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We report the precipitation and control of metal nanoparticles inside transparent glasses. An
Ag1-doped silicate glass sample was first irradiated by using an 800 nm femtosecond laser at room
temperature and then annealed at 550 °C. The area near the focal point of the laser beam became
gray after laser irradiation and yellow after further annealing at 550 °C for 10 min. Absorption and
electron spin resonance spectra of the glass sample showed that a portion of silver ions near the
focused part of the laser beam inside the glass were reduced to silver atoms after the laser
irradiation. These silver atoms aggregated to form nanoparticles after further annealing at
temperatures above 500 °C. A mechanism is suggested that consists of multiphoton reduction, which
is induced by the fundamental light of the laser beam and supercontinuum white light, and diffusion
of silver atoms driven by heat energy to form nanoparticles. The observed phenomenon may have
promising applications for the fabrication of three-dimensional multicolored images inside a
transparent material and for integrative micro-optical switches. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1509095#

Noble metal nanoparticle-doped glasses exhibit large
third-order nonlinear susceptibility and ultrafast nonlinear
response.1,2 They are expected to be promising materials for
an ultrafast all-optical switch in the THz region.3 There have
been extensive studies conducted on the fabrication and char-
acterization of metal nanoparticle-doped glasses.4–11 The
fabrication methods discussed so far include traditional melt-
ing and annealing, sol gel, chemical vapor deposition, sput-
tering, ion exchange, and ion implantation.4–11 Hofmeister
et al.9 and Chenet al.10 have succeeded in the synthesis of
nanosized silver particles via electron-beam irradiation, x-ray
irradiation, and successive annealing. Recently, Valentin
et al.11 demonstrated complete control over the metal cluster
density, average size, and size distribution of copper by
room-temperature MeV ion irradiation. Of the aforemen-
tioned fabrication processes, ion exchange and ion implanta-
tion can realize space-selective precipitation of nanopar-
ticles. However, both the composition of the glass matrix and
the nanoparticle-precipitated area after further treatment are
restricted in the ion-exchange method. In the case of ion
implantation, the glass matrix is usually damaged severely
and some impurities may be induced. In addition, both the
size and space distribution of nanoparticles are broad from
the surface to the inside of the glass sample.

Recently, an ultrashort pulsed laser has been used as a
powerful tool to make microscopic modifications to transpar-
ent materials.12–19 The reason for using this laser is that its
electric field intensity can reach 100 TW/cm2, which is suf-
ficient for inducing nonlinear optical effects in materials by
the use of a focusing lens when the pulse width is 100 fs and
the pulse energy is 1mJ. The photoinduced reaction is ex-
pected to occur only near the focused part of the laser beam
due to nonlinear optical processes.

Stookey20 developed photosensitive glasses early in the
1950’s. These glasses contain noble metal photosensitive
ions such as Ag1 and Au1 together with Ce31, which act as
a sensitizer. After the irradiation by UV light, Ce31 releases
an electron to form Ce41, while Ag1 or Au1 captures the
electron to form an Ag or Au atom. After subsequent heat
treatment, crystallites, e.g., LiF and Li2SiO5 , precipitate in
the UV-irradiated area due to the nucleation by the metal
cluster or colloids. It is possible to fabricate a two-
dimensional designed structure when a mask is used. How-
ever, it is impossible to fabricate a three-dimensional modu-
lated structure inside glasses since the UV light resonates
with the absorption band of Ce31.

In this letter, we report the space-selective precipitation
and control of noble metal nanoparticles in transparent ma-
terials. We observed space-selective photoreduction of the
Ag1 ion to the Ag atom in a silicate glass by focusing 120 fs
laser pulses from a regeneratively amplified Ti: Sapphire la-
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ser through a microscope objective lens. Absorption and
electron spin resonance spectra were measured for the glass
sample before and after femtosecond laser irradiation, as
well as after further annealing at 550 °C. The mechanism of
the occurrence of the phenomenon is also discussed.

