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In this study, a novel broadband metamaterial (MTM) absorber is proposed,

which is based on vanadium dioxide (VO2) resonators coated onto a flexible

polyamide substrate. The VO2 resonator is in the form of a quatrefoil and circle-

loaded complementary square split ring resonator (CSSRR), which is fine tuned

to operate in the terahertz range. The MTM design and simulation were carried

out using Computer Simulation Technology (CST) software, by which different

layouts were investigated to achieve the optimum structure. The results showed

the presence of two pronounced peaks for the proposed MTM structure at

0.88 and 1.42 THz. The absorption peaks were found to be insensitive to the

wave polarization and incident angle from 0° to 90°. The absorption mechanism

of the MTM was investigated considering the insulating and metallic states of

VO2. The results were in a good agreement with those calculated using high

frequency simulated structure (HFSS) software. The flexible nature of the

proposed MTM design makes it a viable candidate for non-planar and

conformal geometry applications in stealth technology, and terahertz imaging.
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Introduction

In the past decade, the rapid development of terahertz (THz)

technology opened new routes to several important applications

in the field of wireless communication, security, and non-

destructive testing [1–4]. Thanks to the unique manipulation

of electromagnetic waves in metamaterials (MTMs), the THz

devices such as filters and signal absorbers gained a considerable

attention by the researchers [5–9]. The first THz metamaterial

absorber was reported in 2008 [10] followed by the development

of several narrow-band [11, 12], multiband [13, 14], and

broadband [15, 16] absorbers. It is known that vanadium

dioxide (VO2) can take a phase transition from insulator to

metal at around 340 K [17]. Also, its lattice structure is

transformed from monoclinic to tetragonal with the increase

of temperature, thereby increasing the conductivity of VO2 to

several orders of magnitude during the transition process [18].

The contribution of VO2 thin films has been well acknowledged

for its potential applications in both electronic and optical

devices [19–22].

It was observed from literature that VO2 can be used as an

active material for the tuneable devices. Chu et al. studied an

omnidirectional tuneable terahertz analogy of

electromagnetically induced transparency realized by isotropic

vanadium dioxide metasurface [23]. Song et al. designed a

switchable metamaterial with bi-functionality of absorption

and electromagnetically induced transparency, which was

based on the phase-transition characteristics of vanadium

dioxide, whereas by adjusting the structure parameters, a

perfect absorption was realized at the frequency of 0.498 THz

[24]. Wang et al. was able to tune the absorption response of the

MTM from 26 to 99.2% by changing the Fermi energy of

graphene, whereas the absorbance was tuned from 9 to 99.2%

by adjusting the conductivity of the vanadium dioxide [25].

Vanadium dioxide-assisted broadband metamaterial

absorbers were also studied by other researchers. For instance,

Liu et al. designed a structure to provide an absorption response

of more than 80% and bandwidth of 2.0 THz over a long range

[26]. Also, an actively tuneable broadband terahertz absorber was

numerically demonstrated, which consists of four identical VO2

square loops [27]. By this, a broadband absorption of 90% was

achieved at 2.45 THz under normal incidence. In the same range

of terahertz frequencies, a broadband absorption and

polarization conversion was realized by utilizing VO2

metasurface [28]. This absorber was composed of a vanadium

dioxide square, silica spacer, and vanadium dioxide film.

Theoretical results showed that it is possible to achieve

polarization insensitive absorptions with the peaks between

0.52–1.2 THz. Zhu et al. proposed a switchable and tuneable

terahertz metamaterial absorber with absorptivity of 90% under

normal incidence from 1.06 to 2.58 THz. This absorber could

provide a reasonable absorption within the incident angle range

of 0°–60° for the TE and TM polarizations [28]. Fabrication of the

nanostructured VO2 films has been well acknowledged in

literature. Thanks to the technological advancement, it is

possible to produce a smooth and uniform surface for the

VO2 films. For instance, RF magnetron sputtering, van der

Waal Epitaxy and chamber-based depositions are among the

interesting techniques that were used to growth flexible and

uniform VO2 layers for various applications [29–32].

