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1. Introduction

Plasmonic metamaterial is an artificially designed material
whose electromagnetic properties come from its structure.
By engineering such materials, we can control their mag-
netic permeability even in the optical frequency region in
which all materials in nature lose magnetic response and
their relative permeability is fixed at unity. In this paper,
we report on the theoretical investigations of the magnetic
response of metamaterials in the visible light region from
the viewpoint of the controllability of the permeability. In
addition, as a fabrication technique of the plasmoinc meta-
materials, we present a two-photon-induced metal-ion re-
duction technique in a silver-ion aqueous solution, and we
demonstrate 3D microstructures with high electrical con-
ductivity, which value is only 3.3 times higher than that of
bulk silver.

2. Theory

We have theoretically investigated the magnetic response
of plasmonic metamaterials in the optical frequency region
[1-3]. Figure 1 shows the split ring-resonator (SRR) model
used in our calculations. In Figure 1, r is the radius of the
ring, w is the width of the ring, d is the gap distance be-
tween two-rings of SRR, J is the induction current, R; is the
surface resistivity, X, is the internal reactance, a is the unit-
cell dimension in the xy plane, and | is the distance be-
tween adjacent planes of theSRRs along the z-axis. We
derived the effective permeability (uef) of the SRRs as
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where C and L are the geometrical capacitance and induc-
tance, and F and Z(w) is the filling factor and the ring metal
impedance defined by
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respectively.

By using equation (1) and (2), and taking into account
the electro-magnetic properties of the metals (silver, gold,
and copper), we calculated the frequency dispersion of pi
from 100THz to 800THz covering the entire visible light
frequency region. As shown in Figure 2(a), at the resonant
frequency of the SRR, pe changes positively and nega-
tively and it takes max peg and min pe.  In Fig. 2(b), we
plotted the calculation results of the change of psr, which is
defined by the difference between max pi and min peg, for
each metal SRRs array. From these results we have clari-
fied that a three-dimensional array of split-ring-resonators
made of silver can give a strong magnetic response in the
visible light frequency region. As also shown in Fig. 2(b),
silver SRRs exhibit e changes exceeding 2.0 in the entire
visible range, which means pe can become a negative
value, while the responses of gold and copper SRRs do not
exceed 2.0 in the visible light region.
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Fig. 1 Figure 1. Calculation Model
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Fig. 2 Frequency dependencies of the change of . of the SRRs.

3. Fabrication technique of plasmonic metamaterials

To create a plasmonic metamaterial structure, the fabrica-
tion technique requires the ability to make arbitrary three-
dimensional metallic structures. To satisfy this require-
ment, we have proposed a new fabrication technique that
uses two-photon induced reduction of metallic complex
ions[4-9].

Figure 3 shows a schematic of this two-photon reduc-
tion technique. A mode-locked Ti:Sapphire laser system
with a center wavelength of 800 nm, a pulse width of 80 fs,
and a repetition frequency of 82 MHz was used as a light
source. Adrop of metal-ion solution was placed on a cover
slip. The laser beam was introduced into an inverted mi-
croscope and focused at the interface between the metal-ion
solution and the cover slip using an oil-immersion objec-
tive lens (60x, NA = 1.42). When the focused laser beam
illuminates the metal-ion solution, metal-ions absorb two
photons simultaneously and they are reduced to the metals.
Owing to the nonlinear properties of two-photon absorption
process, only at the laser beam spot this metal reduction
process occurs and tiny metal particles are created in the
three-dimensional space. The focused laser beam was
scanned in two dimensions (x-y scanning) using a pair of
galvanometer mirrors, and was also scanned in the longitu-
dinal direction (z-scanning) by translating the objective
lens using a computer-controlled motor stage installed in
the microscope. Because the laser beam scanning area was
limited by the field view of the objective lens, which is up
to about 300 um in diameter, the sample glass substrate
was mounted on a computer controlled x-y translation stage
in order to extend the fabrication area.
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Fig. 3 Schematic of the two-photon reduction technique.

4. Experimental Results

Figure 4 shows two-dimensional metallic structures fabri-
cated on the glass substrates. Fig. 4(a) shows a silver ring
structure, and Fig. 4(b) shows a gold ring structure with the
same pattern. These photographs were taken using a re-
flection optical microscope. Fig. 4(c) is a scanning elec-
tron micrograph of a magnified portion of the gold ring
structure, indicated by the rectangle in Fig. 4(b). The width
of the gold line was about 0.7 pum; this value was almost
the same as the diameter of the diffraction-limited focused
laser beam spot. Note that no metal deposition was ob-
served when mode-locking of the Ti:Sapphire laser was
turned off, which substantiates the role of the multiphoton
process.

