
Citation: Khuyen, B.X.; Viet, N.N.;

Son, P.T.; Nguyen, B.H.; Anh, N.H.;

Chi, D.T.; Hai, N.P.; Tung, B.S.; Lam,

V.D.; Zheng, H.; et al. Multi-Layered

Metamaterial Absorber:

Electromagnetic and Thermal

Characterization. Photonics 2024, 11,

219. https://doi.org/10.3390/

photonics11030219

Received: 1 February 2024

Revised: 24 February 2024

Accepted: 26 February 2024

Published: 28 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

photonics
hv

Article

Multi-Layered Metamaterial Absorber: Electromagnetic and
Thermal Characterization
Bui Xuan Khuyen 1,2, Ngo Nhu Viet 1,3,†, Pham Thanh Son 2 , Bui Huu Nguyen 4, Nguyen Hai Anh 1,2,
Do Thuy Chi 5, Nguyen Phon Hai 6, Bui Son Tung 1,2,†, Vu Dinh Lam 1, Haiyu Zheng 7,8, Liangyao Chen 9

and Youngpak Lee 7,8,9,*

1 Faculty of Materials Science and Energy, Graduate University of Science and Technology, Vietnam Academy
of Science and Technology, 18 Hoang Quoc Viet, Hanoi 100000, Vietnam; khuyenbx@ims.vast.ac.vn (B.X.K.);
nhuvietnv5@gmail.com (N.N.V.); anhnh@ims.vast.ac.vn (N.H.A.); tungbs@ims.vast.ac.vn (B.S.T.);
lamvd@gust-edu.vast.ac.vn (V.D.L.)

2 Institute of Materials Science, Vietnam Academy of Science and Technology, 18 Hoang Quoc Viet, Cau Giay,
Hanoi 100000, Vietnam; sonpt@ims.vast.ac.vn

3 People’s Police Academy, Co Nhue 2, Bac Tu Liem, Hanoi 100000, Vietnam
4 Department of Physics, Hanoi University of Mining and Geology, 18 Pho Vien, Bac Tu Liem District,

Hanoi 100000, Vietnam; buihuunguyen@humg.edu.vn
5 Faculty of Physics, Thai Nguyen University of Education, Thai Nguyen 250000, Vietnam; chidt@tnue.edu.vn
6 Air Defence-Air Force Academy, Kim Son, Son Tay, Hanoi 100000, Vietnam; nphai88@gmail.com
7 Department of Physics, Quantum Photonic Science Research Center and RINS, Hanyang University,

Seoul 04763, Republic of Korea; haiyu@hanyang.ac.kr
8 Alpha ADT, Dongtan Advanced Industrial, No.1202, 51-9, Hwaseong 18469, Republic of Korea
9 Department of Optical Science and Engineering, Fudan University, Shanghai 200433, China;

lychen@fudan.ac.cn
* Correspondence: yplee@hanyang.ac.kr
† These authors contributed equally to this work as co-correspondence.

