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We experimentally demonstrate a mechanically tunable metamaterials terahertz (THz) dual-band bandstop filter. The
unit cell of the filter contains an inner aluminum circle and an outside aluminum Ohm-ring on high resistance silicon
substrate. The performance of the filter is simulated by finite-integration-time-domain (FITD) method. The sample is fab-
ricated using a surface micromachining process and experimentally demonstrated using a THz time-domain-spectroscopy
(TDS) system. The results show that, when the incident THz wave is polarized in y-axis, the filter has two intensive absorp-
tion peaks locating at 0.71 THz and 1.13 THz, respectively. The position of the high-frequency absorption peak and the
amplitude of the low-frequency absorption peak can be simultaneously tuned by rotating the sample along its normal axis.
The tunability of the high-frequency absorption peak is due to the shift of resonance frequency of two electrical dipoles,
and that of the low-frequency absorption peak results from the effect of rotationally induced transparent. This tunable filter
is very useful for switch, manipulation, and frequency selective detection of THz beam.
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1. Introduction
Generally, the frequency of terahertz (THz) radiation

lies between 0.1 and 10 THz region.[1] THz spectroscopy
has many excellent features, such as better penetrability,
good security, distinctive fingerprint spectrum of many sub-
stances, and so on. Therefore, it has potential applica-
tions in the field of security checking,[2] bio-medicine,[3] sub-
stance identification,[4] and product quality monitoring.[5] At
present, due to a lack of high-efficiency radiation source, high-
sensitivity detector, and many other functional devices, it is
still a challenge for wide applications of THz technology.

Metamaterials[6–8] are artificially constructed electro-
magnetic (EM) materials and structures which have many
exotic EM performances. Therefore, they can be used to
construct some new devices and have been applied in many
fields. Until now, many metamaterial-based devices, such as
emitters,[9] detectors,[10] and absorbers,[11–14] have been pre-
sented and demonstrated in the THz region.

The filter[15] is an important device for manipulating
the THz beam. So far, various THz filters based on meta-
materials (MMs)[16–19] have been investigated. With the
rapid development of THz technology, the demand for high-

performance tunable THz filters is increasing. Recently, me-
chanically tunable bandstop filters based on metamaterials and
microelectromechanical systems (MEMS) technology have at-
tracted tremendous interest. Ozbey[20] numerically demon-
strated magnetic-film-based cantilevers for continuously tun-
ing over a large frequency range of 0.3 THz. By changing
the relative distance between two split-ring resonators, Fu et
al.[21] proposed a THz filter with a tunable frequency range
about 0.2 THz. Li et al.[22] demonstrated a THz metamaterial
bandstop filter comprising an array of identical subwavelength
resonators, each consisting of a pair of printable metallic U-
shapes that have their openings pointing in opposite directions.
Prakash[23] experimentally demonstrated a MEMS reconfig-
urable metamaterial with polarization-independent character-
istics in THz spectral region. At the same time, they ex-
perimentally demonstrated a MEMS reconfigurable digital
metamaterial[24] for dynamic switching of THz anisotropy.
In addition, Ho[25] presented a digitally reconfigurable binary
coded THz metamaterial with the transmission output analo-
gous to NOR and AND logic. However, these MEMS-based
tunable devices are very complex, high cost, and difficult to
fabricate.
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In this paper, we experimentally demonstrated a mechani-
cally tunable metamaterial THz dual-band bandstop filter. The
filter consists of an inner aluminum circle and an outside alu-
minum Ohm-shape ring on the high-resistance silicon sub-
strate. Two absorption peaks can be tuned by only rotating
the sample along its normal axis. The sample is fabricated
by a simple surface micromachining process, and the perfor-
mance of the filter is simulated using a finite-integration-time-
domain (FITD) method and experimentally demonstrated by
a THz time-domain-spectroscopy (TDS) system. The physics
mechanism for the tunability of each band is discussed and
presented.

2. Design and fabrication
The unit cell of the filter is shown in Figs. 1(a) and 1(b).

It is a square and composed of an inner aluminum circle and
an outside aluminum Ohm-ring on the high-resistance silicon
substrate. The structure parameters illustrated in Figs. 1(a)
and 1(b) are radius R1 = 16 µm, R2 = 20 µm, R3 = 24 µm,
R4 = 30 µm, gap g = 8 µm, and length of side w = 74 µm,
respectively. The thickness of the metallic layer is 0.1 µm,
and that of the silicon substrate is 350 µm. The THz wave is
normally incident to the surface of the filter, and the azimuth
ϕ (see Fig. 1(b)) can be changed by rotating the sample along
its normal axis z.
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Fig. 1. (color online) Schematic of the sample: (a) top view, (b) oblique
view of a unit cell, and (c) micrograph of sample.

The sample is fabricated using a surface micromachin-
ing process. Firstly, a layer of photoresist is used to form the

Ohm-ring and circle structure. After the process of ultravio-
let exposure and developing, the Ohm-ring and circle pattern
are formed on the high resistance silicon substrate, and then
a layer of aluminum film is deposited on the surface. Lastly,
a lift-off process is used to form metal Ohm-ring and circle
structure. The micrograph of the fabricated sample is shown
in Fig. 1(c).

