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ARTICLE INFO ABSTRACT
Keywords: We present a design of a polarization-insensitive dual-band metamaterial absorber (MA) in the
Metamaterials THz region by employing a three-layer structure consisting of a rectangular-shaped resonator on

Dual-band THz absorber

top of silicon and metallic film. Finite-difference time domain (FDTD) simulation indicates that
Polarization-insensitive absorber

two perfect absorption peaks can be achieved at 5.35 and 9.0 THz with absorptivity greater than
96% under normal incidence. The asymmetry in design structure eliminates any polarization
dependence, and absorptivity is nearly 80% for large incidence angle up to 60°. The individual
absorption band can be tuned by varying the dimensions of the rectangular-shaped resonator. The
design idea provides a new strategy to achieve polarization-insensitive MA by arranging structure
and can be extended to other bands.

1. Introduction

Metamaterial (MM) is an artificial structure that is engineered to achieve the desirable electromagnetic (EM) properties not
available in naturally occurring materials [1,2]. In the past decade, there have been many reports on fantastic EM phenomena of MM,
such as negative refraction, superlens, camouflage [1-4]. By employing the resonance characteristics and limited field enhancement
effects, MM has been applied in imaging, sensing, filter, polarizer, and absorber [5-11]. As one of the important functional devices,
metamaterial absorber (MA) has become a major research focus in the fields of MM since the first experimental demonstration was
developed by Landy et al. [9]. The absorption mechanism has been explained by several methods such as effective medium, electric
and/or magnetic resonance, interference theory, plasmon resonance, electromagnetically-induced transparency (EIT), and
plasmon-induced transparency (PIT) [9-18]. Normally, MAs consist of three layers: the periodic structure as frequency selective
resonator, a dielectric spacer layer, and a metallic film as blocking transmission waves. Based on this configuration, MAs were widely
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studied from radio frequency range to optical frequencies [9-32]. Recently, various MA structures for THz frequencies have been
proposed and investigated intensively from narrow to multi-band or broadband [23-32]. However, the design of MA with high ab-
sorption characteristics including incident-angle stability and polarization insensitivity remains challenging [33-36]. The turning of
the resonator dimensions is used to control the working frequency range. Meanwhile, the polarization insensitivity can be realized by
designing the absorber with symmetry structures such as circle, square, ring, and cross which exhibit a single absorption band due to
these resonant features [37-40]. Therefore, to design multi-band or broadband THz MA, integrating multiple symmetry resonators
have been developed [41-43], which would be relatively complex to fabricate. Another approach to obtain multi-band absorption, the
design of MA is based on an asymmetry structure [30-32]. However, the main drawback of this approach is polarization sensitivity so
that the asymmetry structures exhibit a low value of absorption due to consideration of cross-polarized reflections [44-46]. Ghobadi
et. al. reported an optimum unit cell arrangement in a metal-insulator-metal (MIM) based ultra-broadband absorber to achieve
near-perfect polarization-independent that regardless of the shape of the resonator [47]. Zhang et al. proposed a dual-band absorber
that showed the polarization insensitivity by carefully arranging an elliptical nanodisk array [48].

In this study, we propose a dual-band terahertz MA based on an arrangement of two rectangular-shaped resonators in a two-
dimensionally asymmetric structure. The design exhibits multiple advantages over other asymmetric structures such as simple
reconfigurability, high absorption efficiency, polarization independence, and incident angle insensitivity. With excellent performance,
our design structure can provide a useful approach to realize THz devices.

2. Design and simulation

Fig. 1 illustrates the font view and three-dimensional structure of the proposed MA with a periodicity of P = 16 um. Our design is a
three-layer structure consisting of a silicon layer sandwiched between two metallic layers. Gold is chosen to use at the metallic layers
because it is strong and resistant to atmospheric oxidation. We eliminated the polarization sensitivity by arranging two rectangular-
shaped gold stripes that are perpendicular to each other in a two-dimensionally asymmetric structure. The length and width of the
rectangle are a = 8 um and b = 4 pm, respectively. The rectangles are located from the center of the unit cell at c = 2 ym and d = 3 pm.
The back layer is a continuous plate covering the whole side. The thickness and electric conductivity of the gold layers are t = 0.1 pm
and ¢ = 4.56 x 107 S/m, respectively. The silicon has a dielectric constant of 11.9, a loss tangent of 0.015, and a thickness (h) of 1 ym.
The design parameters (a and b) can be varied to investigate the controllability of the absorption properties of the proposed MA.

