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ARTICLE INFO ABSTRACT

Keywords: In this work, a new metamaterial design is proposed to yield an ultra-thin and dual band metamaterials perfect
Metamaterial absorber (MPA) to be operated in the frequency range from 15 to 35 THz. The proposed structure is consisted of a
Dual band

copper resonator deposited on a very thin Zinc Selenide ZnSe (0.6 pm) substrate, where the backside of the
structure is covered with a metal plate to block the transmission of electromagnetic waves. Computer Simulation
Technology (CST) was used to design and investigate the proposed structure. The absorption response of the
proposed structure was found to be high enough with absorptivity of 98.44 and 99.28 at 22.46 THz and 28.95
THz, respectively. Results showed that the absorber is insensitive to the incident angle of 0°-60° in both
transverse electric (TE) and transverse magnetic (TM) modes, respectively. The MPA was seen to be highly in-
dependent on the angles of polarization of the incident waves. The working mechanism of the proposed design
was revealed by multiple reflection interference theory and a good agreement was confirmed between the
calculated and simulated results. The proposed design can be used for possible applications of stealth technology
and imaging.

Perfect absorber
Polarization independent absorber

Introduction and for the calculations of heat transfer. Before determining the emis-

sivity of the thermal emitter, its absorption properties are usually

Metamaterials (MTMs) are artificially engineered materials whose
present a unique feature of negative refraction against the electromag-
netic waves [1-3]. Benefited by this property, research scientists have
employed MTMs in the manipulation of electromagnetic waves for super
lensing [4,5], invisibility cloaking [6,7], antennas [8,9], absorption in
microwave [10,11] and terahertz region [12-16] as well as sensors in
microwave and terahertz regions [17-23]. Moreover, because of the
excellent characteristics of MTMs, they can be used in frequency selec-
tive absorption [24,25]. According to Kirchhoff’s law of thermal radia-
tion, the absorptivity of an object is equal to its thermal emissivity.
Having enough information on emissivity of materials is important for
the application of accurate measurement of non-contact temperature
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studied [26].

Researchers have proposed different approaches for controlling
thermal emission of materials such as photonic crystals and dielectric
structures [27,28]. However, with these materials one cannot control
the permittivity, permeability, and sub-wavelength thickness precisely,
whereas it is possible to tune the absorption response in MTMs for
photovoltaics applications. For example, Rufanguar & Sabah designed
and simulated a nanostructure-based MPA [29], followed by simplifying
the design using symmetric structure for solar energy harvesting [30].
Luo et al. proposed a novel metamaterial absorber which is composed of
a periodic array of dielectric cylinder sandwiched between nickel (Ni)
films [31]. Li and Fan reviewed the recent developments of Nano
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Fig. 1. (a) Perspective view, (b) top view and (c) side view of the dual-band metamaterials perfect absorber (MPA).

photonic control of thermal radiation, and highlighted some exciting
energy application opportunities such as daytime radiative cooling,
thermal textile, and thermos photovoltaic systems that are enabled by
Nano photonic structures [32]. Wang et al. provided a conceptive design
of self-adaptive photonic thermal management by tuneable radiative
cooling and solar heating, and hence considering the absorption spectra
of the atmospheric window range and solar energy [33]. Smith et al.
designed and fabricated an absorptive metamaterial made of epsilon-
near-zero indium tin oxide and silicon dioxide films for wideband per-
fect light absorption near the epsilon-near-zero wavelength [34].
Yongzhi Cheng et al. at Wuhan University of Science and Technology
developed broadband tuneable terahertz metamaterials absorber based
on different graphene resonators [35,36]. In the past years, researchers
from different countries have shown their interest to work on terahertz
range, thereby developing dual and multi-band metamaterials absorber
using various structures [37-40].

