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Nanotechnology

Manipulation of Gold Nanoparticles inside
Transparent Materials**
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Kazuyuki Hirao

Nanoparticles have a wide range of electrical and optical
properties owing to the quantum-size effect, surface effect,
and conjoint effect of nanostructures.l'! Materials doped with
noble-metal nanoparticles exhibit large third-order nonlinear
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susceptibility and ultrafast nonlinear responses.”! They are
expected to be promising materials for ultrafast all-optical
switches in the THz region. For the applications related to
integrated optoelectronics, a well-defined assembly and
spatial distribution of nanoparticles in materials are essen-
tial.”] Many studies have been carried out on the fabrication
of nanoparticle-doped materials, but there are no effective
methods to control the spatial distribution of nanoparticles in
these materials. In addition, Zheng and Dickson reported the
synthesis of photostable, water-soluble, silver nanodots by
direct photoreduction of silver ions under ambient condi-
tions.”! Photoactivated fluorescence has also been observed
from individual silver nanoclusters.”l Herein, we report a
method that can control the precipitation of Au nanoparticles
in three dimensions inside transparent materials by using
focused femtosecond laser irradiation. In brief, the precip-
itation involves two processes: the photoreduction of Au ions
to atoms induced by multiphoton process, and the precip-
itation of Au particles driven by heat treatment. The size of
nanoparticles and their spatial distribution can be controlled
by the conditions of the laser irradiation. Interestingly, the
precipitated nanoparticles obtained by this technique can be
also space-selectively “dissolved” by the femtosecond laser
irradiation, and reprecipitated by annealing. This implies that
the laser can be used not only in practical applications, such as
the 3D optical memory and the fabrication of integrated all-
optical switches, but also in the study of the control of
nucleation and crystal growth.

Au,0;-doped (0.01 mol %) silicate glass samples were
irradiated by using a focused Ti-sapphire mode-locked
femtosecond laser beam (800 nm, 120 fs, 1 KHz) with an
intensity of 3.5x 10" Wem™ for 1/63 s (16 laser pulses) on
each spot. Gray spots of about 40 um in diameter were then
observed in the focused area through an optical microscope
after irradiation. No microcracks were observed in the
samples. After the samples were annealed at 550°C for
30 min, the gray spots became red. Using this technique, we
first drew a gray owl with the laser beam, and then annealed
the sample at 550 °C for 30 min, and as expected, the gray owl
became red. After the sample cooled down to room temper-
ature, we drew a gray butterfly in a different area of the
sample. These images are shown in Figure 1.
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Figure 1. Photograph of images drawn inside the Au,0;-doped glass
(0.01 mol %) by using the femtosecond laser irradiation: a) gray butter-
fly (without annealing); b) red owl (with annealing).
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Figure 2 shows extinction spectra of the Au,Os;-doped
glass sample before and after femtosecond laser irradiation.
There is an apparent increase in extinction in the wavelength
region from 300 to 800 nm in the irradiated area. The inset of
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Figure 2. Extinction spectra of the Au,O;-doped glass (0.01 mol %).
a) Before femtosecond laser irradiation; b) after femtosecond laser
irradiation; c), d), e), and f) after femtosecond laser irradiation and
subsequent annealing at 300, 450, 500, and 550°C for 30 min, respec-
tively. Inset of Figure 2. Difference extinction spectrum of the Au,0Os-
doped glass sample (0.01 mol %) before and after the femtosecond
laser irradiation.

the Figure 2 shows the difference extinction spectrum of the
glass sample before and after the laser irradiation. The peaks
at 245, 306, 430, and 620 nm can be assigned to E’ centers
(E’ = Si), which include an electron trapped in an sp® orbital of
silicon at the site of an oxygen vacancy, a hole trapped by an
oxygen vacancy that neighbors alkali-metal ions, and non-
bridging oxygen holes HC1 (a hole trapped by an SiO,
polyhedron that contain one bridging oxygen and three
nonbridging oxygen atoms) and HC2 (a hole trapped by an
SiO, polyhedron that contain two nonbridging oxygen
atoms).”

