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In this paper, we present a novel design of an electrically tunable metamaterial device in the
terahertz frequency range of 325–500 GHz. The device is analyzed and optimized using an
equivalent circuit and numerical simulation. The experimental and simulation results are
almost identical in the entire design frequency range. A maximum modulation depth of
90.87% is achieved in the transmission window. The bandpass width decreases from
102.55 to 28.7 GHz as the bias voltage increases from 0 to 30 V. This structure provides
new insights into the potential of electrically tunable terahertz devices for a wide range of
applications.
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INTRODUCTION

Terahertz (THz) waves have shown great potential in the fields of high-speed wireless
communication, biomedical imaging and sensor because of their many unique characteristics
(Nagatsuma et al., 2016; Luo et al., 2019). In these fields, THz modulators (Jafari et al., 2020),
switches (Yang et al., 2020), and filters (Ahamed et al., 2021) are the key components in the
development of THz communication, imaging and spectroscopy systems. Various materials with
tunable characteristics such as graphene and vanadium dioxide have been used to actively control the
THz waves (Park et al., 2018). Nematic liquid crystal is an anisotropic material whose rod-like
molecules can be arranged in an orderly manner by applying an electric or magnetic field. It shows
high birefringence characteristics when the molecules rotate under excitation (Wang et al., 2019). For
the nematic liquid crystal device, the response time is composed of the rise time and the decay time.
The rotation time can be greatly cut down by applying a large bias voltage (Yin et al., 2018).
Compared with other tunable materials, the liquid crystal (LC) is continuously adjustable with lower
operating voltage, low-cost and easy to fabricate large arrays.

Artificial metamaterials can amplify the tuning performance of liquid crystal, thereby achieving a
dynamic control of the THz waves (Fu and Cui, 2019; Shen et al., 2020). Recently, many tunable THz
devices based on the metamaterials have been reported. For example, a superconducting THz
electrical modulator based on the metamaterials was proposed by Li et al. (Li et al., 2017). The
maximummodulation depth of the device in the transmission window reached 79.8%. Controlled by
an electrical sinusoidal signal, such a device could achieve a modulation speed of approximately
1 MHz. In addition, Ge et al. proposed a pseudo Fabry–Pérot filter (Ge et al., 2015). Separate sharp
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resonant peaks were shown in the simulated transmission spectra,
whose positions shifted toward higher frequencies when the
refractive index of liquid crystal decreased. Tunable
metasurface incorporated with active components can achieve
active anisotropy, providing a new platform to dynamically
manipulate electromagnetic wave (Chen et al., 2020).

In this paper, we propose a double-layer plasmonic
metamaterial composed of symmetric trapezoidal slotted unit
cells to demonstrate the transmission characteristics of LC-based
metamaterial. The metal array controls the transmission
frequency of the THz waves. Surface plasmons (SPs) can be
excited when the structure period matches the incident THz wave
frequency (Zhang et al., 2018). Equivalent circuit modeling is
built to provide a clear electromagnetic understanding. The Finite
Element Method (FEM) is used to calculate and optimize the
structural parameters to achieve the most optimal performance.
The proposed design exploits the voltage-dependent anisotropy
of the liquid crystal to achieve good modulation and filtering
characteristics.

MODELLING AND SIMULATION OF A
LC-BASED METAMATERIAL

Figure 1A shows that the single unit cell of the LC-based design is
symmetrical in the three coordinate directions. The upper and
lower copper layers are immersed in the liquid crystal layer, and
two parallel quartz glass substrates play a supporting role. The
reorientation of liquid crystal molecules is controlled by spin-
coating two polyimide alignment layers on the copper layer. The
long axis of the liquid crystal molecules is aligned along the x-axis
when there is no bias voltage. The unit cell of the metamaterial
structure consists of four trapezoidal slotted structures
symmetrical to one another as shown in Figure 1B. The
copper layers are also used as an electrode in order to apply a
bias voltage to the liquid crystal. When a saturated bias voltage is
applied, the long axis of the molecules is aligned parallel to the
direction of the applied electric field, which increases the
dielectric constant of the liquid crystal.

When the THz waves are incident normally onto the device,
they are modulated by the plasmonic metamaterial that acts as a
resonant circuit, as shown in Figure 2A. The inductance L is
mainly determined by the width (w) between the hypotenuse of
two trapezoidal slots and the width (d) between the slot and
square border. The capacitance (C) is a function of the altitude
(X1-X2) and the bases of the trapezoidal slot. In order to clearly
analyze the resonant structure, an equivalent model consisting of
two parallel branches is developed to describe the frequency
response of the entire structure, as shown in Figure 2B. The
parallel circuit represents the resonance characteristics of the
metallic layer, while the liquid crystal layer acts as a variable
interlayer capacitance (Cin). The resistance Rs is used to calculate
the ohmic loss of metamaterials which caused the
transmission loss.

