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The first electromagnetic metamaterials (EM?) produced by microfabrication are reported. They are
based on the rod—split-ring-resonator design as proposed by Pendry et al. [IEEE Trans. Microwave
Theory Tech. 47, 2075 (1999)] and experimentally confirmed by Smith et al. [Phys. Rev. Lett. 84, 4184
(2000)] in the GHz frequency range. Numerical simulation and experimental results from far infrared
(FIR) transmission spectroscopy support the conclusion that the microfabricated composite material is
EM? in the range 1-2.7 THz. This extends the frequency range in which EM? are available by about
3 orders of magnitude well into the FIR, thereby widely opening up opportunities to verify the unusual
physical implications on electromagnetic theory as well as to build novel electromagnetic and optical

devices.
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Introduction.—First theoretically analyzed by Veselago
[1], electromagnetic metamaterials require both permittiv-
ity € and permeability u to be negative simultaneously.
When this is the case, a wealth of unusual phenomena is
predicted such as a left-handed coordinate frame to de-
scribe the electromagnetic fields and the wave vector, the
Poynting and group velocity vectors pointing in a direction
opposite to the wave vector, a negative index of refraction,
and inverted Doppler and Cerenkov effects. Promising
applications have been discussed [2], including the real-
ization of a perfect lens [3].

There are no classical materials exhibiting simultane-
ously negative € and u. However, Pendry and co-workers
analyzed schemes for obtaining e.;; <0 [4] and o <0
[5] which feature arrays of thin wires and split-ring reso-
nators. This concept was experimentally verified up to date
in the microwave region [6], i.e., in the Gigahertz fre-
quency range.

In the present work, microfabrication methods were
used for the first time to reduce the overall structure size
of rod—split-ring-resonators below 100 wm with structural
details down to 5 um, thus boosting the frequency at
which the composite material exhibits electromagnetic
metamaterial (EM?) behavior to a few THz. In terms of
wavelength or wave numbers, this corresponds to 300 um
downwards and 33 cm™! upwards, respectively, which is
about 3 orders of magnitude higher than the hitherto known
values in the microwave range. There is a further potential
to reduce sizes to reach the near infrared spectral range at
about 2 um wavelength.

To produce the composite materials, we use lithography-
based micro- and nanofabrication including the LIGA
(Lithographie, Galvanoformung and Abformung) process
[7]. These techniques do not only allow us to reduce
dimensions to the um and nm scales, but they also open
up many possibilities such as arbitrary shapes of the struc-
tures, the use of a variety of materials, and the fabrication
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of larger quantities for 3D stacking based on batch pro-
cessing and hot embossing, all of them important in view of
practical applications. The design data of the structures
are determined using Pendry’s analytical formulas as well
as numerical simulation by means of Microwave Studio
(MWS) [8], a state-of-the-art electromagnetic field solver,
which is based on the finite integration technique with the
perfect boundary condition approximation [9]. The spec-
tral response of the material is measured using Fourier
transform interferometry.

Simulation.—From Pendry’s formulas for the split-ring
structure . [5] we obtain the lower and upper bounds of
the frequency interval over which p ¢ <O as

X

1 Rac .
Vo= 54l s SV T )
2w\ 7r V1 —mr?/ab

where ¢, is the speed of light in vacuo. The & of wire arrays
can be kept negative over a wide range using a sufficiently
small ratio of radius to distance. Figure 1 shows an over-
view of the structures and the parameters used to calcu-
late them. Five geometric variants are considered here,
involving four different radii and a fat version. The sets
of geometric parameters and boundary frequencies for a

FIG. 1. Geometric parameter definition of the RSR (left).
Periodic arrangement of the RSR adopted for microfabrication
(right).
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TABLE I. THz specifications of a rod—split-ring structure.?
r/um ¢/ um d/pum a/pum b/pum vo/THz Vimp/ THz
Ni slim 10 10 10 110 90 2.63 2.68
Ni fat 10 15 10 135 110 2.63 2.67
Au 1 8.4 12 4.3 95.4 78.4 2.24 2.28
Au 2 11 12 4.3 100.6 83.6 1.50 1.53
Au 3 14 12 4.3 106.6 89.6 1.04 1.08