The independency of the metamaterials-based devices on the angle
of polarization is very important for practical applications including
thermal and image sensing. Therefore, in this study, a new dual-band
perfect metamaterial absorber is designed and proposed with polariza-
tion independent characteristic for possible application of thermal en-
ergy. Numerical results showed that the proposed design is insensitive to
the angle of incident wave due to the presence of symmetrical resonator
on the top of the structure. The suggested design is almost similar to
clover leaf shape, offering two high absorption regions between 15 THz
and 35 THz. This design is especially developed for easy production
compared to those reported in literature [41-48]. Zinc selenide (ZnSe)
presents several interesting properties such as low electrical resistivity,
high direct band gap, high refractive index, broad band transparency,
low optical absorption and high photosensitivity. These properties have
made ZnSe to receive a considerable attention by researchers, leading to
its application in solar cells, sensing and mid infrared sources [49-51].
In the current work, a simple clover leaf shaped resonator is printed on

ZnSe/copper plate for IR perfect metamaterial absorbers. The para-
metric dimensions of the proposed deign were purposely tuned by using
parametric study and genetic algorithm to simulate the perfect absorp-
tion in Terahertz frequency range. For practical applications, it is
imperative to have a large-scale IR metamaterial absorber. The novelty
of the proposed structure includes a simple design that provides perfect
absorption response with independent-polarization angle in the mid-IR
region. We believe that our proposed design can be potentially appli-
cable in stealth technology, imaging and thermal energy harvesting.

Theory of the designed structure

In this work, full-wave finite integration technique (FIT) based on
high-frequency electromagnetic solver, CST microwave studio was used
to design the structure and simulate the results. Nowadays, CST makes it
possible to use very difficult numerical calculations in the electromag-
netic field through a number of software packages. Thus, MTM char-
acteristics can be determined using a number of numerical calculations.
During the simulation phase, very complex and long calculations can be
easily performed, and the behaviours of large-scale and very different
shapes of MTM structures, under the selected frequency range and
selected boundary conditions, can be demonstrated. Scientists have had
the opportunity to test electromagnetic materials in laboratory condi-
tions under various boundary conditions. In numerical analysis, various
boundary conditions have been used to analyse the structures such as
PEC/PMC, PEC, free space, periodic and unit cell. In order to obtain the
effective dimensions of the proposed structure and to simplify the
simulation processes, unit cell was assigned for x-/y-directions and open
add space was used for z-direction. It is important for an absorber that
the resonator and free space can provide similar impedance by adjusting
the parameters of the unit cell to decrease reflectivity, as shown in Fig. 1
(a). Fig. 1 shows the complete structure of the design with different
pictorials. The proposed design consists of three main layers, including a
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Table 1

The optimum parameters of the proposed design.
Parameter L hy hy hs w; Wy
Value 9.5 pm 30 nm 600 nm 30 nm 1.15 pm 1.825 pm

bottom copper ground plane with a thickness of 30 nm, ZnSe layer with
a thickness of 600 nm and top MPA patterned copper with a thickness of
30 nm. ZnSe was added into the library of CST software by providing its
permittivity and permeability parameters as 5.73 and 1, respectively
[41]. The optimal values of the parameters shown in Table 1 were ob-
tained by changing the dimensions and observing the performance of the
proposed structure (see Fig. 1(b) and (c)). Thickness and dimensions of
the proposed design were selected by using a built-in genetic algorithm

Results in Physics 26 (2021) 104344

in the CST software, in which the dielectric constant of the materials and
the operating frequency range were utilized as inputs. The resonators
were made up of copper with a conductivity of 5.96 x 107 S/m and
thickness of 0.03 pm.

Results and discussion

Two resonant frequencies for the proposed MPA structure were
clearly seen, as shown in Fig. 2. It is generally known that the primary
requirement of an absorber is to confine the penetrated energy in the
structure. To obtain a perfect absorber, the reflected and transmitted
wave should be minimized to the smallest possible value (R (0) &T (w)
— 0). The absorptivity of the proposed structure can be calculated by: A
(W) = 1-R (W)-T (w), where, A (w), R(w)=|S11|? and T(0)=|S,1|? are the
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Fig. 2. (a) Simulated results of reflection, absorption and transmission spectra for the proposed dual-band MPA structure with optimized parameters and (b) Electric

field distribution along Z-direction at resonant peak 1 and peak 2.
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Fig. 4. (a) Absorption spectra of the three different structures shown as insets of (b), (¢) and (d).

magnitude of the absorption which is related to the angular frequency,
reflection and transmission corresponding to a certain frequency range,
respectively. The backside of the designed structure was covered by a
copper metal plate to minimize the transmission. Because the thickness
of the copper film is much greater than the skin depth, the transmission
would be close to zero ideally. Therefore, only the reflection value of the
overall structure can be considered, which is directly related to the S;;.
Hence, the absorption can be calculated as A (w) = 1-R (w). The metal
backplate is a lossless conductor and hence its contribution is to reflect
the transmission wave back to the dielectric part completely and hence
achieving a perfect absorption by the ZnSe layer.

