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H I G H L I G H T S

• Tunable THz resonator using asymmetrical F-shape metamaterial (AFSM) is presented.

• AFSM exhibits switching function for single-band and dual-band resonances.

• AFSM can be modulated as single-resonance or dual-resonance at different polarization mode.

• AFSM exhibits ultra-narrow bandwidth with highest Q-factor of 40.

• AFSM can be used as high-efficiency environmental sensor.

A R T I C L E I N F O

Keywords:
Metamaterial
THz modulator
THz resonator

A B S T R A C T

A design of tunable terahertz (THz) resonator by using asymmetrical F-shaped metamaterial (AFSM) is pre-
sented, which is composed of Au layer fabricated on silicon-on-insulator (SOI) substrate. There are three designs
of AFSM with different length of F-shaped microstructure, which are 60 μm, 65 μm, and 70 μm kept other
parameters as constant. The electromagnetic response of tunable THz resonator exhibits the switch function for
single-band resonance at transverse magnetic (TM) mode and dual-band resonance at transverse electric (TE)
mode by changing the gap between AFSM microstructures. These characterizations of device can be used for a
THz filter at TM mode and a THz switch at TE mode. To compare the proposed AFSM device with and without a
gap, that can be switched in the range of 0.20–0.40 THz for single-band switching resonance at TM mode and
dual-band switching resonance at TE mode, respectively. These resonances are ultra-narrow bandwidths with a
highest Q-factor of 40 at TE mode and kept as stable at 20 at TM mode. Such results are very suitable to be used
for an environmental sensor. To further enhance the flexibility of AFSM device, it is exposed on ambient en-
vironment with different refraction index for high-efficiency environmental sensor with a correlation coefficient
of 0.9999. This study paves a way to the possibility of high-sensitivity of tunable THz metamaterial in filter,
switch, polarizer, and other applications.

1. Introduction

Terahertz (THz) optics in spectroscopy and imaging systems are
essential to THz wave applications in physics study, quality control,
security check, molecule identification, and so on [1–3]. However, THz
optics in-between the light source and photodetector becomes a bot-
tleneck owing to many dielectrics and semiconductors are penetrable
by THz wave. By contrast, the integration of THz optics constituted by
miniaturized optical components are expected to express higher signal
transmission or reflection [4,5]. It allows more compact systems and
enables the integration with other systems for increasing flexibility and
applicability. For example, THz device can be compacted into

semiconductor integrated circuits and integrated photonic circuits
[6,7]. Such miniaturized THz devices are required alternative ap-
proaches and techniques to possess actively THz-wave manipulation
and multi-functionalities.

Transformation optics is one of the key theories to describe the
propagation path of electromagnetic wave [8]. Recently, metamaterials
have attracted extensive research interest due to their unique optical
properties that cannot be found in natural materials. In view of that,
THz metamaterial becomes a feasible material for electro-optics appli-
cations. Owing to the unusual properties of metamaterial, metama-
terial-based devices exhibit many advantages in place of traditional
optical devices, such as filter, waveguides, polarizer, resonator, and
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switch [9–14]. There are a lot of literatures widely reported THz me-
tamaterials by using symmetrical or asymmetrical split-ring resonator
(SRR) to perform THz filter, THz polarizer, and THz switch [12–18].
The configurations are included but not limited to electric SRR (eSRR)
[19], spiral-shaped SRR [20], U-shaped SRR [21], complementary SRR
(cSRR) [22], V-shaped SRR [23], flexible SRR [24], and so on. How-
ever, the corresponding resonances of these designs can be only filter or
absorb certain frequency passively. To improve the flexibility of THz
metamaterial, there are many literatures reported and demonstrated
many tuning mechanisms, including optical [25], electrical [26],
magnetic [27], thermal [28], and mechanical [29] approaches. These
reported tuning mechanisms are limited to a single application caused
from the symmetric or asymmetric SRR configurations. For example,
the design of THz filter is improbable for the use of THz switch and
polarizer. Furthermore, the quality factor (Q-factor) of reported THz
devices are limited to be very low (~0.5–5) [19–31]. On account of
this, the desire to achieve a multifunctional THz device with high Q-
factor and active tunability has been a research topic of interest for
scientists.

In this study, we propose a tunable THz resonator composed of
asymmetrical F-shaped metamaterial (AFSM). This design exhibits
multi-functionalities and ultrahigh Q-factor. AFSM can be not only
tuned from single-band to dual-band resonance at TE mode for filter
and switch, but also tuned between TE and TM modes for polarizer. To
increase the flexibility of AFSM device, it is exposed on ambient en-
vironment with different refraction index for high-efficiency environ-
mental sensor application. The relationship of resonance and refraction
index is quite linear. The corresponding correlation coefficient is
0.9999. This design of tunable AFSM opens an avenue to the possibility
of THz wave manipulations for the uses in filter, resonator, switch, and
other THz applications [32–38].