Along this line, in some research works a broadband

absorption was achieved with incident angle sensitivity, while

in some others narrowband absorption was realized with the

polarization and incident angle insensitivity. Also, there is a need

to develop broadband absorbers at sub terahertz frequencies,

which is crucial for the applications of the fifth-generation (5G)

wireless network and for the development of the upcoming sixth-

generation (6G) network [33, 34]. Therefore, the future research

focus can be on the development of absorbers at sub-terahertz

and terahertz bands with broadband and incident angle

insensitivity [35, 36]. With the aim of contributing to these

needs, we are proposing in this work a flexible absorber based

on VO2 resonators operating from 0.7 to 1.7 THz with a

polarization and incident angle insensitivity. This broadband

absorption was accomplished by designing and fine tuning the

dimensions of the proposed MTM structure. The current work is

different from the in literature VO2 employed metamaterial

studies in two ways. First, the MTM design is flexible and

capable of producing a broadband absorption without adding

extra elements such as resistors or capacitors into the circuit.

Second, the proposed structure is capable of realizing a MTM

with a featured performance that is independent on the incident

and polarization angles.

Materials and methods

Design of the MTM based structure

The proposed absorber was designed by using a commercial

full-wave finite integration technique (FIT) based on high-

frequency electromagnetic solver, CST microwave studio.

Nowadays, CST makes it possible to use very difficult

numerical calculations in the electromagnetic field through a

number of software packages. Thus, the MTM characteristics 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 conditions under various boundary

conditions. In numerical analysis, various boundary

conditions were used to analysis 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
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the simulation processes, a unit cell was assigned in the x-/

y-directions while an open add space was assigned to the

z-direction. The perspective view and layers of the structure

are illustrated in Figure 1A. In this design, a flexible substrate

made of polyamide was used to be backed by a gold film with

electrical conductivity of 4.561 × 107 S/m. The polyimide

substrate has a dielectric constant and loss tangent value of

3.5 and 0.0027, respectively. On top of the flexible polyamide,

the resonator layer was designed, which was made of vanadium

dioxide. The layer parameters are shown in Figure 1C, while the

dimensional parameters are given in Table 1. The structure

includes a combination of square split rings and a quatrefoil

resonator at the center, as shown in Figure 1B. The quatrefoil

structure within split ring resonators was specifically designed to

give an alternative to the current state of the art metamaterial

absorber in the studied frequency band. Polyamide intermediate

layer was chosen as the flexible substrate for its dielectric

properties and flexibility for future research developments.

The proposed metamaterial unit cell

Figure 2 shows the approach of presenting a step-by-step

design of the proposed absorber. The design is a three-layer

quatrefoil and circle-loaded complementary square split ring

resonator shape that consists of three types of material (Gold-

Polymide-VO2). This design is especially developed for easy

production. The parametric dimensions of the proposed

deign were purposely tuned by using parametric study and

genetic algorithm to simulate the broad bands of perfect

absorption in Terahertz frequency range. In the design

1 and 2, a double split-ring resonator was used and rotated

FIGURE 1
(A) A 3 × 3 perspective array of the proposed structure, (B) top view of the suggested unit cell, and (C) side view of the proposed unit cell.

TABLE 1 The required dimensions of the suggested design.

Parameter P w l1 l2 g r1 r2 h1 h2 h3

Value (μm) 50 6 34 44 6 6 14 0.2 31 0.2

FIGURE 2
Front view of different design layouts used for selecting the
final design.
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with equivalent scales to observe how the traditional split ring

resonator works in the terahertz regime. A fractal circular

resonator was added to the center of the split rings, as shown

in design 3 and 4, followed by examining its effect on the

performance of the unit cell. Finally, the proposed design was

selected by combining all the layouts in one single design (see

Figure 2).

