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Metal nanoparticle precipitation in periodic arrays in Au ,O-doped glass
by two interfered femtosecond laser pulses
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We report on the precipitation control of Au nanopatrticles in periodic arrays in silicate glass.
Au,O-doped glass samples were first irradiated by two 800 nm interfered femtosecond laser pulses
at room temperature and then heat treated at 550 ° C for the Au nanoparticle precipitation in the laser
irradiation areas. One-dimensional periodic arrays of the Au nanoparticles were controlled by
changing the pulse energy and the incident angle between the interfered laser pulses. The smallest
dimension in the obtained arrays was a width of 300 nm. The mechanism of the metal nanoparticle
precipitation by this technique was discussed. Only two pulses are required to encode these periodic
microstructures, which are applicable to emerging nanostructure devices such as optical memory
with ultrahigh storage density, micrograting with high diffractive efficiency and integrative
micro-optical switches. €2004 American Institute of Physic§DOI: 10.1063/1.1688004

Noble metal nanoparticle-contained glasses exhibit largéng was carried out in an electric furnace at 1550 °C for 1 h.
third-order nonlinear susceptibility and ultrafast nonlinear re-The glass sample was obtained by quenching the melt to
sponse due to the local field effect near surface plasmoroom temperature. The sample thus obtained was transparent
resonance and quantum size effectThey are expected to and colorless. The annealed sample was cut and polished,
be promising materials for an ultrafast optical limiter andand then subjected to experiments.
all-optical switches:* But then, nanoparticles must be ar- Figure 1 illustrates the geometry used for the microstruc-
ranged into well-defined and space-selective microstructureigire fabrication in the glass samples. A regeneratively ampli-
in the glasses in order to build integrated systems. In recerited femtosecond pulse from a Ti:sapphire lagBpectra-
years, many studies have been carried out on the fabricatigphysicg, with 800 nm, 120 fs, and a repetition rate of
of nanoparticle-doped glasses.However, they are not ef- 1-1000 Hz, was split into two equal energy beams that were
fective preparation methods from which nanoparticles conredirected at approximately equal angles on the surface of
stituted periodic microstructures can be space-selectivelthe sample. The two beams, with diameters-& mm, were
made and controlled with holographic techniques. focused by lenses with focal length of 10 cm to give a spot

In this letter we demonstrate the formation of one-
dimensional microarrays constituted with Au nanoparticles _ Aperture
in Au,O-doped glasses induced by two interfered femtosec- ”
ond laser pulses followed by successive heat treatment. The M 2
spacing and width of the microarrays can be controlled by : [I
changing the incident angle between the two interfered
pulses and the laser pulse energy. This method should be L
useful not only for practical applications in the fabrication of
integrative all-optical devices, but also for controlling nucle- S
ation process. Sample L NM

We selected a typical silicate glass composed of M
70Si0,- 20Ng0- 10Ca0 doped with 0.1A® (mol%). Re-
agent grade SigQ CaCQ, NaCO;, and AuCk-HCI
-4H,0 were used as starting materials. An approximately 40
g batch was mixed and placed into a platinum crucible. Melt-

120fs, 1Hz laser
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dAuthor to whom correspondence should be addressed; electronic mail:
slqul@yahoo.com.cn FIG. 1. Setup for holographic encoding by femtosecond laser pulses.
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FIG. 3. Absorption spectra of the glass samples after holographic irradiation
by femtosecond laser pulses wii@® and without(b) heat treatment.

FIG. 2. Optical microscopic photos of Au nanoparticles precipitaion in
gmﬂ%i‘ca?er&aséstiiz ;‘Ill:glegg g(l:is{sé) ggegrgtiggi]taﬁn zsllsg(i% atlra:: violet-colored lines, we moved the sample at a constant
fed viow of (5. © Eneray i’; o pge3: pulse.(d;:’ PaFr’t o a grougp o Speed, which was synchronized with the laser pulse repeti-
microgratings. tion rate(1 Hz). Each coherent spot of 35 um in diameter
was encoded by a single shot of 28. The sample was then
heat treated for 1/2 h at 550°C. Thus a new grating (1
size of ~35 um at the focal plane. A time-delay device was x 1 mn?) in the glass sample was fabricated. Figure))2
used to adjust the timing of pulse collisions. We achieved ahows a part of the new grating. The absorption spectrum of
time superposition of pulses between the two incident beamge grating was measured by a spectrophotom@&sCO
by adjusting the time-delay device and observing their secy-570) as shown in Fig. 3. Apparently, a weak peak occurs
ond harmonic generated from a BBO crystal. After the opti-around 508 nm, which is induced by the surface plasmon
cal paths were adjusted to give perfect overlap of the twaesonance of An nanopatrticles in the glass. The Au hanopar-
beams both spatially and temporarily, we regulated thaicles with ~3 nm average size in the glass were observed
sample to ensure the surface normal to the perpendiculdfom a transmitted electronic microscopy image as shown in
bisector of the two incident beams. The surface will be re+ig. 4. However, we observed neither absorption peak in the
ferred to as the laser interfering plane in the following. range of 500—600 nm as seen in Fig. 4, nor Au nanoparticles