Abstract: Metamaterials, recognized as advanced artificial materials endowed with distinctive
properties, have found diverse applications in everyday life, military endeavors, and scientific
research. Starting from monolayer metamaterials, multilayer ones are increasingly researched,
especially in the field of electromagnetic wave absorption. In this article, we propose a multilayer
metamaterial-absorber (MA) structure comprising two resonant layers crafted with copper and
FR-4 dielectric. The presented multilayer MA structure exhibited an absorption greater than 90%
in a frequency range from 4.84 to 5.02 GHz, with two maximum absorption peaks at 4.89 and
4.97 GHz. The bandwidth of the multilayer MA surpassed that of the individual single-layer
MAs, with extension fractions reaching 360% and 257%, respectively. Through the simulation
and calculation, the field distribution and equivalent circuit model elucidated that both individual
magnetic resonances and their interplay contribute significantly to the absorption behavior of the
multilayer MA. The absorption of the proposed multilayer MA structure was also investigated for
the oblique incidence in the transverse electric (TE) and transverse magnetic (TM) modes. In the TE
mode, the absorption intensity of two maximum peaks was maintained at over 93% up to an incident
angle of 40 degrees and dropped to below 80% at an incident angle of 60 degrees. In the TM mode,
the absorption was more stable and not significantly affected by the incident angle, ranging from 0 to
60 degrees. An absorption greater than 97% was observed when the incident angle increased from 0
to 60 degrees in the TM mode. Additionally, the approach in our work was further demonstrated
by adding more resonant layers, making 3- and 4-layer structures. The results indicated that the
absorption bandwidths of the 3- and 4-layer structures increased by 16% and 33%, respectively,
compared to the bilayer structure. Furthermore, we analyzed the thermal distribution within the
MA to understand the dissipation of absorbed electromagnetic energy. This research offers valuable
insight into the augmented MA through a multilayer structure, presenting the implications for
microwave applications like electromagnetic shielding, as well as in the design of MAs for terahertz
devices and technologies, including emission and thermal imaging. These findings contribute to the
advancement of knowledge in enhancing the absorption capabilities across various frequency ranges,
expanding the potential applications of metamaterials.
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1. Introduction

Metamaterials are artificial materials formed by arranging material structures accord-
ing to certain rules; from there, many interesting physical properties that do not exist
in nature can be obtained, for example, negative refractive index [1,2] asymmetric trans-
mission [3,4], cross-polarization conversion [5,6], and perfect absorption [7,8]. According
to previous research on metamaterial absorbers (MAs), there have been more studies on
absorbers [9], ranging from the microwave [10,11] to the terahertz [12–14], infrared, and
even visible regions, achieving perfect absorption [15,16], polarization insensitivity [17–20],
wide incidence angle [21–23], and adjustable absorption [24–26].

Starting from monolayer metamaterials, multilayer metamaterials are increasingly
being researched, especially in the field of electromagnetic wave absorption. For example, a
three-layer MA with multiple perfect absorptions, consisting of a bisected square ring, was
proposed by Liu et al. [27]. The number of absorption peaks could be adjusted from three
to five and the absorption frequency range could be expanded, leading to a broadband
resonance by increasing the number of layers. Liu et al. also suggested a multilayer
metal–dielectric grating, consisting of a multilayer nickel–silicon nitride (Ni-SiN) grating
on a metallic Ni substrate, as a broadband near-perfect absorber [28]. This multilayer
metamaterial had an absorption of 99.24% in a wavelength range of 400–2000 nm. Quan et al.
investigated a broadband infrared stealth metamaterial absorber, based on an innovative
metal–dielectric–metal structure whose top pattern consisted of multiple layers [29]. The
structure employed high-temperature resistant materials instead of traditional low melting-
point precious metals and achieved selective heat radiation in the infrared range. As the
number of layers increased, the absorption peak and bandwidth of the non-atmospheric
window band broadened. Gandhi et al. presented the design of a polarization-independent
broadband absorber in a THz frequency range using a metasurface resonator [30]. The
absorber was composed of three layers, whose top layer was made with a vanadium–
dioxide resonator of a conductivity σ = 200,000 S/m. The bottom layer consisted of flat
layers made of gold metal and a dielectric layer sandwiched between the two layers. The
optimized absorber exhibited an absorption greater than 90% in 2.54–5.54 THz. Liu et al.
introduced a multilayer graphene structure. The optimized device showed an absorption of
over 90% in a bandwidth between 1.12 and 3.78 THz [31]. An alternative approach included
many resonant meta-atoms in the same plane, instead of stacking them vertically [32]. This
has an advantage when one plane is employed for the metamaterial structure; however,
the structure also becomes more complicated.

In this paper, we numerically and experimentally investigate a broadband MA based
on a multilayer structure. The proposed multilayer MA structure has identical resonator
layers, which show a broader absorption bandwidth in comparison to that of the individual
single-layer absorber. Our research focuses on clarifying the interaction between metal
layers, as well as the absorption mechanism through the simulated field distribution and
the calculated equivalent circuit model. Furthermore, the temperature distribution is also
presented to reveal the energy dissipation in MA.