The reflection responses and absorption capabilities of the

studied layouts were comprehensively investigated, while

absorptivity of the layouts was calculated using:

A(ω) � 1 − T(ω) − R(ω) (1)

Where T(ω) and R(ω) defines the transmission and

reflection responses, respectively, such that transmission T(ω) �
|S12|2 and reflection R(ω) � |S11|2. This is where S11and S12 are

reflection and transmission coefficient, respectively. To eliminate

the transmission responseT(ω), the backside of the structure was
covered by a metallic layer. Therefore, the absorptivity equation

becomes:

A(ω) � 1 − R(ω) (2)

Supported by Eq. (2) and Figure 3 shows that the absorptivity

of all the layouts is inversely proportional to the reflection

response. The absorption bandwidth of the layouts was

compared at the corresponding absorption of 90%. The

greater absorption bandwidth was observed for the design

one in comparison to that of the design 2, which is the

scaled and rotated version of the design 1. Moreover, the

absorption bandwidth of the design 3 and 4, which was

obtained by adding the fractal circular resonator, was

almost at the same level of that for the design 1 and 2,

respectively, as illustrated in Figure 3B. Finally, based on the

achieved results, the proposed design was selected and the

absorption bandwidth was studied in the frequency range

from 0.58 to 1.65 THz, which corresponds to the absorption

of 90% at 1.07 THz.

Results and discussion

The effect of split gap variation

One of the most important parameters is the split gap in a

resonator design, which corresponds to a capacitive element in

the resonator structure. The split ring resonator corresponds to

an LC resonance circuit with resonance frequency as follows:

f0 � 2π
���
LC

√
(3)

Where C and L are capacitance and inductance from the current

path of the ring resonator. As shown in Equation (3), the resonance

frequency can be controlled depending on the values of L and C of the

current path of the ring resonator. Figures 4A,B show that the change in

the split gap with a step size of 2 µm caused a pronounced variation in

the reflection and absorption spectra around 1.15 THz in the center

frequency. This can be attributed to the change of capacitance in the LC

equivalent circuit. Therefore, considering the optimum bandwidth and

reflection magnitude, the optimum split gap was found to be 6 µm for

the proposed resonator.Although the results of 6 and 10 µmdimension

seemed to be similar, the best absorption response was obtained when

g = 6 μm, which will be discussed in the following sections.

The effect of variation in the resonator line
width

Resonator line width is one of the other useful parameters

which contribute in designing a split ring resonator. The split

FIGURE 3
The simulated results of (A) reflection (S11) and (B) absorption as a function of frequency for different layouts.
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FIGURE 4
(A) Reflection coefficient and (B) Absorption coefficient change with the variation of the split gap.

FIGURE 5
(A) Reflection coefficient and (B) absorption coefficient spectra with the change in the width of the resonator.

FIGURE 6
Simulated results of the effect of substrate thickness on the (A) reflection coefficient and (B) absorption coefficient of the resonators.
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ring can be considered as a microstrip line, which has

corresponding impedance given in Eq. 4 [37]:

Z0 � 60����
εeff

√ ln(8(H
W
) + 0.25(W

H
)) (4)

Where the microstrip line width of W and height H satisfy

the condition of W/H<<1. Also, the resonator corresponds to an
LC circuit as mentioned before, and hence the width of the

resonator changes the inductive characteristics of the LC

resonance. As a result, a variation in the resonator leads to

the change in both impedance and inductance of the microstrip

resonator. Figure 5 shows the effect of the variation of widthW,

with the step size of 1 µm, on the reflection coefficient magnitude

and resonance bandwidth. In addition, the absorption

characteristics were changed by the resonator width

variations. In this scenario, the optimum bandwidth and its

magnitude was estimated to be at 12 µm.

The effect of substrate thickness

The substrate thickness (H) of the resonator, as shown in

Eq. (4), presents a significant effect on the microstrip line

impedance of the split ring resonator. In addition, the

thickness variation changes the capacitive stabilization

between the microstrip split ring line and back metallic

ground. According to the mentioned criteria, the substrate

thickness plays a significant role in the resonance

characteristics. As shown in Figure 6, the change in the

thickness from 28.8 to 32.8 µm has caused a clear change in

the reflection and absorption characteristics. Consequently,

FIGURE 7
Simulated results of the effect of the resonator radius on the (A) reflection coefficient and (B) absorption coefficient.

