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Electrically tunable terahertz dual-band
metamaterial absorber based on a liquid crystal
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In this paper, a liquid crystal (LC) based tunable metamaterial absorber with dual-band absorption is
presented. The proposed absorber is analysed both numerically and experimentally. The analysis shows
that the two absorption peaks, originating from the new resonant structure, are experimentally detected
at 269.8 GHz and 301.4 GHz when no bias voltage is applied to the LC layer. In order to understand the
absorption mechanisms, simulation results for the surface current and power loss distributions are
presented. Since liquid crystals are used as the dielectric layer to realize the electrically tunable absorber,
a frequency tunability of 2.45% and 3.65% for the two absorption peaks is experimentally demonstrated
by changing the bias voltage of the LC layer from O V to 12 V. Furthermore, the absorber is polarization
independent and a high absorption for a wide range of oblique incidence is achieved. The designed
absorber provides a way forward for the realization of tunable metamaterial devices that can be applied

rsc.li/rsc-advances

1. Introduction

The terahertz (THz) waves ranging from 0.1 to 10 THz have
attracted considerable attention from various researchers due
to their emerging potential applications in imaging, sensing
and spectroscopy.’® Several efforts have been made for
advancing the THz devices,**® among which the THz absorber is
believed to be a crucial component in developing THz detectors
and sensors.

The concept of a metamaterial absorber (MA) was promoted
by Landy et al.” The MAs have been widely investigated due to
their low cost, small size and ultrathin thickness. Various
structures, such as closed rings,® split rings® and cut-wire
pairs,' have been proposed for MAs. Currently, the research
is focused on absorbers intended for detecting and spectro-
scopic imaging applications. Therefore, tunable and multiband
MAs are of great importance. One possible way to achieve
frequency tunability of MA is to reconstruct the geometries, but
it cannot be applied in the case of dynamic tuning. A tunable
MA based on electrostatically actuated MEMS cantilever'* or
varactor loaded resonator'> has been proposed. However, the
fabrication of such structures is complicated. Recently, a prog-
ress toward the improvement of tune method has been made by
changing the material properties. Graphene'™” and strontium
titanate'®' have been proposed for tunable metamaterials.
Nevertheless, the fabrication of these kinds of devices is still
a big challenge at current state-of-the-art. Semiconductor****
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in multi-band detection and imaging.

and superconductor**® were also adopted in tunable meta-
materials, but the modulation of these devices requires harsh
environment, which restricted their practical applications.

Liquid crystal (LC) is a promising candidate for tunable and
dynamic metamaterials due to its voltage dependent birefrin-
gence. It has been widely employed to realize tunable meta-
materials in recent years.**?® Compared to other active
mediums, the LC has several advantages. Firstly, the LC based
metamaterial is cost-effectiveness and easy-to-manufacture.
Secondly, it can be operated at room temperature with low
bias voltages. Shrekenhamer et al.*” reported an electronically
controlled MA based on the birefringence of LC cell at THz
frequencies. Isi¢ et al.?® and Wang et al.*® presented LC tunable
THz absorbers with periodically arranged patch resonators.
However, only one absorption peak frequency can be dynami-
cally tuned for these works. To the best of authors’ knowledge,
LC based MA with multiple absorption peaks has been rarely
reported. One of the main reasons is that the resonant structure
of LC based MA is usually connected as a whole electrode.
Hence, the existing multi-band absorber technologies by
packing multiple discrete resonators within a unit cell are not
suitable for LC based MAs.

In this paper, a polarization independent and tunable LC-
based MA with two absorption peaks at THz frequencies is
presented. Based on a new metamaterial unit cell structure,
a LC and a dipole resonant mode are excited that are respon-
sible for these two absorption peaks, respectively. The charac-
teristics and the absorption mechanisms of the proposed MA
are comprehensively investigated. Both the simulation and the
measurement results have demonstrated that the two resonant
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frequencies can be dynamically tuned by adjusting the bias
voltage of the LC layer.

2. Design of the structure

The schematic view of the proposed tunable absorber unit cell is
shown in Fig. 1. The unit cell is formed by using two parallel
quartz plates that are separated by a cavity filled with the liquid
crystal. Meanwhile, a patterned copper layer and a copper
ground plane are printed on the inner surface of each quartz
plate. In summary, the quartz plates serve not only to support
the metal layers, but also to encapsulate the LC layer.

