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ARTICLE INFO ABSTRACT

Keywords: We propose a high-quality and mechanically tunable dual-band narrow bandpass filter working in the THz range.
Metamaterial Its high transmittance and modulation depth are verified both by simulations and experiments. The proposed
Optical devices design consists of two metasurfaces with concentric fabricated meta-atoms back-to-back on the two sides of a thin
r;j;leﬁzr polyimide layer. When the polarization of the incident THz waves changes from y to x direction, the modulation

depth of transmittance monotonically changes from 95.46% to a few percent at the resonance frequencies of
0.481 THz and inversely varies from a few percent to 97.62% at the resonance frequency of 0.931 THz. The
analysis of in-plane and inter-planar distributions of induced surface current reveals that the narrow bandpass
response is attributed to the excitation of “trapped mode”. The induced antiphase current excitation between the
two metasurfaces not only lower the dipole moment but also weakly couple to external electromagnetic fields,
consequently, leading to the high transmittance and narrow bandwidth. These features of such a simple device
potentially can contribute to the design of much more advanced THz modulators and other THz applications in

the future.

1. Introduction

Much efforts have been devoted to develop terahertz (THz) devices
due to their vast applications in bio-sensing [1,2], security [3,4], mo-
lecular spectroscopy [5], and ultra-fast communications [6]. Despite
their rapid progress, it still confronts dillima between the absences of
THz devices such as wave generators [7], modulators [8], and detectors
[9] and even faster grown needs in science and industry. One main
barricade is that compared to microwave and photonics technologies,
there are short of materials with strong THz-responding in nature [10].
While, recently developed microfabrication based metamaterials with
artificial subwavelength unit provide one of most promising solution
[11,12]. By rational structure design, they can have extraordinary
electromagnetic (EM) properties right meet the THz-regime devices
needs, such as filters [13,14], modulators [15,16], switches [17], and
absorbers [18,19].

Narrow bandpass filters are of the most essential THz devices, which
are characterized by the high Q-value and transmittance [20]. However,
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conventional planar metamaterials commonly have rather low reso-
nance quality factors and fixed filtering band, which largely limits the
scope of their applications. Moreover, recent reports have proposed
several tunable THz filters through external modulations, such as Fermi
level tunning through variation of gating voltage [21-23], dramatic
conductivity adjusting through insulator-metal transition by controlling
temperature [24,25], meta-atom geometry tunning and lattice constant
adjustment through mechanical deformation by applying external force
field [26,27], electromagnetic excitation through optical pumping
[28,29] and impinging wave modulation by rotation of polarization-
sensitive structures has also been reported [30,31].

Although, much effort has been devoted, the challenge still remains.
It pressingly needs to develop simply fabricated, easy-modulating, and
well-performing bandpass filters to break the limits. In principle, the
polarization-sensitive structures with mechanical tunability could
realize THz modulation with rather reliable performance. However, few
results are reported so far [32].

In this paper, we propose a switchable mechanical dual-frequency
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Fig. 1. (a) Schematic configuration of the meta-atoms of the bandpass filter. (b) The simulated transmittance spectra of electromagnetic wave with different po-

larization angles.
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Fig. 2. (a) The appearance of the bandpass filter device. (b) The top view graph of the device by the optical microscope (VIYEE Optical WY-2000 M). (c) Exper-
imentally measured transmittance spectrum in the frequency domain with rotation angles of 0°, 30°, 45°, 60°, and 90°. (d) Experimentally measured transmittance

spectra of the device corresponding to two typical rotation angles (0° and 90°).

narrow bandpass filter in the THz range. Structually it is easily to be
fabricated which is composed of two aluminum metasurfaces with
concentric units on two sides of a thin polyimide film. Modulation is
achieved by rotating the device in the normal incident wave plane. The
modulation ability of the device has been verified by experimental
mesurements and the finite element analysis (FEA) method based
simulation. Potentially, it could be applied in THz communications and
photonic computers.

2. Design and experiment

A device was designed as shown in Fig. 1a, as a whole, that the meta
atom of device can be viewed as consisting two concentrically

positioned aluminum units separated by polyimide layer, the top unit is
hollow rings with an outer radius r, = 65 pm and inner radius r; = 44 pm
and the bottom one is a hollow ellipse with semi-major and semi-minor
axis r = 65 pm and r, = 44 pm. It also can be viewed as a layer of
polyimide is sandwiched by two aluminum metasurfaces with above
described configuration and dimensions. Here, the ry (r,) and ry, (r;) have
been optimized, and detailed information can be found in the supple-
mentary materials.

