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We report the design, fabrication, and measurement of a terahertz metamaterial composed of single
geometry electric field coupled resonators that has two closely spaced electric resonances near 1.0
and 1.5 THz. Due to the mutual coupling between the different resonances in the particle, the lower
frequency resonance of this metamaterial is stronger than that in a metamaterial composed of
identically sized single-resonant particles, leading to a larger insertion loss and broader bandwidth.
This feature provides more flexibility in metamaterial design and application in the terahertz
regime. © 2008 American Institute of Physics. �DOI: 10.1063/1.3026171�

Since the experimental demonstration of negative refrac-
tive index materials,1 metamaterial research has attracted in-
tense attention of the scientific community. Metamaterials
composed of conventional metallic wires,2 split-ring resona-
tors �SRRs�,3 and their variation, such as S-shaped and
double S-shaped resonators,4,5 and electric-field-coupled
�ELC� resonators6 were first designed and fabricated in the
microwave frequency regime. ELC resonators, which do not
require continuous connections between unit cells,6 are scal-
able and can be patterned on a planar structure to realize an
electric response. These features are particularly desirable for
constructing microwave invisibility cloaks7 and functional
materials in the terahertz regime.8,9

Design and fabrication of multiresonant metamaterials
are potentially useful and thus are attractive. A microwave
dual-band negative-index metamaterial was fabricated and
experimentally confirmed,10 and found its application in a
multifrequency resonator.11 Recently, near-infrared metama-
terials with dual-band negative-index characteristics were
also reported.12,13 Motivated by the application of metamate-
rials fill the terahertz gap, a dual-band planar electric
metamaterial was designed and fabricated in the terahertz
regime using two different sized symmetrical SRRs.14 We
demonstrate here an ELC-resonator based metamaterial com-
posed of particles of a single geometry that has two distinct
resonances near 1.0 and 1.5 THz. The ELC resonator is com-
posed of two different single-resonant ELCs that have the
same capacitorlike gaps that couple to the electrical field, but
with different inductive loops to excite two distinct LC reso-
nances. Remarkably, comparison of this metamaterial to its
single-resonance counterparts demonstrates that due to the
coupling between the different single-resonant particles
within the structure, the performance of its first resonance,
including the transmission minimum, and the bandwidth of
the stop band near resonance, can be significantly enhanced.

Two single-resonant particles are first designed with the
resonances near 1.0 and 1.5 THz, and then are integrated into
a single particle. All the designs were performed utilizing
Ansoft HFSS, a commercial electromagnetic solver based on

the finite element method. The designed dual-resonant par-
ticle is shown in Fig. 1 �left�, with its geometrical parameters
described in the caption. The resonator composed of tita-
nium, platinum, and gold layers �the thicknesses of
Ti /Pt /Au: 30 /40 /200 nm�, and the 50-�m-thick gallium ar-
senide �GaAs� substrate, with a real permittivity of 12.8 and
a loss tangent of 0.006,14 are modeled. A method based on
viewing the planar metamaterial as multilayer system, which
was validated in previous work,14 is adopted to calculate the
transmission of the metamaterial sample. As is shown in Fig.
2�a� �blue line�, two transmission minima are expected at
0.92 and 1.39 THz, respectively, and the calculated peak be-
tween them is centered at 1.25 THz. The calculated transmis-
sion minima near the two resonances are 0.8% and 13.5%,
respectively, and the transmission at the peak between the
two resonances is 42.3%. The metamaterial is characterized
by retrieval methods described in Refs. 15 and 16, assuming
that a 10 �m metamaterial layer is stacked repeatedly along
the wave propagation direction. The retrieved permittivity is
shown in Fig. 2�b�, in which our exp�+j�t� time convention
means that the negative imaginary permittivity implies loss.
Note the high background permittivity of the metamaterial
because of the intrinsic permittivity of GaAs. The strong
amplitude difference between the resonances is discussed
below.

