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Abstract: In this manuscript, we studied a wideband metasurface-based terahertz (THz) absorber.
The metasurface of the proposed absorber was comprised of fan-like periodic resonators made of
nickel (Ni). The absorptivity of the proposed absorber was analyzed from 3.5 to 5 THz. The wideband
absorptivity is observed with an absorption above 75% from 3.7 to 4.7 THz. The polarization-
insensitive behavior of the absorber is depicted due to the symmetric nature of the top metasurface.
The absorption feature was also analyzed for the transverse electric (TE) and transverse magnetic
(TM) operating modes for the obliquity of the incidence wave. The surface current density shows
that absorption is achieved due to the electric resonance of the proposed absorber. The proposed
absorber would be useful for several applied areas covering medical science, communication, safety
supervision, chemical sensing, and imaging.
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1. Introduction

Over the years, the terahertz (THz) wave has been in the spectrum range of 0.1-10 THz
and has shown great potential for several promising applications: THz imaging for
medicine and security, non-destructive testing by THz cameras, and ultra-high data rates
for wireless communication [1-5]. Among several features, absorption is one of the dis-
tinctive characteristics of the THz wave when interacting with artificial structures, and
therefore it shows its suitability for metamaterial-based devices [6-9]. For instance, several
reported studies related to THz metamaterial-based absorbers have been presented [10-19].
For instance, a few studies [10-13] include a simple metal structure and show significant
absorption within the THz band. Besides this, metamaterial-based absorbers operating
in the THz band can be designed for narrowband and wideband operations to support
several promising applications, such as filtering, biological imaging, stealth technology,
and communication.

To achieve wideband operation in the THz operating region, several multilayer meta-
material structures have been demonstrated that show high absorption peaks due to
different structures [20-30]. These multilayer metamaterial-based absorbers have com-
plex designs and a difficult fabrication process, leading them to show complications in
integrating with commercial technologies and therefore ultimately increasing the cost.
Several works on multilayer-based wideband absorbers have been reported based on
theoretical studies [20-23] and experimental demonstrations [24,25]. On the other hand,
the single-layer structure shows several benefits compared to multilayer-based wideband
absorbers, including a simple fabrication process and low cost. One simple method of
attaining such a design is using multiple resonating structures with different-sized unit
cells and causing a high absorption over the wide portion of the THz spectrum [31,32].
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For instance, a single-layer structure of a unit cell comprising three resonators with an
I-shaped geometry has been designed to attain a significantly high absorptivity within the
THz band range of 0.899-0.939 THz [33]. Moreover, the selection of metal is vital when
considering the design of metamaterial devices. Within this context, noble metals, such
as nickel, gold, and tungsten, have been widely used for the construction of metamaterial
absorbers [34-36]. These metals can operate in different frequency bands and effectively
perform under high-temperature environments. Among these, nickel (Ni) is considered
low-cost and can absorb the THz wave energy over a wide spectrum range; hence, further
investigations on THz metasurface-based absorption devices is required when considering
the wideband operational ability, simple structure, and easy fabrication process. As a result,
nickel-based THz absorbers can be useful in numerous practical areas: imaging in medical
and security sectors, communication, etc.

In this study, we aim to investigate the operation of a wideband nickel-based THz
absorber with a fan-like structure operating within 3.5-5 THz. The structure of the absorber
comprises a top layer of nickel having a fan-like shape and 2 um followed by a silicon
dioxide (SiO,) layer to facilitate THz wave penetration; furthermore, the ground layer
is made of silver (Ag), with a thickness of 1 um, and provides a perfect reflection to the
striking THz waves. The proposed THz absorber has shown more than 75% absorption over
the frequency band ranging from 3.7-4.7 THz. Further, the absorber shows a polarization-
independent nature due to the symmetrical geometry of the top metasurface. We have
also investigated the absorption process for the obliquity of the incident THz wave when
considering both transverse electric and magnetic operating modes. Furthermore, we have
conducted some analyses on the surface current distribution, and the results reveal that
absorption is achieved due to electric resonance. This metasurface-based absorber can be
useful in several exciting fields: THz imaging, sensing, and communication.