The extinction spectra of the Au,0;-doped glasses, which
were annealed at various temperatures for 30 min after
irradiation, are also plotted in Figure 2. When the annealing
temperature is below 300°C, the extinction (300-800 nm)
intensities induced by irradiation decrease as the annealing
temperature increases, and completely disappear when the
temperatures reaches 300°C. One can see in Figure 2 that
spectrum a and c are almost identical. The gray induced by the
femtosecond laser irradiation disappears at 300°C and the
glass becomes colorless and transparent. Annealing at 450°C
results in the appearance of a new peak at 506 nm, and the
laser-irradiated areas turn red. The extinction peak can be
assigned to the surface plasmon resonance absorption of Au
nanoparticles.”) The wavelength of the extinction peak
increases from 506 to 526 to 548 nm with increasing annealing
temperature, at the same time its intensity significantly
increases. Based on the Mie theory, R oclé/Al, in which R is
the average radii of the metal nanoparticles, 4, is the
characteristic wavelength of surface plasmon resonance and
A1 is the full width at half maximum of the absorption band.”®!
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The value of ﬂ.ﬁ/M increases from 1306 to 1774 to 2208 nm
when the annealing temperature is increased from 450 to 500
to 550°C. Therefore, the average size of the Au nanoparticles
increases with increasing annealing temperature.

Figure 3 is a TEM image showing the precipitation of
nanoparticles in the laser-irradiated Au,O;-doped glass after
annealing at 550 °C for 30 min. Composition analysis by using
energy dispersive spectroscopy (EDS) in TEM confirms that
these spherical nanoparticles are metallic Au. The size of the
Au nanoparticles ranges from 6 to 8 nm.
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Figure 3. TEM image of Au nanoparticles (small white dots) in the
laser-irradiated Au,O;-doped (0.01 mol %) glass after annealing at
550°C for 30 min.

The inset of Figure 4 shows the photograph of a Au,O;-
doped glass sample, which is irradiated by using femtosecond
laser beams of 6.5 x 10", 2.3 x 10", or 5.0 x 10'®* Wem™2 in the
different areas and then annealed at 550°C for 1 hour. With
increasing light intensity, the color of the laser-irradiated
areas became violet, red, or yellow. Figure 4 shows the
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Figure 4. Extinction spectra of Au,0;-doped glasses (0.1 mol %) irradi-
ated by using different light intensities: a) 6.5x 10" Wcm™;

b) 2.3x10™; c) 5.0x10'". All samples were annealed at 550°C for
1 hour. Inset of Figure 4: Photograph of images drawn inside the

Au,0;-doped (0.1 mol %) glass sample.
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extinction spectra from these different colored areas. The
extinction peak shifts from 568 to 534 to 422 nm with the
increase of the light intensity. The peak with the wavelength
longer than 500 nm observed at spectra a and b, can also be
assigned to the surface plasmon resonance absorption of the
Au nanoparticles. The apparent blue shift of the peak from
568 to 534 nm is due to the decrease in the average size of the
Au nanoparticles. An extinction peak is observed at 420 nm
(2.94 eV) in the spectrum c of the Figure 4. There are few
reports on the observation of such peaks in glasses doped with
Au nanoparticles. However, the peak position and shape are
very similar to those of an undecagold compound with small
Au clusters, for example, [Auy,].”) The peak can be attributed
to interband transitions from 5d to 6sp, that is, originating in
the submerged and quasicontinum 5d band and terminating in
the lowest unoccupied conduction band of the Au clusters.
The average size of Au nanoparticles in area c (Figure 4 inset)
is much smaller than those in areas a and b. Therefore, the
average size of the Au nanoparticles decreases with an
increase of the light intensity. This is probably because the
high irradiation intensity produces a high concentration of
reduced Au atoms per unit volume, and thus a high concen-
tration of nucleation centers. As a result, under the same
annealing process, the higher the light intensity, the smaller
but denser the precipitated particles are. Further investigation
is needed to verify the above hypothesis.