For better understanding the resonant absorption behaviour of the
proposed dual band metamaterial absorber, electric field distributions
for peak 1 and peak 2 were simulated, as shown in Fig. 2(b). It can be
observed from the figure that maximum electric field distributions were
mainly occurred around the resonator edges at resonant frequencies.
Therefore, the resonator design plays an important role in defining the
resonant frequencies and monitoring the electric field distributions
induced by the electric field. The electric field component of incident
wave excites free electrons causing a surface current, and the surface
charge oscillates along the external electric field. This field causes
magnetic dipole moment, and it is this dipole moment that results in
resonant absorption. This indicates that the electric field of the incident
electromagnetic wave is coupled with the upper and lower part of the
resonator and hence resonates along with the electric field direction,
which can be interpreted by a simple dipole-dipole interaction [52,53].

We characterized the polarization dependent of absorption for the
proposed structure under normal incidence of TE waves, as shown in
Fig. 3(a). Moreover, we considered the absorption spectrum at five
different polarization angles from 0° to 60°, taking into consideration
the rotational symmetry of the unit cell structure. It is clear from the
figures that the proposed structure maintained excellent absorption
stability under different polarization angles. Also, the absorption per-
formance at higher frequencies was found to be stable under different
polarization angles. The absorber provides the same result in response to
different polarization of incidence waves. This is achieved by utilizing a
symmetric resonator. When the incidence wave hits the symmetric
resonator at different phi angle, the resonator behaves similarly and
provides the same response. This is considered as the basic mechanism

of polarization independent for the symmetric structures. The perfor-
mance of the perfect metamaterial absorber over different incident an-
gles of electromagnetic radiations revealed that the proposed design can
be a good candidate for the application of terahertz and microwave
bands. Hence, perfect metamaterials absorbers have to maintain an
outstanding absorption response in different incident angles. One can
see from Fig. 3(b) that the absorption spectrum of the metamaterials
structure simulation remained unchanged at different incident angles,
suggesting its insensitivity to the incident angles of electromagnetic
waves and hence confirming a high symmetry of the structure.

In addition to the proposed absorber model, we developed two
different models with the aim of further understanding the absorption
features of the structures and to define a design with polarization in-
dependent, as shown in Fig. 4. The extended models were established
based on the concept of increasing the circumference of the attached
semi-circular resonators followed by recording their absorption prop-
erties. As such, the semicircles in model 2 were fixed at three quarters of
a complete circle, while in model 3 the circumferences of the semicircles
were further increased. In order to verify the numerical results of the
proposed MPA, the three different models were investigated in the fre-
quency range from 15 to 35 THz, as shown in Fig. 4(a). It is obvious from
the figure that the designed models have dual resonant frequencies with
capability of absorbing 99% of the energy propagating through their
medium at frequencies of 22.46 THz and 28.95 THz. Noticeably, the
absorption activity in model 2 has reached 95% and 90% at 21 THz and
27 THz, respectively, which are yet lower than the absorption response
that was achieved by the proposed model. When it comes to model 3, the
absorption peak at its lowest resonant frequency of 17 THz was found to
be 99.9%, which is the highest one among the absorption peaks of other
structures. However, model 3 presented worst absorption of 80% at 33
THz compared to those of the proposed model and model 2. Conclud-
ingly, the proposed model was a better absorber amid the investigated
models.

