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We report the precipitation and control of silver and copper nanoparticles inside transparent glasses, respectively. A 

metal-doped silicate glass sample was first irradiated by using an 800 nm femtosecond laser at room temperature and then 
annealed at 550 �. A portion of silver or copper ions near the focused part of the laser beam inside the glass were reduced to 
silver or copper atoms after the laser irradiation. These atoms aggregated to form nanoparticles after further annealing. A 
mechanism is suggested that consists of multiphoton reduction, which is induced by the fundamental light of the laser beam, 
and diffusion of metal 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. 
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1. Introduction 
 
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 characterization of metal-nanoparticle-
doped glasses [4-11]. The fabrication methods discussed so 
far include traditional melting and annealing, sol-gel, 
chemical vapor deposition, sputtering, ion exchange, and 
ion implantation [4-11]. Of the aforementioned fabrication 
processes, ion exchange and ion implantation can realize 
space-selective precipitation of nanoparticles. 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 inside 
transparent materials [12-19]. The reason for using this 
laser is that its electric field intensity can reach 100 
TW/cm2, which is sufficient 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 1 µJ. The 
photoinduced reaction is expected to occur only near the 
focused part of the laser beam due to nonlinear optical 
processes. 

Herein, we report on the space-selective precipitation 
and control of silver and copper nanoparticles in 
transparent materials, respectively. We observed space-
selective photoreduction of metal ions to the metal atoms in 

a silicate glass by focusing 120 fs laser pulses from a 
regeneratively amplified Ti: Sapphire laser through a 
microscope objective lens. The mechanism of the 
occurrence of the phenomenon is also discussed. 

 
2. Experimental procedures 

 

The copper- and sliver-doped glass compositions in 
this study were 70SiO2 · 20Na2O · 7.5CaO · 2.5Al2O3 · 
0.15SnO · 0.1CuO and 70SiO2 · 10CaO · 20Na2O · 
0.1Ag2O (in mol %), respectively. Reagent grade SiO2, 
CaCO3, Na2CO3, Al2O3, SnO, Ag2O and CuO were used as 
starting materials. Details of the glass-preparation 
procedure have been described elsewhere [20].  

A regeneratively amplified 800 nm, 120 fs, 1 kHz Ti: 
sapphire mode-locked laser (Spectra-Physics Company) 
was used in this study. The laser beam was focused into the 
glasses about 1mm beneath the surface by a 10× objective 
lens with a numerical aperture of 0.30. To write an image 
inside the glass samples, the irradiated locus was controlled 
by a computer-drived three-dimensional XYZ stage at the 
scanning rate of 1000 μm/s. The diameter of the laser beam 
was about 9 μm. The glass samples were then annealed in 
an electric furnace at various temperatures for one hour. 

Absorption spectra of the glass samples were 
measured by a spectrophotometer (JASCO V-570). 
Electron spin resonance (ESR) measurements were carried 
out at X-band frequency (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, 1×100, and 4 cm/min, respectively. Electron 
probe micro-analyzer (EPMA, JEOL JXA-8900-RL) was 
also used in this study. All of the experiments were carried 
out at room temperature.  

 
3. Results 

 
3.1 Silver-doped glasses 
 

Fig. 1 shows the absorption spectra of the Ag+-doped 
glass samples before (a) and after (b) femtosecond laser 
irradiation, and after further annealing at 550 � for 1 hour 
(c). Before the femtosecond irradiation, the glass samples 
were transparent and colorless in visible wavelength region. 
It should be noted that there is no intrinsic absorption at the 
wavelength of 800 nm for the glass sample. However, the 
focused part of the samples became darkish gray after the 
femtosecond laser irradiation. The average power of the 
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Fig. 1 Absorption spectra of the Ag+-doped silicate glass samples 
before (a) and after (b) the femtosecond laser irradiation, and after 
further annealing at 550 �for 1 hour (c).  
 
 

 
Fig. 2 ESR spectra of the glass sample before (a) and after (b) the 
femtosecond laser irradiation, and after further annealing at 550 � 
for 1 hour (c). 
 
 
laser beam was set to 80 mW in this study. There was an 
apparent increase in the absorbance in the wavelength 
region from 300 to 800 nm in the irradiated region. The 
characteristic absorption bands at about 430 and 650 nm 
can be assigned to hole trap centers (HC) at nonbridging 

oxygen near Ag+ ions, e.g., HC1 and HC2 [21]. The HC1 
and HC2

 are holes trapped at the nonbridging oxygen in the 
SiO4

 polyhedron with two and three nonbridging oxygen, 
respectively. Therefore, an electron was driven out from the 
2p orbital of a nonbridging atom near the Ag+ ions after 
femtosecond laser irradiation, while Ag+ captured the 
electron to form an Ag atom. After further annealing at 550 
� for 1 hour, the irradiated area in glass sample became 
yellow. Fig. 1 also shows that a new peak appeared at 450 
nm in the absorption of the glass sample after further 
annealing at 550 �. The peak can be assigned to the 
absorption due to the surface plasmon of the silver 
nanoparticles [22]. The photon-reduced Ag atoms 
aggregated to form nanoparticles after the heat treatment. 
An unirradiated glass sample precipitates nanoparticles 
only at temperatures above 600 �. Therefore, we suggest 
that the neutralized Ag promotes nucleation. Femtosecond 

laser irradiation can be used to separate and control the 
nucleation and growth processes. 