3. Simulation and experiment
In order to study the relationship between the structural

parameters and the absorption peaks of the tunable filter, we
simulated the filter with different structure parameters us-
ing FITD method. The simulation is implemented using the
commercialized full-wave EM simulation software CST Mi-
crowave Studio 2015.[26] In the simulation, the y-polarized
(azimuth ϕ = 0◦) THz wave is normally incident to the sur-
face of the sample. Open boundary condition was set in
the z direction, and the unit cell boundary condition was set
in the x and y directions, respectively. The metallic layer
was modeled as lossy metal with an electric conductivity[26]

σ = 3.47× 107 S/m. The high resistance silicon substrate
is modeled as normal material[26] with an epsilon ε = 11.9
and a constant electrical conductivity σ = 0.004 S/m. When
R4 = 30 µm and R3 = 24 µm, the transmission spectra of in-
ner circles with different dimensions are compared in Fig. 2(a).
For R2 = 20 µm and R1 = 16 µm, the transmission spectra of
the outside Ohm-ring with different dimensions are plotted in
Fig. 2(b).

Figure 2(a) shows that the low-frequency absorption peak
is approximately independent of the radius of the inner cir-
cle, while the high-frequency absorption peak shows distinct
redshift with the increase of the radius of inner circle. How-
ever, figure 2(b) shows that both of the absorption peaks are
affected by the radius of the outside Ohm-ring. When the ra-
dius of the outside Ohm-ring increases, the low-frequency ab-
sorption peak shows distinct redshift, but the high-frequency
absorption peak only produces a little blueshift. Therefore, the
initial absorption peaks of the filter can be accurately tuned by
changing its structural parameters.

The sample is characterized using a THz TDS system (Z-
3, produced by Zomega Corporation). The experiment set-up
is illustrated as Fig. 3, where QWP is quarter wave plate, WP
is Wollaston prism, and PD is photodetector. The sample is
placed on a rotatable metal holder with a central hole. A fem-
tosecond laser (central wavelength is 780 nm) beam is divided
into two beams by a beam splitter. One strong beam with the
power of 110 mW is focused on the photoconductive antenna
to generate THz pulse. The THz pulse passes through the sam-
ple and then reaches the ZnTe crystal. The other weak beam
with the power of 18 mW is used as probe pulse, and it gets
to the ZnTe crystal after passing through the optical delay line
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and splitter. After transmitting through the QWP, the polar-
ization of the probe pulse is changed due to the modulation
of THz beam. The probe pulse continues to pass through a
WP and then separates into two different polarization beams.
The difference current produced by the PD is amplified by a
lock-in amplifier and finally processed by the computer.
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Fig. 2. (color online) Transmission spectra of the filter with different
dimensions of inner circle (a) and outside Ohm-ring (b).
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Fig. 3. (color online) Schematic of the experiment set-up.

For the filter with structural parameters detailed in Sec-
tion 2, the simulations are shown in Figs. 4(a) and 4(b),
and the experimental results are illustrated in Figs. 4(c) and
4(d), respectively. Figure 4 shows that, when the azimuth
ϕ = 0◦, two strong absorption peaks locate at about 0.71 THz
and 1.13 THz, respectively. When the sample rotates anti-
clockwise along its normal axis and the azimuth ϕ increases
from 0 to 90◦, the high-frequency absorption peak gradually
increases from 1.13 to 1.2 THz, while the low-frequency ab-
sorption peak (at 0.71 THz) gradually changes from bandstop
to transparent with the increasing of azimuth ϕ . The experi-
ment shows good agreement with the simulation. The proba-
ble reason for minor difference between experiment and simu-
lation is that the THz wave is normally incident to the surface
of the sample in the simulation, while it is focused on the top
surface of the sample in the experiment.
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Fig. 4. (color online) Transmission spectra at different azimuth ϕ for simulation ((a), (b) ) and for experiment ((c), (d)).
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4. Physics mechanism

In order to investigate the physics mechanism of two ab-
sorption peaks and their tunable performance, we calculated
the surface currents and electric fields of two absorption peaks.

1) High-frequency absorption peak
The transmission spectrum of a single inner circle is

shown in Fig. 5(a), which indicates that the transmission spec-
trum is independent of the azimuth ϕ and the high-frequency
absorption peak is just produced by current’s resonance on
the inner circle. For high-frequency absorption peak ( f =

1.13 THz), surface current distributions at different azimuth,
i.e., ϕ = 0, 30, 60, and 90◦, are calculated using FITD method
and shown as Figs. 5(b)–5(e), respectively. At the same time,
the corresponding distributions of electric fields are also sim-
ulated and illustrated in Figs. 5(f)–5(i).