Moreover, we investigated the polarization and polarization angle
dependency of absorption in the two models. The incident waves were
set as TE and TM polarization, while polarization angle was chosen to be
theta = 0 and theta = 90° for each polarization type. From Fig. 5(a) and
(b), one can see that the polarization angle is one of the main parameters
affecting the absorption response in such MTM based resonators. In case
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Fig. 5. (a) and (b) show absorption results with the maximum and minimum operating angle for model 2 in TE and TM modes, respectively, while (c) and (d) show

the absorption spectrum for model 3 under TE and TM, respectively.

of employing TE polarization mode, when the polarization angle was set
to theta = 0 and theta = 90°, a multi band absorption property was
achieved. Results showed that the position of the absorption peaks is
changed with the change of incident angle. For instance, the resonant
frequencies were appeared at 23 THz and 27 THz for 0° and at 19 THz
and 24 THz for 90°, as shown in Fig. 5(a). Fig. 5(b) shows the response of
model 2 when a TM polarization wave was applied instead of TE po-
larization. It was observed that the resonant frequencies remained un-
changed, meaning that the structure of model 2 is polarization
independent. It is worth to mention that the absorption rate at theta =
0° is higher than that at theta = 90° for both TE and TM polarization
modes. Also, the same procedure was applied to model 3 in order to
observe the polarization and polarization angle dependency on the ab-
sorption response. In case of TE mode and angle 0°, the absorption by
model 2 was found to reach a maximum value of 99.9% at 17 THz.
However, this was only 80% at 33 THz resonant frequency. When we set
theta = 90°, similar absorption activity was observed at 18 THz and
27.5 THz. Also, TM polarization wave was applied to model 3 in the
same condition as of model 2 and it was noticed from the results that
model 3 is polarization independent.

Fig. 6 shows the effect of resonator type, substrate type and resonator
thickness on the absorption of the proposed structure. It was seen from

the results of using different types of resonators, namely aluminum,
copper, gold and iron, that for each resonator there will be a strong dual-
band absorption at 22.46 THz and 28.95 THz, as shown in Fig. 6(a).
Moreover, the effect of Arlon AD 410, ZnSe, FR4 and Rogers RT 5870
substrates on the absorption property was considered, as shown in Fig. 6
(b). For ZnSe material, the absorption rate has reached a maximum of
99.9% at 22.46 THz and 28.95 THz. Also, FR4 and Arlon AD 410 has led
to producing a reasonably high absorption peak at 26 THz and 27 THz,
respectively. However, Rogers RT 5870 resulted in a minimum absorp-
tion rate of 85% at 33 THz compared to the other substrates. Finally, the
impact resonator (wl) thickness on the absorption was analyzed by
adjusting the thickness to different values. As shown in Fig. 6(c), a dual-
band absorption behavior was achieved at 22.46 THz and 28.95 THz for
a wide range of thickness. It is seen from the figure that 99% of the
energy is absorbed by the structure at varied thickness. It can be said
that the thickness variation did not show a pronounced effect on the
absorption properties of the proposed structure.

The mechanism of the absorption by the proposed dual-band MPA
was interpreted based on interference theory. Our metamaterial struc-
ture can be modeled by a Fabry-Pérot-like resonance cavity, which has a
multiple interferences effect in multi reflection for the incident elec-
tromagnetic waves. In the designed structure, a strong local electro-
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Fig. 6. The influence of (a) resonator type, (b) substrate type and (c) resonator thickness on the absorption response of the proposed dual-band MPA.

magnetic resonance and impedance matching has occurred between the
MPA and free space, resulting in the generation of two highly absorptive
peaks. The interference taken place between the direct reflections from
air-spacer with clover leaf shaped resonator has led to the overlapping
of multiple reflections [54]. Fig. 7(a) shows the working mechanism of
the model by the analysis of absorption for the dual-band metamaterials
absorber based on interference theory. As it can be seen from the figure,
the multiple reflection interference model of the dual-band MPA, con-
sisting of two interfaces from the top clover leaf shaped simple resonator
and the bottom of the structure covered by the ground plane, are
considered as a two non-thickness surface. This interference model can
be defined by an uncoupled system, in which the near-field coupling
between resonator layer and copper layer can be neglected. The clover
leaf resonator works as a surface which can partially transmit/reflect the
incident electromagnetic waves. Later on, this part of the incident waves
are transmitted and passed through the ZnSe substrate (spacer) until
they are reached the copper ground plate which has a complex phase
propagation of § = —,/&K,t;, where ¢, is the dielectric constant of the
substrate,K, is denoted free space wave number and t; is the thickness of
the substrate. When the incident wave hits the proposed structure at the
top layer (clover leaf resonator) and at the air- spacer interface, partial of
the incident wave is reflected back to air, having a reflection coefficient

