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Abstract

In this article, we have managed to achieve a quad-band perfect classical absorber in the
terahertz band. In this proposed structure, which consists of three layers that the top and
bottom layers made of gold and a dielectric layer, is located in middle layer. The results
show that this structure has four perfect absorption bands with an average absorption of
98.22% at frequencies of 1.36, 2.6, 3.68, and 4.36 THz. To better understand the absorp-
tion mechanism, an equivalent circuit related to the proposed structure is presented. We
have also shown that the percentage of absorption of the proposed absorber has increased
due to the loss of the middle layer. Finally, the distribution of the electric fields is shown
at each of the absorption frequencies. Due to its four bands, this absorber has potential in
imaging, selective sensing, and photodetector applications.

Keywords Terahertz - Absorber - Perfect absorption - Quad-band - Multi-band -
Metamaterial

1 Introduction

In recent years, in the mm-wave frequencies, many activities have been done in various
fields such as antennas, filters, sensors, etc. (Khatami et al. 2020; Mousavi et al. 2017,
2019; Kiani et al. 2020, 2021a, b; Sharbati et al. 2016; Ikram et al. 2020; Khani et al.
2018). Microwave absorbers are among these areas, which have recently been studied in
various designs and shapes, and examples of them are given in Yu et al. (2019), Lim and
Sungjoon (2019), Ghosh and Kumar (2017) and Kundu et al. (2016).

Today, the focus of many researchers in communication has shifted to terahertz fre-
quencies. Examples of devices that operate in this frequency range are introduced in
Khani et al. (2019, 2020a, b, 2021). One of the structures that are significantly used
in optical devices is metamaterial structures. Metamaterials are engineered materi-
als which are not found in nature. It is a unique property that causes it to exhibit vari-
ous characteristics such as negative refraction, cloaking, negative permittivity, perfect
absorption, and so on. So, the metamaterial-based absorber was firstly investigated in
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2008 (Askari and Hosseini 2020a, 2020b; Askari 2021; Landy et al. 2008). The primary
function of the terahertz absorber is absorbing terahertz waves. This process is based on
two hypotheses: one wave of collision with the structure is lost inside the structure, and
the other is the wave becomes to surface waves. In general, it should satisfy the follow-
ing formula:

A=1-R-T (1)

Given that we are looking for 100% absorption, according to the above formula, T
and R should be as close as zero.

Graphene is composed of single-layer carbon atoms, a two-dimensional honeycomb
structure. Since it discovered in 2004 by Novoselov, it has been highly regarded by
researchers for its good electrical, optical, and mechanical properties. Today, graphene
has many applications in electrical, photonic, and sensor devices, and so on Meng et al.
(2017), Jafari Chashmi et al. (2020a, 2020b), Ghods and Rezaei (2018a), Esfandiari
et al. (2021) and Danaeifar and Granpayeh (2020). Besides, the surface conductivity of
graphene can be changed by Fermi energy, and different Fermi levels can be obtained by
biased voltages or chemical doping.

This feature can be used to tunable optical devices such as antennas, filters, absorb-
ers, etc. Examples of graphene-based optical devices are given in Bian et al. (2021),
Kiani et al. (2021c), Kazemi (2021), Norouzi-Razani and Rezaei (2022), Alizadeh et al.
(2022), Soheilifar (2018a) and Jiang and Chen (2022). A four-leaf clover-shaped recon-
figurable patch antenna based on graphene is presented in Shimatani et al. (2022). In
Upender and Kumar (2022), a high Q-factor compact, and reconfigurable THz aperture
antenna based on graphene loads for detecting breast cancer cells are introduced.

A compact reconfigurable V-shaped dipole antenna in THz frequency is presented
in Jafari Chashmi et al. (2019). In Zamzam et al. (2021), a quad-band, polarization-
insensitive metamaterial perfect absorber based on bi-layer graphene in the terahertz
regime is introduced. A dual-band terahertz absorber based on graphene periodic arrays
of disks and ribbons: circuit model approach is given in Aghaee and Orougi (2021). In
Mishra and Panwar (2020), investigation of graphene fractal frequency selective surface
loaded terahertz absorber is introduced. In Soheilifar (2018b) wideband optical absorber
based on plasmonic metamaterial cross structure is designed and simulated.

In Ebrahimi (2020), optical absorber based on the self-similar cylindrical element for
detecting optical material is designed. Also, in Zamzam and Rezaei (2021), a terahertz
dual-band metamaterial perfect absorber based on metal-dielectric-metal multi-layer
columns is introduced.