The two incident beams were first focused onto the frontonstituted micrograting in the glass sample irradiated only
surface of AyO-doped glass to optimize the incident pulseby the interfered pulses but not heat treated. This indicates
energy. In the case of sufficiently high energy, the two co-that the Au nanoparticles can be precipitated in the periodic
herent beams can induce periodic ablation, forming a gratingne-dimensional arrays in the glass through the irradiation of
in the glass. Herein, we reduced the energy to a certain lowdwo coherent beams with the aid of heat treatment.
level at which the two coherent beams cannot directly induce In the light of the nanoparticles size and the absorbance
periodic ablation, and the grating can only be formed afteiof the micrograting, the volume density of Au nanoparticles
heat treating the sample at 550 °C for 1 h. Such grating wa# the micrograting was estimated to bel0°. In addition,
constituted by the laser-heating induced Au nanopatrticle pre-
cipitation in the AyO-doped glass. In our experiments, this
lower pulse energy was selected to 880 and 38uJ for
comparison, and the colliding angtebetween the two inci-
dent beams was fixed at45°.

With a halogen lamp across the laser irradiated and heat
treated sample, the micrograting with a periodic and violet-
colored array can be clearly observed with the aid of a
100xtransilluminated optical microscope whose objective
was focused onto the surface of the sample, as shown in Fig.
2(a). The periodd of the micrograting was-1 um, agreeing
with the value calculated from the colliding angleand the
laser wavelength A according to the formula d
=\/[2 sin(@/2)]. The widths of violet-colored lines for pulse
energies of 30 and 38J were estimated to be 300 and 500
nm, respectively, through a magnified view of Figa)22 as

shown in Figs. %) and Zc). FIG. 4. TEM image of the glass sample after holographic irradiation by

To confirm the Au nanoparticle precipitation in the femtosecond laser pulses and heat treatment.
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the interfered optical electric field is sinusoidal. Therefore,optical microscope. The period of the resulting gratings
the distribution of Au nanoparticles in depth is quasisinusoi-was~ 0.6 um. Thus, we can adjust the period of the micro-
dal, which should be similar with the structure of surfacegratings of noble metal nanoparticles through changing the
relief grating’® The density and depth distribution of Au colliding angled, and adjust the width of the colored line by
nanoparticles can not affect the size of the micrograting, buthanging the laser pulse energy.
the optical intensity of the micrograting improves as the den-  In conclusion, we have observed noble metal nanopar-
sity and depth increase. When we used a low intensitficles precipitated in periodic one-dimensional arrdys.,
(0.6 mWi/cnf) beam of 632.8 nm from a He-Ne laser as amicrograting$in silicate glasses by two interfered femtosec-
probe, the first order diffraction efficiency of the micrograt- ond laser pulses with the aid of heat treatment. Encoding the
ing reaches up to 48%. Otherwise, it is 23% for the gratingmicrograting of metal nanoparticles by the present holo-
obtained on the glass from ablation by the interfered lasegraphic technique has not been reported to date. This tech-
irradiation with a pulse energy of 80J. nique has potential for the fabrication of micrograting with
We also carried out experiments to clarify the mecha-high diffractive efficiency as diffractive elements. Moreover,
nism of the formation of the micrograting. As the femtosec-if one recording beam is modulated as a signal beam, optical
ond pulses were focused to the glass, supercontinuum whifaformation can be stored in transparent materials by this
light was observed, which arises from self-phase modulatioimolographic method. A study on metal nanoparticle precipi-
of the laser beam. The intensity for the fundamental waveation in glasses by interfered multibeams irradiation is in
and supercontinuum white light is high enough for multipho-progress.

ton ionization of glass matrix Therefore, the active elec- i i
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