The planar array of the designed ELC resonators with a
lattice constant of 50 �m were fabricated on the GaAs sub-
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FIG. 1. �Color online� �Left� designed unit cell, with geometries: h=w
=32 �m, w1=4 �m, w2=8 �m, w3=8 �m, h1=8 �m, h2=14 �m, g
=4 �m, and b=0.8 �m. �Right� Photomicrograph of the fabricated sample.
The lattice constant of the unit cell is 50 �m.

APPLIED PHYSICS LETTERS 93, 191110 �2008�

0003-6951/2008/93�19�/191110/3/$23.00 © 2008 American Institute of Physics93, 191110-1

Downloaded 17 Nov 2008 to 152.3.193.67. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.3026171
http://dx.doi.org/10.1063/1.3026171
http://dx.doi.org/10.1063/1.3026171


strate at a thickness of 500 �m using conventional photo-
lithographic methods. The ELC resonators consist of 30 nm
thick titanium, 40 nm thick platinum, and 200 nm thick gold
layers on top of the GaAs substrate, in which the titanium
forms an adhesion layer, and platinum is used to prevent
intermetallic diffusion between the titanium and the gold. A
photomicrograph of the metamaterial sample is shown in
Fig. 1 �right�, which demonstrates the high fabrication qual-
ity achieved.

Transmission of the metamaterial sample was character-
ized using a Fourier transform infrared spectrometer at room
temperature. In the measurement, a mercury arc lamp pro-
duces terahertz waves which are linearly polarized before
impinging upon the sample and reference �an open aperture
of 3 mm diameter� at normal incidence, before being de-
tected by a liquid helium silicon bolometer. The spectrum of
the transmitted intensity is obtained directly through the Fou-
rier transform of the both the sample and reference interfero-
grams, and portions of the signal caused by Fresnel reflec-
tions are removed. The transmission �division of the sample
by the reference spectra� of the metamaterial sample thus
obtained is shown in Fig. 2�a� �red line�. There are two trans-
mission minima at 0.95 and 1.44 THz with transmission of
1.2% and 15%, respectively. Between the two resonances,
there is a peak at 1.28 THz with a transmission of 44.5%.

Near the first resonance, a low transmission and a broad stop
band are obtained. Compared to the measurement, the errors
of the simulation for the transmission minimum frequencies
and the peak frequency are 3.7%, 3.5%, and 2.3%, respec-
tively, and the agreement between the simulated and the
measured transmission is excellent.

To better understand the significant asymmetry of the
two resonances, several comparable single resonance particle
metamaterials, as illustrated in Fig. 3�a�, are simulated for
comparison. These are the particles that comprise the lower
part �SR1�, the upper part �SR2�, and the total part �SR3� of
the dual resonance particle, respectively. The calculated
transmissions for these single resonance metamaterials are
shown in Fig. 3�b� �dashed lines�. Their resonant frequencies
are 1.43 THz �SR1�, 1.02 THz �SR2�, and 0.75 THz �SR3�,
respectively, and the transmission resonances exhibit signifi-
cant increase in resonance strength from SR1, SR2 to SR3
that is related to the particle size and thus the overall reso-
nator strength of the material.

The calculated transmission of the dual-resonant particle
�denoted as DR hereafter�, which is a combination of SR1
and SR2, is replotted in Fig. 3�b� �solid line� in decibels.
Compared to the resonances of the individual single-resonant
particles SR1 and SR2, there is a modest frequency shift for
both of the two resonant frequencies of the dual-resonant
metamaterial, which is expected from the coupling of these
resonances. More importantly, the transmission minimum for
the first resonance is −20.8 dB, which is 6.2 dB less than its
single resonance counterpart SR2. This indicates that the
resonance coupling has increased the response strength of
this lower resonance at the expense of the upper resonance.
Note that similar shapes of all of the transmission minima
suggest that the resonance quality factors are all approxi-
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FIG. 2. �Color online� �a� Calculated �blue line� and measured �red line�
transmissions of the metamaterial sample. �b� Retrieved permittivity of the
metamaterial layer.
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FIG. 3. �Color online� �a� Single-resonant particles SR1, SR2, SR3, and
dual-resonant particle DR �h1=6 �m, h2=14 �m, and h3=24 �m�. �b�
Calculated transmission of the metamaterial composed of SR1, SR2, SR3
�pink, red, and green dashed lines, respectively�, and DR �blue solid line�.
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mately equal, and thus it is likely the oscillator strength that
drives one minimum lower than another.

