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This paper studies the photosensitive effect of cerium oxide on the precipitation of Ag nanoparticles after fem-

tosecond laser irradiating into silicate glass and successive annealing. Spectroscopy analysis and diffraction efficiency

measurements show that the introduction of cerium oxide may increase the concentration of Ag atoms in the femtosec-

ond laser-irradiated regions resulting from the photoreduction reaction Ce3t + Agt — Ce*t 4+ Ag® via multiphoton

excitation. These results promote the aggregation of Ag nanoparticles during the annealing process. It is also found

that different concentrations of cerium oxide may influence the Ag nanoparticle precipitation in the corresponding glass.
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1. Introduction

The femtosecond laser has become a powerful tool
to study the interaction between light and matter
in recent decades due to its characteristics of ultra-
high light intensity and ultrashort pulse, and a lot
of novel phenomena have been observed during and
after femtosecond laser irradiation into glass, crystal,
metal and other dielectric materials.!' 8! Significantly,
space-selective precipitation of noble metal nanopar-
ticles inside the glass matrix induced by the femtosec-
ond laser and successive annealing has been inten-
sively studied owing to the ultrafast all optical re-
sponse and large third-order non-linear susceptibility

9—11]

of the nanoparticle-doped glasses,! which opens

a new route for the fabrication of integrated optical
elements.[12:13]

It is known that in Agt and Ce?*t co-doped sili-
cate glasses, Agt may be reduced to atom Ag® because
Ce3* can release free electrons after exposure of ultra-
violet (UV) light, on the basis of redox reaction Ce3*
+ Agt — Ce*t + Ag®.M However, up to now, the
photoreaction mechanism of Ag™ and Ce3* co-doped
silicate glasses induced by a femtosecond laser has not
been clearly understood. Recently, Hongo et al re-
ported that Cet had no effect on the precipitation

of Ag nanoparticles in the photosensitive glass Fotu-
ran after femtosecond laser irradiation.['5! In addition,
Qiu et al have achieved space-selective precipitation of
Ag nanoparticles in the silicate glass without Ce3+.[11]
In our previous investigation, it was suggested that
cerium oxide in the glass may promote the formation
of the Ag atoms after femtosecond laser irradiation,
but the amount dependence of the doped cerium was
not clear.!*%! Here we studied the photosensitive mech-
anism of Ce with different concentrations after focused
femtosecond laser irradiation and successive anneal-
ing. The results show that the addition of cerium
oxide into glass may increase the concentration of Ag
atoms and promote the precipitation of Ag nanopar-
ticles induced by the femtosecond laser. Meanwhile,
we also found the extravagant Ce3* may consume the
greater part of the energy of the incident pulse, which
influenced the precipitation of Ag nanoparticles.

2. Experimental

We prepared glass samples with compositions
of 20Na30-10Ca0-70Si05-0.05Ag20-xCe0O4 in mol%
(x = 0, 0.05, 0.1, 0.2). Reagent grade NayCOsg,
CaCOg, SiOz, CeOs and AgNOj3 were used as raw
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materials. Mixtures of raw materials of about 40 g  photoluminescence spectra of the glass samples were
were melted in a Pt crucible at 1550 °C for 1 hour  measured using a Jasco V-570 spectrophotometer and
under ambient atmosphere. Then the melts were  a Jasco FP-6500 fluorescence spectrophotometer, re-
quenched into transparent and colorless glasses by  spectively. A frequency doubled Nd:YAG laser beam
pouring them onto a stainless steel plate at room tem- (532 nm) was employed to examine the diffraction ef-
perature. Finally the glasses were cut and polished  ficiency of the scanning gratings. All the samples were
into glass samples with thickness of 1.5 mm. Our  measured at room temperature.

experiments used a commercial regeneratively ampli-

fied 800-nm Ti: Sapphire laser (Spitfire, Spectrum-

Physics) that emits 120 fs, 1 kHz, mode-locked pulses. 3. Results

The laser beam with an average power of 20 mW

was focused by a 10x objective lens with a numeri- From Fig.1, we may observe the absorption spec-
cal aperture of 0.3, and the position of the focus was  tra of the glass samples before and after femtosecond
200 pm beneath the sample surface with the help of a  laser irradiation, and successive annealing at 200 °C,
computer controlled 3-dimensional (3-D) XYZ stage. 350 °C, 450 °C, 500 °C and 600 °C, respectively. Be-
Grating structures with a period of 10 um were in-  fore femtosecond laser irradiation, all the samples were
scribed into the glass samples by laser directly writ-  colorless and transparent, and there was no appar-
ing with a rate of 1000 um/s. The size of the grating  ent absorption in the wavelength region longer than
was 3 mmx3 mm. After exposure to the femtosecond 300 nm in sample CeO, but the absorption edges
laser, all four samples were annealed at various tem-  showed a little red shift in the other samples doped
peratures for 30 min. Optical absorption spectra and  with cerium because of the intrinsic absorption of the
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Fig.1. Absorption spectra of (a) sample Ce0, (b) sample Ce0.05, (c) sample Ce0.1, (d) sample Ce0.2 before (curve
A) and after (curve B) femtosecond laser irradiation, and subsequent annealing at various temperatures of 200 °C
(curve C), 350 °C (curve D), 450 °C (curve E), 550 °C (curve F') and 600 °C (curve G) for 30 min. The inset is
the amplification of the curves inside the box in Fig.1(d).



