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Abstract We show three-dimensional silver microstruc-
tures with a submicron scale linewidth fabricated via two-
photon photoreduction of silver ions in a poly(N-vinylpyr-
rolidone) (PVP) matrix. Femtosecond laser at 508 nm
directly excites the carbonyl group of PVP via two-photon
excitation to reduce silver ions. Lone pair electrons in
PVP stabilized silver ions and lower molecular weight of
PVP prevented silver clusters growing larger. The effect of
molecular weight of PVP on linewidth of silver nanowire is
investigated.

1 Introduction

During the last decade, two-photon and multi-photon in-
duced microfabrication in a solution and in solid materials
have been widely studied [1-8]. Glezer et al. investigated
two-photon writing of bits in transparent glass materials and
presented the possibility of three-dimensional optical data
storage [1]. Using photopolymerization by two-photon ex-
citation, Kawata et al. succeeded microfabrication of self-
standing bull-shaped miniature with a micron scale [2].
Katayama et al. induced voids with a micron scale in poly-
meric materials using two-photon excitation and demon-
strated their use for gratings [3]. They also demonstrated
femtosecond laser pulse induced crystallization in an amor-
phous inorganic (InpO3 4+ 1wt%TiO») film [4]. Kaneko et
al. fabricated gold nanoparticle gratings using two-photon
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laser photoreduction of gold ions in a poly (vinyl alcohol)
matrix [5]. Baldacchini et al. demonstrated two-dimensional
silver structures in poly(N-vinylpyrrolidone) (PVP) films
by a multi-photon laser direct writing method [6]. Tanaka
et al. also fabricated three-dimensional electrically conduc-
tive silver microstructures using two-photon laser photore-
duction of silver ions in an aqueous solution [7]. Ishikawa
et al. fabricated the magnetic metamaterial composed of
two-dimensional silver rod pairs with a micron scale us-
ing two-photon photoreduction [8]. Kawata et al. reported
recently the morphology and the size dependence of silver
microstructures in a fatty salts-assisted multi-photon pho-
toreduction process and highest resolution of silver line with
285 nm upon laser irradiation of 800 nm [9].

In this article, we show three-dimensional silver mi-
crostructures with submicron scale linewidth fabricated via
two-photon photoreduction of silver ions in PVP matrix.
The effect of molecular weight of PVP on linewidth of silver
nanowire is investigated.

2 Experimental

Femtosecond laser at 508 nm directly excites the carbonyl
group of PVP via two-photon excitation to reduce silver
ions. Lone pair electrons in PVP stabilized silver ions and
lower molecular weight of PVP prevented to grow sil-
ver clusters larger. Femtosecond laser at 508 nm was de-
rived from the sum frequency mixing of pumping beam
of Ti:sapphire and the signal beam from optical parametric
amplification (OPA). Compared with former studies a near
infrared beam around 780 to 800 nm to excite sensitizer
via a two-photon process to reduce silver ions, a shorter
wavelength is preferred to enhance the lateral spatial reso-
lution (LSR) of fabricated silver nanowire, i.e., to deduce
the linewidth of nanowire.
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Table 1 List of sample films

with a different concentration of Sample No. 2 3 4 5 6 7 8 9 10
AgNO3 in the PVP matrix

Mw of PVP 40,000

AgNO3 31 10 061 044 031 025 020 018 015 O

(1072 molL™ 1)

Sample No. 11 12

Mw of PVP 10,000 360,000

AgNO3 0.15 0.15

(1072 molL™1)

Fig. 1 (a) Schematic apparatus
of laser irradiation system.

(b) Detailed configuration of
samples under microscope
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Different molecular weight of PVP with Mw = 10,000,
40,000, and 360,000 (Nacalai Tesque, Japan) was used as
the matrix. A 1.3 molL~! PVP aqueous solution was pre-
pared. 1.2 x 1073 molL~! silver nitrate (AgNO3) (Nacalai
Tesque, Japan) aqueous solution was prepared. With PVP of
Mw = 40,000, ten samples including a different concentra-
tion of AgNO3 was prepared from above solutions. Table 1
lists the samples with a different concentration of AgNOs3.
Compared with the effect of the sample with a different
molecular weight of PVP, the AgNOs3 concentration is fixed
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0.15 x 1072 mol L~!. The sample film was cast from a solu-
tion at room temperature for two days under dark conditions.

A schematic apparatus of laser exposure system is shown
in Fig. 1(a). The light source is a Ti:sapphire laser system
(Spectra Physics Hurricane) with an operating wavelength
of 800 nm, a repetition rate of 1 kHz, and a pulse width of
100 fs. Signal and idler beams are produced using an opti-
cal parametric amplification (OPA) system (Spectra Physics
OPA-800C) pumped by the Ti:sapphire laser system. Sum
frequency mixing light at 508 nm was produced in 0.2 mm
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thickness BBO nonlinear optical crystal with a pump beam
of 800 nm and signal beam from an OPA system. Wave-
length of signal and idler beams was controlled by adjusting
the setting angle of BBO nonlinear optical crystal in OPA-
800C. The wavelength of the light source was monitored us-
ing a spectrophotometer (Ocean Optics USB4000-UV-VIS
spectrometer).