Remarkably, this transmission minimum is even 3.4 dB
deeper than for SR3, which is a single-resonant particle with
the same overall size as the DR particle and thus might be
expected to have a comparable or larger response strength
than both of the DR resonances. This enhanced resonance
strength is also reflected in the stop band bandwidths of the
different particles. The full width half power bandwidths,
defined as 3 dB below the background transmission level of
approximately −3 dB, are 0.17, 0.19, and 0.32 THz for the
SR2, SR3, and first DR resonance, respectively. Thus the DR
metamaterial bandwidth is almost a factor of 2 larger than
that obtainable in an identically sized and conventional
single resonance metamaterial. This indicates that resonance
coupling can be exploited to increase the metamaterial re-
sponse strength beyond what is easily obtainable in a single
resonance material.

An explanation of this resonance enhancement is evident
in simulations for the modified response strength of the DR
metamaterial with respect to their single-resonant counter-
parts SR1 and SR2. For the DR particle, the electric response
strength is determined by the summation of polarizabilities
of the individual resonant parts. Due to the mutual coupling
between the single-resonant parts within the dual-resonant
particle, the resonant part induces a circular surface current
on each part the nonresonant particle part near the reso-
nances, as demonstrated in Fig. 4. The electric response of
the particle originates in the electric dipole moments created
across the gaps in the particle, and the relative sign of each
of these dipole moments is directly linked to the sign of the
current at the edges of the gap.

It can be seen that near the first resonant frequency �Fig.
4 �left��, the upper portion of the resonant particle �SR2�
contains currents of the same direction as those in the lower
part �SR1�, leading to parallel dipole moments and thus a
strengthening of the resonance as a result of particle dipole
moment coupling. Near the second resonant frequency �Fig.
4 �right��, however, the lower part of the resonant particle

�SR1� contains currents with the opposite sense of those in
the upper part �SR2�, and thus the electric response is weak-
ened due to the partial cancellation of the particle electric
dipole moments. For the single-particle dual-resonant
metamaterial DR, the geometric filling fractions of the
single-resonant particles �SR1 and SR2� on the metamaterial
plane do not change, therefore, the electric response for the
first resonance of the dual-resonant metamaterial is strength-
ened. This strong resonance coupling can be an advantage or
disadvantage compared to a two particle DR metamaterial.
Compared to our previously published dual-band
metamaterial,14 the transmission and permittivity asymmetry
are much higher in the single-particle metamaterial. How-
ever, the stronger resonance has a much deeper transmission
null �by 6 dB� than the responses reported in Ref. 14.

In conclusion, we present a dual-band terahertz metama-
terial composed of single geometry ELC resonators that have
two distinct resonances. Due to the mutual coupling between
the different resonances in the particle, the lower frequency
resonance of this metamaterial is stronger than that in a
metamaterial composed of identically sized single resonant
particles, leading to a larger insertion loss and broader band-
width. This feature can be exploited in metamaterial design
to provide improved material performance in the terahertz
regime, and other frequency ranges as well.

The authors are grateful to Dr. Hongsheng Chen at Zhe-
jiang University, for useful discussions.
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FIG. 4. �Color online� �Left� Near the first resonance, the resonant particle
part �upper part� induces the same-direction circular surface current on the
nonresonant part �lower part�. �Right� Near the second resonance, the reso-
nant particle part �lower part� induces the opposite-direction circular surface
current on the nonresonant part �upper part�. The wave polarization is
shown, and white and black arrows denote the surface current directions and
the dipole moments in the gaps, respectively.
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