(b)

Fig. 4 Double ring structure fabricated on the glass substrate by
two-photon-induced metal-ion reduction. (a) Optical
microscope image of a silver double ring pattern made

by reduction of an AgNO; aqueous solution. (b) A gold
pattern made by reduction of an HAuUCI, solution. (c)
Scanning electron micrograph of a part of the gold ring
indicated by the rectangle in Fig. (b).

Figure 5 shows the relationship between the size of silver
voxels and both the laser power and the exposure time.
Figure 5(a) is a scanning electron micrograph of the silver
voxels, and Fig. 5(b) shows the dependence of the voxel
diameter on the exposure time and laser power. From Fig.
5(b), we found that as the exposure time increases, the di-
ameter of the reduced metal voxel also increases. We also
found that there are two trends in the dependences of the
voxel diameter on the laser power. If the laser beam power
is lower than 6 mW, the increase in diameter is almost line-
arly proportional to the exposure power for each exposure
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time. However, if the exposure power exceeds 6 mW, the
degree of increase in diameter declines, and in the 50-ms
exposure time case (E), the voxel size is 1.02um and is
almost saturated.
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Fig. 5 The relationship between the voxel diameter and both the
laser power and the exposure time. (a) Scanning elec-
tron micrograph of voxels formed at different laser
powers and exposure times. (b) Dependence of voxel
diameter on laser power and exposure time.

This is explained as follows. For the metal dots to grow, in
addition to the photon energy, a sufficient number of metal
ions must exist at the laser beam spot. High-intensity laser
irradiation expends the ions quickly and ions are reduced to
the metals in the vicinity of laser beam spot, and the result-
ing lack of metal ions stops further growth of the metal
particles. The limited mobility of the ions restricts the sup-
ply of ions diffused from the region around the laser spot,
thus determining the size of the metal particles. This ex-
planation is supported by the analysis using the diffusion
theory and the mobility of Ag-ions in aqueous solution.
Figure 6 shows the calculation model, which is in the vicin-
ity of the laser beam spot. According to the Fick's first law
[10], the volume of the reduced metal voxel can be ex-
pressed as
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where d is diameter of voxel, m is the density of silver, D is
the diffusion coefficient, dc/dx is the gradient of the con-
centration of ions, t is the exposure time, and S is the sur-
face area of the laser beam spot. To estimate the gradient
of the concentration, we assumed that at the center of the
laser spot all metal ions were spent out and at the outside of
the Airy disk, whose radius is given by
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no ions were reduced, and then we approximated that the
gradient of the concentration was given by C/r, where C is
the concentration of silver aqueous solution. Using D =
1.648 x 10° m%s, 2 = 800 nm, NA=1.42, t = 50 msec, S =
4nr?, C = 0.2 mol/l, we finally obtained that the diameter of
reduced metal voxel is 1.12 um [11]. This result has good
agreement with the experimental results (1.02 pm).
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Fig. 6 Calculation model for estimation of the size of two-
photon reduced metal voxel.

Figure 7 shows the relationship between laser power and
the diameter of the silver wires fabricated on the glass sub-
strate. The scan speed of the laser beam spot was fixed 50
um/s.  As increasing the laser beam power, the line width
also increases, and at 7.8mW the degree of increase of the
line width changed. This is also explained the same as the
size of dots seen in Figure 5. As shown in point (a) in Fig.
7, silver line with 400nm in width was fabricated; this
width is smaller than the diameter of the focused laser
beam spot.
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Fig. 7 The relationship between the laser power and the line
width of the fabricated silver wiers
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To verify the electrical continuity of the metal structure,
we measured the resistivity of the fabricated metal wires.
Two electrode pads made of silver were fabricated on the
glass substrate by electroless plating. A silver wire was
then fabricated between these electrodes to connect them.
Figure 8(a) is a scanning electron micrograph of the fabri-
cated silver wire and the two electrodes. Figure 8(b) shows
a magnified image of the silver wire. As shown in this
figure, the fabricated line consisted of silver particles or
crystals. The length (I), the width (w), and the height (h) of
the wire were estimated from this image. The shape of the
cross-section of the line was assumed to be semielliptical,
and its area was calculated using w and h, as shown in Fig.
8(c). Figure 8(d) shows the relationship between current
and applied voltage for 5 silver wire samples. The gradient
of the line corresponds to the resistance. Using measured
resistance, length, width, and height for each wire, we have
determined that the average of resistivity was 5.30 x 10®
Qm. This value is only 3.3 times larger than that of bulk
silver (1.62 x 10°® Qm), and this indicates the high conduc-
tivity of the fabricated silver wires. The discrepancy is due
to the roughness and oxidization or sulfurization of the
silver wire surface.
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Fig. 8 SEM image of silver wire and electrode pads for measur-
ing the resistivity of the fabricated metal wire (a, b). (c)
shows a schematic diagram used to estimate the cross-
sectional area of the line. (d) shows the relationship be-
tween current and applied voltage. Cross-sectional area