2860

Dai Ye et al

Vol. 18

cerium ions.'”l Since the formation of hole trap cen-
ters was generated from nonbridging oxygen near Ag™
after the femtosecond laser irradiation,'8! the expo-
sure regions became darkish gray. With annealing at
200 °C for 30 min, the color centers with absorption
peaks at 340 nm disappeared and the samples became
colorless again. Furthermore, an absorption band with
peak at about 415 nm due to surface plasmon res-
onance of Ag nanoparticles appeared in the samples
Ce0.05, Ce0.1 and Ce0.2 after annealing at 350 °C.
Nevertheless, no obvious absorption peak due to Ag
nanoparticles was found for the sample Ce0 till the
temperature reached 450 °C.

In order to study the formation process of Ag
nanoparticles in different samples during the anneal-
ing process, we plotted temperature dependence of the
intensity of the absorption peak due to Ag nanoparti-
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cles in Fig.2(a). Here we simply calculated the inten-
sity of the absorption peak by the absorbability differ-
ence between the original glass and the femtosecond
laser irradiated region at temperatures from 350 to
650 °C. From the curves, the intensity of the absorp-
tion peak of Ag nanoparticles in the samples Ce0.05,
Ce0.1 and Ce0.2 increased with increasing annealing
temperature from 350 °C to 500 °C, and then de-
creased with the temperatures beyond 500 °C. It was
due to the Ag nanoparticles dissolving into the glass
matrix. Finally, Ag nanoparticles began to precipi-
tate in the whole bulk glass as a result of thermal
chemical effect at high temperature.['”) But in sample
Ce0, the intensity of the peak due to Ag nanoparticles
increased with increasing annealing temperature. Ob-
vious dissolution was not observed through the whole
annealing process.
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Fig.2. (a) Temperature dependence of intensity of the absorption peak due to Ag nanoparticles; (b) temperature

dependence of the position of the absorption peak due to Ag nanoparticles.

According to the quantum size effect and dielec-
tric confinement effect,[19:29 the absorption peak of
samples shifted toward a longer wavelength with the
increasing size of Ag nanoparticles. In this experi-
ment, the absorption peak of Ag nanoparticles showed
some red shift with increasing annealing temperature,
and then the absorption peak shifted to a shorter
wavelength because of the Ag nanoparticles dissolving
into the glass with further treatment at high temper-
ature (T > 550 °C), as shown in Fig.2(b).

We also measured the first order diffraction effi-
ciency of the grating in the samples after the direct
scanning of the femtosecond laser and successive an-
nealing. The diffraction efficiency (1) was calculated
by measuring the light intensity of each diffraction

spot. Here the diffraction efficiency is ordinarily de-
fined by the ratio of the diffraction beam intensity of
each order to the incident beam intensity. The beam
energy of each diffraction spot of a certain order (0",
+15¢, 4274 50 on) was measured by a power meter.
As shown in Fig.3(a), the first order diffraction ef-
ficiency 1 was only 3.9% in the sample Ce0 imme-
diately after femtosecond laser irradiation, while the
ones of the other samples with cerium can exceed 13%,
which is much higher than the diffraction efficiency of
the samples without cerium. Based on the Kogelnik’s
coupled wave theory,2!] the diffraction efficiency can
be expressed as n = (rAnd/\cosf)?, where d is the
thickness of the grating, A is the vacuum wavelength
of readout light, and 6 is the angle between the surface
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normal and readout beam inside the grating. There-
fore, we calculated the change of refractive index An
of the sample in Fig.3(b).
centration of colour centre associating with Ag atoms

We assume that the con-

is an important reason for changes of refractive index
after femtosecond laser irradiation.['®22] The colour
centre disappeared gradually with increasing anneal-
ing temperature due to the thermal stimulation and
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Fig.3. Temperature dependence of (a) the first order

refractive index changes of the laser irradiation regions.

