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The fabrication of micro- and nanoElectroMagnetic MetaMaterials (EM3) and their potential application in novel
infrared sensors are reported. EM3 refers to composite materials having both, permittivity and permeability, negative
simultaneously which leads to a plethora of unusual effects such as a negative index of refraction and an inverse Doppler
and Čerenkov effect. The gold-plated micro composites, based on a rod-split-ring-resonator design are arranged in
an array and embedded in a 2 × 2 mm2 plastic chip, while the nano composites also made out of gold stand
freely on a 0.5-mm thick glass substrate. Numerical simulations and experimental results from the ISMI (Infrared
Spectro/MIcroscopy) facility at SSLS show that the composite materials which have feature sizes down to 50 nm
are EM3 in the range 1–193 THz (FIR–NIR). Transmission experiments demonstrate that the rod-split-ring-resonator
possesses band-pass filter characteristics on resonance. Depending on design, this band-pass can be shifted to a specific
frequency range or converted to a stop band by slight alteration of the geometric dimensions, or structure, of the
composite materials, making such filters attractive for novel light-weight infrared (IR) sensors.

1 Introduction

During the last few years, there has been a signifi-
cant effort, in particular in the U.S., for advancing
THz-frequency electronic technology and developing
novel applications of THz-frequency sensing 1. Driv-
ing forces behind the research into THz technologies
include ideas of building high-frequency wireless sys-
tems for satellites and military applications as well
as sensing and characterizing chemical and biolog-
ical (CB) agents. Practically all terahertz sensing
devices (or IR sensors) need optical filters to opti-
mize their performance. Band-pass filters are used
for separation of spectral bands over a wide spectral
region in order to increase the signal-to-noise (S/N)
ratio for a specific region. Such filters nowadays have
demonstrated remarkable performance capabilities,
but suffer from high cost, poor manufacturing yield,
excessive weight and are prone to degradation under
the presence of dust and scratches 2.

In this paper, we address the fabrication of
micro- and nanofabricated electromagnetic metama-
terials suitable for new arbitrary frequency band-
pass filters operating from the far infrared up to
telecommunications frequencies. Produced by estab-
lished LIGA 3 techniques, such filters would repre-
sent a low-cost, light-weight and robust option for
integration into IR sensors. One of the most critical
applications of such a filter is to block unwanted ra-
diation from nearby military high-power laser, while
still allowing the sensor to conduct necessary battle-
field operations.

Metamaterials, in general, refer to composite
materials which feature electromagnetic properties
usually not found in nature, from their structure
rather than from the intrinsic properties of con-
stituent materials. V. G. Veselago, in his pioneering
paper in 1967 4, made a systematic theoretical study
of electromagnetic properties of hypothetical materi-
als having simultaneously negative permittivity ε and
permeability µ. These materials, which he termed
as “left-handed materials”, would exhibit a myriad
of interesting properties such as a negative index
of refraction and an inverse Doppler and Čerenkov
effect. The unavailability of left-handed materials
in nature plunged Veselago’s work into slumber for
thirty years. In the 1990s, Sir John Pendry and co-
workers revived the interest in Veselago’s work by
looking into theoretical models for obtaining εeff < 0
5 and µeff < 0 6 by a combination of wire arrays
and split-ring resonators (SRRs). Pendry’s inspiring
work led to a resurgence of effort in fabricating elec-
tromagnetic metamaterials with first demonstrations
in the GHz range 7.

Since 2003, we applied lithography to the manu-
facturing of the next generation EM3, thus produc-
ing the first microelectromagnetic metamaterials in
the far infrared region 8. Continuing these efforts
towards nanofabrication 9 10, we were able to pro-
duce electromagnetic metamaterials operating at a
record frequency of ∼187.5 THz 11, which is close to
telecommunications frequencies.
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Figure 1. (a) Typical configuration of an infrared sensor device (modified after 12). (b) “Shutter wheel” filter window design
with EM3 rod-split-ring arrays. (c) The planar adaptation of Pendry-Smith prototype for 2D micro/nanofabrication. Geometric
parameter definition of unit cells.

