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Abstract

In this study, we analyze a thin-size metasurface-based multiband terahertz (THz) absorber with a top layer comprised of
nickel-made circled plus-shaped resonators. The geometric structure of the proposed absorber consists of subwavelength
size and periodically arranged nickel resonators at the top followed by substrate SiO, film, and the silver layer at the bottom
features several high absorption bands within the 1-5-THz operating range. The proposed multiband THz absorber shows
excellent absorption characteristics with perfect absorptivity, 100% at 1.5 THz, 98% at 3.2 THz, 96% at 3.72 THz, and 100%
at 4.26 THz, respectively. The symmetry in the top-layer design of the unit cell shows persistence to incident waves with
different polarization and makes this device independent of variation in the polarization of the waves. Besides that, surface
current density analysis of the absorber illustrates that high absorption bands are achieved due to the existence of strong
electric resonance in the unit cell structure. It is believed that the proposed multiband terahertz absorber with high absorption
characteristics and polarization-independent behavior can be used in the field of THz shielding, THz detectors and emitters,
THz sensing, and thermal imaging.
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1 Introduction that can be used for narrowband sensing [6] and wideband
absorption [7]-based applications. Several reported works
show the absorption operation of the different designs-

based MM devices [8—11]. For example, few studies show

Terahertz (THz) wave covers the portion of the spectrum
ranging from 0.1 to 10 THz and shows opportunities for

several modern exciting applications covering bio-sensing
and high-resolution imaging, chemical industries, and also
supports high-speed data rate for communication systems
[1-5]. THz wave features with the absorption property when
it interacts with material molecules. Therefore, when THz
wave interacts with the metamaterial (MM)-based struc-
ture, absorption peaks can be found over the operating band
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the operation of the wideband absorbers having ring-like
structures and featuring high absorption in their operating
THz range [12—15]. Besides that, for multiband operation in
the THz range, several works have been reported that consist
of different metasurface structures and materials and show
significant high absorption based on their proposed applica-
tion [7, 16—-18].

From the literature, most of the MM-based THz absorbers
designs are developed for single-band operation [12-15].
While focusing on achieving high absorption peaks in more
than one band, several state-of-the-art works with multiband
and significant high absorption features while operating in
the THz range have been presented [16—18]. Therefore, these
devices can be used for THz bio-sensing, high-resolution
imaging, communication fields, etc.

Moving forward, several studies of multiband MM
absorbers operating in the THz region have been presented
[7, 16-19]. For instance, one study shows the operation of
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the dual-band THz absorber with more than 80% absorption
characteristics in their operating bands of 1.724 THz and
3.557 THz [19], whereas a tri-band THz absorber comprises
metallic ring-shaped resonators with over 80% absorption in
their operating bands of 0.337 THz, 0.496 THz, and 0.718
THz [17]. Similarly, another work presents the multiband
absorber operating in the THz range up to 2 THz with signif-
icantly high absorption suitable for sensing applications [7].
Here, we present the summary of some recently published
state-of-the-art studies based on the multiband absorption
operation within the THz band [20-23]. For example, in
[20], the authors present the operation analysis of a dual-
band THz absorber made of graphene resonators that shows
high absorptivity of 97.78% and 99.7% at the 2.55 THz and
5.05 THz, respectively. Similarly, authors in [21] present the
study of a graphene-based square-shaped multiband THz
absorber that achieved an average absorption of 99.6% at
the operating frequencies of 0.49 THz, 0.65 THz, and 0.79
THz, respectively. Similarly, one study [22] shows that a tri-
band THz absorber made of copper resonators features with
polarization insensitivity and high absorption of 98% at 0.33
THz, 96% at 0.62 THz, and 98% at 2.08 THz, respectively,
whereas authors in [23] illustrate the performance of a dual-
band THz absorber made of TiNi alloy with a unit cell thick-
ness of 29.8 um showing the high absorption characteristics
of 98.8% and 96.8% at the resonating frequencies of 0.998
THz and 1.532 THz, respectively.