The reduction of Au ions to atoms by femtosecond laser
irradiation is the key process of this method. Au ions capture
the “free” electrons created by multiphoton processes and are
then reduced to atoms, which aggregate to form nanoparticles
during annealing. A similar phenomena have also been
observed with Ag?' ions that have been irradiated with X-
rays.[‘” To test this mechanism, we studied the white emission
observed during the femtosecond laser irradiation. If the light
intensity was sufficiently high and the laser beam was not
tightly focused, supercontinuum white light due to the self-
phase modulation of the laser beam was observed during the
laser irradiation. We observed that the gray area was induced
in the area where supercontinuum white light was observed in
the glass. We tightly focused the laser beam and confirmed
that the gray area was generated in the area at which white
emission was observed, even when no supercontinuum was
detected. The white emission is due to plasma formation.!"" It
was also found that three areas, the white emission area, the
gray area, and the nanoparticle-precipitated area were
basically the same. If the diameter of the beam was kept the
same (9 um), the length of emission region was proportional
to the light intensity, which increased from 1.2 x 10™ to 4.0 x
10" Wem ™ In general, the light intensity, in order of 10™-
10" Wem ™2, is high enough to generate multiphoton ioniza-
tion in the glass matrix."” Therefore, the active electrons and
holes can be created in the glass through multiphoton
ionization, Joule heating, and collisional ionization,"” and
form plasma, which yield white emission. Electrons are driven
out of the valence states by multiphoton absorption of the
incident photon. Some of the Au ions capture free electrons to
form Au atoms. At temperatures below 300°C, only some
trapped electrons and holes are excited by thermal energy and
recombine with each other. When annealing at temperatures
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above 400°C, Au atoms get sufficient energy to overcome the
interaction between the Au atoms and the glass network
structure and start to move. The formation of the Au
nanoparticles is due to the aggregation of Au atoms. It is
also confirmed that no change occurs in the extinction
spectrum of the nanoparticle-precipitated glass sample at
room temperature, even over a period of six months. This
indicates that the precipitated nanoparticles are stable at
room temperature. Additionally, the precipitation of Au
nanoparticles was not seen in the glass sample without laser
irradiation, even after the sample had been annealed at 600 °C
for more than 2 h. Therefore, the reduction of an Au ion to an
atom by femtosecond laser irradiation is essential in forming
Au nanoparticles, and the Au atom acts as a crystal nucleus
for crystal growth.

Figure 5 shows the changes of the Au nanoparticle-
precipitated Au,O;-doped glass sample after further laser
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Figure 5. Photographs of images drawn inside the Au,0;-doped glass
(0.01 mol %): a) by using femtosecond laser irradiation and annealing
at 550°C for 30 min; b) further irradiation at the center part of the
image in (a) by focused femtosecond laser by using a 20x objective
lens; c) then the glass was annealed at 300°C for 300 min.