2. Materials and methods

Fig. 1 shows the schematic drawing of proposed tunable AFSM
composed of an Au layer with 300 nm in thickness on silicon-on-in-
sulator (SOI) substrate. The corresponding geometrical denotations of
unit cell are illustrated, where Px=125 μm, Py=60 μm, a=40 μm,
c=5 μm, d=10 μm are kept as constant in this study. Three designs of
AFSM are b=60 μm, b=65 μm, and b=70 μm, respectively, while x
parameter is changed from 0 μm to 40 μm. The resonant frequency of
AFSM can be tuned by using MEMS-based actuation force to change x
parameter, e.g. electrothermal or electrostatic force. The optical re-
sponses of AFSM are adapted using full-field electromagnetic wave si-
mulations performed by commercial simulation software Lumerical,
three-dimensional finite difference time-domain (FDTD) solutions. The
background index and surrounding temperature are set as 1 and 300 K,
respectively. In addition, the simulated integration time is set as 100 ps.

According to the Drude-Lorentz model theory, the resonance of AFSM is
a function of the refractive index of electromagnetic wave expressed by

=n ε ω μ ω( ) ( )EM , which can be calculated by using equation (1).
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where ωLC is LC resonance, ωp is dipole resonance, and F is a di-
mensionless quantity, while subscripts e and m refer to electric and
magnetic response [39]. Periodic boundary conditions are adopted in
the x and y directions and perfectly matched layer (PML) boundaries
conditions are assumed in the z direction. The transmission (T) of THz
waves are calculated by setting two monitors on both sides of device.
AFSM with gaps, i.e. x parameters between double F-shaped micro-
structures can be considered as an inductive-capacitive (LC) resonator
from the view of equivalent circuit [40]. The inductance and capaci-
tance are related to the contour and gap of AFSM, respectively. The
electromagnetic resonance of AFSM is a function of refraction index of
THz wave, according to the quasi-static formulas for a parallel plate
capacitor and a solenoid. The inductance and capacitance in the for-
mula can be expressed as C= ε0εcct/x and L= μ0b2/t, where ε0 is the
free space permittivity, and εc is the relative permittivity of the mate-
rials within gap, t is the metallic thickness. The resonant frequency can
be obtained by [41]

⎜ ⎟= = ⎛

⎝

⎞

⎠
f

π LC πb ε ε μ
x
c

1
2

1
2LC

c0 0 (2)

Therefore, the resonant frequency of AFSM can be actively tuned to
blue-shift by increasing x value.

3. Results and discussions

Fig. 2 shows the transmission spectra of AFSM by changing x
parameter from 0 μm to 40 μm at TE and TM modes as shown in
Fig. 2(a) and (b), respectively. The geometrical dimensions are kept as
b=60 μm, a=40 μm, c=5 μm, and d=10 μm. In the initial state, the
gap between AFSM is zero, i.e. x=0 μm, the resonances of AFSM are
0.26 THz and 0.33 THz at TE mode and TM mode, respectively. When x
value is changed from 4 μm to 40 μm, there are two resonances at TE
mode. The first resonance is kept as constant as 0.21 THz and second
resonance is shifted from 0.33 THz to 0.38 THz. The tuning range is
0.05 THz. It is clearly observed that AFSM exhibits a single-band and
dual-band switching characteristic. At TM mode, there is one resonance
shifted from 0.33 THz to 0.44 THz for x value changing from 0 μm to
40 μm. The trend of tuning resonance is nonlinear with a tuning range
of 0.11THz. The transmission spectra of AFSM with b parameter of
65 μm and other parameters are kept as constant as a=40 μm,
c=5 μm, and d=10 μm at TE and TM modes as shown in Fig. 3(a) and
(b), respectively. In the initial state, the gap between AFSM is zero, the
resonances of AFSM are 0.26 THz and 0.33 THz at TE mode and TM
mode, respectively. When x value is changed from 4 μm to 40 μm, the
first resonance is almost kept as constant as 0.21 THz and the second
resonance is shifted from 0.33 THz to 0.38 THz. The tuning range is
0.05 THz. When the x value is 0 μm, there is only one resonance at 0.26
THz. It is clearly observed that AFSM exhibits a single-band and dual-
band switching characteristic. At TM mode, there is one resonance for x
value changing from 0 μm to 40 μm tuned from 0.33 THz to 0.45 THz.
The tuning trend is nonlinear with a tuning range of 0.12 THz. Fig. 4
shows the transmission spectra of AFSM with b parameter of 70 μm and
other parameters are kept as constant as a=40 μm, c=5 μm, and
d=10 μm at TE mode (Fig. 4(a)) and TM mode (Fig. 4(b)), respec-
tively. In the initial state, the gap between AFSM is zero, the resonances
of AFSM are 0.26 THz and 0.33 THz at TE mode and TM mode, re-
spectively. When x value is changed from 4 μm to 40 μm, there are two
resonances at TE mode. The first resonance is almost kept as constant asFig. 1. Schematic drawing of THz resonator using AFSM.
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0.21 THz and the second resonance is shifted from 0.32 THz to 0.37
THz. The tuning range is 0.05 THz. When the x value is 0 μm, there is
only one resonance at 0.26 THz. It is clearly observed that AFSM ex-
hibits a single-band and dual-band switching characteristic. At TM
mode, there is one resonance for x value changing from 0 μm to 40 μm
tuned from 0.31 THz to 0.43 THz. The tuning trend is nonlinear with a
tuning range of 0.12 THz.