“For all structures g =5 um, [ = (r + 2¢ + d) X 2. For Ni, w = 10 wm while for Au, w =

12 pm.

rod—split-ring (RSR) patterned material to become left-
handed in the lower THz spectral range are given in Table 1.
Numerical simulations of a plane wave impinging on the
RSR composite structure were performed using the MWS
code. Three angles of incidence were chosen, namely 0°,
45°, and 90°, with the magnetic field pointing along the
split-ring axes in the latter case. The electric field was
polarized either parallel or perpendicular to the rods. It
was confirmed that the case of 90° incidence angle to the
normal and the E field parallel to the rods showed the
signature of the metamaterial most clearly.

In Fig. 2 the ratio of the amplitudes of the transmitted
and incident waves, respectively, S21, as used in the MWS
code, is shown for the individual cases of rods only, split-
ring resonators (SRR), and RSR for the Ni slim ring. The
transmission of either rods or SRRs is small, indicating
negative e.5; and ., respectively, while the composite
material shows a transmission peak as expected.

Microfabrication.—In order to produce EM?® materials
for transmission experiments according to the simulations
above, split rings and rods have to be embedded in a
material that features high transparency in the THz fre-
quency range itself. Moreover, such composite EM? mate-
rials need to be released from the substrate and must be
sufficiently rugged to survive transmission experiments
without damage.

AZ P4620 photoresist [10] was chosen because it was
expected to exhibit very good transmission in the THz
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FIG. 2. Amplitude ratio of transmitted and incident waves as
expressed by the parameters S21 (linear scale) in MWS for the
rods, SRR and RSR.

frequency range, to allow RSR micropatterning by direct
laser writing [11], and it appeared to have sufficient me-
chanical strength to be handled after release from the
substrate. Four-inch silicon wafers were used as a substrate
for the microfabrication process to ensure compatibility
with all process equipment at Singapore Synchrotron Light
Source (SSLS). First a sacrificial layer of 200 nm Cr was
deposited by magnetron sputtering in order to facilitate the
release of the EM? material at the end of the microfabri-
cation process. For the later electroplating of split rings and
rods 15 nm Cu were deposited on top as the seed layer . The
AZ P4620 photoresist was spin coated onto the wafer such
that a thickness of 14 um was achieved after the soft bake.
For rapid prototyping, design files with split rings and rods
with the parameters specified in Table I were generated in
2 X 2 mm? arrays and transferred into the AZ P4620 pho-
toresist using direct laser writing with the DWL 66 [12].
The DWL 66 is equipped with a 20 mW HeCd laser of
442 nm wavelength. The 20 mm write head employed for
this experiment allows minimum feature dimensions of
4 pum. A double pass exposure is employed as this was
found to yield better structure quality. After the direct laser
writing the resist is developed in the AZ 400K developer,
rinsed with deionized water, and subsequently hard baked.
A gentle oxygen plasma etch is applied to remove residual
resist in the developed areas.

The wafer with the photoresist template is brought into a
Ni (Ni slim and fat rings) or Au (Au sample 1,2 and 3)
electroplating bath in order to realize Ni or Au split rings
and rods. Electroplating is carried out at a current density
of 1 A/dm? for Ni and 0.1 A/dm? for Au at a temperature
of 55°C. Care is taken to avoid overplating. Figure 3

FIG. 3. Electroplated RSR structures of nickel with resist
stripped off (left, scale bar 15 um) and gold embedded in resist
AZP4620 (right, scale bar 20 pum).
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FIG. 4. A bird’s eye view (left) and a close-up (right) of
2.1 mm X 2.1 mm microchips of Ni metamaterial embedded
in a plastic (AZ P4620) matrix.

shows RSR after Ni or Au electroplating. The resist was
removed in the case of nickel to investigate the structures
in detail.