irradiation. The glass sample was first irradiated by the
focused laser with a light intensity of 5.8 x 10" Wcm™ and a
scanning rate of 1000 ums~', and then it was annealed at
550°C for 30 min. The laser-irradiated area became red as
shown in Figure Sa, as discussed above. Then the laser beam
was focused on the center of the region where the nano-
particles had been precipitated and lines were drawn with the
laser that were slightly longer than the nanoparticle region
(Figure 5b). The light intensity and scanning rate were 3.9 x
10 Wem™ and 1000 ums™, respectively. One can see that
there is a slight change between Figure 5a and b due to the
formation of colored centers. After the annealing process at
300°C for 30 min, the second femtosecond laser-irradiated
part became transparent, which is shown in Figure Sc.
Interestingly, the transparent part in the center became red
after further annealing of the sample at 550°C for 30 min.
Figure 6 shows the extinction difference between the sample
before (Figure 5a) and after (Figure 5b) the second laser
irradiation. It is clear that the extinction due to the surface
plasmon resonance absorption decreases while the absorption
due to the nonbridging oxygen hole centers HC1(430 nm) and
HC2 (620 nm) increases after further laser irradiation. There-
fore, we suggest that some of the nanoparticles are broken
into small-size particles or atoms owing to the strong
interaction between the Au nanoparticles and ultrashort
laser pulses such as dramatic heating of nanoparticles due to
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Figure 6. Spectrum showing the difference in extinction between nano-
particle sample before (Figure 5a) and after (Figure 5b) the second
laser irradiation.

the linear and nonlinear absorption of laser energy during the
further femtosecond laser irradiation.

Many experiments have confirmed that it is possible to
control the diameter and longitudinal spread of the structur-
ally changed area from several hundred nanometers to
several millimeters by selecting the appropriate irradiation
conditions, such as light intensity and diameter of the laser
beam.!™! Our results further prove that it is also possible to
precipitate Au nanoparticles in such microscopic dimensions
inside materials by using the focused nonresonant femto-
second pulsed laser and successive annealing. The 3D gray
images created by the laser can be erased after annealing at a
lower temperature, and can be turned into various colors by
annealing at higher temperatures. Therefore, this present
technique will be useful in the fabrication of 3D multicolored
industrial art objects, optical memory with ultrahigh storage
density and ultrahigh recording speed, and integrated wave-
guide all-optical switches with ultrafast nonlinear responses.
By using an Ag*' ion-doped photosensitive glass, we have
space-selectively precipitated silicate crystals inside the
glass.™? We believe it will be possible to spatially control
the growth of other functional crystals in glasses. Recently, we
have also succeeded in the fabrication of a grating of 400 nm
in width by precipitating Au nanoparticles. Owing to the
extremely short energy-deposition time and elimination of
the thermal effect and nonlinear processes enabled by highly
localizing laser photons in both time and spatial domains, the
size of the laser-induced microstructures may be less than the
diffraction limit. '*) In glasses with a high concentration of Au
ions, we expect to able to produce 3D Au nanocircuits.

Experimental Section

The silicate glasses used in this study were 70SiO,-10 CaO-20Na,O
(mol % ) doped with different concentration of Au,O;. Reagent grade
Si0,, CaCO;, Na,CO;, and AuCl;-HCI-4H,0 were used as starting
materials. Approximately 40 g batches were mixed and melted in
platinum crucibles in an electronic furnace at 1550°C for 1 hour under
the ambient atmosphere. The melts were then quenched to room
temperature to obtain transparent and colorless glasses. The glass
samples were cut and polished to sizes of 3x9x9 mm® or 4x 10 x
10 mm?®, then were used in our experiments.
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A Ti sapphire laser system with an oscillator (Tsunami pumped by
a solid-state laser Millennia, both from Spectra Physics Co. Ltd.) and
an amplifier (Spitfire pumped by Merlin both from Spectra Physics
Co. Ltd.) was used in this study. The system emits 800 nm, 120 fs laser
pulses at a 1 kHz repetition rate. To write an image inside the glass
sample, the laser beam was focused by a 10 x objective lens with an
aperture of 0.30 onto the interior of the glass, about 1 mm beneath the
surface. The glass sample was put on a computer-controlled XYZ
stage. The diameter of the laser beam was 9 pm. Extinction spectra
were acquired with a spectrophotometer (JASCO V-570). The size
and composition of precipitated nanoparticles were examined in a
JEOL-2010FEF transmission electron microscope (TEM) equipped
with energy dispersive X-ray spectrometer (EDS) operating at an
accelerating voltage of 200 kV.
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