Fig. 2 shows the ESR spectra of the glass sample 

before (a) and after (b) the femtosecond laser irradiation at 
room temperature, and after further annealing at 550 � for 
1 hour (c). No apparent signal was detected in the 
unirradiated glass sample, while the spectrum of the glass 
sample after femtosecond laser irradiation showed a broad 
signal at g ~ 2.10 and two signals at g ~ 2.00. The broad 
signal at 2.10 may be due to the Ag atom [23], while two 
signals at g ~ 2.00 can be assigned to hole trap centers, HC1 
and HC2 [24].  

 

3.2 Copper-doped glasses 
 

As expected, Cu2+ ions are also possible to reduce in 
glasses as well as silver ions. When prepared, copper-
doped glass appeared transparent and blue color, indicating 
that the copper present in the glass existed mainly in the 
divalent state. Fig. 3 shows the absorption spectra of Cu2+-
doped glass samples before (a) and after laser irradiation (b) 
and successive annealing at 550 � for 1 hour (c). The 
absorption band of the as-prepared glass sample from 700 
to 800 nm was due to the absorption of Cu2+ ions, and there 
was no apparent absorption from 500 to 600 nm. But after 
laser irradiation and further annealing, the irradiated area in 
glass appeared red color. Here, the average power of the 
laser beam was 80 mW as well. In absorption spectra, there 
was a clear absorption band at peak about 570 nm in the 
sample after annealing at 550 �, which should result from 
surface plasma resonance absorption of copper 
nanoparticles [25]. These results indicated portions of 
copper ions were reduced after laser irradiation. 
Furthermore, the glass after annealing at 650 � did not 
show any absorption at 570 nm. We estimated that copper 
nanoparticles dissolved away at this temperature and 
transformed to copper ions in glass. 

Furthermore, we carried out EPMA measurement of 
the red area in the irradiated glass sample after annealing at 
550 ℃ for 1 hour. As shown in Fig. 4, in backscattering  
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Fig. 3 Absorption spectra of the Cu2+-doped glass samples before 
(a) and after femtoseond laser irradiaton (b), and subsequent 
annealing at 550 � for 1 hour (c). 
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Fig. 4 Backscattering electron image (left upper) and Cu (right 
upper), Si (left lower) spectrum mapping image of the irradiated 
area in copper-doped glass. The sample was annealed at 550 ℃ 
for 1 hour. The scale bar is 2 µm. 
 
 
electron image, the white area was corresponding to the red 
area in glass sample. Copper spectrum mapping confirmed 
that copper concentration in the red area was clearly higher 
than that in the surrounding glass sample, while further 
element composition analysis showed the differences of the 
other element concentrations in glass, e.g. oxygen, silicon, 
sodium et al. were little between the red area and the 
surrounding glass. Thus, it was estimated that the copper 
nanoparticles were precipitated after laser irradiation and 
were agglomerated to form red area inside silicate glasses. 
 
4. Discussion 

 
The reduction of metal ions to atoms by femtosecond 

laser irradiation is the key process of this method. Silver or 
copper ions capture the “free” electrons created by 
multiphoton processes and are then reduced to atoms, 
which aggregate to form nanoparticles during annealing. 

The light intensity of the focused laser beam used in 
this study is of the order of 1015 W/cm2. In general, the 
light intensity, in order of 1014-1017 W/cm2, is high enough 
to generate multiphoton ionization in the glass matrix [26]. 
Therefore, the active electrons and holes can be created in 
the glass through multiphoton ionization, Joule heating, 
and collisional ionization [26], and form plasma. When the 
metal-doped silicate glass, being transparent originally, was 
irradiated by the focused femtosecond laser, electrons were 
driven out of the valence states by multiphoton absorption 
of the incident photon. Besides the trapping of active sites 
to form color centers, the free electrons were also trapped 
by metal ions to form metal atoms, resulting the reduction 
of the metal ions. At temperatures below 300 ℃, only some 
trapped electrons and holes were excited by thermal energy 
and recombined with each other. When the glass sample 
was annealed at temperatures about 550  ℃ , sliver or 
copper atoms got sufficient energy to overcome the 
interaction between the metal atoms and the glass network 
structure and started to move. The formation of the metal 
nanoparticles was due to the aggregation of metal atoms. It 
was also confirmed that no change occurred in the 
absorption spectrum of the nanoparticle-precipitated glass 

sample after heat treatment at room temperature, even over 
a period of six months. This indicated that the precipitated 
nanoparticles were stable at room temperature. 
Additionally, the reduction of metal nanoparticles was not 
seen in the glass sample without laser irradiation, even after 
the sample had been annealed at 600  ℃ for more than 2 
hours. This indicated that the temperature for precipitation 
of the metal nanoparticles in laser irraditated glass, 
compared with the temperature for purely thermal-induced 
precipitation of them, were considerably lowered since a 
higher temperature was needed to reduce the metal ions in 
the latter case. Thus, the reduction of a metal ion to an 
atom by femtosecond laser irradiation was essential in 
forming metal nanoparticles, and the metal atom acted as a 
crystal nucleus for crystal growth. 

 
5. Conclusion 

 
In summary, we have observed space-selective 

precipitation and control of sliver and copper nanoparticles 
in transparent materials by a focused infrared femtosecond 

pulsed laser irradiation at room temperature and further 
annealing at high temperature, respectively. Nonbridging 
oxygen is suggested to act as HCs while the silver and 
copper ion acts as an electron-trapping center, thus 

resulting in the reduction of silver and copper ions to atoms. 
These metal atoms, upon thermally treating at around 
550 ℃ , will diffuse and aggregate to form metal 
nanoparticles. 

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 femtosecond pulsed laser and heat 
treatment. This technique will be useful in the fabrication 
of three-dimensional multicolored industrial art objects, 
optical memory, and integrative waveguidelike optical 
switches with ultrafast nonlinear response.  
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