A detailed configuration of samples under the micro-
scope is shown in Fig. 1(b). Femtosecond pulse light at 800
or 508 nm is introduced to a light microscope (Olympus
BX51WI) and focused on a sample using an oil immersed
objective lens (Olympus UPlan FLN, 100x, NA = 1.30).
Microstructures of silver wire were fabricated in a sample
film settled on a three-dimensional sample stage controlled
by ALPS3861.

Scan speed of laser light on the sample is 2.0 pms™" and
the laser energy is controlled from 6 to 50 uW using an atten-
uator. Laser energy was monitored using a pyrometer (Ophir
PD300-UV/Orion-PD pyrometer).

After laser illumination, the light source is switched from
laser to white light, then fabricated structures are captured
by a CCD camera and the linewidth of fabricated struc-
tures is measured. Two-dimensional and three-dimensional
microstructures are measured using the same microscope
equipped with a confocal unit (Olympus Fluoview FV300)
having an argon laser at 488 nm, a He-Ne laser at 543 nm,
and a He-Ne laser at 632.8 nm. Confocal images of silver
microstructures are measured in the reflection mode using a
He-Ne laser at 543 nm. All measurements of laser illumi-
nation, CCD capturing, and confocal imaging were carried
out in one microscope with an object lens by switching the
corresponding light path.

Absorption spectrum of the sample film is recorded in
normal transmission mode on an ultraviolet and visible spec-
trophotometer (Shimadzu UV-2100PC, Japan). Infrared ab-
sorption spectrum of the sample film is also recorded in
the normal transmission mode using a Fourier transform
infrared spectrometer (Perkin Elmer Spectrum GX FT-IR
spectrometer).

1

3 Results and discussion

Irrespective of the colorless solution prepared, cast films
colored yellowish depending on the silver nitrate concen-
tration. By decreasing the silver nitrate (AgNO3) concen-
tration, the yellowish color turned to pale. Figure 2 shows
the absorption spectra of sample films after casting. Distinct
absorption peak at 418 nm appeared for the sample from
No. 1 to No. 9 and the absorption intensity decreases with
decreasing the AgNOj3 content in a PVP matrix. These ab-
sorptions with a peak at 418 nm are due to that of surface
Ag plasmon resonance. Huang et al. demonstrated that a sil-
ver nanoparticle with a size of 15 to 30 nm showed clear
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Fig. 2 Absorption spectra of cast film with various concentrations of
silver nitrate

absorption peaks between 404 to 418 nm [10]. The spectral
band characteristics for distinct silver cores is located at ca
280 (Agffr cluster), 295 (a-type cluster), 335 (b-type), 370
(c-type), or 380 nm (subcolloidal particles) [11]. Maillard et
al. showed that surface Ag plasmon enhanced photoreduc-
tion of the Ag ion [12]. These results were reproduced in
[13]. The FT-IR spectrum also showed the interaction be-
tween the silver nanoparticle and carbonyl group of the PVP
matrix. The absorption peak due to a free carbonyl group at
1657 cm™! is red-shifted by the presence of silver nitrate.

Femtosecond laser irradiation at 508 nm for the samples
from No. 1 to No. 9 and Nos. 11 and 12 gave rise to the sil-
ver particle. The mechanism of reduction of the silver ion in
the presence of PVP is as follows [13]. Since the carbonyl
group in PVP has a strong absorption due to 7— * transition
at 254 nm, it can be excited through a two-photon process
at 508 nm; as in (1), the carbonyl group excited through two
photon excitation and reduces the neighboring silver ion to
a silver atom. As shown in (2), reaction of a free radical
of the carbonyl group with water gave rise to the original
carbonyl group. Obtained silver atoms are gathered to form
silver nanoparticle clusters in (3) or some silver atom is sta-
bilized with the carbonyl group in (4).