The glass composition of the Ag1-doped silicate glass
sample used in this study was 0.1 Ag2O•70 SiO2•10 CaO
•20 Na2O ~mol %!. Reagent grade SiO2 , CaCO3, Na2CO3,
and Ag2O were used as starting materials. Details of the
glass-preparation procedure have been described
elsewhere.18

A regeneratively amplified 800 nm Ti: Sapphire laser
that emits 120 fs, 1 kHz, mode-locked pulses was used in our
experiments. The laser beam with an average power of 400
mW was focused by a 103 objective lens with a numerical
aperture of 0.30 on the interior of the glass sample with the
help of anXYZ stage. The spot size~diameter! of the laser
beam was estimated to be 10mm.

Absorption spectra of the glass samples were measured
by a spectrophotometer~JASCO V-570!. Electron spin reso-
nance~ESR! measurements were carried out atX-band fre-
quency ~9.8 GHz! by an ESR spectrophotometer~JEOL-
FE3X!. The microwave power, time constant, modulation
amplitude, and sweep time were 1 mW, 0.03 s, 13100, and
4 cm/min, respectively. All of the experiments were carried
out at room temperature.

After irradiation by the focused infrared femtosecond la-
ser on each spot for 1/63 s, a 10mm spot was formed in the
focused area of the laser beam in the Ag1-doped glass
sample. In addition, a gray-colored area with a diameter of
about 40mm was observed around the spot. The length of the
induced structure along the axis of the laser beam was about
1.5 mm as observed by optical microscope. To measure the
absorption spectrum of the glass sample after laser irradia-
tion, we created a ‘‘damaged’’ plane of 3.033.0 mm2 inside
the glass sample, which consisted of damaged lines at inter-
vals of 10 mm by scanning the laser beam at a rate of 1
mm/s. The glass sample was further annealed at 550 °C for
10 min. The laser-irradiated part became yellow after the
heat treatment.

Figure 1 shows the absorption spectra of the glass

sample before@Fig. 1~a!# and after@Fig. 1~b!# femtosecond
laser irradiation, and@Fig. 1~c!# after further annealing at
550 °C for 10 min. No apparent absorption was observed for
the unirradiated glass sample in the wavelength region from
600 to 800 nm, while there was an apparent increase in the
absorbance in the wavelength region from 220 to 600 nm in
the irradiated region. The inset of Fig. 1 shows the difference
in absorption spectra of the glass sample before and after the
femtosecond laser irradiation. The absorption peaks at about
240 and 350 nm can be assigned to the atomic silver and
hole trap centers at nonbridging oxygen near Ag1 ions,
respectively.21 Therefore, an electron was driven out from
the 2p orbital of a nonbridging atom near the Ag1 ions after
femtosecond laser irradiation, while Ag1 captured the elec-
tron to form an Ag atom. Figure 1 also shows that a new
peak appeared at 450 nm in the absorption of the glass
sample after further annealing at 550 °C. The peak can be
assigned to the absorption due to the surface plasmon of the
silver nanoparticle.22 Preliminary observation with a JEM-
2010FEF transmission electron microscope also showed that
spherical particles with sizes ranging from 1 to 8 nm precipi-
tated in the sample. The photon-reduced Ag atoms aggre-
gated to form nanoparticles after the heat treatment. An unir-
radiated glass sample precipitates nanoparticles only at
temperatures above 600 °C. Therefore, we suggest that the
neutralized Ag promotes nucleation. Femtosecond laser irra-
diation can be used to separate and control the nucleation
and growth processes.

Figure 2 shows the ESR spectra of the glass sample be-
fore @Fig. 2~a!# and after@Fig. 2~b!# the femtosecond laser
irradiation at room temperature, and@Fig. 2~c!# after further
annealing at 550 °C for 10 min. No apparent signal was de-
tected in the unirradiated glass sample, while the spectrum of
the glass sample after femtosecond laser irradiation showed a
broad signal atg;2.10 and two signals atg;2.00. The
broad signal at 2.10 may be due to the Ag atom,23 while two
signals atg;2.00 can be assigned to hole trap centers~HC!,
e.g., HC1 and HC2.24 The HC1 and HC2 are holes trapped at
the nonbridging oxygen in the SiO4 polyhedron with two and
three nonbridging oxygen, respectively.