2. Multilayer Metamaterial Structures and Methods

The unit cell structures of the single-layer and multilayer Mas operating in the GHz-
frequency region are depicted in Figure 1. The single-layer MA was composed of a metal–
dielectric layer, placed on a continuous metal layer, with a unit cell size of a. The multilayer
MA was made by increasing the number of metal–dielectric layers. In the metal–dielectric
layer, the metallic part was patterned with a plus-shaped structure with a thickness of tm,
length of b, and width of c, and placed on a continuous dielectric with a thickness of td. The
bottom continuous metallic sheet had a thickness of tb. The structural parameters of the
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unit cell were set at a = 18, b = 16, c = 7, tb = 0.035, and tm = 0.035 mm. In our investigation,
the dielectric was FR-4 with a permittivity of 4.3 and a loss tangent of 0.025. The metal
layers were made of copper with a conductivity of 5.96 × 107 S/m.
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The single-layer and multilayer MAs were designed to elucidate the electromagnetic
properties by using CST Microwave Studio 2023 software. There Maxwell’s equations
describe the interaction between electromagnetic waves and materials, which was solved
by the finite integration technique. In the simulation, the incident wave is a plane wave
with the wave vector, k, placed perpendicular to the MA surface, and the E–H plane parallel
to the structure surface. The periodic boundary conditions were established for the unit
cells in the x and y axes (E–H plane). The z-direction was open. The main simulation results
included the reflection parameter, S11, and transmission one, S21. The absorption of the
MA, denoted as A(ω), was calculated by using the following formula:

A(ω) = 1 − R(ω)− T(ω), (1)

where R(ω) = |S11|2 is the reflection and T(ω) = |S21|2 is the transmission.
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To demonstrate the electromagnetic properties of the proposed multilayer MA, a
sample with 10 × 10 unit cells was fabricated on an FR-4 substrate. In this study, the
multilayer MA was prepared layer-by-layer, based on photolithography. The fabricated
single layers were tightly bonded together and placed on a continuous metal layer. To
bond two single layers together, we used silicon gels on the four outer edges of the two
layers and then pressing and vacuum techniques. It helps that the silicon gel has nearly no
effect on the electromagnetic properties of the metamaterial slab. Figure 1c presents the
schematic of the fabrication process with detailed steps. Figure 1d shows a photograph of
the fabricated sample with the overall dimensions of 180 × 180 mm2. We employed copper
for the resonant layers at the top and the continuous layer at the bottom. The absorption
properties of the fabricated multilayer MA were measured in the free space. We used a
vector-network analyzer system to measure the S parameters in Figure 1e.

In the experimental configuration, owing to the copper-backed layers, the absorption
was reduced and determined by an equation denoted as A = 1 − |S11|2, where S11 signifies
the theoretically defined scattering parameter corresponding to the reflection wave. To
calculate the S11 coefficient within our free-space measurement configuration, we employed
horn linearly polarized standard-gain antennas. The horn antennas were placed on the
same side relative to the sample plane to measure the reflection wave from the MA sam-
ple. Additionally, owing to the physical size of the antenna, the reflection could not be
measured exactly at the normal incidence. Hence, the antennas were arranged so that the
incident angle was approximately 10◦, which, despite its deviation, was considered as an
approximate condition of the normal incidence.

In the calibration process, which was necessary for our measurement setup, a copper
plate, mirroring the dimensions of the absorber, served as a reference standard. The copper
plate was postulated to be a perfect reflector and positioned at the identical position as
the MA sample in the testing environment. The calibration was achieved by deriving the
reference signal from the measured electromagnetic wave reflection off the copper plate,
which was considered a perfectly reflecting body in this context. This reference signal was
a benchmark for the reflection from the real MA samples. By normalizing the reflection
signal from the MA sample and that from the copper plate (reference signal), the reflection
coefficient was estimated precisely, thereby providing an elucidation of the absorption
characteristics of the proposed MA structure.