FIGURE 8
(A) The absorption spectrum for the suggested design at different incident angles and (B) the polarization-independent of the MTM unit cell
from 0° to 90° for TM (or TE) modes.
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the optimum thickness for the substrate was assigned to be

30.8 µm, leading to an improved bandwidth and absorption

magnitude compared to those of the other thicknesses. It was

seen that the simulation results at the substrate thickness of

29.8 and 30.8 µm are almost similar. Since the maximum

bandwidth was achieved at 30.8 µm, we have chosen this

dimension for the proposed design.

The effect of resonator radius

The effect of the radius of the central resonator on the

absorption and reflection coefficient was also investigated.

Technically, the change in the resonator radius corresponds to

the change of the operating wavelength. This in turn causes the

change in the resonance characteristics, as shown in Figures 7A,B

for both reflection and absorption characteristics. According to

the obtained results, the optimum radius of the inner resonator of

the split ring is 14 µm for wideband applications at around

one THz center frequency. Due to the parametric optimization

results, the authors suggested to use 14 µm for the R dimension.

Incident angle and polarization effect

The incident angle and polarization dependency of the

proposed hybrid metamaterial were examined, as shown in

FIGURE 9
(A) Simulated results showing the absorption response at different conductivities of VO2, (B) at varied loss tangent of the proposed design, and
(C) Absorption spectrum of the Gold-PI-VO2 structure and VO2-PI-Gold structure when VO2 is in the insulating state and (D) in the conducting
(metallic) state.

FIGURE 10
Absorption spectrum of the proposedmetamaterial structure
at different temperatures of VO2 in the insulating state andmetallic
state.
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Figure 8. When the step size of change in the incident angle was

15°, no significant change was observed in the absorption

characteristics, as shown in Figure 8A. Due to symmetric and

unique design of the proposed structure, a polarization and

limited incident angle independency was achieved. The stable

absorption characteristics confirmed the incident angle

FIGURE 11
(A) Simulated results of absorption spectrum of Gold-PI-VO2 and VO2-PI-Gold structures when VO2 is in the insulating state and (B) in the
metallic state (the whole structure is conformal).

FIGURE 12
Simulated results of the phase degree for VO2 in the (A) insulating state and (B) metallic state.

FIGURE 13
(A) The simulated setup showing wave propagation in the x-axis and (B) S-parameters.
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independence for the proposed structure under both TE and TM

wave modes. Furthermore, another important phenomenon

was investigated, which is the polarization dependency of

the proposed design. According to the absorption

characteristics given in Figure 8B, the proposed hybrid

metamaterial has polarization independence under both

TE and TM wave incidence around one THz. Both

studied factors are specifically important in various

application fields such as medical, military, stealth

technology, and communication.

Absorption mechanism in the proposed
metamaterials unit cell

In this section, taking into account different material

properties of the proposed structure, the absorption

mechanism of the proposed MTM absorber was investigated.

First, the effect of the electrical conductivity and loss tangent of

the metallic layer on the absorption response of the structure was

simulated, as shown in Figure 9. This section was completely

prepared by creating new material techniques in the CST. As

such, the effect of loss tangent and conductivity on the absorption

relation was ruled out. Figure 9A shows that the absorption

response is more than 90% with a broad bandwidth of one THz

over the frequency range of 0.7–1.7 THz, which is called a

conducting (metallic) state with the conductivity of 3 × 105 S/

m. However, in the insulating state, when the conductivity is

reduced to 3 × 102 S/m, the absorption is less than 5% in the

frequency range of interest. As a result, the proposed absorber

can be considered as a reconfigurable device with a dynamic

absorption range of 3–90% in the frequency range of

0.7–1.7 THz. Moreover, Figure 9B shows the variation of the

loss tangent, tanδ = 0.027, 0.0027, and 0.00027, for the proposed

design. One can see that loss tangent has a trivial effect on the

absorption response.

FIGURE 14
(A) Simulated set up structure for the wave propagation in the y-axis direction and (B) spectrum of the S-parameters.

FIGURE 15
(A) 1 × 2 array simulated structure, (B) its reflection and (C) absorption spectra.
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FIGURE 16
(A) Simulated 2 × 2 array structure, (B) its reflection and (C) absorption spectra.

FIGURE 17
(A) 3 × 3 array simulated design, (B) its reflection and (C) absorption spectra.
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FIGURE 18
(A) Simulated setup for the 4 × 4 array design, (B) its reflection, and (C) absorption spectra.