2. Materials and Methods

Our proposed metasurface—based THz absorber comprises a unit cell consisting of a
top metasurface layer and a metal-made bottom layer that is separated from the top layer
by a dielectric material layer, and this configuration can be seen in Figure 1. Part (a) and
part (b) of Figure 1 represent the 2D and 3D images of the proposed fan-like unit cell and
its panel. From Figure 1a, we can see the geometric values of the proposed unit cell, where
the period is taken as P = 100 um. Here, we are taking the same size for all arms of the
top metasurface in terms of arm length and width, the other dimensions are w =10 pm
and / = 20 um, and the circular disk radius r is 2 pm. The thickness of the dielectric layer
is 10 um to allow maximum penetration of THz waves. The thickness of the bottom layer
made of silver is 1 pm to prevent any incidence of THz wave transmission. Besides these,
the dielectric constant of SiO; is kept at 2.25, and the dielectric constant of Ni is deduced by
using the Johnson and Christy model [37].

We have used CST studio software for this simulation of a unit cell. For this, unit cell
boundary conditions are applied along the x- and y-axes, and open boundary conditions
are applied in the z-direction, respectively. A plane wave propagating along the z-axis is
excited on the top surface of the absorber. The relationship of absorption, transmission,
and reflection can be found by using S-parameters [38]:

A=1—[S1"—|Sn[" D
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Figure 1. Schematic demonstration of the metasurface-based absorber: (a) unit cell with 2D front
view; (b) metasurface-based panel with 3D view.

The parameter 511 represents the reflection coefficient, and Sy is the transmission coefficient.

We simplify Equation (1) while only considering the S1; parameter term due to the
perfect reflection of the bottom layer made of silver with a 1 um thickness. Therefore, the
above equation can be further simplified as:

A=1-[S[~ 2)

Now, we can directly calculate the absorption of the proposed metasurface-based THz
absorber using Equation (2).

3. Results

Here, we present the absorption characteristics while considering the operating THz
frequency band using S-parameters. The different stages of the metasurface-based THz
absorber and their corresponding absorption results are visualized in Figure 2. Moreover,
the optimized results of the absorption over the operating THz band are obtained by
changing the structure and parametric values and are demonstrated in the part (d) of
Figure 2. Now, we begin our discussion while considering stage one of the proposed
absorber, where a circular disk with a radius of 2 um is taken as a metasurface, and this
arrangement can be seen in Figure 2a. In this case, an absorption of more than 75% is
noticed from 3.7-4.7 THz. After that, the absorption value starts decreasing with a further
increase in the frequency, and this decreasing trend shows the existence of a weak Localized
Surface Plasmon Resonance (LSPR). It is important to note that a weak LSPR, referred
to as LSPR mode, causes a weak interaction between the incident wave and plasmon
structure [39]. However, the same absorption over the considered frequency band is noted
under the influence of TE and TM operating modes. Meanwhile, the structure of stage two
and stage three of the proposed design is extended while adding an arm-like shape on both
sides of the circular disk in the horizontal and vertical directions, and their dimensions
are set as 20 x 10 um? and are shown in Figure 2b,c. From their corresponding plots, we
can notice the same absorption trend for both TE and TM modes over the entire frequency
band. Meanwhile, Figure 2d shows the absorption plots for the optimum design and is
named stage four. Here, the metasurface design is composed of a fan-like structure, and
its parametric values are considered the same as those discussed in the above section.
From the corresponding plot, we can notice that a high absorption value of more than
75% is obtained over the frequency band ranging from 3.7-4.7 THz. This high absorption
is due to the strong LSPR effect created by the proposed optimized structure. Moreover,
we can observe that the absorption value remains the same under the influence of both
TE and TM operating modes and is evident in the symmetrical geometry of the proposed
metasurface structure.
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Figure 2. Absorption results when considering the incident THz wave for different metasurface-based
structures: (a) stage one, (b) stage two, (c) stage three, and (d) stage four.

Next, we discuss the analysis of the absorption of the proposed metasurface-based
THz absorber in relation to several extracted parameters, such as the impedance, refractive
index, permeability, and permittivity in terms of S—parameters [38]. It is important to note
that the analysis of these extracted parameters will further help readers to easily understand
the absorption mechanism of the proposed absorber. The relation of the impedance Z with
S-parameters can be expressed as:

7 _ (1 + 511)2 — 5%1 3)
(1-811)* - 8%,

where Z = Re(Z) + Im(Z), and the absorption coefficient in terms of the impedance is

represented as [38]:
4Re(Z
[1+Re(2)]" + [Im(Z)]
Similarly, we can relate the thickness of the absorber d with the medium refractive
index n, represented as:

iln (e

kod
where k, represents the wavenumber. Moreover, for a better understanding, we can relate the
relationship of the refractive index with S—parameters, and for this, einkod — vy +i\/1— Y2,
where Y = 1/25y (1 — S’ + 5212) . Now, we can write the mathematical relation of the

©)

permittivity (¢,¢) and permeability (1.fs) in terms of the impedance and refractive index
as e rf = 7 and plopr =n x Z.

