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Abstract—Metamaterials are artificially structured electromagnetic
materials which can lead to the realization of phenomena that cannot
be obtained with natural materials. In the terahertz frequency regime,
metamaterials have distinguished performance and open up a new way
to design and construct the functional devices. Based on the structure
of metamaterials, planar symmetric normal and complementary three-
resonance resonators in Terahertz band are proposed in this paper.
Simulation and experimental study have been carried out. The
results show that the proposed structure has three distinct and strong
resonant bands in THz regime and that symmetric normal structure
and complementary structure can realize the three stop-resonances
and pass-resonances respectively. For the well-separating of different
resonances in the terahertz band, these symmetric three-passband and
three-stopband resonators will be used in the design of multiband
terahertz devices.

1. INTRODUCTION

Artificial electromagnetic structures, called metamaterials, can be
engineered to exhibit exotic electric and magnetic properties not
realizable in nature [1–16]. Nowadays, terahertz science and technology
becomes an attractive research area. However, in terahertz regime,
most natural materials cannot be utilized for controlling the radiation.
The introduction of terahertz metamaterials is believed to be an
important step on the path of furthering advance terahertz research
and development, so metamaterials are of particular interest in
this frequency band. Owing to their customizable electromagnetic
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properties, metamaterials can provide sufficiently useful characteristics
and a variety of terahertz components that have been proposed,
including terahertz filters, perfect absorbers, quarter-wave plates,
modulators, molecular sensors, etc. [17–25].

Recently, terahertz single-band and dual-band metamaterials
have already been fabricated and experimentally proved [25–
33]. For instance, dual-resonance dynamical electric and magnetic
metamaterials [27–29], dual-band planar electric metamaterials in
the terahertz regime [25–27] and a dual-band and three-band SRR
metamaterials in micro-band [30, 31], etc. have been proposed and
presented. Moreover, in recent years, complementary metamaterial
structures, whose resonant characteristics are opposite to those of
normal ones, have also been studied [34–36]. Numerous papers
experimentally verify the resonant characteristics and explain the
resonant phenomena, such as the exploration of six different
complementary structures with one resonant frequency [34] and the
analysis of resonances in SRR with one or two resonant peak [35].
It is safe to say that the design and fabrication of multi-resonant
metamaterials are potentially useful in the multiple band-pass or
band-stop filter, switch, modulator and so on. So it seems to be
attractively applicable in THz band. However, in THz regime, only
a few papers present study on the multi-resonance (≥ 3), and most
papers concentrated in two-resonance structure. As a step towards
frequency agile or broadband THz materials and devices, based on the
structures of metamaterials, the symmetric normal and complementary
three-resonance resonators are proposed in this paper. Different from
the asymmetric one, in the symmetric structure there is a pair of
resonant circuits (mirror symmetric) for one resonant frequency, so
the resonant intensity is stronger and frequency resolution better.
Therefore, the complementary symmetric structure is very conductive
to realize the three pass-resonances.

Here, we present the study of pass-resonant and stop-resonant
resonators, and each of them has three distinct resonances around
0.4THz, 0.6 THz, and 0.8 THz, respectively. The normal structure is
composed of three different single-resonant circuits that have different
capacitor-like gaps and inductive loops constructing three distinct LC
resonances to realize the stop-bands around the resonant frequencies.
In the complementary structure, according to Babinet’s principle [37–
39], if we rotate the polarization of electric field and magnetic field
by 90 degree, the structure can realize the pass-resonances [34–36].
Both theoretical and experimental results reveal that these two kinds
of resonators exhibit three strong and narrow pass-band and stop-
band resonances. Moreover, for the complementary structure, the
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experimental transmission rates of the three resonant frequencies are
90%, 64% and 80%, which are very attractive values in present.
Applying this symmetric structure, THz multiple band-pass or band-
stop filters and THz multiple frequency selectors may be realized.

2. NORMAL SYMMETRIC THREE-RESONANCE
RESONATOR (STRR)

The geometry of this structure is strictly symmetric. Each side of it has
three ELC-resonators. The middle resonators are closed circuits, and
the outmost is an open resonant circuit. The designed symmetric three-
resonant unit is shown in Figure 1(a), and the structure is constructed
on 500 µm silicon substrate, with a relative permittivity of 11.9. The
300-nm-thick metal of the structure is made of Aluminum, with a
conductance of 3.72 × 107 S/m. To fabricate the metal resonator, the
Aluminum film is deposited on one side of silicon and then patterned
into the designed shape by photo etching. The photographs of a
portion of the fabricated structure are shown in Figure 1(b). The
size parameters are the following: a = 139.67µm, a1 = 19.88µm,
a2 = a3 = 14.91 µm, a4 = 12.01 µm, b = 100.1µm, l1 = 28.98µm,
l3 = 4 µm, w = 61.11µm, w1 = w2 = w3 = 4.98µm, and wl = 4.97µm.