2 Selectable Wavelength Filter Design in
Infrared Sensor Devices

Figure 1(a) shows the typical configuration of an IR
sensor device. The heart of the device is the Pas-
sive Infrared (PIR) sensor, which comprises a fil-
ter window and pyroelectric materials. We envisage
the filter window in the form of a “shutter wheel”
as shown in figure 1(b). The wheel consists of sev-
eral windows, each of them containing arrays of rod-
split-ring (RSR) resonators, with different geometric
parameters which would correspond to specific reso-
nance frequencies. The arrays can be manufactured
using batch processing X-ray lithography, and later
on by hot embossing, to speed up production rate.
The geometric parameter definition of the RSR and
the periodic arrangement adopted for microfabrica-
tion is shown in figure 1(c). In this system, the rods
have a negative permittivity just below their plasma
frequencies, ωp as described by the Drude model 13.
The split ring resonator (SRR) can be viewed as an
LC circuit 6 with a dispersive effective permeability.
While the usable bandwidth for which εeff < 0 is
much larger than that of µeff < 0, provided that a
small ratio of radius to distance of the wires is used,
the lower and upper limit of the frequency interval
over which µeff < 0 was calculated from Pendry’s
analytical formula 6

ν0 =
1
2π

√
3dc2

0

π2r3
< νmp =

ν0√
1− πr2/ab

(1)

where c0 is the speed of light in vacuo. Five and
four geometric variants were used for the micro- and
nanofabrication of EM3, respectively. The sets of
those geometric parameters and the limits of the in-
terval in which the composites have EM3 behavior

are shown in references 8 9 10 11.

3 Micro- and Nanofabrication of
Electromagnetic Metamaterials

The pattern of the microelectromagnetic metamate-
rials process were directly written by laser beam on
the AZ P4620 photoresist. Subsequent development
of the resist and electroforming generated the metal
structures embedded in the resist matrix. Released
from the silicon substrate by etching the chromium
sacrificial layer in between resist and substrate, the
final products are 2 × 2 mm2 microchips consisting
of nickel or gold RSRs held in the AZ P4620 plastic
matrix as shown in figure 2 (a). More process de-
tails of the microtechnology process were outlined in
references 8 9.

The pattern of the nanoelectromagnetic meta-
materials were written by a 30 keV electron beam
into PMMA resist spin-coated on top of either a glass
or a silicon substrate. In these cases, the substrate
is transparent within the relevant spectral range and
therefore release of the metal-filled matrix is not nec-
essary. The voids created by the development are
then filled with metal via magnetron sputtering. A
final lift-off of the PMMA resist was achieved by im-
mersing the sample in acetone for 1 hour. The end
product is a 500 × 500 µm2 array of 30 nm thick
gold RSR on 0.5 mm thick glass substrate as shown
in figure 2 (b). More details of the nanofabrication
processes may be found in references 9 10 11. The
fabrication techniques described above were used ini-
tially for rapid prototyping and characterization of
the composite materials. To manufacture EM3 in
bulk quantities for the marketplace, we have to re-
sort to the full LIGA process.
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(a) (b)

Figure 2. (a) 2 × 2 mm2 gold RSRs microchips embedded in the AZ P4620 plastic matrix (scale bar 100 µm). (b) 500 × 500
µm2 of 30 nm thick gold RSRs on 0.5-mm thick free-standing glass substrate (scale bar 1 µm).
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Figure 3. (a) Typical transmission spectra of SRR and RSR and short-circuited RSR. (b) Plot of radius r of the SRR versus
frequency over the spectral range from 1 THz to 1 PHz.