of r1p = rip.€212. The other parts of the incident wave are transmitted

into the spacer with a transmission coefficient of t?z = t15.€2'2, The rest
of the incident wave continues to propagate until it arrives the copper
metal at the bottom layer. The reflection at the ground plate (layer)
equals to minus 1 (rp3 = -1), while some of the incident waves are re-
flected and transmitted again at the air-spacer interface, which are

denoted by o1 = 1 €22 and t; = ty.€2%. Fig. 7(a) shows the multi
reflection process from air —spacer- ground plane. It is concluded that
the overall reflection is the sum of the all multiple reflections mentioned
above. The total reflection coefficient of the proposed structure can be
numerically calculated by using this equation [53]:

—~ oty .e?

The reflection of the proposed structure can be theoretically obtained
by using equation (1), followed by absorption determination using the
equation: A = 1 —|r|?, that is to obtain the multi reflection at air —spacer
interface, as shown in Fig. 7(a). The copper plate at the bottom of the
proposed design was first removed then the numerical simulation was
achieved to find the unknown parameters in equation (1). The magni-
tude and the phase (degree) of the transmission and reflection at the air
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surface current (f=22.46) [Zmax(1)] surface current (f=28.95) [Zmax(1)]
3D Maximum [A/m] 114.1dp 3D Maximum [4/m] 116.4 dB
Frequency 22.46 (a) Frequency 28.95
Phase 0 Phase 0

Fig. 9. Simulated surface current distribution at (a) 22.46 THz and (b) 28.95 THz for the dual band MPA.

(a)

Fig. 10. Magnetic field distribution at two different resonance peaks (a) 22.46 THz and (b) 28.95 THz for the dual band MPA.

(b)

Table 2
Comparison of the results of this work with those reported in literature.
Ref. Technique used Operating frequency Unit cell dimension Substrate Thicknes Absorptivity Peak
(THz) (um?) (pm) numbers
[12] Multiple metallic resonators 2-5 36 x 36 2 97-100 Dual
[13] Cross metal array resonator 12-28 4 x4 1.5 99 Single
[14] Two nested metallic circular ring 0-4.5 80 x 80 18 99.83-98.92-99.96-99.35 and Five
resonators 99
[15] Gold resonator 4-8 43.8 x 43.8 8.1 99.3-99.2-99.4-98.1-95.2 Five
[16] Periodic cross-shaped grooves 0-3.5 50 x 50 45 97.80-95.8 Dual
[22] Pattern asymmetric metallic cross 0-3.4 80 x 80 11 99.07-99.84-99.01 Triple
[23] Metallic Strip Resonator 1-3.25 90 x 90 10 98-99 Dual
[43] FOUR-fold meander wire 1-3 55 x 50 15 93-100 Dual
[44] Au Reflector 2-8 30 x 35 5 99-99 Dual
[45] SPLIT ring dish resonator 1.925-6.3 24 x 24 1.2 100-99-100 Single Dual
[46] Au rectangular strips 0-4.05 60 x 60 2 —99-100-100 Triple
[47] graphene based meshed square 0-4 42 x 42 22 99-97 Dual
patch FSS
[48] Thin graphene-patterned array 1-7 3x3 10 99-98-99-99 Quad
This Single metallic resonator 15-35 9.5 x 9.5 0.6 98.44-99.28 Dual
Work
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Table 3
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Comparison of the current work with those reported in literature in terms of structure layer, central frequency, absorption percentage, TE, TM polarization, and angle

of incident.