Then, applying the 3D EM field commercial simulation software
CST, the simulations with a finite difference time domain (FDTD)
code have been carried out to study the resonant characteristics of the
STRR. The results show that the surface current stimulated by the line

(a) (b) 

Figure 1. Symmetric three-resonance resonator (a) designed three-
resonant unit cell, with geometries: a = 140µm, a1 = 20µm,
a2 = a3 = 15µm, a4 = 12µm, b = 100µm, l1 = 28µm, l3 = 4 µm,
w = 60µm, w1 = w2 = w3 = 6 µm and wl = 4 µm. Thickness
of Aluminum t1 = 0.3µm, thickness of Silicon t2 = 500µm. (b)
Photomicrograph of a portion of the fabricated STRR.
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(a) (b)

(c)

Figure 2. The circular surface current of designed STRR,
corresponding to different resonant frequencies. (a) Near resonant
frequency of 0.41THz. (b) Near resonant frequency of 0.53 THz. (c)
Near resonant frequency of 0.73THz.

polarization incident wave in the structure has different characteristic
distributions corresponding to different resonant frequencies, as
demonstrated in Figure 2. It can also be found that there are
three different resonant circuits. At 0.41THz, the surface current
mainly concentrates on the center circular loop (around the 1st
gap). At the second resonant frequency 0.53 THz, surface current
mainly flows through the middle circular loop (around the 2nd
gap), and it concentrates on the outmost open circular loop (around
the 3rd gap) near the highest resonant frequency 0.73 THz. The
results demonstrate that the three circuits in the unit cause different
equivalent LC resonances with different resonant frequencies. This
complies with our anticipation that characteristics of its resonances
are mainly determined by the equivalent capacity (gaps) and equivalent
inductance (circuits) in the particle, which explains the appearance of
minima in transmission. Moreover, the weak mutual coupling between
different resonant parts within the unit also causes the distributions of
surface current at resonant frequencies. The fields’ distribution shown
in Figure 3 also verifies these conclusions.

The experimental study of characterizing the performance of the
resonators was performed using Terahertz time-domain spectroscopy
(THz-TDS). For this experiment, a Ti:Sa femtosecond laser source
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(a) (b)

(c)

Figure 3. The electric field distribution of designed STRR,
corresponding to different resonant frequencies. (a) Near resonant
frequency of 0.41THz. (b) Near resonant frequency of 0.53 THz. (c)
Near resonant frequency of 0.73THz.

delivering 80 fs pulses at 790 nm central wavelength is applied to the
generation and detection of terahertz radiation. The excitation of the
emitter with ultrashort laser pulses results in a burst of subpicosecond
pulses with frequencies spanning from 0.1 THz to 3.0 THz terahertz.
A polyethylene lens focuses the linearly polarized THz beam onto
the metamaterial sample to a diameter of about 2 mm, and a second
polyethylene lens recollimates the transmitted THz beam, which is
directed to a photoelectric crystal. The Signal Noise ratio of this
system is more than 1000.

The experiments were performed at room temperature 23 degrees
in a dry air atmosphere. In THz-TDS, the time-varying electric field
of the impulsive THz radiation is recorded, and the electric field
spectral amplitude and phase are directly obtained by performing
Fourier analysis. Measurements of this structure need to have a
suitable reference, which, in this case, is a bare silicon substrate,
allowing determination of the transmission as a function of frequency
by dividing the Fourier transformed sample and reference waveforms.
All the experiments are performed at normal linear polarization
incidence with the THz electric and magnetic field lying in-plane. The
polarization of the THz electric field is perpendicular to the split gaps
as shown in Figure 4(a), and the transmission of the STRR obtained
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is shown in Figure 4(d). Three transmission minima at 0.42, 0.56 and
0.79THz are clearly observed. Compared with the measurement, the
errors of the simulation for the minimum transmission frequencies are
2.4%, 5.7%, 8.2%, respectively.

(a)

(b) (c)

(d)

Figure 4. (a) The polarization of electric field and magnetic field.
(b) Time domain waveforms of incident signal. (c) Time domain
waveforms of detected signal. (d) Simulated (red line) and measured
(blue line) transmissions of the resonator sample.
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3. COMPLEMENTARY SYMMETRIC
THREE-RESONANT RESONATOR (CSTR)

The structure of complementary symmetric three-resonant resonators
(CSTR) is fabricated by the opposite processing technique on the
surface of the silicon substrate. The blank area in the STRR now
is covered with Aluminum. Correspondingly, the Aluminum patterns
in the STRR will be hollowed out in the complementary structure as
shown in Figure 5(a). The fabrication of complementary unit is shown
in Figure 5(b). It can be found that the white areas are the Aluminum
patterns, and the dark areas are blank where the silicon substrate can
be observed directly.

