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Abstract
In this work, we present a type of flexible and broadband metamaterial absorber operating in the GHz range. The proposed 
structure consists of three layers: a periodic square-shaped array made of molybdenum disulfide (MoS2) on the top, a con-
tinuous polyimide layer in the middle and a continuous copper layer at the bottom. For flat model, the proposed absorber 
exhibits a broadband absorption in the frequency range of 10.1–17.6 GHz with an absorption of more than 90% under nor-
mal incidence. Due to the symmetry of structure, the absorption feature is polarization-insensitive. The absorption remains 
above 80% in the frequency range of 11.1–15.6 GHz when the incident angle is up to 60° for TE-polarized wave, while 
the absorption is higher than 90% in the frequency range of 13.5–18 GHz for incident angles up to 60° for TM-polarized 
wave. For bending model, the absorption is significantly expanded when the bending radius decreases to under 100 mm. 
The physical mechanism of the absorption properties is explained in detail by the electric field distribution, the magnetic 
field distribution following the Mie resonance theory and influence of the loss of MoS2. Obtained results in the work might 
contribute to the development of potential applications based on metamaterials in the microwave region such as imaging, 
protecting and light emitting devices.
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1  Introduction

Metamaterial absorber (MA) was the firstly introduced 
by Landy et al. in 2008 [1], and it consists of three layers, 
including two metallic elements separated by a dielectric 

spacer. This absorber could achieve an absorption of 96%, 
while the total thickness of MA was only 1/30 of the working 
wavelength. Since then, MAs have gained a huge attention of 
researchers and have been studied for various applications 
including sensors [2–7], imaging [8–10], energy harvest-
ing [11, 12], stealth technology [13, 14] and light emitting 
diode [15]. Generally, MAs can overcome the drawbacks of 
conventional absorbers, and the size and weight of absorb-
ers are reduced, while absorption performance is increased.

To make MAs become more usable in practical applica-
tions, especially in the wireless communication and stealth 
technology, MAs must be designed to attain large opera-
tional bandwidth. Therefore, several methods have been 
introduced to broaden the bandwidth of MAs. One of the 
popular methods employed in expanding the bandwidth of 
MAs is to combine various resonance peaks together. In 
this approach, MAs are composed of multi-resonance units 
with different size/shapes in a single-layer or are designed 
as a multilayer structure [16–18]. For example, Ma et al. 
obtained a broadband metamaterial absorber operating in the 
mid-infrared range using multiplexed cross resonators. The 
unit cell was constructed from four different size crosses and 
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as a result, the four peaks are very close together and overlap 
to form a wide absorption band [19]. Ding et al. designed an 
ultra-broadband metamaterial absorber that was composed 
of a periodic array of quadrangular frustum pyramids, in 
which each pyramid contained 20 stacked metallic–dielec-
tric pairs. This structure reached broadband absorption with 
nearly unity absorption from 8 to 14 GHz [20]. Although 
this approach has been demonstrated to be effective in gener-
ating wideband absorbers, it requires a large unit volume as 
well as complex processing. To overcome this challenging, 
the lumped resistors have been exploited to obtain broad-
band metamaterial absorbers [21–24]. Despite the compact 
structure, integrating lumped resistors to the structure sur-
face make it difficult to fabricate, especially in large-scale 
fabrication.

Recently, molybdenum disulfide (MoS2) has become 
one of the most widely studied transition metal dichalco-
genides. Due to its unique electrical and optical proper-
ties, MoS2 is a promise candidate for microwave absorbers 
[25–28]. It is noteworthy that integrating monolayer MoS2 
into metamaterials can expand the operating bandwidth in 
the infrared and visible range [29–33]. For instance, Huo 
et al. presented a broadband perfect absorber with monolayer 
MoS2 and hexagonal titanium nitride nanodisk array, which 
showed an average absorption of 98.1% over the entire vis-
ible regime from 400 to 850 nm [34]. Sun et al. showed that 
a universal configuration consisting of monolayer MoS2 and 
the silver–insulator–silver structure can obtain broadband 
and highly efficient absorption [35]. However, to the best of 
our knowledge, related research on MoS2-based metamate-
rial absorbers operating in the GHz range has been rarely 
reported.

In this paper, we propose a simple design of flexible 
broadband metamaterial absorber based on MoS2 in the 
GHz region. The proposed structure consists of three lay-
ers, MoS2–polyimide–copper, that perform as a broadband 
absorber with absorption above 90% covering the region of 
7.5 GHz from 10.1 to 17.6 GHz. In addition, the absorption 
bandwidth of bending MA is broader than that of flat MA, 
making the proposed MA more feasible for real applications.