FIGURE 19
(A)Comparison of the simulated CST and HFSS software for the reflection spectra (B), absorption coefficient, (C) equivalent circuit diagram and
(D) real and imaginary part of the impedance for the proposed structure.
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FIGURE 20
Surface current distribution at two different resonance peaks of (A) 0.88 THz and (B) 1.42 THz.

FIGURE 21
Simulated electric field distribution for the MTM unit cell at (A) 0.88 THz and (B) 1.42 THz.

FIGURE 22
Magnetic field distribution for the suggested structure at (A) 0.88 THz and (B) 1.42 THz.
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In addition to the material properties, two different

configurations were utilized aiming at investigating the

absorption response of the structure. In the first configuration,

the VO2 resonators were placed above PI substrate, which is

backed by a gold ground plate (VO2-PI-Gold). However, in the

second configuration, the resonators were made from gold, and

the ground plate was formed from VO2 (Gold -PI- VO2). The

two configurations were investigated in both insulating and

conducting (metallic) states of the VO2 layer and the obtained

results are illustrated in Figures 9C,D, respectively. Figure 9C

shows the absorption spectrum of both configurations when

VO2 is in the isolating state. The absorption spectrum in the

first configuration, i.e.VO2-PI-Gold, was found to be more than

45% in comparison to the second configuration (Gold -PI-

VO2), which was less than 20% in the frequency range of

interest.

Noteworthy, a promising result was achieved when the VO2

was in the conducting state for the first configuration (Gold -PI-

VO2), as shown in Figure 9D. Herein, the absorption spectrum

was calculated to be more than 90% in the frequency range of

0.7–1.7 THz. In the second configuration of VO2-PI-Gold, only

four absorption peaks were observed to be more than 90% at the

frequencies of 0.67, 0.88, 1.5, and 1.8 THz. These results can be

attributed to the VO2 resonators, which have an active role in

producing multiple electric and magnetic resonances close to

each other, leading to a broad absorption spectrum. The VO2

resonators are sensitive to the change in the constituent

materials. Therefore, the resonators were no further

responsible for producing the same resonances after changing

VO2 properties and materials.

Figure 10 shows the performance of the proposed structure at

different temperatures from 300 to 380 K. The temperature-

dependent absorption response was investigated by importing

the data of the change in the conductivity of VO2 into the

numerical simulation. This was validated by considering the

experimental effect of temperature on the conductivity of

VO2 [38]. Results showed that the VO2 based resonator

behaves in its insulating phase up to the temperature of

330 K, while beyond 330 K the VO2 becomes metallic due

to the phase transition. It is worth mentioning that the

absorption peak in the metallic state is at a lower frequency

(red shifted) compared to that of the insulating state. This can

be attributed to the plasmon resonance effect due to the

interaction of incident photons with the free electrons of

the metallic state. It is concluded that by the control of

VO2 temperature, it is possible to manipulate the

absorption band of the proposed MTM structure for

desired applications.

The use of flexible polyamide was motivated by its

importance for the non-planar and conformal geometry

applications, extending extra capabilities of the metamaterial

for stealth technologies application. We carried out a

simulation to show the effect of the structure curvature in the

insulating state and conducting state, as shown in Figures 11A,B

(b). It was found that when the proposed structure is bent, the

absorption response between the operation channels is almost

similar to that of the normal condition, as shown in Figure 9C.

This is because of the resonator and VO2 properties. However, by

looking at the VO2-Pl-Gold configuration, one can see a

considerably lower absorption value. It was observed from

Figure 11B that for the conducting sate when the structure is

conformal, the absorption characteristics of the VO2 (Gold-PI-

VO2) presented similar absorption peaks to that of the normal

state (VO2-PI-Gold). In the metallic state, when the resonator is

made of VO2 the absorption response is above 93% at higher

frequency.