The liquid crystal materials are composed of anisotropic
molecules whose direction may change by an external electrical
field. The orientation of the liquid crystal molecules and the
permittivity of the LC layer along the electric field vector of the
incident wave can be dynamically controlled by adjusting the
bias voltage between the copper pattern layer and the metal
ground. In order to control the orientation of the LC molecules
in the absence of bias voltage, the inner surfaces of both copper
layers are covered with polyimide (Pi) alignment layers. In the
unbiased state (¢ ), the long axis of the molecules is aligned
parallel to the surface of the quartz due to the static action of
the polymer alignment layer. The bias voltage, applied across
the biasing layers, rotates the LC molecules. This provides
maximum permittivity (e), at the saturation state, while the
direction is perpendicular to the cell walls. Therefore, the
permittivity of the LC maybe electronically varied between these
two states, L.e. Aecr = ) — £, where the absorption frequency of
the absorber may also be shifted.

Table 1 lists the dimensions of the unit cell structure.
Besides, the pattern layer and the ground plate were made of
500 nm thick copper, while the quartz plates were considered as
a dielectric material with relative permittivity of 3.78 and
dielectric loss tangent of 0.02. In the simulation, the copper was
treated as a Drude model with plasma frequency of 1.12 x 10*°
rad s~ and collision frequency of 8.67 x 10" rad s, respec-
tively.** Moreover, the LC material was assumed to be S200, and
its permittivity in the unbiased state (¢, ) and fully biased state
(e) were set to be 2.47 and 3.06, respectively.*

The numerical time domain FDTD method is used to
perform simulations, where the unit cell boundary conditions

a

a
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Table 1 Structural dimensions of the designed absorber in Fig. 1

Parameters a R r b d s
Values (um) 410 190 155 20 20 12

Hy
500

Hgp Hic
1000 45

are applied in x and y directions. Since the proposed absorber
has similar absorption characteristics for TE- or TM-polarized
normal incident wave, the electromagnetic responses for the
TE-polarized incident wave with electric field parallel to the x-
axis are firstly investigated under the normal incidence.

The absorptivity of an absorber can be calculated by

A=1—1|Syf - ISuf 1)

where 4, S;1, and S,; are the absorptivity, the reflection coeffi-
cient, and the transmission coefficient, respectively. The
transmission coefficient S,; is zero in this case because the
thickness of the copper ground plate is much larger than its
skin depth and the absorptivity can be regarded as A = 1 —
|S11]%

The simulated absorption spectrum of the proposed MA in
the unbiased state (¢rc = 2.47) is shown in Fig. 2. In the
simulation, the loss tangent of LC layer is set to be 0.02. The
figure shows that two distinct absorption peaks, named mode f;
and f,, are located at 271 and 304.8 GHz with absorptivity of
97.1% and 95.3%, respectively. The simulation result provides
a foundation for tuning of dual band absorption peaks with
high absorptivity.

3. Simulated results and discussions

In order to demonstrate the intrinsic mechanism of the
absorber, the surface current distributions on the copper
pattern and the copper ground plane under TE-polarization are
calculated corresponding to the two absorption peaks shown in
Fig. 2. The simulated results are illustrated in Fig. 3.

For mode f;, the surface current on the copper pattern
mainly concentrates in the outer ring area as shown in Fig. 3(a).
Moreover, the enlarged view shown in Fig. 3(b) indicates that an
LC resonance mode is excited in each split-ring resonant area.
Meanwhile, the surface current on the metal ground plane
shown in Fig. 3(c) is reversed to that in Fig. 3(a), as the magnetic

Fig.1 Schematic of a unit cell of the proposed tunable dual-band metamaterial absorber based on the liquid crystal. The geometry parameters
are as follow: @ = 410 pm, R = 190 pm, r = 155 pm, b = 20 pm, d = 20 pm, s = 12 um, Hq1 = 500 um, Hgo = 1000 um and Hic = 45 um.
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Fig. 2 Absorption spectrum of the proposed metamaterial absorber
with permittivity of LC ¢ ¢ = 2.47 under the normal incidence of TE-
polarized wave.

0 E—— 36342 (A/m)

Fig. 3 Simulated surface current distribution on: (a) copper pattern of
mode f1, (c) copper ground plane of mode f;, (d) copper pattern of
mode f,, (f) copper ground plane of mode f,, with (b) the enlarged view
on copper pattern of mode f; and (e) the enlarged view on copper
pattern of mode f,.

resonance is excited by the circulating currents between the two
metallic layers. For mode f,, the surface current on the
patterned layer is concentrated in the connecting bars between
the two adjacent units, which excites the dipole resonances as
shown in Fig. 3(d) and (e). Similarly, the magnetic response for
the second resonance mode is also excited by the reversed
surface current between the patterned and the ground layers.
In order to further explore the absorption mechanism, the
ohmic losses at the copper pattern layer and copper back-
ground, and the dielectric power loss densities in the quartz
plate and the LC layer for the two peak absorption frequencies
are calculated and the obtained results are shown in Fig. 4. It
can be seen from the figure that the strength of the electric field
determines the dielectric losses of the absorber in each dielec-
tric layer, while the ohmic losses at the patterned copper layer
are depended on the surface currents. Furthermore, it is
observed that the most of the power losses is concentrated in