The relationships of resonances and x value for b=60 μm, 65 μm,

and 70 μm at TE and TM modes are plotted in Fig. 5(a) and (b), re-
spectively. The resonance is blue-shift and then saturated gradually due
to the F-shaped microstructure is moved to be farer than another F-
shaped microstructure. To understand the physic mechanism, the cor-
responding electric (E) field and magnetic (H) field distributions are
monitored within the F-shaped metamaterials, which are indicated in
Fig. 6 for TE mode (Fig. 6(a)) and TM mode (Fig. 6(b)), respectively,
where b parameter is 60 μm. In the initial state (x=0 μm), the E-field
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Fig. 2. Transmission spectra of AFSM with b=60 μm at different x value from 0 μm to 40 μm at (a) TE mode and (b) TM mode.
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Fig. 3. Transmission spectra of AFSM with b=65 μm at different x value from 0 μm to 40 μm at (a) TE mode and (b) TM mode.
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Fig. 4. Transmission spectra of AFSM with b=70 μm at different x value from 0 μm to 40 μm at (a) TE mode and (b) TM mode.
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energy is distributed in the left and right two conductor bars of F-
shaped microstructure, while the H-field energy is distributed around
the top and bottom two conductor bars of F-shaped microstructure at
TE mode. At TM mode, the E-field energy is distributed around the
whole device contour, while the H-field energy is distributed in the left,
middle and right conductor bars of F-shaped microstructure. When x
value is changed from 4 μm to 40 μm, the E-field energy is distributed in
the middle of device and the bottom of F-shaped microstructure at TE
mode, while the H-filed energy is in the middle of F-shaped micro-
structure. At TM mode, the E-field energy is distributed in the middle of
device and around the top of F-shaped microstructure, while the H-field
energy is distributed around in the middle of device.

The relationships of Q-factors and x values of tunable AFSM are
plotted in Fig. 7. It is clearly observed the relationships of Q-factors and
x values of three AFSM devices are linear trends. These Q-factors are
almost identical and kept as constant as 20 at TM mode. At TE mode,
the trends of Q-factors to x values of three AFSM devices are increasing
gradually as shown in Fig. 7. The corresponding slopes are 0.27, 0.30,

0 4 8 12 16 20 24 28 32 36 40 44
0.30

0.32

0.34

0.36

0.38

0.40
TE mode

R
es

on
an

ce
 (T

H
z)

x (μm) x (μm)

 60
 65
 70

0 4 8 12 16 20 24 28 32 36 40 44
0.40

0.41

0.42

0.43

0.44

0.45

0.46
TM mode

b (unit: μm)
 60
 65
 70

R
es

on
an

ce
 (T

H
z)

(a) (b)

b (unit: μm)

Fig. 5. The relationships of resonance and x value for b=60 μm, 65 μm, and 70 μm at (a) TE mode and (b) TM mode, respectively.
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and 0.42 for b=60 μm, b=65 μm, and b=70 μm, respectively. The
average Q-factors are 37, 30, and 32 for the cases of b=60 μm,
b=65 μm, and b=70 μm at TE mode, respectively. The highest Q-
factor is 40 for the case of b=60 μm and x=40 μm. Such electro-
magnetic characteristic of ultra-high Q-factor is very suitable for the use
in sensing application. To further prove the applicability of proposed
tunable AFSM device, which is designed to be exposed on different
ambient environmental mediums and then demonstrated the high-ef-
ficiency sensor application. Fig. 8(a) shows the transmission spectra of
tunable AFSM device by changing ambient reflection index (n) from 1.0
to 2.0. The geometrical parameters are kept at x=4 μm, a=40 μm,
b=60 μm, c=5 μm, and d=10 μm, respectively. The relationship of
resonance and reflection index is summarized in Fig. 8(b). The trend is
linear with a correlation coefficient of 0.9999. This value is better than
those reported in literatures [12–39]. Such design of tunable AFSM
device can be used as a high-efficiency environmental sensor.

4. Conclusions

In conclusion, an actively tunable THz resonator by using AFSM
microstructures is presented. The proposed AFSM device exhibits the
tunabilities of single-band and dual-band resonances with an ultra-
narrow bandwidth. The resonance could be tuned by changing the gap
between F-shaped microstructures. The tuning ranges of resonances
could be spanned from 0.20 to 0.40 THz to be a THz switch function.
The highest Q-factor is 40 for the case of b=60 at TE mode. At TM
mode, Q-factors of three AFSM devices are stable and kept as constant
as 20. The proposed AFSM device can be not only realized an ultra-
narrowband resonator but also a THz switch and polarization switch.
To enhance the flexibility of AFSM device, it is exposed on different
surrounding environment with different refraction index for high-effi-
ciency environmental sensor with a correlation coefficient of 0.9999.
This work provides the detail investigation of tunable THz resonator by
using AFSM microstructures. With the investigation of geometrical re-
lationships of AFSM being fully understood, the design of AFSM pro-
vides a new direction for future THz device applications.
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