To further verify the formation mechanism of the absorption

and phase in degree response, we have numerically investigated

the phase in degree corresponding frequency of interest for both

insulating and metallic state as shown in Figure 12. It was seen

from Figure 12A that a change in sign has occurred for the

transmission phase at the first and second resonance dip. Also,

peaks and dips at the insulating states were observed at the

second resonance point during the transmission and reflection

phases. In the metallic state, the transmission phase was suddenly

changed at the resonance points, as can be seen in Figure 12B.

Analysis of the axis of waveguide port

The effect of waveguide ports on the performance of the

proposed MTM device was investigated by deploying waveguide

ports on the different axes of the structure. First, a pair of

waveguide port was used at either side of the proposed

structure along the X-axis with the existence of the primary

ports along the Z-axis, as shown in Figure 13A. As can be seen

from Figure 13B, the S21 curve is below −10 dB from the starting

frequency to about 1.2 THz with two resonance frequencies at

0.8, and 1.2 THz having the reflection values of −25 dB

and −21dB, respectively. However, the S11 curve is

below −10 dB from the starting frequency to 2 THz, except at

the center frequencies of the band, for which it was above 10 dB

from 0.7 to 1.2 THz, with a relatively similar fluctuation in the S21
response.

In the second case, the waveguide ports were utilized along

the Y-axis in the same manner, as in the first case shown in

Figure 14A. The results of Figure 14B showed that S21 value is

below 10 dB from the starting frequency to 1.2 THz, with

observing two resonances at 0.8 THz, and 1.2 THz having

values of −25 dB and—21 dB, respectively. Noticeably, the S11
curve is below −10 dB from the starting frequency up to 2 THz,

while in the range from 0.7 to 1.2 THz, the S-parameters are

above 10 dB. Similar results were observed in deploying the

waveguide ports along the x or y-axis, as shown in

Figure 13B, implying the independence of the axes on the

wave propagation.
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Analysis of the MTM array of the unit cell

In this section, the proposed broadband metamaterial

absorber was analyzed by utilizing different unit cell

arrangements. Generally, a number of absorber unit cells and

arrangements are required for different applications. For

example, the 1 × 2 array is mostly utilized as a decoupling

structure between antenna elements of a large antenna array.

However, in military radar applications, large numbers of unit

cell arrangements are used to cover a large area. Therefore, it is

crucial to investigate different absorber arrangements before

being applied in any desired applications.

This section aims to give a useful idea to the reader on how to

present the periodic and unit cell boundary conditions. Unit cell

and periodic boundary conditions are similar to each other. With

Unit Cell boundary conditions and floquet port, we can get the

amplitude and phase of the transmitted and reflected waves. So

Unit Cell boundary conditions are mostly used for designing

elements of reflects array and metasurfaces. With periodic

boundary condition, we can consider phase shift along the

axes and it is mostly used for getting dispersion diagram of a

unit cell. For this reason, different array structures were

presented and simulated.

Figure 15 shows the configuration of a 1 × 2 array structure

along with the obtained results. For the precise calculation,

similar environment and conditions of the proposed structure

were set for the 1 × 2 array structure. The reflection and

absorption coefficient spectra were compared with the result

of the proposed unit cell structure, as shown in Figures 15B,C. It

can be observed from the figures that the proposed structure

presents a relatively similar result. This is where the reflection of

less than 0.3 was realized, corresponding to the absorption of

more than 90% over the frequency range of 0.7–1.7 GHz. It is

worth to mention that the absorption of the 1 × 2 array structure

was lower than that of the proposed design by about 2%.

Using similar procedure to that of the 2 × 1 array structure,

the 2 × 2 and 3 × 3 array structures were also designed with their

boundary conditions, as shown in Figures 16A, 17A. The

obtained reflection and absorption coefficient from both

arrangements (2 × 2 and 3 × 3 array) were also compared

with the results of the proposed absorber, which is presented

in Figures 16B,C, 17(b), and Figure 17C, respectively. The

obtained results indicated that the absorption spectrum of

both arrangements is almost similar to that of the proposed

structure, in which a broad bandwidth of THz with the

absorption of more than 90% was achieved over the frequency

range of 0.7–1.7 GHz. This result showed that the stability of the

absorber is acceptable for the practical applications.