To evaluate the absorption performance, the simulation method is performed using finite-difference time domain (FDTD) solver -
CST Microwave Studio [49]. In this study, perfectly matched layers are applied along the z-direction and periodic boundary conditions
in the x-and y-directions. As given in Fig. 1(a), the periodic structure is illuminated by an incident plane wave with the electric field
parallel to the x-axis. The polarization angle ¢ is the angle between the E-direction (H-direction) and the x-axis (y-axis). When the
E-direction is parallel to the x-axis, the polarization angle is zero. Since the gold plate blocked transmission, the absorption is
calculated by A =1 - |811|2, where |Su|2 = R is reflection.

3. Results and discussion

Fig. 2 shows the absorption spectra of the proposed MA with various arrangements of the rectangular-shaped resonator at normal
incidence with two polarization angles of 0° and 90°. As shown in Fig. 2(a) and (b) for the polarization angle of 0°, when the individual
rectangle is at the center of the unit cell, the vertical or horizontal strips exhibit a single perfect absorption peak at 5.35 THz or 9.0 THz,
respectively (black lines). Meanwhile, for the polarization angle of 90°, the absorption peak is respectively inverted to 9.0 THz and
5.35 THz (red lines). It is reasonable that the geometrical symmetry of the vertical and horizontal rectangles have inverted each other.
The obtained results indicate that the individual vertical and horizontal rectangular-shaped resonator exhibits polarization-sensitive
absorption due to its asymmetry structure. However, by combining both vertical and horizontal rectangular-shaped resonators as
shown in Fig. 2(c), we can obtain two absorption peaks of 5.35 THz and 9.0 THz, corresponding to the absorptivity of 97.6% and
96.9%, respectively. Furthermore, these absorption peaks are unchanged with different polarization angles of 0° and 90°.
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Fig. 1. Schematic diagram of the proposed MA with structural parameter and incident electromagnetic wave: (a) front view and (b) three-
dimensional structure.
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Fig. 2. Absorption spectra of the proposed MA with various arrangements of the rectangular-shaped resonator at normal incidence with two po-
larization angles of 0° and 90°.

To further evaluate the absorption performance, the dependence of absorption spectra on the different polarization angles under
both TE and TM waves is shown in Fig. 3. The peak position and absorptivity are stable when polarization angles are varied from 0° to
90°. It indicates that the proposed MA exhibits polarization-insensitive absorption property. These results also confirm that polari-
zation insensitivity can be achieved by arranging an asymmetry structure.

Furthermore, the dependence of absorption spectra on incident angles is also investigated as shown in Fig. 4. For both TE and TM
waves, the absorption spectra of the proposed MA are virtually unchanged with incident angles from 0° to 30°. For the incident angle of
60°, the absorptivity at two frequencies 5.35 THz and 9.0 THz is greater than 77.8% and 92.2% for TE waves, and 99.0% and 82.3% for
TM waves, respectively. At the incident angle of 70°, these values can still maintain greater than 60% for both TE and TM waves. By
arranging both vertical and horizontal rectangular-shaped resonators, the absorption spectra of the proposed MA are not only
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Fig. 3. The dependence of absorption spectra on polarization angle for (a, ¢) TE and (b, d) TM polarizations.
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Fig. 4. The dependence of absorption spectra on the incident angle for (a, ¢) TE and (b, d) TM waves.
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polarization independence but also incident angle insensitivity.

To achieve the perfect absorption, the impedance matching between the free space and the proposed MA at the resonant frequency
must be satisfied. The normalized input impedance (Z) of the MA can be calculated based on the effective medium interference theory
given by Eq. (1) [46,50].

