 1000 s irradiation (104 shots). The
saturated intensities of the induced absorption for both the base
and Fe-doped glasses irradiated by the ArF laser were almost
the same regardless of the pulse intensity. For the XeF laser
irradiation, on the other hand, the saturated absorption induced
by the high pulse intensity was higher than that by the low pulse
intensity.

The dependences of the induced absorption intensities
on the laser pulse intensities are illustrated in figure 6. The
changes in absorption intensities after one shot irradiation for
the ArF laser and after 1000 shots irradiation for the XeF laser
operated at 10 Hz repetition frequency (after 100 s irradiation)
are shown. The slopes were 0.54 and 0.49 for the base and the
Fe-doped glasses by the ArF laser irradiation while it was 0.91
for the base glass by the XeF laser irradiation.

3.3. A kinetic model for the generation and annihilation of the
defects

3.3.1. Formulation of the kinetic model based on the
reversible generation and annihilation reaction. Various
kinetic models have been proposed for the generation and
annihilation of the defects induced by high energy radiation

Figure 6. Dependences of the absorption intensities at 620 nm for
the base glass on the laser pulse intensities by the ArF (◦) and XeF
(��) lasers and for the Fe-doped glass (•) by the ArF laser. The
absorption intensities were measured after one and 1000 shots for the
ArF and XeF lasers, respectively.

in silica [16, 18, 20, 33–35] and other glasses [22–26]. For
instance, Mashkov et al obtained theoretical growth curves
very consistent with experimental ones with a model which
includes an irreversible generation reaction of the E′ centers
from the glass network and a reversible reaction between
the defects and the precursors [34]. Griscom reported that
second-order kinetics could be applied for the generation and
annihilation of the electron–hole pair defects [33, 35]. For both
the theoretical treatments, ‘stretched terms’ were introduced
in order to describe the distribution in the reaction processes.
Imai et al [6, 7] and Kajihara et al [20, 21] proposed more
concrete reaction models for the generation and annihilation
of the E′ centers and NBOHCs in silica glasses irradiated
by excimer lasers. For the defect generation induced by
excimer laser radiation in multi-component glasses, Natura
et al proposed kinetic models in which impurities in the
glasses play an important role as an absorber and transferor
of the photon energy for the defect generation [26]. They
successfully obtained time evolution curves of the absorption
intensity of the defects very consistent with the experiments.

Here we consider a simple kinetic model to explain
the characteristic behaviors of defect generation by laser
irradiation. This model is based on the reversible reaction of
some structure units, s, which can be transformed to defects
(NBOHCs), d , by the laser irradiation,

s
k f

←−−−−→
kr

d.

Here, k f and kr present the rate constants for the defect
generation and annihilation reactions. The forward reaction
is activated by photons, while the reverse one may be not
only photo-activated but also thermally activated. The number
density of the s and d are represented by Ns and N ,
respectively, and

dN

dt
= k f Ns − kr N. (1)
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Figure 7. Curve-fitting results for the growth of the normalized
absorption at 620 nm versus irradiation time for ArF laser (•) and
XeF laser (◦) irradiated base glass.

Assuming that Ns 
 N , Ns is almost constant and referred to
as N0. Then, equation (1) is solved as

N = k f

kr
N0 (1 − exp(−kr t)) . (2)

Here, in order to describe the distribution of the rate constants
due to the distribution of the activation processes which
are generally observed in amorphous materials [36, 37], the
variable is changed by the next equation,

kr t → (kr t)β, (3)

where 0 < β < 1 [33–35]. Then we obtain a stretched
exponential type of equation for the time dependence of the
number of NBOHCs under irradiation,

N = k f

kr
N0

(
1 − exp(−(kr t)β)

)
. (4)

Here, we briefly mention the most important structure unit
represented by s, which is non-bridging oxygen (NBO). In this
case, the defect generation and annihilation reaction can be
written as

≡Si − O− � ≡Si − O · +e−.

The released electrons from the NBOs are trapped at various
sites in the glasses, e.g., glass-modifying (alkaline and alkaline
earth) ions and dopant cations (Fe3+ in our case). The reverse
reaction is that the trapped electrons return to the NBOHCs
through photo- or thermally activated processes. The potential
energies of the trapped electrons, therefore, the activation
energies for the reverse reaction, may vary from site to site
resulting in the stretched exponential function expressed by
equations (3) and (4). Protons can also trap the electrons
and become hydrogen atoms, which may rapidly migrate in
the glasses and bond to another hydrogen atoms, resulting in
hydrogen molecules [5, 16, 18, 20]. In this case, the reverse
reaction is diffusion controlled and thermally activated.

In the next two sections, we discuss the behaviors of the
defect generation and annihilation by the use of equation (4).

Table 2. Fitting parameters using equation (4) for the experimental
results shown in figure 5.

Irradiation condition

Glass Laser Intensity (mJ cm−2) kr (s−1) β

Base ArF 76 0.071 0.36
247 0.148 0.29

XeF 65 1.2 × 10−3 0.57
263 8.7 × 10−3 0.72

Fe-doped ArF 76 0.057 0.36
247 0.085 0.32

3.3.2. Irradiation time dependence. The dependences of
the defect generation on the irradiation time or the shot
number for laser irradiation have been reported for silica
glasses [6, 7, 15, 33–35], and phosphate and fluorophosphate
glasses used in the UV region [22–27]. For all the cases,
the number of induced defects increases with the irradiation
time at first and then saturates. In the current experiments,
a similar time or shot number dependence of the absorption
intensities due to the NBOHCs was observed for both ArF and
XeF laser irradiation. These time evolution curves were fitted
using equation (4). The curve fittings are shown in figure 7
for the cases of ArF and XeF laser irradiation to the base glass
as typical examples. These results indicate that equation (4)
produced the time evolution curves of the induced absorption
well. In table 2, the parameters of the fitting curves for all the
irradiation conditions are summarized.