This journal is © The Royal Society of Chemistry 2018
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Fig.4 Calculated results for peak absorption frequency. (a), (b), (e) and
(f) distribution of the surface losses at copper pattern of mode fy,
copper background of mode f;, copper pattern of mode f,, and copper
background of mode f,, respectively. (c), (d), (g) and (h) distributions of
the dielectric power loss densities of the quartz platof mode f;, the LC
layer of mode fy, the quartz plate of mode f,, and the LC layer of mode
f,, respectively.

the LC layer, where it contributes 67.2% and 69.9% of total
losses for the two absorption peaks, respectively.

It is well known that the reflection depends on impedance,
and is defined by:

2(f) = Vul)/elf) = 21 + iz @)

where z; and z, represent the real and the imaginary impedance
parts, respectively. In order to achieve the perfect impedance
matching, z; and z, should tend to unity and to zero,
respectively.

The retrieved impedance can be calculated by:*

(1481)* =852

D=\ s s

®)

The normalized input impedance is illustrated in Fig. 5. It
can be seen that the normalized input impedances at the peak
absorption frequencies of 271 and 304.8 GHz are 0.881 + 0.177{

Real(z)
Image(z)

-10 T T T T T T T T T T T T T -30
220 235 250 265 280 295 310 325

Frequency(GHz)

Fig. 5 Response of the proposed structure for extracted normalized
input impedance (2).
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and 0.946 + 0.383i, respectively. Furthermore, the normalized
input impedance is approximately equal to the free-space
impedance at each peak absorption frequency, wherein a little
reflection from the structure is introduced. Additionally, the
transmission from the structure is also zero due to the existence
of the metal ground plane. Consequently, the incident wave is
trapped in the structure and the energy is dissipated through
dielectric and ohmic losses.

Now let's focus on the frequency tunability of the proposed
dual band metamaterial absorber. As mentioned above, the
measured permittivity of LC material S200 in the unbiased state
(¢1) and the fully biased state (¢)) were 2.47 and 3.06, respec-
tively. In this paper, the LC is treated as a homogenous isotropic
material and the effective index of the aligned nematic LC is
given by*

NeNo

—
\/ne2 sin” 0 + ny? cos? 6

Neff = (4)
where n, and n. represent the ordinary and the extra-ordinary
indices, respectively. It is known that the LC is a nonmagnetic
material. Thus, eqn (4) can be rewritten as:

€1 €
&=

(5)

e, sin® 0+ ¢ cos? 0

It can be concluded from eqn (5) that the LC permittivity is
equal to ¢, for the initial case (¢ = 0°), where the direction of
the electric field vector in the LC layer is perpendicular to the LC
molecular direction. With the increase of the bias voltage
applied on the LC layer, the reorientation angle of the LC
molecule gradually shifts towards the z axis and finally becomes
parallel to the z axis (6 = 90°), as the LC permittivity increases to
&) at the fully-biased state.

The absorption spectra under the TE-polarized normal
incidence excitation for the LC director angle values of 6 = 0°,
30°, 45°, 60°, and 90° (corresponding to the dielectric constants
of liquid crystal of e = 2.47, 2.595, 2.734, 2.888 and 3.06) are
calculated and shown in Fig. 6. The spectra demonstrate the

1.0
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o
N
)

0.0 T T T T T T T T T T T T T 1
220 235 250 265 280 295 310 325

Frequency(GHz)

Fig. 6 Absorption spectra of the proposed absorber for different LC
director angles ¢ under the normal incidence of TE-polarized wave.
The inset is the schematic view of LC molecular reorientation in the xz
plane.
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Fig. 7 Absorption spectra for different polarization angles under the
normal incident wave. The electric field is changed by an angle ¢ with
respect to x-direction.

tunable performance of the proposed LC-based dual band
absorber.

Fig. 6 shows two absorption peaks located at 271 and 304.8
GHz, for the initial alignment with LC molecular director
parallel to the surface of the quartz. As the LC molecule is re-
orientated from 0° to 90°, the two absorption peaks shift
downwards to 261.5 and 290.8 GHz, accounting for 9.5 and 14
GHz frequency variation, respectively. From Fig. 6, the
frequency tunability (fiod = Aflfmax) for the two resonant modes
is 3.51% and 4.59%, respectively. Moreover, the frequency
tunability of mode f, is relatively higher than mode f;, which
can be attributed to the higher sensitivity to substrate material
of dipole resonant mode.