(1+81)° = Su® 148y
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@

As seen in Fig. 5, at the resonant frequencies of 5.35 THz and 9.0 THz, the real part and the imaginary part of the normalized
impedance are approximately 1 and 0, respectively, indicating the impedance matching occurred in the proposed MA structure.

The absorption mechanism is related to the electric dipolar resonance in the rectangular-shaped resonator due to localized surface
plasmon resonance and magnetic resonance. Fig. 6 presents the electric field distribution at two absorption peaks. The electric field is
mainly concentrated at the upper and lower edges of the vertical and horizontal strips according to resonant frequencies of 5.35 THz
and 9.0 THz, respectively. It indicates that the charge distribution is accumulated on the upper and lower edges of the rectangular-
shaped resonator.

Furthermore, the current distribution in the rectangular-shaped resonator and the back layer at 5.35 THz and 9.0 THz is shown in
Fig. 7. The anti-parallel currents are formed on the gold rectangle and the back gold mirror which creates circulating currents between
the two gold layers. This circulating current is known as a magnetic resonance in which an induced magnetic moment strongly in-
teracts with the incident magnetic field [9,11,51]. Therefore, strong enhancement of the localized electromagnetic field is excited
between front and back layers at the resonant frequencies.

We further investigate the dual-band absorber by changing the lengths (a) and width (b) of the gold rectangle that enables a change
in the absorption peaks. Fig. 8(a) shows the absorption spectra with tunable lengths of the gold rectangle without optimizing other
parameters. The absorptivity remains higher than 96% at both resonant frequencies. Increasing the length of the gold rectangle from
6.8 um to 9.2 um causes a red-shift of the lower resonant frequency from 6.68 THz to 4.7 THz while the higher one is maintained. It
confirms that the lower resonant frequency is mainly related to the length of the rectangular-shaped resonator. The red-shift of the
absorption peak can be explained by the plasmonic resonance with the increasing size of the resonator. In addition, the red-shift is
associated with the equivalent LC circuit in which the resonant frequency is determined by f = 1/(27vLC), and the inductance L is
proportional to the size of length [11,51,52]. Similar, when the width of the gold rectangle is increasing from 2.8 ym to 5.2 pum, the
higher resonant frequency is also a red-shift from 11.6 THz to 7.3 THz while the lower one exhibits a tiny change as shown in Fig. 8(b).
It also confirms the higher resonant frequency associates with the width of the rectangular-shaped resonator. The results indicate that
the two absorption bands can also be adjusted individually and the great flexibility of our dual-band MA over in the THz region.

4. Conclusion

We demonstrate a dual-band absorption in the THz region by utilizing an asymmetric arrangement of a rectangular-shaped
resonator. The absorption peaks are obtained at the resonant frequencies of 5.35 THz and 9.0 THz with the absorptivity greater
than 96% and polarization-insensitive under normal incidence, and the absorptivity of nearly 80% is maintained with incidence angle
up to 60° for both TE and TM waves. Interestingly, the individual absorption band is tunable by varying the dimensions of the gold
rectangle. With its excellent performance, our design structure can be valuable in many applications such as imaging and sensing and
readily extended to other frequency ranges.
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Fig. 5. The extracted effective impedance (Z) of the proposed MA under normal incidence.
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Fig. 6. Electric field distribution of the proposed MA under normal incidence for TE polarization at (a) 5.35 THz and (b) 9.0 THz.

(a) (b)
: f ¢ *
’ '11 ‘ Max
(c) . ol (d)
~ AL
. ‘
EXT
I
D ¥
M :
} ;ﬂ’ 4;* :
(e) ' (h) Min
W - W ay
: 18z : 2

Fig. 7. Current distributions on (a, b) the front layer, (c, d) the back layers, and (e, f) the cross-section of xoz plane under normal incidence for TE
polarization at the resonant frequencies of (a, ¢, e) 5.35 THz and (b, d, h) 9.0 THz, respectively.
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Fig. 8. Absorption spectra of the proposed MA with various lengths and widths of the rectangular resonator (a) length and (b) width under normal
incidence for TE polarization.
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