The periodicities of meta-atoms along both x and y directions are
150 pm. The thickness of both the top and bottom aluminum layer is
290 nm with electric conductivity of 6 = 3.72 x 10”7 S/m. The thickness
of polyimide layer is 2.4 pm with a relative permittivity ofep; = 3.5 +
0.035i [33]. The whole device is fabricated on a 500-pym-thick quartz
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Table 1
Experimental characteristic values of the proposed filter.
fo(THz) T(angle = 90°) T(angle = 0°) w (GHz) Q-value MD
0.481 0.7008 0.0325 176.6 2.725 95.36%
0.931 0.0161 0.6778 260.5 3.574 97.62%

fo: Resonant frequency, T: Transmittance, w: Full width at half maximum, MD:
Modulation depth of transmission.

substrate with a refractive index ngyqr = 1.96 in the THz range. Finite
element method based simulations were conducted on above device
through CST Microwave Studio. There, periodic boundary conditions
are set on the lateral faces of the unit to obtain an infinite metasurface.
Meanwhile, the open boundary is defined to eliminate the reflection
from the front face and back face. The simulation is based on Floquet’s
principle, where an infinite plane wave illuminates a periodic structure
in the x-y plane without boundaries. Practically, scattering must be
considered for a filter with a finite number of periodic units unless the
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dimension of the device is not comparable with the spot size of the
incident wave, which is the case in our simulations.

Fig. 1b shows the simulated switching modulations to the incident
wave with the variation of the polarization. The angle between the E-
field and the semi-major axis ry is defined as the rotation angle, and the
direction of the semi-major axis ry is the initial position (rotation angle
= 0°). According to above design, devices have been fabricated and the
optical images of a device are shown in Fig. 2a and b. It should be noted
that, misalignment between the two layers of the structure could
potentially impact the results (see Fig. S9). To ensure precise alignment
between the two layers during fabrication, careful photolithography
procedure was employed. The details of device fabrication procedure
can be found in the supplementary information.

Fig. 2c shows the measured spectra at different rotation angles of the
device, they are initially acquired with a THz time-domain spectroscopy
(THz-TDS) system [34]. The THz-TDS system utilized in this experiment
possesses a resolution of 1.56 GHz in the range of 0.1 to 3 THz. The
experimentally measured spectra and the simulations are almost
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Fig. 3. (a) Surface current distribution on the metasurfaces. (b) Illustration of the “trapped mode” excitations with in-plane and inter-planar.
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Fig. 4. (a) Structures of unit-FB, unit-F*B, unit-F, and unit-B. (b) Transmittance spectra with 90° polarized incident waves.
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Table 2
The quality factor and half peak width results corresponding to the four struc-
tures at 90° polarized incidence in simulations.

Unit-FB Unit-F*B Unit-F Unit-B
Q-value 2.71 2.43 1.62 2.81
w (GHz) 186.2 211.1 446.9 318.2

w: Full width at half maximum.

identical, the minute deviations in both the characteristic frequencies
and amplitude can be attributed to the device fabrication errors and
unavoidable absorption of THz wave in the air.

The measured transmission curves at angles 0° and 90° are shown in
Fig. 2d, and featured data are listed in Table 1. It shows that the
dominant resonance frequency changes from 0.931 THz to 0.481 THz
with the rotation of incident wave polarization from 0° to 90°. When the
polarization oriention is in between those two limits, both two reso-
nances co-exist but with lower transmittance as shown in Fig. 2¢c. The
high signal-to-noise can be attributed to the large difference of two
resonance frequencies that is 0.45 THz almost twice the bandwidth,
hence, leading to the weak interferences between them.

3. Discussion

Surface current distribution of the device with 90° rotating polari-
zation is simulated and analyzed as one of the particular responses. As
shown in Fig. 3a, the induced currents flow in opposite directions along
the edges of the outer and inner parts of the meta-atom. The “trapped
mode” response usually exists in metamaterials consisting of sub-
wavelength particles with structural asymmetry [35,36]. Particularly,
there are two types of “trapped mode” response in this device: in-plane
and inter-planar, which represents the combined pattern of two
opposing currents as illustrated in Fig. 3b.