For designing an absorber device, the selection of the
material and design geometry are vital steps. Therefore, met-
als like nickel, tungsten, and gold have been widely used for
THz absorber design due to their high absorption charac-
teristics when operating in high-temperature surroundings
[24-27]. Among these metals, nickel is a favorable choice
for the research community to use in the making of THz
absorber design due to its low cost and high absorption
capability. Therefore, for keeping a view of their excellent

Fig.1 Three-dimensional
visualization of a unit cell with
geometric details and its array a
unit cell and its geometry detail
and b array of the unit cell
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features, nickel is considered a good selection for multiband
THz absorber design. Hence, a multiband operation of the
THz absorber can facilitate THz radiation-based bio-sensing
and high-resolution imaging, communication fields, etc.

This study presents the investigation of a multiband meta-
surface-based absorber comprising of circled plus-shaped
nickel resonators operating within the 1-5 THz range. The
top metasurface is made of nickel-circled plus-shaped reso-
nators with a thickness of 2 um and placed on the silicon
dioxide (SiO,) layer of 10 um thickness absorbing the large
proportion of incident wave energy. The silver-made bottom
layer does not allow the THz wave transmission. This work
shows two narrowband absorption peaks with more than
85% absorption exist within 1.4-3.26 THz and one wide-
band absorption peak with 80% absorption in the 3.6-4.4
THz band. The symmetry of the top metasurface structure
provides persistence to different polarized waves. The analy-
sis also presents the relation of absorption characteristics
versus angular variation in the incident THz waves for TE
and TM modes. Moreover, the flow of current in terms of
surface current density within the design structure is ana-
lyzed at several high absorption peaks to provide in-depth
study of the absorption process. The high absorption peak
in the narrowband region may be suitable for THz sensing,
and a high absorption peak in the wideband region can be
useful for THz imaging.

2 Design and theory

This section presents the design and absorption mecha-
nism of proposed multiband absorber. The geometric
dimensions of the proposed unit cell are marked in Fig. 1a.
For the optimized unit cell design, period of the unit cell
is represented by P =100 um, and top metasurface is made
of a nickel (Ni)-made circled plus-shaped structure and
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has the following geometric dimensions: 1 =20 um and
w =10 um, respectively, whereas the radius of inner and
outer circles of this structure is represented by r; =20 um
and r, =30 pm, respectively. Dielectric SiO, layer under
the top layer with a 10 um thickness absorbs and retains
maximum energy of the radiating THz waves inside its
structure. The function of the bottom layer made of silver
(Ag) with 1 um thickness prevents THz wave transmission
through it. Part (b) of Fig. 1 is representing the 3D view of
the 5 x5 array of the unit cell.

For evaluating the absorption characteristics of the
proposed multiband THz absorber, the simulation work is
performed in the CST software. Initially, simulation setup
is made ready by applying the boundary conditions in
the horizontal and vertical directions of the unit cell, and
similarly, in the Z-direction, open boundary conditions are
applied. As a result of simulation, we obtain S-parameters
for absorption, reflection, and transmission. Using the fol-
lowing mathematical relation, absorption can be calculated
[24].

A=1-8,[ =[Sy )

From (1), absorption A is calculated in dB. The reflec-
tion coefficient represented by S;; and S,; represents the
transmission coefficient.

Generally, the effect transmission coefficient is neg-
ligible due to the silver-made layer that features perfect
reflection to the incident waves. Hence, we can write the
simplified form of the above equation as

A=1-|s,[ 2)

Using (2), we can calculate the frequency-dependent
absorption of the multiband THz absorber.