Furthermore, many absorbers are used in the GHz frequency band. In Ghods and
Rezaei (2018b) ultra-wideband microwave absorber based on uncharged graphene lay-
ers is introduced. A stretchable metamaterial absorber with a deformation compensation
design at microwave frequencies and an adaptive broadband radar absorber based on
tunable graphene are presented in Zhou et al. (2018) and Aloia et al. (2016), respec-
tively. Also, classical absorbers are provided in Yi et al. (2019) and Hu et al. 2016).

Multi-band absorbers in the terahertz band have also been considered by researchers
today, examples of those can be seen in Chen and Fan (2015), Wang and Wang (2015),
Meng et al. (2018) and Arezoomand et al. (2015).

In the proposed structure, we have achieved a quad-band absorber with the same
3-layer or classical terahertz absorber. This structure is sensitive to incident wave
polarization and insensitive to the angle of the direction of the incident wave. This
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structure has four absorption bands with absorption peaks of 96.46%, 99.82%, 97.74%,
and 98.86% at frequencies of 1.36, 2.6, 3.68, and 4.36 THz. Compared to the multi-
band absorbers introduced in previous works, the proposed absorber, which consists of
a metal strip, has the advantage that it is one of the simplest structures for perfect multi-
band absorbers. Therefore, using these types of structures can overcome the complexi-
ties of fabrication and the large size of the unit cell associated with absorbers. Accord-
ingly, such a simple device can prepare an optimal absorption manner and operation for
selecting the terahertz frequency band and more practical applications. We believe that
the proposed absorber has the potential for filtering, detection, and imaging.

2 Method and theory

The proposed absorber structure is shown in Fig. 1. Figure la shows the side view and
Fig. 1b shows the top view of the proposed structure.

This structure consists of three layers of metal-dielectric-metal, which the material of
the upper and lower layers of the proposed absorber is gold with a conductivity of
4.56x 107 S/m (Kiani et al. 2021c). The thickness of gold in the upper and bottom layers
are t1=0.2 pm and t,=0.5 pm «respectively. The substrate (middle layer) is the SiO, with
a dielectric constant of 3.24 and loss tangent of 0.066 and a thickness of h=11.5 pm (Hu
et al. 2016). The curve of the real and imaginary part of the dielectric constant with the
loss tangent of SiO, is shown in Fig. 2.
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Fig. 1 Proposed absorber configuration a side view b top view ¢ perspective view
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The designed dimensions of the structure are W1=70, L1=70, W2=40, L2=40,
W3=4, W4=3, R2=13, and R1=11 pm. The boundary conditions applied to ana-
lyze the proposed absorber are illustrated in Fig. 3. As it has been shown in this figure,
in the X and Y direction, the boundary conditions were periodic and in the Z direction,
the perfectly matched layer boundary conditions are utilized. In this proposed absorber,
the plane wave is used as the excitation source, and it should be noted that the incident
electromagnetic wave propagates vertically along the negative z-axis. Full-wave simulation
of this structure has been done using CST software and in the frequency domain. Also,
the finite element method (FEM) has been used to analyze this structure. All the mesh-
ing parameters related to the proposed adsorber are given below: mesh type =tetrahedrons,
mesh number=18,005, min. edge length=0.100147, max. edge length=26.249, Min.
quality =0.0016, max. quality =0.99.

Given the classical proposed structure, its equivalent circuit is shown in Fig. 4. As
shown in Fig. 4a, this circuit is equivalent to 3 parts A to D, each of them has its own
job description. The bottom layer returns all the incident wave power due to its greater
thickness than the penetration depth of the terahertz wave. Therefore, the bottom layer
in part A of the circuit is a short circuit. Part B of the equivalent circuit, denoted by
Y, is called the ambient admittance of the middle layer, which is strongly dependent
on the height of this lossy layer. Part C corresponds to the top layer of the structure;
this part consists of series RLCs that are connected in parallel with a capacitor. Each of
these series RLCs is related to one of the resonance frequencies, and the intermediate
capacitor between these RLCs is in fact isolating these output frequencies due to one of

Fig.3 General schematic of
boundary conditions used to
analyze the proposed absorber
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Periodic boundary condition
Periodic boundary condition

Perfectly Matched Layer
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Fig. 4 a Circuit equivalent to the proposed structure b Circuit schematic of the proposed structure

these resonators. Since the proposed adsorber has four absorption peaks, then part C of
the equivalent circuit consists of four series resonators that are parallel to each other.
Finally, part D is the free space impedance (Z, ~ 377 ). It is important to note that if
the internal impedance Z;, of the equivalent circuit and the impedance of the free space
Z, are equal, we will have maximum absorption of 100%. Since no structure operates
in its ideal state, the proposed absorber also provides the best absorption state for four
peaks with a high absorption rate. The transmission line model, interconnected lines are
equivalent to a series inductor and resistance, and the distance between the two metals
is equal to the capacitor. Figure 4b depicts areas of the proposed absorber structure that
represents the capacitor, inductor, and resistance.