More detailed models, e.g., involving intermediate
reactants, as proposed by Natura et al [26], might produce
theoretical curves which more precisely fit to the experimental
ones. In the present analyses, however, we have relied on the
simpler model because it could present the important features
of the experimental results.

It is worth noting that the pulse intensity dependence of the
number of generated NBOHCs after saturation was different
between the ArF and XeF lasers. The number of NBOHCs, or
the absorption intensities due to the defects, after saturation
were independent of the pulse intensities for the ArF laser
irradiation, while for the XeF laser irradiation the saturation
value from high intensity pulses was higher than that from low
intensity pulses.

The model proposed in the previous section can explain
the different behavior. After a long irradiation time, kr t → ∞,
the amount of the generated NBOHCs is expressed by

N = k f

kr
N0. (5)

For irradiation at 193 nm with the ArF laser, a one-photon
process is expected because the laser energy is higher than
the energy of the absorption edge of the glass. Then, k f is
represented by

k f = k0
ArFqκ, (6a)

where q is the dose rate, or number of incident photons per
unit time, and κ ∼ 1 for the one-photon process. k0

ArF is
the rate constant for the NBOHC generation reaction at a unit
ArF laser dose rate. For the reverse reaction, kr is written
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by the summation of the one-photon process and the thermal
activation process,

kr = k0
r qη + kh, (7)

where k0
r qη and kh are the rate constants of the one-photon

and thermal activation processes, respectively, and η ∼ 1.
k0

r is again the rate constant for the reverse reaction at a unit
ArF laser dose rate. Since the irradiation was performed at
room temperature, the thermal reaction can be negligibly small
compared with the photo-reaction, i.e. k0

r qη 
 kh . Then
equation (5) becomes

N = k0
ArF

k0
r

qκ−η N0. (8a)

Furthermore, since κ–η is almost zero, the number of generated
defects, N , eventually becomes independent of the radiation
intensity. On the other hand, for the XeF laser irradiation, the
energy of the photon is less than the energy of the absorption
edge of the glass. Here, multi-photon processes should occur
for the defect generation. This leads to

k f = k0
XeFqμ, (6b)

where k0
XeF is the rate constant at a unit XeF laser dose rate and

μ is larger than one. Since the two-photon energy is enough
to excite an electron over the absorption edge, a two-photon
process is assumed in the present analysis. Thus, μ ∼ 2, and

N = k0
XeF

k0
r

qμ−η N0, (8b)

where μ–η ∼ 1, resulting in a dependence of N on the
radiation intensity6. These predictions were very consistent
with the experimental results, as shown in figure 5.

3.3.3. Laser intensity dependence. When (kr t)β → 0, the
number of generated NBOHCs, N , is approximately written
by

N = k f

kr
N0(kr t)β = k f kβ−1

r N0tβ. (9)

From equations (6) and (7), equation (9) becomes

N = k0
ArF(k

0
r )

β−1qκ+(β−1)η N0tβ (10a)

N = k0
XeF(k

0
r )

β−1qμ+(β−1)η N0tβ (10b)

for the ArF and XeF laser, respectively. Here, 0 < β < 1,
as evaluated by the fittings (experimentally ∼0.3 and 0.5–
0.7 for the ArF and XeF lasers, respectively, as shown in
table 1), then the exponential dependence of the N on the
intensity of the ArF and XeF lasers are expected to be less
than 1 and 2, respectively. This prediction is consistent with
the experiments, as shown in figure 6.

6 We also used equation (7) for the XeF laser irradiation. More strictly,
the parameters, k0

r and η, might not be the same as those of the ArF laser
irradiation. However, the dependence on the pulse intensity is probably the
same because the absorption due to the NBOHC is in the visible region and
the photon energy of the XeF laser is higher than it.

3.4. Effect of iron doping

Finally, we discuss the difference between the base and
Fe-doped glasses. We have investigated defect generation
behaviors in soda-lime silicate glasses doped with various
amounts of Fe2O3 [38]. More NBOHCs were generated by the
x-ray irradiation in soda-lime silicate glasses containing 0.01–
0.07 wt% of Fe2O3 than that in base (undoped) glass, while the
stability of the NBOHCs against recombination with electrons
was highest for the base glass. We explain these experimental
results by the fact that Fe3+ and Fe2+ ions play a role of
electron- and hole-trapping sites, respectively. Such electron-
and hole-trapping reactions by transition metals, stably existing
as multivalent ions in glasses, have been also reported for other
metals than iron. In the present study, the NBOHCs generated
in the Fe-doped glass by the ArF laser irradiation were slightly
fewer than those in the base glass. However, this might be
not due to the role as the electron- and hole-trapping sites
of the iron but due to the strong absorption in the ultraviolet
region relevant to the iron ions. This absorption decreases the
number of photons available for defect generation in the Fe-
doped glass.

4. Conclusions

Irradiation with the excimer lasers, ArF at 193 nm, KrF at
248 nm, and XeF at 351 nm, of soda-lime silicate and Fe-
doped soda-lime silicate glasses generated various kinds of
defects, i.e., non-bridging oxygen hole centers, E′ centers, and
electron-trapped centers, as occurs in the cases of x-ray and
γ -ray irradiation. Glasses irradiated by the ArF laser were
brownish colored, as detectable by naked eye observation.
The formation behavior of the non-bridging oxygen hole
centers was explained by a simple reaction model based on
the reversible generation and annihilation of defects assuming
one-photon (for ArF laser) and two-photon (for XeF laser)
processes. The coloration due to the induced non-bridging
oxygen hole centers will be used for laser drawing and marking
of glasses.
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