3. Results and Discussion

The absorption spectra of the proposed multilayer MA structure and single layer are
shown in Figure 2. The results show that the two single-layer MAs (td = 0.35 and 0.735 mm,
respectively) have absorption peaks at 5.02 and 4.93 GHz with absorption values of 94.79%
and 95.12%, respectively. Since the backed-copper plate is present in the MA configuration,
the effective impedance of the MA is calculated as follows [33]:

Z(ω) =

√√√√ (1 + S11(ω))2 − S21
2(ω)

(1 − S11(ω))2 − S21
2(ω)

=

√√√√ (1 + S11(ω))2

(1 − S11(ω))2 . (2)

The multilayer MA structure provides the absorption spectrum with an absorption
greater than 90% in a frequency range of 4.84–5.02 GHz, as seen in Figure 2a. There are two
maximum absorption peaks at 4.89 and 4.97 GHz with absorption values of 98.99% and
98.44%, respectively. Compared to the single-layer MAs, the bandwidth with an absorption
value above 90% turns out to be broader (360% and 257%, respectively) than that of single-
layer MA corresponding to td = 0.35 and 0.735 mm. The absorption mechanism of the MA
works by reducing the reflection through the impedance matching with the surrounding air.
Figure 2b shows the impedance matching of the multilayer MA at the resonant frequencies.
The relative impedance is close to 0.9, so the reflection of the electromagnetic wave is
negligible. In addition, the impedance spectra of single-layer MAs with td = 0.35 and
0.735 mm were also investigated, as seen in Figure 2c,d.
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To clarify the interaction between metallic layers, the current and magnetic field
distributions were also investigated. Figure 3 presents the surface current distributions at
different phases at the resonance frequencies of 4.97 and 4.89 GHz of the multilayer MA.
The results show that the surface currents on the metallic layers are in opposite directions,
which shows that magnetic resonance occurs between those layers. Figure 4a–d reveal that
the high-intensity anti-parallel currents appear mainly between the upper plus-shaped
metallic layers at 4.97 GHz. At a phase of 160◦, the surface current between the two
plus-shaped metallic layers reaches the maximum intensity, as shown in Figure 3c. In
addition, the anti-parallel surface currents are also observed between the middle plus-
shaped layer and the bottom continuous one. However, these currents are not in phase and
their intensities are much weaker in comparison to those on two plus-shaped layers.

The surface current distribution between the metallic layers at 4.89 GHz is shown
in Figure 3e–h). A greater surface current density appears on the surface of the middle
plus-shape layer and the bottom continuous one. At the zero phase and a phase of 180◦,
the maximum magnetic resonance is revealed between the two lower metallic layers, as
seen in Figure 3e,h. The surface current density between the two upper layers reaches
the maximum at the zero phase and a phase of 180◦. The phase delay is also noticed
between the anti-parallel currents induced on two pairs of copper layers (top-middle
and middle-bottom layers). In comparison with the surface current distribution at the
absorption frequency of 5.02 GHz of the single-layer MA with td = 0.35 mm [Figure 3i–n],
the phase reversal time of the currents becomes longer. The induced current reverses the
phase in phase intervals of approximately 90◦ and 180◦ for the single-layer and multilayer
structures, respectively.
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To better visualize the magnetic resonances at the absorption frequencies, the magnetic
field distribution was investigated. Figure 4 shows that the induced magnetic field appears
between the plus-shaped metallic layers, and between the middle plus-shaped metallic
layer and the bottom continuous one. At 4.97 GHz, a strong magnetic field is induced
between the top and middle copper layers, as shown in Figure 4a–d. The magnetic field
with weaker intensity and delayed phase is also observed between the middle and bottom
copper layers. On the other hand, at 4.89 GHz, there is a higher-intensity magnetic field
concentrated between the middle and bottom copper layers, and a weaker and phase-
delayed magnetic field between the top and middle copper ones. The induced magnetic
field distribution is consistent with the surface currents reported in Figure 3. Similarly, in
comparison to the magnetic field distribution at the absorption frequency of the single-layer
MA with td = 0.35 mm [Figure 4i–k], the induced magnetic field of the multilayer structure
reverses the direction over a phase interval of 180 degrees, which is nearly twice that of the
single-layer one.