Opposite to the STRR structure, in the CSTR, the metamaterial
structure is hollow, so the fields and surface current excited by incident
wave will concentrate in hollow area. As analysis above, in the normal
STRR structure, the displacement current has been induced by time-
varying incident wave in the gap between the metallic polar plates in
metamaterial structure and then has formed the circulating currents
in the circuits which can be equal to LC resonance. In CSTR, the
resonant mechanism is different, because the three resonant passbands
can only be induced by incident THz plane wave with perpendicular
linear polarization (the polarization is rotated by 90◦ in the normal
incident direction). In the STRR, the incident wave with (Ex, Hy)
acts as an induced equivalent current shown in Figure 6(a). However,
in CSTR, the perpendicular polarization wave (Hx, Ey) acts as the
equivalent magnetic currents shown in Figure 6(b). According to the

(a) (b) 

Figure 5. Complementary symmetric three-resonant resonator. (a)
A designed three-resonant unit cell. (b) Photomicrograph of a portion
of the fabricated complementary symmetric three-resonant resonator.
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(a) (b) 

Figure 6. Equivalent element based on Babinet’s principle. (a)
Equivalent electric current of the STRR. (b) Equivalent magnetic
currents of the CSTR.

(a) (b)

(c)

Figure 7. The circular surface current distribution of the designed
CSTR near different resonant frequencies. (a) Near resonant frequency
0.43THz. (b) Near resonant frequency 0.56 THz. (c) Near resonant
frequency 0.81 THz.

Babinet’s principle: {
Em − Z0He = −Z0H

i

Hm + Z0Ee = Z0E
i

where Z0 = Ei/H i, then we can get: Em

Ei + Ee

Ei = 1. So in the CSTR,
the transmission will realize the passband at the resonant frequency.

Then the simulation is carried out. The surface current
distribution shown in Figure 7 demonstrates that the circulating
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currents cannot be induced. However, the parallel currents along the
long side of the gap in the structure are excited. Figure 8 shows that
similar to the electric fields distribution in STRR, the magnetic fields
concentrate on the gaps. Around the lowest resonant frequency of
0.43THz, the magnetic fields concentrate on the center gap, and of
0.56THz, mainly on the outmost gaps and around the middle gaps
corresponding to 0.81 THz. It should be emphasized that the flow
direction of the surface currents are the same, i.e., along the long side
of the gaps. Above results indicate that the fundamental mode is
established in the slits of the gaps, so the transmission is caused by the
nano-aperture resonance similar to the aperture-array transmission.

Finally, the experiments with THz-TDS have been implemented.
The polarization of the THz electric fields was parallel to the split
gaps shown in the Figure 9(a). The experimental results shown in
Figure 9(b) demonstrate that there are three passbands around the
resonant frequency: 0.41 THz, 0.60THz and 0.86 THz. And the errors
of the measurement for the transmission frequencies are 4.7%, 7.1%
and 6.2%, respectively. The experimental results agree well with the
simulation ones, demonstrating that this CSTR can realize the three-

(a) (b)

(c)

Figure 8. The magnetic field distribution of designed CSTR
near different resonant frequencies. (a) Near resonant frequency of
0.43THz. (b) Near resonant frequency of 0.56THz. (c) Near resonant
frequency of 0.81THz.
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passband function.
However, there are differences between the experimental results

and those of simulation. Firstly, as shown in Figure 4 and Figure 9
there is a frequency shift which may be caused by fabrication

(a)

(b) (c)

(d)

Figure 9. (a) The incident direction of electric field and magnetic
field. (b) Time domain waveforms of incident signal. (c) Time domain
waveforms of detected signal. (d) Simulated (red line) and measured
(blue line) transmissions of the resonator sample.
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tolerances and the boundary condition setting in simulation. In the
fabrication, there is 0.5–1.0µm mismachining tolerance. As we know,
the resonances are induced by the equivalent LC resonant-circuits; the
gaps act as the equivalent capacities; the lines are equal to inductance.
So the mismachining tolerance causes the differences of the width of the
gaps w1, w2, w3 and the lines wl between simulation and reality, which
is the key factor leads to the frequency shift. On the other hand, in the
simulation, considering the number of mesh and computing duration,
only 10× 10 array has been modeled. Moreover, ideal plane wave and
open space boundary have been applied. In the experiment, the ideal
boundary condition and incident plane wave cannot be fulfilled, and
the number of units is larger than the model in simulation.

Secondly, the errors of transmission rates are due to the silicon
substrate we use and the depth of the coated 300-nm-thick metal
surface. In the simulation, ideal material factors have been used in the
modeling. However, in the measurement, there are minor differences in
the material factors of silicon substrate and the mismachining tolerance
in the process of coating film (about 10 nm) which leads to the errors.

4. CONCLUSIONS

In summary, based on the structure of metamaterials, we present
the study on the planar multi-band resonators by analyzing normal
symmetric three-resonant resonator and the complementary structure.
The study shows that the transmission of resonant frequencies in
the normal structure is below 10%, while more than 80% of the
transmission occurs in the complementary structure. According to
our research, the experimental results showe good agreement with
the simulation with slightly small difference in terms of resonant
frequencies. This shows that the structure design features are clean
and the resonant bands well-separated. The concept of this structure
can be extended to realize multi-band metamaterials with more than
5 resonant frequencies.

Eventually, inspired by the idea reported in this paper, it can
be predicated that the 2-D planar metamaterial fabricated on Silicon
substrate will have many potential applications in the THz functional
components, including multi-band filters, multi-resonant absorbers,
sensors, etc. in the future.
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