The following equations are used to calculate transmission line elements (Asli Nezhad
2020; Nejat and Nozhat 2019):
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2.1 Results and discussion

The function of the proposed absorber is such that in the normal occurrence of light has
four absorption peaks. As shown in Fig. 5a, the proposed structure has four distinct absorp-
tion peaks of 96.46%, 99.82%, 97.74%, and 98.86% in frequencies of 1.36, 2.6, 3.68, and
4.36 THz, respectively. Usually, in multi-band absorbers, the average absorption percent-
ages are expressed. This structure has an average absorption of 98.22%, which can be said
with certainty that it is a perfect metamaterial absorber. As shown in Fig. 1, the absorber
structure consists of a circle and a square, which are connected by a strip. The first and last
resonance frequencies are related to the square shape and the second and third resonance
frequencies are related to the presence of the circle in the proposed absorber structure. It
is also seen in Fig. 5a, that the reflection decreases the absorption increases at frequency
region between the two higher frequency absorption peaks, compared with the region
between the two lower frequency absorption peaks. According to equation one, which is
given in the article, to reach the maximum absorption peak, the amount of reflection and
transmission must be equal to zero. In places where the absorption peak is maximum, the
amount of reflection and transmission is at their lowest point. Since the end layer of the
structure is made of gold, the transmission value is zero. To minimize the reflection coef-
ficient, the impedance must be matched between the intrinsic impedance of the air and the
impedance seen from the input of the proposed absorber structure.

As a result, in places where the absorption rate is low and the reflection is high, it
indicates that there is an impedance mismatch at this frequency, at frequencies where the
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absorption rate is high and the reflection rate is low, it indicates a complete impedance
matching between air and the impedance seen from the input of the proposed absorber
structure. To justify the above, the normalized characteristic impedance curve in terms of
frequency is shown in Fig. 5b. As can be seen at frequencies where the peak absorption is
maximum, the real part of the normalized impedance is close to one and the imaginary part
is close to zero. For example, the absorption peak at a frequency of 2.6 THz is 99.99%, in
which the real part of the impedance is equal to 1.005 and its imaginary part is equal to
-0.08, which shows that the impedance is well matched. But at frequencies like 3 terahertz,
where the absorption rate is about 40%, the real part of the normalized impedance is 0.16
and the imaginary part is -0.6. These values indicate that the impedance matching is not
complete at this frequency, the better the impedance matching, the higher the absorption
and the lower the reflection.

Next, we investigate the source of losses in the proposed absorber structure. Figure 5c
shows the absorption spectrum of the proposed absorber under two loss conditions (losses
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Fig.7 The electric field distribution at a f=1.36 THz, b f=2.6 THz, ¢ f=3.68 THz, d f=4.36 THz

and no losses) of the dielectric layer. From the simulation results, the absorption peaks
positions are unchanged with the change of loss conditions, which is by previous reports
(Yi et al. 2019; Hu et al. 2016; Chen and Fan 2015).

Also, to investigate the effect of dielectric thickness on the absorption peaks, the dielec-
tric height was also examined, the results of that are illustrated in Fig. 6.

The highest average absorption was obtained for dielectric with a height of 11.5 pm.
The primary roots of resonances in this proposed absorber depends on to two factors. 1-
electrical dipole 2- electrical quadrupole. The electric field distribution is illustrated in
Fig. 7. As can be clearly seen in this figure, the nature of resonance at frequencies 1.36
and 2.36 THz is due to electrical dipole but the nature of resonance at 3.68 and 4.36 THz
frequencies is due to the electrical quadrupole.