3 Results and discussion

In this section, first, we discuss the absorption results of
different design steps involved in our proposed multiband
THz absorber operating within the 1-5 THz range as shown
in Fig. 2. Figure 2a shows the absorption characteristics of
design-I of the unit cell that comprises a simple ring-shaped
structure with inner and outer radius values of r; 20 = ym
and r, 30 = p m, respectively. This design produces two
absorption peaks at 1.3 THz and 3.2 THz with absorptiv-
ity of above 85%, respectively. Similarly, perfect absorption
peak with 100% absorptivity is obtained at 4.6 THz. Part
(b) of Fig. 2 shows the absorption characteristics of unit cell
design-II (plus-shaped). This design produces multiple high
absorption peaks and can be seen in their corresponding
plot. These high absorption peaks within the different bands
of the operating region are a result of multiple resonances
within the unit cell structure. This structure design produces
three high absorption narrow peaks that would be useful for
sensing applications. The first absorption peak with above
80% absorptivity exists at 2.2 THz, and the second high
absorption narrow peak with almost similar absorptivity
is obtained at 3.2 THz operating frequency, whereas three
narrowband peaks with high absorptivity of above 90% are
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obtained at 3.68, 4.08, and 4.67 THz, respectively. Besides,
this plus-shaped design has the four-folded symmetry and
shows insensitive behavior to the polarized THz waves oper-
ated in TE and TM modes. Finally, the opted unit cell design
for the proposed absorber, namely design-III, has a plus
shape enclosed in a circle, and its absorption characteristics
are shown in Fig. 2c. This unit cell design features a high
absorption characteristic in different frequency bands. For
example, the first perfect absorption peak exists at operat-
ing frequency of 1.48 THz, and the second high absorption
peak of above 96% value is obtained at 3.2 THz. From the
corresponding plot, the high absorption and relatively wide
operating band exists within 3.5-4.5 THz region and shows
absorptivity of above 80%. Moreover, TE and TM excitation
modes have shown the same absorption due to the symmetry
in the geometrical structures of different unit cell designs.

Here, we analyze the normalized impedance of the multi-
band THz absorber from the derived S-parameters. The fol-
lowing mathematical expression can be applied to calculate
the impedance using S;; and S,; [28].
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Fig. 3 Frequency-dependent impedance profile of multiband absorber
operating in the THz range
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Figure 3 shows the relation of frequency-dependent
impedance profile of the proposed absorber within the 1-5-
THz frequency range. We can see that impedance profile
(both real and imaginary parts) varies over the operating fre-
quency window. Generally, real part of frequency-dependent
impedance with unity value offers maximum absorption
due to the occurrence of resonance phenomena within the
absorber structure, whereas our proposed absorber imped-
ance profile (real part) shows near-unity values at the oper-
ating frequencies of 1.48 THz, 3.2 THz, 3.7 THz, and 4.23
THz, respectively. Corresponding to the absorption curves
of our proposed unit cell design (as shown in Fig. 2¢) of
the absorber, we can clearly see the high absorption peaks
at these frequencies. Similarly, the imaginary part of the
impedance shows negative values above 2.35 THz. Besides,
the proposed absorber possesses symmetry property in
its unit cell design, and therefore, normalized impedance
remains unchanged when considering TE and TM excita-
tion modes.

Figure 4 shows the frequency-dependent absorption of
the design structure for different incidence angles. Figure 4a,
b illustrates the variation in the absorption for the angular
incidence of the THz wave while considering TE and TM
modes, respectively. Figure 4a demonstrates the obliquity of
the incident for TE mode, and it is noticed that absorptivity
is much dependent on the incidence angle. Several absorp-
tion peaks are observed from the 1-5-THz frequency range
due to the LSPR effect. The first absorption peak is depicted
at 1.5 THz, and it is noticed that absorptivity gets reduced
with the increase in incidence angle—this feature is attrib-
uted to the sensing nature of the absorber. Also, a similar
absorption trend is noticed for the other absorption peaks,
with the increase in 6; the absorptivity is reduced. Figure 4b
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illustrates the absorptivity features of the THz absorber for
TM mode considering the obliquity of the incidence angle.
For this situation, the first absorption peak is noticed at 1.5
THz; the obliquity of the incidence angle is showing a minor
effect on the absorptivity of the absorber. Further multiple
absorption peaks are achieved due to the multiple LSPR.
The absorption peaks at higher frequencies show a profound
effect on absorption by altering incidence angles. Further,
the absorptivity is greatly reduced with the increase in inci-
dence angle. The angle-dependent absorption nature of the
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Fig.5 Absorption relationship with polarized THz wave of different
incidence angles and considering TE and TM operating modes
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absorber is due to the anisotropic nature of the metasurface
of the THz absorber.