\ . + hV \ * +
/C_O'Ag /C=O -Ag
~
— 0N 0
—> C=0 + Ag ey

~ ~ +
_C=0-+ HO—*> C=0 +H +OH
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or

~ ~
/C=O + AgO—P/C=O: AgP @

In order to fabricate microstructures with a submicron
scale linewidth using two-photon excitation, we need to de-
termine the appropriate condition of laser irradiation and the
appropriate concentrations of AgNOj3 in a PVP matrix. To
fabricate microstructures with a smaller size, lower scanning
speed is better. For the present multi-photon laser microma-
chining system, scanning speed of 1 ums™! is the reliable
lowest one. With consideration of total fabrication time, we
chose the scanning speed of 2 ums~!. A single line with a
length of 30 pm was first drawn for the various concentration
of AgNO3 ranging from 3.1 x 1072 t0 0.15 x 1072 mol L~!
in a PVP matrix shown in Table 1 with changing irradia-
tion energy. Almost the same linewidth was drawn irrespec-
tive of the concentration of AgNO3 in a PVP matrix. Thus,
we chose the lowest concentration of 0.15 x 102 mol L™,
Linewidth was estimated from the CCD image of the micro-
scope after fabrication. The dependence of linewidth of sil-
ver clusters on irradiation energy is shown for the PVP sam-
ples with three different molecular weights in Fig. 3. With
the laser energy between 12 to 40 uW, the linewidth was in-
creased with some part of ablation, and above 40 uW clear
ablation of the PVP matrix was observed. With the laser en-
ergy between 6 to 12 uW, narrow silver clusters with almost
constant linewidth between 300 and 400 nm were fabricated.
These apparent linewidths observed by the CCD image is
limited by the diffraction limit of light, and thus almost a
constant linewidth was measured irrespective of decreasing
irradiation laser energy. The resolution limit for both fabri-
cation and observation under an optical microscope is illus-
trated in the figure. Since these structures are formed inside
the sample, the structures should be confirmed by, e.g., elec-
tron microscopy with a high resolution.

As investigated in an earlier study [10, 14], PVP pro-
tected the reduced silver atoms from the aggregation of

Fig. 4 CLSM images of
two-dimensionally fabricated
structures. (a) Parallel line
structure and (b) circular
structure

@ Springer

themselves to form nanoparticle clusters. It is important
to investigate how the molecular size of PVP affects the
linewidth of silver nanoparticle clusters. Figure 3 shows that,
comparing the linewidth of the sample with different molec-
ular weight PVP prepared at the same irradiation energy, the
higher molecular weight sample has a wider linewidth. In
other words, PVP with a lower molecular weight maintains a
narrower linewidth of silver nanoparticle clusters for higher
irradiation energy. In a previous study [15], lower molecu-
lar weight of PVP protects smaller silver nanoparticle clus-
ters (primary nanoparticle) keeps smaller coalescence of the
primary nanoparticle (secondary nanoparticle). On the other
hand, PVP with a higher molecular weight includes a larger
amount of silver ions in the matrix. Larger silver clusters
(primary nanoparticle) were produced to coalesce a larger
secondary nanoparticle. This means that the longer molec-
ular chain of higher molecular weight PVP assisted the ef-
fective energy concentration to the reactive site in which the
larger clusters of silver are effectively formed. To fabricate
a narrower linewidth of a silver line in the matrix, we deter-
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Fig. 3 Plots of linewidth of nanowire as a function of irradiation en-
ergy for different samples with various molecular weight of PVP
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Fig. 5 CLSM images of three-dimensionally fabricated structures.
(a) Coil structure, (b) pillar structure, and (c) rubic cube structure

mined PVP with a molecular weight of 10,000 as the host
matrix and stabilizer of silver clusters; 0.15 x 10~2 mol L~}
of silver nitrate in a PVP matrix, and 10 uW of laser energy.

Using these appropriate conditions, two- and three-
dimensional nanowire silver structures were fabricated in a
PVP matrix by laser irradiation with an optical microscope.
Parallel lines and concentric silver structures generated by
computer-aided drawing software were fabricated in a PVP
matrix using computer controlled three-dimensional submi-
cron stages under laser irradiation using ALPS3861. After
the structures are fabricated, they are imaged using a con-

focal laser scanning microscope (CLSM). CLSM images of
these fabricated microstructures are shown in Fig. 4. Forty
lines with a length of 60 um and their interval of 1.5 pm
were drawn and measured, and 20 circles with each radius
interval of 1.5 um with the smallest circle with a radius of
1.5 pm were drawn and measured.

Helix, pillar, and cubic silver microstructures were fabri-
cated in a PVP matrix by laser illumination under an optical
microscope. CLSM images of these fabricated microstruc-
tures are shown in Fig. 5. Ten coiled helixes with a radius of
5 um, pitch interval of 2.74 um and height of ca. 30 um were
fabricated. One hundred twenty-one pillars with a length of
30 um and interval of 3 um were also fabricated. Cubic with
each edge of 10 um were piled to form a rubic cube like
structure in a PVP matrix.

4 Conclusions

In conclusions, we demonstrated two- and three-dimensional
microstructures of silver particles fabricated by direct exci-
tation of a carbonyl group of PVP matrix. Linewidth of fab-
ricated silver nanowire is in the order of the submicron scale.
Combination of these structures and polymeric waveguide
including laser dye will give us new organic dye laser de-
vices.
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