The transmission characteristics of the device are calculated
using the finite element method (FEM). The conductivity of
copper is set to 5.8 × 107 S/m. The dielectric constant and loss
tangent of quartz are εQL � 3.78 and tan (δQL) � 0.002,
respectively. In addition, the characteristic parameters of the
liquid crystal are as follows: ε⊥ � 2.547, tan (δ⊥) � 0.02, ε‖ � 3.65
and tan (δ‖) � 0.02. The incident THz wave is a linearly
polarized normal plane wave with a frequency range between
325 and 500 GHz. Figure 3 shows the electromagnetic
simulation results. The transmittance of the device is 81.2%
at 415.5 GHz when the dielectric constant of the liquid crystal
layer is set to 2.547. In order to depict the filtering characteristics
of the device, the bandpass width is defined as the range of
frequency between two points, at which point the transmittance
is 70%. The bandpass width is 90.3 GHz when there is no bias
voltage. As the dielectric constant of the LC increases from 2.547
to 3.65, the transmittance of the device drops to 7.6% at
415.5 GHz and the bandpass width drops to 39.2 GHz.
Furthermore, the center frequency is shifted from 388.35
GHz to 346.18 GHz as the dielectric constant of the liquid
crystal increases from 2.547 to 3.65. Modulation depth (MD)
are important parameters for judging the modulation capability
of a device. They can be calculated as follows for the proposed
design:

FIGURE 1 | (A) Cross-section schematic diagram of the unit cell. hq � 300 µm, hc � 0.5 µm, hl � 45 µm. (B) Copper layer of the unit cell formed on the quartz
surface. X1 � 122 µm, X2 � 108 µm, W � 14 µm, P � 350 µm.
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MD � Tmax − Tmin

Tmax
(1)

In the above expressions, Tmax and Tmin represent the maximum
and minimum transmittance of the device at a certain frequency,
respectively. The amplitudes of modulation depth are calculated
as 90.7% using (1).

When the component parameters of the circuit are as follows:
L1 � 5.10 pH, L2 � 166.52 pH, C � 0.0333 pF, Cin � 0.00102 pF,
Rs � 10Ω, and the dielectric constant of the liquid crystal is set to
2.547, the transmission characteristics of the equivalent circuit are
similar to the simulation results obtained using the FEM, as
shown in Figure 3A. When the component parameters change to:
L1 � 1.65 pH, L2 � 654.26 pH, C � 0.1385 pF, Cin � 0.00033 pF,
and the dielectric constant of the liquid crystal is set to 3.65, the
resonant frequency of the equivalent circuit is consistent with the
simulation results. The electromagnetic waves can be enhanced
when the incident frequency is consistent with the resonant
frequency of the equivalent circuit, and the incident waves
outside the resonant frequency range are blocked. The
transmission characteristics of the device at different

polarization angles are obtained by calculating the
transmittance for polarization angles ranging from 0 to 45°, as
shown in Figure 3B. The transmission characteristics under
different polarization angles are consistent, which proves the
polarization independence.

The surface current distribution and the electric field
distribution at the frequency of the maximum modulation
depth is calculated respectively to reveal the intrinsic physical
mechanism of the proposed design, as shown in Figure 4. Figures
4A,D show the electric field distribution in the device. The
transmittance of THz waves while unbiased is greater than
that while biased. When an electromagnetic wave is normally
incident to the device, surface plasmons (SPs) coupling is excited
by double-layer metamaterial, and the energy of the coupled field
is mainly concentrated in the dielectric layer (Barnes et al., 2003).
Figures 4B,C show the surface current distribution on the
metamaterial surface while unbiased and biased. When the SPs
are excited on the surface of the upper copper layer, the surface
current is mainly concentrated on the edges of the four
trapezoidal slotted structures and flows parallel to the
polarization direction of the incident wave. The liquid crystal

FIGURE 2 | (A) Parallel equivalent circuit model of the copper pattern. (B) Equivalent circuit model of an array composed of the unit cell.