and length of sample A, B, C, D, and E were (1.66,
1.57), (1.54, 1.16), (1.49, 1.74), (1.31, 2.63), and (1.75
pm?, 3.50 mm), respectively.

Figure 9(a) shows silver wires fabricated with a laser
power of 4.32 mW and a scan speed of 50 um/s. Figure
9(b) shows a silver mesh with a total size of 120 gm x 120
um fabricated with a total exposure time of 12.15 s and a
laser power of 13.66 mW.
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Fig. 9 SEM images of (a) silver wires and (b) silver mesh. The
insets show magnified images. The minimum width of
the wire with electrical continuity was 400 nm (the in-

set of Fig. 3(a)). The size of the mesh was 120 zm x
120 pm.

Figure 10 is the scanning electron micrograph of a 3D self-
standing silver gate microstructure on a glass substrate.
The width, height, and line width of the 3D silver gate are
12, 16, and 2 um, respectively. The scanning speed of the
laser spot during exposure was 24 um/s. The structure was
fabricated as follows. First, two poles were fabricated by
scanning the z-stage from the bottom (glass substrate) to
the top with a laser power of 18.8 mW. Then, their tops
were connected by scanning the laser beam with a laser
power of 29.8 mW. The reason for the different laser pow-
ers was the different reduction rates of the metal ions at the
glass-solution boundary and in the solution, the former
being much higher. This mechanism is still not fully under-
stood and needs further investigation.

Fig. 10 Scanning electron micrograph of micro-sized 3D silver
gate structure standing on a glass substrate without any
support. The width, height, and line width were 12, 16,
and 2 pum, respectively.

Figure 11 also shows the 3D metal structures fabricated by
using silver ion aqueous solution with Coumarin 440. Fig.
11(a) shows a silver tilted rod fabricated with a laser power
of 18.85 mW and a total exposure time of 10.24 s. The
length of the rod and the angle relative to the substrate
were 34.64 um and 60 degree, respectively. During the
fabrication, we could deposit silver three-dimensionally
while maintaining a constant angle because of the suppres-
sion of the local heating by the dye. We also fabricated a
top-heavy silver cup with a laser power of 18.85 mW and a
total exposure time of 49.15 s. The height and the top and
bottom diameter of the silver cup were 26 xm, 20 xm, and
5 pm, respectively. The strength of the structures produced



JLMN-Journal of Laser Micro/Nanoengineering Vol. 3, No. 3, 2008

was sufficient to fabricate a silver cup that could independ-
ently stand on the substrate, as seen in Fig. 11(b).

Fig. 11 SEM images of a free-standing (a) silver tilted rod and
(b) silver cup on a substrate. The length of the rod and
the angle relative to the substrate were 34.64 xm and 60
degree, respectively. The height and the top and bottom
diameters of the cup were 26 zm, 20 zm, and 5 zm, re-
spectively.

5. Conclusions

Theoretical investigations on plasmonic metamaterials in
the visible light frequency region were reported. This
novel material can give us the opportunity to realize unique
optical phenomena that never be realized with natural ma-
terials. For example, recently we proposed the novel opti-
cal components that can realize Brewster condition not
only on p-polarized light but also on s-polarized light si-
multaneously, and this optical component can eliminate the
surface reflection completely in spite of the refractive index
difference at the interface of the materials [12]. From the
technical side, these plasmonic metamaterials should con-
sist of three-dimensional metallic micro/nano structures,
but it is difficult to fabricate them by conventional lithog-
raphy techniques. To solve this problem, we also proposed
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and developed novel fabrication techniques based on a two-
photon reduction process.
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