4. Discussion

Since the samples have no intrinsic absorption at
800 nm, we think that the interaction of laser and
matter in this experiment should be a nonlinear opti-
cal process of multiphoton absorption and excitation
induced by the femtosecond laser. Based on our exper-
imental results, we conclude that the Cet may give
up a free electron via multiphoton excitation during
the femtosecond laser irradiation, and these electrons
would be trapped by the Agt to form Ag® because
the threshold of photoionization energy of the conver-
sion of Ce?* to Ce*t is about 3.94 eV,[18:23:24] which
is much lower than the band gap (~8 eV) of the glass
matrix.[172%] Therefore the free electrons were excited
much easier from the Ce?t than the ones from the
glass matrix. Meanwhile, another part of the laser
energy may also excite few free electrons from the 2p
orbital of the nonbridging oxygen in the SiO4 polyhe-
dron and induce avalanche ionization via the nonlinear
process, but the number of these free electrons from
this channel was fewer consequentially because this
process needs more rigorous conditions, i.e., larger
power density. Finally, the avalanche ionization may

the phonon vibrations, thus the diffraction efficiency
decreased to the bottom at 350 °C. With anneal-
ing at higher temperatures, the precipitation of Ag
nanoparticles became the key factor influencing the
changes of refractive index, so the diffraction efficiency
increased along with the increase of refractive index,
which is coincident with the formation and growth of
Ag nanoparticles.

Refractive index change An /1073

[e=]
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diffraction efficiency of the grating and (b) the calculated

produce plasma expansion and microexplosion, and
result in permanent structural changes in the focus-
ing regions. In short, the samples with cerium may
produce more Ag atoms than the one without cerium
after femtosecond laser irradiation, because the power
density for generating free electrons from Ce®* was
smaller than the one from the glass matrix. It indi-
cated the increase of the concentration of Ag atoms
and reasonably promoted the Ag nanoparticle forma-
tion at successive annealing. Hence we can explain the

formation process of Ag nanoparticles as follows:

I Ce®t + Agt ™5 Cett + Ag(n > 3), (1)
II. glass LIS N e(n>5), Agh+e—Ag’, (2)
ML mAg® 2208, Ag (3)

where n is the number of photons involved in the mul-
tiphoton process, and m is the number of Ag atoms
aggregating into Ag nanoparticles.

In addition, we found that different concentra-
tions of cerium oxide may influence the precipitation
of Ag nanoparticles. According to the above results,
we can observe that both the intensity and position of
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the absorption peak of Ag nanoparticles of the sam-
ple with cerium exceed those of the sample without
cerium after femtoseocond laser irradiation and suc-
cessive annealing, which is consistent with the con-
centration dependence of cerium and Ag atoms. How-
ever, the amount of Ag atoms generated in the sam-
ple Ce0.2 may be too small to promote diffusion and
aggregation of the Ag atoms. A plausible explana-
tion is that most of the energy is consumed as the
4f-5d transition energy of the Ce®* and then released
via a radiative transition process. Notably, Wang et
al have investigated this phenomenon in Ce3t doped

Ce0.2

Emission intensity

Ce0

400 420 440 460 480 500
Wavelength /nm

BK7 glass.?] A broad emission band at about 450 nm
associated with the 5d—4f transition of the cerium ion
was observed, and the intensity of photoluminescence
of Ce0.2 was higher than other samples with 800 nm
femtosecond laser excitation or under 365 nm UV light
excitation, as shown in Fig.4. The above results agree
with our hypothesis on the energy transform compe-
tition between free electron combining with Ag™ and
electron radaitive transition of cerium ions in glass
samples. So the extravagant cerium ions may acti-
vate their luminescence performances according to the
present results.

Emission intensity

400 420 440 460 480 500
Wavelength /nm

Fig.4. Photoluminescence spectra (a) under 365 nm ultraviolet Xe lamp excitation, and (b) under 800 nm fem-

tosecond laser excitation.

In the previous experiments, the cerium ions
doped in conventional and commercially available
photosensitive glass like Foturan have been investi-
gated, and cerium ions have no effect of Ag nanopar-
ticles aggregation after femtosecond laser irradiation
and successive annealing because most free electrons
are considered from the inter-band excitation of the
glass matrix.['®! But we would like to point out that
the Ce3T concentration in the glass may play an im-
portant role in the generation process of free electrons.

5. Conclusion

In conclusion, we studied optical absorption and
photoluminescence spectra, as well as the first order
diffraction efficiency of scanning grating in a series of

silicate glass with doped cerium oxide after femtosec-
ond laser irradiation and successive annealing, in order
to clarify the effect of cerium oxide for the precipita-
tion of Ag nanoparticles. The results show that the
addition of cerium oxide can increase the concentra-
tion of Ag atoms after femtoseocnd laser irradiation
and promote the aggregation of Ag atoms to form Ag
nanopartiocles at the annealing process, but excessive
cerium oxide may consume the laser energy via the ra-
diation transition process, which inhibits the Ag atom
formation. According to these results, we think that
the photoreduction mechanism induced by the fem-
tosecond laser is the key reason for promoting the con-
centration of Ag atoms in our experiment. The above
results may be used in integrated optical devices and
3-D micromaching in photosensitive glass.
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