The distribution of the magnetic field at the four frequencies corresponding to the peaks
of the absorption curve of the proposed structure is also illustrated in Fig. 8. As shown in
this figure, at 1.36 THz, most of the magnetic field is concentrated at the outer edges of the
square. At 2.6 THz, most of the magnetic field is focused on the circle. The physical origin
of resonance at both frequencies is an electrical dipole. At 3.68 THz, the focus of the mag-
netic field is on the side edges of the square.
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(a) (b)
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Fig. 8 In the normal incidence the four model structures in z-component magnetic field [real (Hz)] distribu-
tions at frequency of a f=1.36 THz, b f{=2.6 THz, ¢ f=3.68 THz, d f=4.36 THz

As can be seen in Fig. 9, in TE mode, the S, parameter in the range of 2.54 to 2.68
THz is less than -10 dB, which it shows that in this frequency range the absorption rate is
perfect, but in the same frequency interval and in TE mode, the value of this parameter is
0 dB, which it indicates that in mode and this frequency interval, no absorption takes place
in the structure, while this interval is one of the absorber performance ranges. Also, for
different incident angles, S;; curve is drawn for this absorber and for two modes, TE and
TM, which shows that by changing the incident in TM mode, the absorption rate increases
slightly during this period. As a result, the proposed absorber bandgap is in the range of
2.54 t0 2.68 THz in TM mode and in normal radiation.

To further investigate the performance of the proposed absorber, we investigate the
absorption spectrum as a function of the polarization angle for a TE mode in which the
incident angle is fixed at zero degrees and the incident angle of the radiation wave. These
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angles are very influential in the percentage of adsorption of the proposed absorbers. In
optical absorbers, the polarization angle is the angle between the X-axis and the polarized
direction, which is equivalent to the rotation of the proposed absorber when the polariza-
tion direction is constant. Also, the incident angle is the angle between the wave vector and
the Z-axis. As shown in Fig. 10, the proposed absorber is sensitive to the polarization angle
of the incident terahertz wave.

Therefore, we can use this proposed absorber to adjust the absorption intensity by
changing the polarization of the incident wave. These properties make this structure widely
used in applications related to wave polarization manipulation and detection of electromag-
netic waves with special polarization.

Fig. 10 Dependence of the 1r 5
absorption spectra on the polari- ,6 S
zation angles of the normally 0.8 |=—¢=0
incident wave with TE radiation g / | ===¢=15
s 0.6 =30
5, / - - g=45
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$=90
0 J
0 1 2 3 4 5

Frequency(THz)
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As shown in Fig. 11, the two first absorption peaks are not highly dependent on the inci-
dent angle, the two absorption peaks, which are related to higher frequencies, are strongly
dependent on the incident angle. For example, as shown in Fig. 11, the amplitude of the
third and fourth frequencies is reduced at a 45° incident angle. To investigate the reason,
the normalized impedance curve in terms of frequency is shown in Fig. 12.

As can be seen in this figure, at 4 THz the real part of the impedance is 0.7 and the
imaginary part of the impedance is 0.08, which indicates that the impedance matching has
taken place but is not complete. At 2.6 THz, the real part of the impedance is 1.004 and the
imaginary part of the impedance is 0.075, which indicates a perfect impedance matching.
Finally, the compared performances of the proposed absorber and the previous works are
collected in Table 1.

3 Conclusion

In this paper, a quad-band perfect absorber with an average absorption of 98.22% in four
frequencies of 1.36 THz, 2.6 THz, 3.68 THz, and 4.36 THz is introduced. As discussed,
this is a classic absorber structure consisting of three layers of metal-dielectric-metal and
its dielectric layer is made of SiO, material. The SiO, dielectric layer is a lossy material,
and its difference from the loss-free material was clearly shown. In addition, to better
understand the absorption performance of the proposed structure, the electric and magnetic
fields of this structure are displayed at all frequencies. Due to its four perfect bands, this
absorber has the potential for imaging, sensing, and photodetector applications.

@ Springer



638 Page 120of 14 S. A.Khatami et al.

Table 1 The compared performances of the proposed absorber and the previous works

References Frequency (THz) Cell size Peak numbers Average
(pm) absorption
(%)
Kiani et al. (2021c) 2.7,32,3.99,4.6 3%x3 4 99.43
Jafari Chashmi et al. (2019)  0.85, 3.37 15x 15 2 95.15
Zamzam et al. (2021) 0.77,1.13, 85 %85 4 97.89
1.53,2.06

Aghaee and Orougi (2021) 1.59,2.45,3.05,4.41,5.11 58 %58 5 97.35
Mishra and Panwar (2020) 0.53,0.84, 0.98 200200 3 92.73
Soheilifar (2018b) 0.72,1.4,2.3 42 x42 3 90.66
Aloia et al. (2016) 7.75,14.85, 23.43 2.5x%x25 3 99
Proposed 1.36, 2.6, 3.68, 4.36 70 %70 4 98.22
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