Figure 5 shows that the surface currents and the electric
fields at high frequency are mainly distributed and oscillated

on the inner circle, and thus two electrical dipoles are formed.
This means that the high-frequency absorption peak is pro-
duced by the resonance of electrical dipoles on the inner circle.
Based on electromagnetic theory, each electrical dipole can be
equivalent to an LC resonator[27] and its resonance frequency
is given by

f =
1

2π
√

LeCe
, (1)

where Le is the equivalent inductance and Ce is the equivalent
capacitance of each electrical dipole. For ϕ = 0◦, two elec-
trical dipoles are symmetrically distributed on both sides of
the inner circle. When the azimuth ϕ increases, two electrical
dipoles transfer clockwise with the azimuth ϕ . At the same
time, the equivalent inductance Le of two electrical dipoles
gets shorter and shorter with the increase of azimuth ϕ , and
achieves a minimum at ϕ = 90◦. As a result, according to
Eq. (1), the resonance frequency f increases with the azimuth
ϕ and gets to a maximum at ϕ = 90◦.
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Fig. 5. (color online) Transmission spectrum of inner circle (a), surface current distributions at (b) ϕ = 0◦, (c) ϕ = 30◦, (d) ϕ = 60◦,
and (e) ϕ = 90◦, and electric field distributions at (f) ϕ = 0◦, (g) ϕ = 30◦, (h) ϕ = 60◦, and (i) ϕ = 90◦.

2) Low-frequency absorption peak
In order to study the mechanism of the low-frequency

absorption peak at f = 0.71 THz, the transmission spectra
of the outer Ohm-ring at different azimuths are plotted in
Fig. 6(a), which indicates that the outer Ohm-ring shows dis-
tinct polarization-dependent response. At the same time, the
surface current distributions at ϕ = 0, 30, 60, and 90◦ are all
calculated by FITD method and illustrated in Figs. 6(b)–6(g).

Figure 6(b) shows that the surface currents are mainly
symmetrically oscillated on both sides of the outside Ohm-
ring for ϕ = 0◦. Very few image currents reversely distributed
on the inner circle are excited by the electromagnetic induction
between the inner circle and the outside Ohm-ring. Therefore,
the low-frequency absorption peak at f = 0.71 THz (shown
as Fig. 4(a)) is mainly produced by the resonance of surface
currents distributed on the outside Ohm-ring.

Figure 6(c) indicates that when the azimuth ϕ increases
to ϕ = 30◦, some surface currents gradually transfer to the
connecting arm of two neighboring unit cells. Thus, the effec-
tive length of the equivalent LC resonance will increase and

the resonance frequency will shift from 0.71 THz to a low fre-
quency, i.e., 0.66 THz (shown as Fig. 4(a)). At the same time,
a high-frequency resonance mode, i.e., f = 0.8 THz (shown as
Fig. 6(d)), will be excited, and the correspondingly resonance
absorption peak at 0.8 THz emerges. As a result, the original
resonance absorption peak at f = 0.71 THz will be gradually
weakened, and the experimental result (shown as Fig. 4(c))
shows that the transmission magnitude changes from −23 dB
to−13 dB. This effect is defined as rotationally induced trans-
parent (RIT) which is dependent on the azimuth ϕ .

Figures 6(e) and 6(f) show that when the azimuth in-
creases to ϕ = 60◦, the length of surface current distribution
will continue to increase. Thus, the low-resonance absorption
peak will decrease to about 0.62 THz, and the high-resonance
absorption peak will increase to about 0.85 THz.

Finally, figure 6(g) shows that the length of surface cur-
rent distribution achieves a maximum at ϕ = 90◦, and the cor-
responding resonance absorption peak at low frequency will
get to a minimum of 0.61 THz.
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Fig. 6. (color online) Transmission spectrum of outer Ohm-ring (a) and surface current distributions at (b) ϕ = 0◦, f = 0.71 THz,
(c) ϕ = 30◦, f = 0.66 THz, (d) ϕ = 30◦, f = 0.8 THz, (e) ϕ = 60◦, f = 0.62 THz, (f) ϕ = 60◦, f = 0.85 THz, and (g) ϕ = 90◦,
f = 0.61 THz.

Therefore, when the azimuth ϕ gradually increases from
0 to 90◦, the low frequency resonance absorption peak at
0.71 THz will change from bandstop to bandpass. At the same
time, the effect of RIT will be gradually enhanced.

5. Conclusion
We experimentally demonstrated a mechanically tunable

metamaterial THz dual-band filter composed of an inner alu-
minum circle and an outside aluminum Ohm-ring on the high
resistance silicon substrate. The sample is fabricated using a
simple surface micromachining process and characterized by
a THz TDS system. The results show that when the incident
THz wave is polarized in the y-axis, the filter has two intensive
absorption peaks locating at 0.71 THz and 1.13 THz, respec-
tively. When the sample rotates anti-clockwise along its nor-
mal axis, the high-frequency absorption peak shows distinct
blueshift, while the absorption peak at low frequency gradu-
ally changes from bandstop to transparent due to the effect of
RIT. Also, the filter is extremely flexible in which its oper-
ating frequency can be scaled by simply modifying the size
of unit cell. Furthermore, this mechanically tunable filter has
the advantages of simple structure, low cost, and easy fabrica-
tion, and thus it is very useful for switch, manipulation, and
frequency selective detection of THz beam.
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