4 Characterization and Optimization of
Electromagnetic Metamaterials

For the microstructures, the spectroscopic measure-
ments (in transmission mode) were performed using
a Bruker IFS 66 v/S Fourier transform interferom-
eter, at the Infrared Spectro-MIcroscopy beamline
(ISMI), in the far infrared (FIR) over the range of
22 to 400 cm−1 with a 4 cm−1 and 2 cm−1 spec-
tral resolution. The microchips were mounted in the
FTIR at normal incidence to the unpolarized beam.
Axial magnetic field components needed to induce
the current in the split rings are due to the angular
spread of the beam and diffraction at the surface.

Transmission experiments on the nanoEM3 com-
posites were performed with Bruker’s Hyperion 2000
Microscope at the ISMI beamline. The Hyperion mi-
croscope was set to reflection-transmission mode for
the experiment with a first transmission through the

sample, followed by a reflection on a silver mirror
and a second transmission through the sample before
reaching the detector. The mean incidence angle of
the beam on the samples was 23◦ to the normal, as
set by the Schwarzschild objective. Both the micro-
and nano-RSR samples showed characteristics of a
bandpass filter in the relevant spectral region. As a
further evidence of EM3 behavior, a composite ma-
terial was fabricated with the azimuthal gap g of the
split rings closed, the short-circuited sample, thus
destroying the magnetic resonance of the SRR 14.
The closed ring structure did not show any electro-
magnetic response in the relevant frequency range as
expected.

A typical EM3 spectrum and associated
SRR/short-circuited RSR is given in figure 3(a). For
the case of the SRR, we can observe an attenuation in
transmission (or stop band) between 4000 and 5000
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cm−1 in the curve of the SRR alone, which corre-
sponds to the region of negative µeff . Now combin-
ing the SRRs with the wire arrays (RSRs), a band-
pass emerges (characterized by an increase in trans-
mission) around the same frequency range indicating
that both εeff and µeff are negative. No prominent
peaks are observed in the case of the short-circuited
RSRs. Figure 3(b) shows the plot of inner radius ver-
sus frequency for split ring resonators over the spec-
tral range from 1 THz to 1 PHz. ν0(r) is Pendry’s
analytical formula introduced in equation (1). The
open symbols mark results measured by the present
authors while the symbols (∗) and (+) denote results
obtained by Yen et al. (∼1.25 THz) 15 and Linden et
al. (∼100 THz)16, respectively. The symbol (¥) de-
notes resonance frequencies of ∼65 THz 17 and ∼150
THz 18 obtained by S. Zhang et al. The straight line
is Pendry’s formula for the resonance frequency of a
circular nested SRR. The experimental results are in
good agreement with both Pendry’s analytical for-
mula and numerical simulations (not shown in this
paper).

From equation (1), we observe that the resonant
frequency scales as d0.5 r1.5. Hence to shift the band-
pass or resonant frequency either the inner radius r

or the inter-ring distance d could be varied, while
keeping other geometric parameters constant. Wei-
land et al. 19 predict a weak dependence of the reso-
nant frequency on the azimuthal gap (g0.08) and the
thickness (t−0.09) of the ring. Chevalier and Wil-
son 20 have calculated the influence of the various
geometric parameters on the bandwidth. Hence the
bandwidth of the pass-band can be altered by opti-
mizing the various geometric parameters and lattice
constant.

5 Conclusion

We have fabricated a new class of micro- and nano-
materials, so-called electromagnetic metamaterials,
with overall structure size below 100 µm (structural
details down to 5 µm) and 1 µm (structural details
down to 50 nm), respectively. Furthermore we have
addressed the integration of such electromagnetic
metamaterials as band-pass filters in sensor devices
to optimize the latter. The pass-bands can be set to
specific frequency ranges and their bandwidth can
also be altered simply by fine-tuning the geometric
dimensions of the composite materials. The end re-
sults are low-cost, light-weight, band-pass/stop-band
filters in IR sensor devices. These novel infrared sen-
sors have a wide variety of applications ranging from
space-based systems to military applications.
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