FIGURE 3 | (A) Simulation of transmission spectra at different dielectric constants of liquid crystal and transmission characteristics of the equivalent model. (B)
Simulation of transmission characteristics at different polarization angles.
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layer is kept very thin to ensure that the SPs can effectively
propagate to the lower layer, and then transformed into free-
space electromagnetic waves through coupling. The energy of the
electromagnetic field is mainly concentrated in the liquid crystal
layer. Due to the monotonic relationship between the dielectric
constant and the transmission characteristics, the THz beam can
be controlled flexibly and effectively by applying different bias
voltages over the design frequency range.

Figure 5A shows the proposed tunable device with 40 × 40
unit cell of sub-wavelength trapezoidal air slots that was fabricated
using an ultraviolet lithography process. The array is printed on a
20× 20mmarea of a 0.3 mm thick quartz substrate with a thickness
tolerance of ±5 μm. The length and width tolerance of air slots is
within the limits of ±3 μm compared with the design values. The
four crosses structure at the sample edges are used for the alignment
of two metamaterial layers. The electrode is used to load external

biased voltage. The device is tested using the measurement system
as shown in Figure 5B. The vector network analyzer is used to test
the spectral response of the sample and the mm-wave module
extender is used to adjust the incident frequency range to
325–500 GHz. The bias voltage is an amplified 1 kHz square
wave signal provided by the signal generator to prevent electric
charge from accumulating in the sample.

RESULTS AND DISCUSSION

Figure 6 shows the transmission spectra of the sample under
different bias voltages.When the bias voltage is 0V, the device has a
fairly flat transmission in the passband. As the applied bias voltage
increases from 0 V to 30 V, the transmission peak on the left shifts
from 359.65 to 341.63 GHz. Meanwhile, the transmission peak on

FIGURE 4 | Electric field and surface current distributions at 415.5 GHz while biased and unbiased. (A) Electric field distribution while unbiased. (B) Surface current
distribution of the upper and lower copper layers of the unit cell while unbiased. (C) Surface current distribution of the upper and lower copper layers of the unit cell while
biased. (D) Electric field distribution while biased.

FIGURE 5 | (A) Copper pattern on a quartz substrate and microscopic image of a unit cell. The square area is an array composed of 30 × 30 unit cells, which is
connected to an electrode. a � 2 cm. (B) Test equipment and environment. The lens was used to focus the incident THz beam.
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the right reduces gradually. The bandpass width decreases from
102.55 to 28.7 GHz as shown in Figure 7A. Figure 7B shows the
modulation depth of the sample under different bias voltages at
409 GHz. As the applied bias voltage reaches saturation, the
maximum modulation depth becomes 90.87%. The
transmittance gradually decreases from 83.35 to 7.6% at the
resonance frequency of 409 GHz. The size of fabricated array is
still not large enough to approximate to infinite periodicity
boundary. The test results include direct transmission of energy,
which is not through the sample. Themodulation depth is almost a
constant when the applied bias voltage is less than 1 V, which is the
threshold voltage required for the reorientation of liquid crystal
molecules. When the bias voltage is less than 6 V, the device’s
response to voltage variation is more sensitive than that between
6–30 V because the liquid crystal molecules can rotate easily in the
beginning. After reaching 15 V, the voltage does not significantly
affect the device.

The experimental results have difference with the simulation
results. The frequency point of the optimal modulation depth
observed in the measurement is shifted to the left by 6.5 GHz
compared with the simulation results, which may be caused by
dimensional manufacturing. Insufficient etching may reduce the
altitude (X1-X2) of the trapezoidal slot. The transmission peak on
the right redshifts to the low frequency with the decrease of altitude
as shown in Figure 8. However, the evolution of the spectrum in the
incident frequency range is consistent with the theoretical analysis
results.

CONCLUSION

This paper investigated the transmission characteristics of a
tunable THz device based on metamaterial and liquid crystal.
The tunable device was designed, fabricated and tested. The thin

FIGURE 6 | Transmission spectra of the sample at different bias
voltages.

FIGURE 7 | (A) Bandpass width under different bias voltages. (B) Amplitude modulation under different bias voltages.

FIGURE 8 | Simulation of transmission spectra of the device at different
trapezoidal slot altitude.
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liquid crystal layer was used to dynamically modulate the
frequency of the THz beam that could excite the SPs. The
equivalent circuit was used to describe the expected frequency
response of the device. Transmittance spectra of the sample
showed that the maximum modulation depth was 90.87% at
409 GHz. In addition, the bandpass width decreased from 102.55
to 28.7 GHz. The electrically tunable device can replace multiple
components and provide a potential solution for the THz system.
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