Further investigations were finally made on a 4 × 4 array

structure, as shown in Figure 18A. The simulated results of the

reflection and absorption responses for the 4 × 4 array absorber

were also monitored and presented in Figure 18. It was noted

from Figure 18B,C that the reflection and absorption results of

the 4 × 4 array structure are similar to that of the proposed

results, except for the presence of a small absorption reduction in

the lower frequency range from 0.7 to one THz, which is

below 90%.

Equivalent circuit analysis of the designed
unit cell

Theoretically, for a perfect absorber to be achieved the

reflection and transmission spectra should be zero [39]. In this

situation, the absorbance can reach maximum at a resonance

frequency of interest, as can be seen from Eq. (2). The reflectance

becomes zero if the impedance of the structure (Z) is equal to the

impedance of the free space. To maximize the absorbance at the

resonant frequency, transmission (T) needs to be at minimum. For

an ideal absorber, the real part of Z should be one and the

imaginary part should approach zero at a resonance frequency.

It is seen from Figure 19A that the operating band is between

0.7 and 1.7 THz. Moreover, the real part of the impedance is one

throughout the operating band and the imaginary part is 0, which

makes the proposed structure a good absorber. In the equivalent

circuit diagram, the resistive and inductive components (R and L)

are mainly attributed to the VO2 structure in the resonator layer,

as shown in Figure 19D. Figure 19C shows the equivalent circuit

of the designed unit cell, where R1 and L1 denote the resistance

and inductance of the inner circular shape, while R2 and R3 define

the resistance of the inner and outer rectangular strips,

respectively. The equivalent capacitance Ceq1 and Ceq(2)

represent the total capacitance of the inner and outer

rectangular strips, respectively. Hence, a double mutual

inductance can be presented between the L1, L2, and L3, where

L2 and L3 are the inductance of the inner and outer rectangular

strips, respectively. The relative impedance contains both real and

imaginary parts as a function of frequency is shown in Figure 19D.

During this study, due to the parametric optimization and author

experiences, the CST software was chosen.

Surface current, electric field, and
magnetic field analysis

The surface current distribution, E-field, and H-fields of the

proposed absorber are illustrated in Figures 20–22, respectively.

The relation between these three can be understood by Maxwell’s

equation which relates the magnetic field with the electric field

and current distribution as below:

∇xH � J + ∈
zE

zt
(5)

Also, the relation between the electric field and current

density is:

Frontiers in Physics frontiersin.org14

Abdulkarim et al. 10.3389/fphy.2022.968310

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.968310


J � σE (6)

It can be observed from Figure 17 that the currents are

flowing dominantly along the y-axis. It is also seen that the flow

of current is weak at 0.88 THz compared to that at 1.42 THz.

As a stable and disperse E-field, the proposed structure

showed a well-disseminated H-field for two frequencies.

However, Figure 21 shows that E-field is very intensive with a

little degradation at the split-ring resonators. The H-field is

located on the fractal circular resonator at 0.88 THz compared

to 1.42 THz and it is widely confined by the dielectric

substance of the structure, as can be seen in Figure 22.

The current density that is closely connected with the

H-field increases the artificial magnetic dipolar moment

[40]. The electromagnetic field distribution in Figures 21,

22 is along z-axis and does not represent its absolute value.

The arrangement then excites the H-field and hints at a

very powerful magnetic resonant dipole and produces an

excellent absorption in the entire optical region.

Conclusion

In summary, a flexible broadband metamaterial based on

VO2 structure was theoretically developed for the terahertz

applications. The suggested design is made of VO2/Polyimide/

Gold from top to bottom. According to the results of using two

different software, CST and HFSS, for our designed structure,

the proposed structure showed a good agreement and

consistency over a large absorption of more than 90%. It was

noticed that when the VO2 is in the metallic state, the

bandwidth of the absorption spectrum reached 1.34 THz,

while the absorption was greater than 90%. Different design

layouts, different waveguide port axes, and unit cell structures

(1 × 2, 2 × 2, 3 × 3, and 4 × 4 arrays) were investigated and

compared numerically in order to obtain the final proposed

design. The flexible nature of the proposed MTM design makes

it a viable candidate for the non-planar and conformal

geometry applications, in stealth technology, and terahertz

imaging.
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