The simulated anti-parallel surface currents and magnetic fields suggest that the
absorption peaks of the MA are relevant to the magnetic resonances induced between
copper layers. When passing through and interacting with each metallic layer, a phase
delay appears in the z direction, thereby leading to a phase shift in the magnetic resonance
in each pair of layers.

To quantitatively confirm that the absorption is led by the magnetic interaction be-
tween the metallic layers, we established the copper connectors between the copper layers.
The connectors eliminated the effective capacitance in the LC model, leading to the sup-
pression of magnetic resonance. In the case of an additional bridging system installed
between different layers, the absorption spectrum was obtained for each case shown in
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Figure 5. When the top and middle layers are connected, an absorption peak appears at
4.89 GHz. By connecting the middle and bottom layers, the maximum absorption peak
is shown at a frequency of 4.97 GHz. The absorption peaks are extinguished completely
when all metallic layers are connected. This indicates that the absorption of the multilayer
MA is caused by the interlayer magnetic resonance. The interaction between the middle
plus-shape layer and the bottom continuous one results in a resonance peak at 4.89 GHz.
This—between the two plus layers—leads to a resonance peak at 4.97 GHz. We note that,
in this structure, the gap width is large (2 mm) so the horizontal capacitance between the
crosses has a very small effect on the overall frequency response of the structure. Therefore,
this capacitance value can be ignored in our model [34].
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Figure 6 shows the equivalent-circuit model for the proposed multilayer structure.
From the geometry of the plus-shaped structure, the inductance coefficient of loop Li can
be calculated as follows [34]:

Li =
L
2
=

µlti
2w

, (3)

where l is the length of the plus-shaped metallic wire, ti is the thickness of the dielectric
pad, w is the width of the plus-shaped metallic wire, and µ denotes free-space permeability.

Ci = ε0εc1
si
t

, (4)

fi =
1

2π
√

LiCi
, (5)

where c1 is a geometrical factor of 0.2 ≤ c1 ≤ 0.3 [29], si is the area of the plus shape, ε0
is the free-space permittivity, and ε is the permittivity of FR-4. The calculational results
are shown in Figure 6b. They are in good agreement with the simulation of the proposed
multilayer MA.
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The equivalent-circuit model can be divided into two resonant loops linked to each
other through the coupling coefficient, k. Therefore, the mutual coupling, M, is calculated
according to the following formula:

M10 = k1
√

L1L0, (6)

M21 = k2
√

L2L1. (7)

In a resonant circuit, the direction of the electromagnetic wave traveling from L2
through L1 to L0, results in the coupling effect on the oscillating circuit being opposite for
the two circuits (L2 to L1 and L1 to L0). This is shown by the signs of M10 and M21 in the
equation used to calculate the resonance frequency. The value of coupling in this case is
quite small, which makes the frequencies of the two circuits only slightly different, as in
the calculation and simulation.

f1 =
1

2π
√
((L1 − M10) + L0)(C1 + C1)

, (8)

f2 =
1

2π
√
((L1 + M21) + L2)(C2 + C2)

. (9)

The Kirchoff’s equations are built from an electric circuit:
(

R2 + jωL2 +
1

jωC2

)
I2 − jωk21

√
L2L1 I1 = V(

R1 + jωL0 +
1

jωC1

)
I1 − jωk10

√
L1L0 I2 = 0

. (10)
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By solving the above equations, we have the currents in the sub-circuits corresponding
to each layer:  I2 = R2

R1R2+ω2k10k21L1
√

L0L2
V

I1 = jωk10
√

L1L0 I2
R1+jωL0+

1
jωC1

. (11)

The absorption spectrum in MA is proportional to the induced current, which is the
total consumption of currents in the sub-circuits. Figure 6b presents the calculated spectrum
of the total current of the circuit model for MA and multilayer MA. In the case of the MA, a
sharp peak appears at 4.95 GHz. On the other hand, for the multilayer MA configuration,
the shape of the current spectrum is consistent with that of the absorption spectrum, which
shows two peaks at 4.73 and 5.01 GHz.