From Equation (4), we can derive that a perfect absorption is achieved when the
following condition is met, i.e., (Z=Zn/Z, = 1), where Z, Z,,, and Z, denote the normalized
impedance, material impedance and free space characteristic impedance, respectively. For
a perfect absorption, the real part of the impedance approaches unity. Furthermore, the
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matching of the impedance of the proposed absorber with the free-space impedance is a
result of the LSPR effect. In Figure 3a, we can see both the real parts of the impedance and
the refractive index profile over the operating frequency range of 3.5—5 THz. It can be
noticed that the normalized impedance varies over the entire frequency range. Furthermore,
a normalized impedance with a near-unity value can be noticed over the frequency span of
4—5 THz, where high absorption peaks exist (visualized in part (d) of Figure 2). Besides
that, the symmetrical structure of the proposed absorber causes the impedance to remain
the same for both operating modes. Similarly, the refractive index profile remains negative
over the large portion of the spectrum, and this profile is clearly visualized in the inset of
Figure 3a. The frequency-dependent permittivity and permeability profiles are shown in
parts (b) and (c) of Figure 3. From the corresponding plots, one can clearly see that both the
permittivity and permeability show a decreasing trend over most parts of the operating
frequency region, as noted in Figure 3b. Meanwhile, the imaginary part of the permittivity
decreases up to 4.1 THz. After that, this value shows increasing and decreasing trends
above this frequency band, as noticed in part (c) of Figure 3.

@ s : 2 (b) ;120
ﬁ 1.5 :e(") 0 T 110 Re(c )
2 1.4 e(2)) ~0.05 2'100 Re(s )
g 1.3 © eff’
¥ 1.2 -0.1 § Q0 F
o 1 35 &4 45 5 = 80
g 1 Frequejicy (THz) =
S 0.9 3
o 3
8 08 g 60
E 07 £ s0f
g 06 & 40
S 05 T 30
$ 04 S 20
T 0.3 > 3 - 3
S 02 S 10f Y <
3 0.1 £ o >< 3
g 0 —\/_._._’——’—\N ‘E_ 10k \/_\\’ 3
g 01 £ ' . ; : ; N
02 . . i i . )
35 3.75 4 4.25 45 475 5 3.5 3.75 4 4.25 4.5 4.75 5
Frequency (THz) Frequency (THz)
() £
;60 F Imag(e )
.E Imag(s,)
D50
£
240F .
%
@ L g
£ 30 N\
g &/\
T 20} .
c
©
Pl —
S0} - N
= ~
E /
=3 : . . ; .
o 35 3.75 4 4.25 45 4.75 5

Frequency (THz)

Figure 3. Retrieved parameters of the proposed metamaterial absorber. (a) Impedance and refrac-
tive index profile; (b) permittivity and permeability (real parts); (c) permittivity and permeability
(imaginary parts).

Now, we analyze the angle-dependent absorption of the metasurface-based THz
absorber, and Figure 4 shows the simulation results. The analysis work for this section
has been considered for the angle range from 6 = 0° to 60° with a step size of 20°, and
both operating modes (TE and TM) are considered. From the corresponding TE mode
plot (Figure 4a), the absorption remains an average of more than 75% for § = 0° over the
operating frequency range of 3.7—4.7 THz. Similarly, for 6 = 20° and considering the TE
mode, the overall absorption decreases to an average value of slightly more than 65%. For
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the higher angles (6 = 40° and 60°), the absorption further decreases and shows a weak
LSPR effect for a higher obliquity of incidence. Therefore, the proposed THz absorber
shows sensitivity to the higher angular variation. On the other hand, Figure 4b shows
the absorption curves versus angular variation for the TM mode. One can see from the
corresponding plot that the overall absorption is high for this mode of operation when
compared to the TE mode. Furthermore, a few portions of the operating range show a
relatively low absorption due to the weak LSPR effect. It is worth noting that angular
stability can be attained by carefully optimizing the unit cell of the metamaterial absorber.
For this, a few state-of-the-art studies have shown angular stability while developing
symmetric unit cells of metamaterial-based absorbers [40,41].
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Figure 4. Absorption over the wide incidence angle range of 0° to 60° when considering both
operating modes: (a) TE-mode and (b) TM-mode.