The two coexisted modes of “trapped mode” diminish the induced
dipole moment, hence, weaken their coupling to the incident wave. The
scattered field from the induced opposite-direction surface currents
yield two coherent scattering waves with opposite phases that lead to
their destructive superposition, which causes the incident wave to pass
through the structure with high transmission in a narrow frequency
range. Although the in-plane “trapped mode” has already been used to
explain high-quality resonant response in many 2D structures [37,38],
the combination of two anti-phase “trapped mode” excitation here, in
our proposed metasurfaces, is novel.

In order to systematically explore the effects of these two “trapped
mode” in our devices, three other related structures are introduced,
named unit-F*B, unit-F, and unit-B, and the proposed structure is unit-FB

X-
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for comparison, as shown in Fig. 4a, where F and B standing for the
‘Front’ and ‘back’. The unit-F, and unit-B represent the structure only
have the front or back metasurfaces in the proposed structure. The unit-
F*B is similar to the proposed structure but the front metasurface with
the inner round shape structure only. The simulated transmittance
spectra of these structures are shown in Fig. 4b, the Q-value and band-
width are listed in Table 2 for comparison.

Compared with the single metal layer meta-atom structures, the
performance of the double metal layer sandwiched meta-atom struc-
tures, including unit-FB, and unit-F*B, shows higher Q-value and nar-
rower bandwidth. Particularly for unit-FB, it has even narrower half-
peak width and larger Q-value than the unit-F*B and similar trans-
mittance. Same conclusion is also held for 0° polarization (as shown in
Fig. S5). These relate to the trapped mode resonance, the surface current
distributions of these structures at response frequencies can be found in
Fig. S6. The single unit-B only has symmetrical edge current distribution,
therefore, does not produce “trapped mode” resonance, which lead to
the broad bandwidth. Additionally, the surface current distributions of
unit-F show the presence of the in-plane “trapped mode” coupling effect
but extremely weak, unit-F*B demonstrates intense inter-planar “trap-
ped mode” coupling effect which makes a sharp transmission window.
These results indicate that the stronger coupling is the key factor to gain
a higher Q-factor for the devices. Compared to the conventional in-plane
“trapped mode”, the addition of inter-planar resonance offers an effec-
tive approach to realize an extremely narrow bandpass.

The simulated transmittance properties of this bandpass filter can be
understood as a result of the combination of two resonance modes,
“Mode A” and “Mode B”, and the two modes corresponds to the relative
polarization orientation of impinge wave at 0° and 90° with the X-axis,
respectively, as shown in Fig. 5a. Their surface current distributions can
be found in Figs. S7 and S8. The two modes yield two transparent
windows at two different frequencies. When the polarization of
impinging wave is parallel to the X direction, mode A is strongly excited
to form the transparent window in the right side; When the polarization
of impinging wave is along Y direction, mode B will be ignited resulting
in the formation of transparent window in the left side; When the po-
larization is in between, then the relative transimittance or amplitude of
two windows monotonically change with the variation of the relative
angle of polarization orientation of impinge wave with X-axis (or Y-axis)
as shown in Fig. 5b, hence, the continuous tuning of transmistance of the
waves at the resonance frequencies wave can be realized by simply
rotating the device.

4. Conclusion

In this work, we propose a dual-frequency switchable narrow
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Fig. 5. The illustration of resonance (a) “Mode A” and (b) “Mode B”. (¢) Transmittance at the resonance frequency for polarization angle from 0° to 90°.
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bandpass filter for polarized THz waves. For the two perpendicular
polarization orientation at 0° and 90°, it reaches modulation depths of
97.62 % and 95.36% with bandwidths of 260.5 GHz and 176.6 GHz and
transmittances of 67.78% and 70.08% at the two resonance frequencies
of 0.481 THz and 0.931 THz, respectively. Through simple rotation of
the bandpass filter in the plane vertical to the incident wave, the
transmittance spectrum can be switched from one resonant frequency to
another. Numerical analysis unveiled that the weak coupling of the
incident wave with the induced asymmetric antiphase surface currents
results in the high transmittance at the resonance frequencies. This
simple designed tunable bandpass filter potentially can be utilized for
THz modulators and other applications.
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