Ref. Structure Central frequency Absorption Polarization Angles Year published
[12] Al/TiO2/A1 3.5 >90% TE and TM 0-90 2020
[13] Metal layer/Dielectric layer/Metal layer 20 >90% - 0-50 2020
[14] Copper/Polyimid/Silicon 2.25 >90% - 0-90 2018
[15] Au/Graphene/Si02/Au 5.51 >90% TE and TM 0-90 2020
[16] Gold/Si02/Graphene/SiO2 0.94 >90% - - 2019
[22] Auy/dielectric layer/Au 1.7 >90% - - 2016
[23] Au/dielectric slab/Au 2.25 >90% - 0 and 90 2015
[43] Gold/PDMS/Gold 2 >90% TE and TM 0-90 2018
[44] Au/Si02/Au 5 >90% - - 2019
[45] Gold/Si02/Gold 4.375 >90% TE 0-60 2018
[46] Auy/dielectric slab/Au 2.25 >90% - - 2019
[47] Graphene FSS/polyimide layer/perfect electric conductor (PEC) 2 >90% TE 0-60 2020
[48] Graphene/Si02/Gold 4 >90% TE 0-45 2021
This Work Copper/ZnSe/copper 25 THz >90% TE and TM 0-60 2021

—space interface was numerically achieved and the curves are illustrated
in Fig. 7(b) and (c).

Fig. 8 shows the absorption and impedance spectra of the proposed
MPA. One can observe that there exist two main perfect absorption
peaks at around 22.46 and 28.95 THz resonant frequency. It was found
that the simulated and calculated absorption spectra are well matched,
confirming sufficient reproducibility of the achieved results in the fre-
quency range of investigation from 15 to 3 THz. Noteworthy, the dual
band MPA nature of the proposed design with negative impedance has
been clearly detected at the two characteristic resonant frequencies. The
values of real impedance at the resonant peaks were found to reach 45
and 6 Q, respectively.

Fig. 9 shows the surface current distribution which is generated due
to the incident electromagnetic interaction with the MPA at the two
resonant frequencies of 22.46 and 28.95 THz. It was noticed that the
surface current density at the lower resonant frequency is mostly
concentrated across the edges of the clover leaf-shaped layer and at the
center of ZnSe layer. However, the increased resonant frequency has led
to decreased surface current density across the ZnSe layer with less
pronounced decrease at the edges of clover leaf-shaped layer.

Fig. 10 shows the magnetic field distribution of the incident elec-
tromagnetic across the surface of the MTM absorber at the dual resonant
frequencies of 22.46 and 28.95 THz. One can see that lowest magnetic
field has distributed on the core of the patterned copper layer and on the
center of ZnSe layer. This can be ascribed to the non-magnetic nature of
the copper and ZnSe compound. Nevertheless, the density of magnetic
field is highest at the boundaries of the copper and ZnSe interfaces,
which might be attributed to the presence of some kinds of interface
interaction between the copper metal and ZnSe, thereby yielding a
paramagnetic responsive structure.

The results obtained in this work were compared with those reported
in other research papers, as shown in Tables 2 and 3. The comparison
has been made in terms of the technique used on the top of the substrate,
operation frequency range, unit cell dimensions, substrate thickness,
absorptivity and peaks number. As shown in Table 1, the proposed
structure has a smaller unit cell of 9.5 x 9.5 ym? compared to that of
other similar works and that the substrate thickness used in our design is
0.6 um. Hence, in addition to the reduction in device profile, the ab-
sorptivity was maintained quite high and independent on the polariza-
tion angle for each of TE and TM waves compared to those of other
devices reported in literature.

Conclusions

In summary, an ultra-thin and dual-band metamaterial perfect
absorber was successfully presented in the wide frequency range from
15 to 35 THz. The proposed design showed two resonant peaks of nearly
perfect absorptivity of 99.28% and 98.44% at the frequency of 22.46

THz and 28.95 THz, respectively. The proposed design remained
insensitive and independent to the change of incident angle from 0° to
60° and polarization angle for both TE and TM, respectively. The
theoretical calculation of the absorption was found to be almost the
same as the numerical results, showing that the proposed design is
symmetric with highly favourable performance. Furthermore, the
simulation study of the surface current and magnetic field distribution
revealed the absorption mechanism inside the MPA structure. The re-
sults of this work were seen to be better compared with those of similar
published papers in literature. The results were compared in terms of
unit cell dimension, thickness of the substrate, frequency range, ab-
sorptivity, polarization angle and used techniques. We believe that our
proposed dual-band MPA can be potentially used for different applica-
tions such as stealth, imaging, sensing.
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