Next, the impact of polarization on the absorption characteristics of the incident THz
wave is analyzed, and Figure 5 shows the results. From the corresponding plot, one can see
that the proposed absorber shows a polarization-independent nature. This property of the
proposed absorber is achieved due to the fourfold symmetrical structure. Moreover, for
this symmetric arrangement, LSPR remains the same when a change in the polarization
state of the incident THz wave is considered, as shown in Figure 5. We can conclude that
the absorption characteristics are not dependent on the variation in the polarization state.
This feature of the proposed absorber can make it useful in several practical applications,
such as THz imaging and sensing, etc. It has been reported that polarization-insensitive
metamaterial-based absorbers are useful for imaging and sensing applications [42,43]. The
polarization-independent sensing system and detector provides reliable results, regardless
of the polarization state of the incoming light.

Furthermore, we explain the absorption of the proposed metasurface-based THz
absorber in more detail when considering the distribution of the surface current density at
different operating THz frequencies. For this, we consider two operating frequencies, 4.124
and 4.68 THz, respectively; their corresponding surface current densities’ plots are shown
in Figure 6. The surface current density plots of the top metasurface and reflecting ground
layers are taken at f = 4.124 THz and shown in parts (a,b) of Figure 6. From these plots,
we can see that the surface current density is maximally confined on a fan-like metallic
resonator. Further, the vectors of the surface current densities of the top metasurface and
reflecting bottom layer are parallel, which evokes the electric resonance. Therefore, the
LSPR is attained due to electric resonance, which in turn produces absorption. Similarly,
Figure 6¢,d show the surface current densities for the top and bottom layers at 4.68 THz.
From these plots, we can find a similar observation as for 4.124 THz.
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Figure 5. The relationship between absorption and varying polarizations of the incident THz wave
over a wide angular range, considering both TE and TM operating modes.

Figure 6. Surface current density of the proposed fan-like metasurface absorber. (a) Top metasurface
for f = 4.124 THz; (b) bottom layer for f = 4.124 THz; (c) top metasurface for f = 4.68 THz; (d) bottom
layer for f = 4.68 THz.

Finally, the performance of the proposed metasurface-based THz absorber is compared
with several state-of-the-art works in terms of some important parameters, as shown in
Table 1. Moreover, Table 1 shows the absorption performances of recently reported works
containing different geometrical structures. Our proposed THz absorber shows a better
performance in terms of absorption over the wideband of the operating spectrum, has a
simple design consisting of a single-layer structure, and uses cost-effective Ni material for
the top metasurface. We can notice from Table 1 that the authors in reference [44] show
a broadband THz absorber made of a biaxial hyperbolic structure, and high absorption
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characteristics can be achieved when employing a large number of layers on the bottom
surface, which makes this structure more complex when compared with our proposed work.

Table 1. Performance of proposed THz absorber compared with state-of-the-art works.

Geometry Comment Bandwidth Absorption > 75% Layers
e ok, Widbad spertinand 57471170 :
Square rings [24] Wideband and expensive 0.79-1.4 THz (0.61 THz) 3
Stacked shaped [22] Wideband and expensive 1.68-2.25 THz (0.57 THz)
Square-rings [45] Single layer and expensive 0.6-1.25 THz (0.65 THz) 1
Biaxial hyperbolic [44] Wideband and Multi layers 3-10 THz (7 THz) 20

4. Conclusions

In the previous discussion, a fan-like metasurface-based wideband THz absorber is
analyzed. The extraction parameters, such as the impedance, refractive index, permittiv-
ity, and permeability, are investigated to study the material properties of the proposed
metasurface-based absorber. Further, the surface current densities are considered for
different absorption peaks of the absorber, showing that the absorption is achieved due
to the electric resonance. Moreover, it is observed that the proposed absorber shows a
polarization-independent nature to the incident THz wave as a result of the fourfold sym-
metrical structure of the unit cell of the metasurface. The proposed absorber can be useful
for several exciting fields, including communication and THz for imaging and sensing.
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