Next, we investigate the absorption features of the pro-
posed absorber while varying the polarization state of inci-
dent THz waves. Figure 5 shows the absorptivity for differ-
ent polarization angles considering TE and TM excitation
modes. It is obvious from the corresponding plots that
altering the polarization of the incident THz wave does not
affect the absorption characteristics due to the four-folded
symmetry of the proposed unit cell design and this feature
makes this device resilient to different polarization states
of the incoming THz waves. To achieve the polarization-
insensitive behavior of the absorber, it is essential to design
the metasurface unit cell with four-folded symmetry. This
polarization-insensitive nature of the proposed device makes
it useful for THz sensing and imaging. Moreover, such
polarization-insensitive nature of the metasurface-based
device makes it useful for beam steering and antennas.

The physical insight of the absorption through the metas-
urface can be understood by considering the surface current
densities of the top and bottom surfaces of the structure. Fig-
ure 6 illustrates the surface current density at high absorp-
tion operating frequencies. Figure 6a, b, respectively, shows
the flow of surface current within the upper layer consisting
of circle-shaped resonators and a silver-made bottom layer
at 1.5 THz (this high absorption frequency can be seen in
Fig. 2c). The flow of current remains maximally concen-
trated on the surface of the circled plus-shaped resonators.
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Table 1 Proposed multiband References Unit cell thick- High resonance fre- Absorption (%) Polarization
THz ab§0rber Performance ness (um) quencies (THz) stability
comparison with other works

Present work 13 1.5,3.2,and 4.26 100, 98, and 100 Yes

[20] Not given 2.55 and 5.05 97.78 and 99.7 Yes

[21] 190.5 0.49, 0.65, and 0.79 99.6 (average) Yes

[22] 69 0.33, 0.62, and 0.82 98, 96, and 98 Yes

[23] 29.8 0.998 and 1.5328 98.8 and 96.8 Yes

[17] 10.4 0.34, 0.5, and 0.72 99.5, 86.4, and 98.4 Yes

Furthermore, it is visible that the direction of the current
flow is parallel in the upper and bottom layers. Therefore,
it can be concluded that the LSPR is an outcome of electric
resonance. Figure 6¢, d illustrates the surface current for the
absorption at 3.2 THz, and it can be seen that the surface
current of the top and bottom layers remains parallel which
leads to the electric resonance. Further, the surface current
density in the present case also remains confined on the cir-
cled plus-shaped resonator surface, and the same parallel
flow of surface current within the considered layers leads
to magnetic resonance. Similarly, parts (e) and (f) of Fig. 6,
respectively, correspond to 4.26 THz, and similar behavior
is observed.

We present a comparison of our proposed work with sev-
eral recent relevant published works in Table 1. The compar-
ison summary comprises of several important performance
metrics such as unit cell thickness, high resonance operating
frequencies in the THz region, absorption characteristics,
and polarization stability of these devices. Among these
works, our proposed work features with relatively thin-size
unit cell compared to most of the listed works in Table 1.
Besides, our proposed multiband THz absorber features per-
fect absorption at the two resonating frequencies, 1.5 THz
and 4.26 THz, and hence shows better absorptivity com-
pared to other relevant listed works. The proposed work also
shows polarization stability, and its simple unit cell design
helps in easy fabrication. Hence, the proposed multiband
THz absorber with thin-size unit cell, high absorption char-
acteristics, and polarization could make this device design
beneficial for several applications such as THz shielding,
THz detectors and emitters, and thermal imaging.

4 Conclusion

From the aforesaid discussion, a polarization-stable, thin-
size metasurface-based multiband THz absorber with high
absorption characteristics is analyzed. The physical mecha-
nism of absorber has been investigated by surface current
density effect at the high absorption operating frequen-
cies, and results reveal that perfect absorption peaks with
100% absorptivity at 1.5 THz and 4.26 THz are achieved

@ Springer

due to the existence of strong magnetic response combined
with localized surface plasmon effect (LSPR). In addition,
high absorption peaks in different operating THz bands are
achieved due to adjustment of the geometric parameters of
the unit cell. The symmetry in the unit cell design made this
device polarization-independent within the 0°-90° range.
The multiband high absorption characteristics and persis-
tence to different polarization waves of the proposed device
would make it useful for terahertz sensing, shielding, and
imaging applications.
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