The comparisons of the absorption spectra between the single-layer and multilayer
MAs in the experiment and simulation are presented in Figure 6c,d. For the single layer, the
simulated and experimental results show single peaks at 5.02 and 5.00 GHz with absorption
values of 94.7% and 90.3%, respectively. For the multilayer MA, in the simulation, the
absorption reaches greater than 90% in a frequency range of 4.84–5.02 GHz. The exper-
imental absorption is 90% in a wider frequency range of 4.72–5.18 GHz. Therefore, the
simulated and experimental full-width results at the half-maximum of the absorption of the
multilayer MA are 163% and 200% broader than those of the single-layer MA, respectively.
The discrepancy between the simulation and experiment might be due to errors in the
fabrication of the sample. There are unexpected factors that might lead to the difference
between the simulated and experimental results, such as the small size discrepancy be-
tween resonators in different layers during the photolithography process, or the slight
misalignment between layers during the layer-bonding process.

Various types of electromagnetic waves with diverse incidence angles permeate the
environment. Consequently, we investigated the absorption characteristics of the multilayer
MA for different incident angles. Figure 7 illustrates the absorption performance of the
proposed multilayer MA for the incident-wave angle in both transverse electric (TE) and
transverse magnetic (TM) modes. Figure 7a delineates the absorption behavior of the
multilayer MA in the TE mode by varying the incidence angle. Notably, in the TE mode,
the change in the incidence angle exhibits a minimum frequency shift, with a slight drop in
the absorption as the incident angle (θ) varies from 0 to 20◦. At 20◦, the absorption peaks
reach 98% and 97%. Subsequently, at 40◦, the absorptions are reduced slightly to 94% and
93%, respectively. Further, when the incident angle reaches 60◦, the absorption remains
below 80%, that is, 80% and 79%, respectively. Conversely, in the TM mode (depicted in
Figure 7b), it is interesting that the absorption and the frequencies turn out to be more
stable according to the incident angle, compared to the TE mode. For instance, at θ = 40◦

and 60◦, the two peaks show absorptions of 97% and 99%, and 98% and 99%, respectively.
The stable absorption in the TM mode can be understood by the magnetic resonances,
which are maintained well since the oblique incidence does not change the direction of the
incident magnetic field in the TM mode.

To further clarify the enhancement of the absorption bandwidth by adding more
layers, the absorption spectrum was simulated by increasing the number of resonator
layers, as shown in Figure 8. The parameters of the 3- and 4-layer structures are identical to
those of the proposed bilayer structure. However, to optimize the absorption itself and the
absorption bandwidth, the thickness of the dielectric layer, denoted as td, was adjusted to
0.3 mm for the 3-layer structure and 0.25 mm for the 4-layer one. The absorber consisting
of two layers exhibits an absorption bandwidth ranging from 4.84 to 5.02 GHz, with the
absorption exceeding 90%. Upon changing to three layers, the absorption bandwidth with
absorption exceeding 90% expands to 4.68–4.89 GHz, indicating a 16% increase compared
to the bilayer configuration. With 4 layers, the absorption bandwidth extends further,
ranging from 4.65 to 4.89 GHz, marking a 33% increase compared to the bilayer structure,
and the absorption is maintained at greater than 90%. This study demonstrates that
the broad absorption bandwidth of material is attributed to the interlayer interactions.
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Consequently, augmenting the number of layers also enhances the absorption bandwidth
of multilayer metamaterial, compared to previous works related to the multilayer MA,
which are commonly composed of progressively different-sized resonators or resonators
of different shapes [28,31]. In this study, we propose a simple multilayer MA operating
in the GHz frequency region with identically shaped/sized resonators, which are easier
to manufacture. Although the absorption bandwidth was relatively narrow, widening
the absorption bandwidth can also be achieved by increasing the number of layers in the
MA structure.
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In the microwave region, the absorbed energy in MA is commonly dissipated as
thermal energy through dielectric loss. To further understand, the thermal distributions
in MA were simulated and characterized. The input power of 0.1 W was utilized in the
simulation. The periodic boundary conditions were assigned to the side face pairs. As a
result, the following conditions were satisfied on the four sides of the unit cell: ∂T/∂n = 0.
This led to no heat transfer across the boundaries. However, the coupled EM–thermal
simulation in CST did not support the periodic boundary conditions for heat transfer.
Therefore, the adiabatic conditions were employed as a substitute to ensure that there was
no heat flux across the boundaries. The upper surface was designated as open. The lower
one was assigned to follow the adiabatic boundary condition due to the placement of the
sample on a thermal insulation base. The heat loss generated by the electromagnetic wave
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increased the temperature of the MA. The steady-state heat distribution is given by the
equations below [35]:

∆·(−κ∆t) = Qext, (12)

Qext =
1
2

Re
[
(σ − jωε)E · E*

]
. (13)

where κ is the thermal conductivity, Qext is the heat source produced by the electromagnetic
wave [36], and σ denotes electrical conductivity. Natural convective heat flux occurs on the
upper surface, qconv = h(T − T0). Here, h = 5 W/m2K, K is the heat convection coefficient
and T0 is the ambient temperature, which is 20 ◦C. The adiabatic boundary conditions were
applied to the other surfaces. The temperature distribution is depicted in Figure 9. The
maximum temperatures observed on the surface, corresponding to the frequencies of 4.89
and 4.97 GHz, are 38.67 ◦C and 38.75 ◦C, respectively. Since the absorption is induced by
the magnetic resonance, the temperatures are the highest at the ends of the plus resonators,
corresponding to the positions of the effective capacitances of the magnetic resonances.
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Apart from the electromagnetic wave absorption function of the proposed metamate-
rial structure, metamaterials have a lot of potential applications in other research directions,
such as deep learning and machine learning applied in the design of circuit–analog plas-
monic devices, all-optical neural networks, refractive-index sensors, metalenses, and coding
metasurfaces [37–43]. The modulation capability of active metamaterial structures has
also become a timely research interest [44,45]. Active elements were used to control the
absorption frequency region of the metamaterial structure [46]. Optical modulators using
the V-shape structure were also studied by Gardes et al. [47]. The metamaterial structure
proposed in this paper can be attached to some external elements that control the absorption
properties of structures. As we presented above, the horizontal capacitance between the
crosses is currently very small and can be ignored. However, when we attach a capacitor
or resistor to this gap, the frequency and absorption characteristics of the entire structure
significantly change, depending on the value of the component. From there, the absorption
properties of the structure can be actively manipulated.

4. Conclusions

We simulated, fabricated, and characterized a multilayer MA operating in the mi-
crowave region. The proposed structure consisted of two plus-shaped copper layers, placed
at the top of the corresponding FR-4 dielectric layers and a continuous copper sheet at the
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bottom. The multilayer MA efficiently absorbed the incoming electromagnetic wave with
an absorption greater than 90% in a frequency range from 4.84 to 5.02 GHz. The magnetic
resonances in the individual layers and their coupling were the mechanisms of absorption,
as indicated by the magnetic field and surface current distributions. The LC circuit model
was used to calculate the resonant frequency, which showed good agreement with the
absorption behavior. Widening the absorption bandwidth can be achieved by increasing
the number of layers in the metamaterial structure. Upon increasing to three and four
layers, the absorption bandwidth was augmented by 16% and 33%, respectively, compared
to the suggested bilayer structure. Finally, the thermal distribution was also presented,
which indicated that the temperatures of the MA reached 38.67 ◦C and 38.75 ◦C at frequen-
cies of 4.89 and 4.97 GHz, respectively. Our work presents a strategy for the improved
absorption properties of MAs by employing a multilayer structure. The implication of this
approach can be extended beyond the microwave applications, encompassing the areas
of electromagnetic shielding. This can also be developed for the design of MAs for THz
technology, including emission and thermal imaging.
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