In order to validate the performance of the proposed
absorber under different polarization angles, the responses for
the polarization angle variation, ¢, under normal incidences are
calculated and shown in Fig. 7. The figure shows that the
proposed absorber is independent of wave polarization under
normal incidence due to the structure symmetry.

The proposed structure is further studied theoretically under
oblique incidence. For TM-polarized incident wave, the
proposed structure maintains absorption above 0.75 up to 60°
incident angle for both absorption peaks as shown in Fig. 8(a).
With the increase of incident angle, the resonance frequency
nearly remains the same for mode f;. However, for mode f,, the
resonance frequency shows a blue shift. For TE-polarized inci-
dent wave, the proposed structure maintains absorption above
0.8 up to 30° of oblique incidence for both f; and f, modes.
Moreover, from Fig. 8(b), it is interesting that with the increase
of incident angle, more resonance modes with high resonant
intensity are excited, providing a characteristic of multi-band
absorption with high absorptivity over wide incident angles.

4. Experimental verification

In order to experimentally verify the proposed absorber, an
array of overall size of 2 cm x 2 cm, with 40 x 40 unit cells, was
fabricated. The fabricated sample and the measurement setup

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Absorption spectra of the proposed metamaterial absorber for
different incident angles: (a) for TM-polarized incident wave and (b) for
TE-polarized incident wave.

are shown in Fig. 9. The setup contained an antenna connected
to the Agilent N5224A vector network analyser via VNA extender
VDI VNAX592, which was used for frequency range of 220-325
GHz. Moreover, a pair of THz lens were utilized to focus the THz

VNA extender

Fig. 9 Experimental demonstration of the proposed absorber. (a)
Photograph of the fabricated sample with an enlarged view. (b)
Experimental setup contained an antenna, a vector network analyser,
a VNA extender, a function signal generator and a pair of THz lens.
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beam, and an Agilent 33220A function signal generator was
employed to produce the bias electronic field.

Fig. 10 illustrates the measured absorptions of the fabricated
sample at unbiased and biased states under TM-polarization.
The differences between the measured and the simulated
results for the resonant frequencies and the absorptions are
mainly attributed to the inaccurate size of the sample due to the
fabrication precision and the inaccuracy of the measurement.

The frequency tunability of the absorber was obtained by
measuring the absorption at different bias voltages as shown in
Fig. 11. For mode f;, as the bias voltage increases from 0 to 12 V,
the resonance frequency shifts downwards from 269.8 to 263.2
GHz, with a frequency tunability of 2.45%. For mode f,,
a frequency tunability of 3.65% is achieved with the absorption
frequency redshifts from 301.4 to 290.4 GHz. The measured
frequency tunability of mode f, is stronger than that of mode f;,
which is in agreement with the simulated results. However, it
should be noticed that the measured frequency tunability is
much lower compared to the simulated results with a frequency
tunability of 3.51% and 4.59% for mode f; and f,, respectively.
This is due to the fact that in experiment the liquid crystal
molecules lying beyond the patterned electrode cannot be

1.0 q

Absorption

J AN
—=— Unbiased state (measurement)
—o— Biased state (measurement)
—#— Unbiased state (simulation)
—v— Biased state (simulation)

T T

0.0 T T T T 1
220 235 250 265 280 295 310 325

Frequency(GHz)

Fig. 10 Simulated and measured absorption spectra at unbiased and
biased states under the normal incidence of TE-polarized wave.
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Fig. 11 Measured absorption spectra for different bias voltages under
the normal incidence of TE-polarized wave. With the increase of bias
voltage, resonant frequencies for both mode f; and f, show redshift.
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efficiently re-orientated. Moreover, the liquid crystal cells lying
under the patterned electrode cannot be fully re-orientated.** As
a result, the measured performance of the absorber is worse
than simulated results.

5. Conclusions

A THz tunable dual-band metamaterial absorber based on the
liquid crystal is proposed in this paper. Based on a new meta-
material unit cell, the proposed structure experimentally
provides two distinct absorption peaks at 269.8 and 301.4 GHz
with absorptivity of 88.4% and 80.1%, respectively, when no
bias voltage is applied. The absorption mechanism of the
proposed structure is comprehensively investigated by the
surface current distributions and the power loss distributions.
The simulated results have demonstrated that the proposed
absorber is polarization independent and is capable of
providing high dual-band absorption for a wide range of inci-
dent angles under oblique incidence. The most important
feature of the proposed absorber is that the dual-band absorp-
tion can be electrically tuned by simply adjusting the bias
voltage of liquid crystal cavity from 0 to 12 V. Furthermore, the
frequency tunability of 2.45% and 3.65% for the first and the
second absorption peak, respectively, is experimentally
demonstrated. The features of dual-band absorption and elec-
tric tunability validates that the proposed metamaterial
absorber has significant potential applications in THz regime.
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