A final crucial step is to dice the structures and to free
the composite material slabs from the substrate. Chips are
cut out with a precision saw upon which the Cr sacrificial
layer is removed using a Cr etch consisting of two parts
deionized water and one part concentrated HCI. The final
products are thin slabs consisting of Ni or Au RSRs held in
a plastic matrix of AZ P4620 resist. The dimensions are
2.1 mm wide by 2.1 mm long by 14 wm thick as shown in
Fig. 4.

Spectroscopic results.—The evidence that the composite
materials presented here are left-handed is based on the
demonstration that the frequency dependence follows the
prediction by both Pendry’s formulas and the numerical
simulation when the geometric parameters are changed.
Spectroscopic measurements were performed using a
Bruker IFS 66 v/S Fourier transform interferometer
(FTIR) in the far infrared over the range of 22 to
400 cm™! with 4 and 2 cm™! spectral resolution. The chips
were mounted in the FTIR at normal incidence to the
beam. Axial magnetic field components needed to induce
the current in the split rings are due to misalignment of the
sample with respect to the beam and diffraction at the
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FIG. 5. Measured spectral response of the two Ni RSR.
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FIG. 6. Measured spectral response of an Au RSR structure
(Au sample 2, solid line) and its short-circuited version (dash-
dotted line). The vertical lines indicate the wave numbers of the
maximum as predicted by the numerical simulation (MWS) and
the analytical formulas (Pendry).

surface. The beam was unpolarized. Figures 5 and 6 dis-
play the response of the slim and fat Ni RSRs as well as the
Au RSR sample 2 and its short-circuited version, respec-
tively. The wave numbers at which the maxima occur agree
reasonably with the values expected from the MWS simu-
lation and the analytical Pendry formulas.

Figure 7 shows the position of the maxima for all cases
versus the inner radius r. Measured and numerically simu-
lated values are always quite close while the analytical
formulas lead to an up to 17% deviation in the case of Au
sample 3.

The three Au cases show a good r~3/2 dependence as all
other parameters were kept constant. In the Ni case, the
frequency is higher as the annular gap between the inner
and outer rings, d, is larger by more than a factor of 2, thus
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FIG. 7. Frequencies of the maxima of the spectral response
curves versus the inner radius of the split-ring resonators for the
measured (FTIR) and numerically simulated (MWS). The solid
curve shows vy(r) of Eq. (1) for the Au cases. When the Ni
case is scaled to the same d as for Au it also comes close to the
curve (@).
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FIG. 8. Spectrum with a resist slab only and without any
sample.

reducing capacitance and increasing resonance frequency.
However, when it is scaled to the same value of d as for Au
it also comes close to the curve. As further evidence, one of
each sample was fabricated with the gap g of the split rings
closed, thus removing a decisive structure element of the
split-ring resonator. As expected, the closed ring structure
does not show any resonant behavior in the relevant fre-
quency range (Fig. 6).

Figure 8 shows the transmission without any sample and
with the resist slab only to be more or less flat as compared
to the peaks.

Conclusion.—Composite materials consisting of an
array of Ni or Au split-ring resonators and rods embedded
in an AZ P4620 resist matrix were produced using
lithography-based micro- or nanofabrication. With an
outer ring diameter of 73.4-100 pum, analytical and nu-
merical simulations predict the spectral resonance of the
structures to occur between 1 and 2.7 THz. Spectral mea-
surements with a Fourier transform interferometer per-
formed for various RSR arrays with different geometric
parameters show the transmission peaks in the far infrared
at wave numbers corresponding closely to the prediction.

This is evidence for the conclusion that these composite
materials exhibit EM? properties in the 1-2.7 THz spectral
range. Thus, the present work extends, by about 3 orders of
magnitude, the spectral range accessible for experimen-
tally verifying the many unusual physical implications of

EM? on electromagnetic theory and for building novel
electromagnetic and optical devices.

From the micro- or nanofabrication point of view there
is a further potential to reduce sizes to reach the near
infrared spectral range at about a 2 wm wavelength.
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