We carried out several experiments to clarify the mecha-
nism of the formation of induced structures after femtosec-
ond laser irradiation. We observed that the size of the
nanoparticle-precipitated area is the same as the area in
which supercontinuum white light was observed during fem-

FIG. 1. Absorption spectra of the Ag1-doped silicate glass before~a! and
after ~b! the femtosecond laser irradiation, and~c! after further annealing at
550 °C for 10 min. The inset of Fig. 1 shows the difference in absorption
spectra of the glass sample before and after the femtosecond laser irradia-
tion.

FIG. 2. ESR spectra of the glass sample before~a! and after~b! the femto-
second laser irradiation, and~c! after further annealing at 550 °C for 10 min.
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tosecond laser irradiation and is also the same as the dark
area induced by femtosecond laser irradiation. There is now
a consensus that multiphoton absorption due to the funda-
mental wave and supercontinuum white light, which arises
from self-phase modulation of the laser beam, plays an im-
portant role in the formation of induced structures. In the
present case, electrons are driven out from the 2p orbital of
the nonbridging oxygen in the SiO4 polyhedron via the mul-
tiphoton absorption of the incident photon. Ag1 captures the
electron to form an Ag atom. We also confirmed that the
length of the femtosecond laser induced structure was di-
rectly proportional to the square root of the average power of
the laser beam. This result is in good agreement with the
theory of Zverevet al.,25 if we assume that the length of the
induced structure is directly proportional to the length of the
filament, which is due to the balance between self-focusing
arising from an increase in the refractive index and self-
defocusing arising from plasma formation. We have also
confirmed that no change is observed in the absorption spec-
trum of the nanoparticle-precipitated glass sample after heat
treatment at room temperature even for 6 months, indicating
that the precipitated nanoparticles are stable at room tem-
perature. In addition, we have also realized the space-
selective precipitation of gold and other metal nanoparticles.
Our results showed that the color of the gold nanoparticle-
precipitated area changed from violet to red when the power
density of the laser increased from 1012 to 1015 W/cm2. The
different color is due to the different size of gold nanopar-
ticle. The details will be reported elsewhere.

In summary, we have observed space-selective precipi-
tation and control of noble metal nanoparticles in transparent
materials by a focused infrared femtosecond pulsed laser ir-
radiation at room temperature and further annealing at high
temperature. Nonbridging oxygen is suggested to act as HCs
while the Ag1 ion acts as an electron-trapping center, thus
resulting in the reduction of Ag1 ions to Ag atoms. White
light supercontinuum plays an important role in the forma-
tion of Ag atoms. Since the focused-on area becomes gray
after laser irradiation and then becomes yellow after heat

treatment, it is possible to draw a three-dimensional multi-
colored image inside the transparent and colorless glass
sample, as shown in Fig. 3. The length of the induced struc-
ture is directly proportional to the square root of the average
power of the laser beam; therefore, it is possible to control
the longitudinal spreading of the structurally changed area
from several hundred nanometers to several millimeters by
selecting the appropriate irradiation condition. Our results
demonstrated the possibility of space-selective precipitation
of nanoparticles in a micrometer-small dimension inside a
transparent material by using a focused nonresonant femto-
second pulsed laser and heat treatment. This technique will
be useful in the fabrication of three-dimensional multicol-
ored industrial art objects, optical memory, and integrative
waveguidelike optical switches with ultrafast nonlinear re-
sponse.
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FIG. 3. Photograph of butterflies drawn inside the glass sample by using the
femtosecond laser: Gray color~after femtosecond laser irradiation, at the
right and the lower part! and yellow color~after femtosecond laser irradia-
tion and further heat treatment at 550 °C for 10 min, at left and the upper
part!.
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