2 � Structure design and methods

A schematic of the proposed MA with optimized unit cell 
is illustrated in Fig. 1. The structure consists of three lay-
ers, in which a square-shaped MoS2 block is placed on the 
top, the middle layer is made of polyimide with a thickness 
of ts , and the bottom is a continuous copper plate. In our 
simulation, we took the relative permittivity of polyimide 
to be 3.5 with a loss tangent of 0.0027 and the thickness 
of the copper layer was chosen to be tm = 0.035 mm with a 
conductivity of 5.8 × 107S∕m . The MoS2 material, whose 

frequency-dependent complex permittivity was measured 
by Wang et al. [36] as indicated in Fig. 2, is employed as a 
dielectric resonance structure with a size of p and thickness 
of t in our design. The geometrical parameters are optimized 
to be a = 18 , ts = 0.25 , t = 3 and p = 15mm.

Fig.1   Schematic of the unit cell of the proposed MA with a = 18, 
ts = 0.25, t = 3, tm = 0.035, and p = 15 mm

Fig. 2   Complex permittivity of MoS2: a the real part (ε׳) and b the 
imaginary part (ε״). The measured permittivity is employed from Ref. 
36
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Our simulations were carried out using the CST Micro-
wave Studio software [37]. The frequency domain solver is 
used with a frequency range from 8.0 to 18 GHz. The peri-
odic boundary conditions are used in the x- and y-directions. 
The absorption is calculated by A(�) = 1 − R(�) − T(�) , in 
which R(�) = |S

11
(�)|2 and T(�) = |S

21
(�)|2 are reflection 

and transmission, respectively. In our design, the bottom 
layer is continuous copper plate; therefore, the transmission 
is vanished, and the absorption becomes A(�) = 1 − R(�).

The proposed structure can be fabricate using screen sten-
cil method. Firstly, MoS2 material is obtained via a hydro-
thermal preparation, as presented in Ref. [36]. Secondly, 
to make patterns on polyimide substrate, a stencil will be 
fabricated with the air holes are designed as the cuboid array 
in Fig. 1 and placed on the substrate. Then, the ready-made 
MoS2 material will be transferred to the substrate by spray-
ing. This step can be repeated several times to obtain the 
MoS2 layer with the desired thickness. Finally, the stencil 
will be removed, and the designed patterns will be left on 
the polyimide substrate.

3 � Results and discussion

Firstly, we investigated the absorption characteristics of the 
MoS2 material, which is exploited on a copper plate (Fig. 3a). 
The thickness of the MoS2 layer is t = 3mm , and the copper 
plate thickness is tm = 0.035mm . In this simulation, the com-
plex permittivity of MoS2 depends on the frequency, as illus-
trated in Fig. 2. The absorption spectrum of copper-backed 

MoS2 is simulated and presented in Fig. 3b. It is evident that 
the copper-backed MoS2 can be referred to as an absorber 
with an absorption higher than 90% in a frequency of 4.2 GHz 
(from 8.6 GHz to 12.8 GHz). Our simulated result is in accord-
ance with the reported result in Ref. [36]. The fractional band-
width (FBW) of absorption spectrum is also calculated using 
the following equation:

where fhigh and flow are the highest and lowest frequencies 
where the absorption intensity is greater than 90%, respec-
tively. According to Eq. (1), the FBW of the copper-backed 
MoS2 is approximately 39%.

To improve the absorption characteristic, we study the 
absorption of a MA based on MoS2 material in which the 
unit cell is constructed as presented in Fig. 1. For the flat MA 
model, we simulated the absorption spectrum at normal inci-
dence. The result in Fig. 4a indicates that our structure acts 
as a broadband absorber with absorption above 90% in a fre-
quency range from 10.1 GHz to 17.6 GHz. Calculation results 
show that our MA achieves a high-absorption performance 
with an FBW of 54.15% in the planar configuration. In com-
parison with the absorption of copper-backed MoS2, it can be 
seen that, by integrating MoS2 material into the MA struc-
ture, the absorption spectrum is significantly expanded, from 
4.2 GHz to 7.5 GHz for conventional copper-backed MoS2 and 
MoS2-based MA, respectively. Figure 4b presents the ratio of 
the percentage of energy dissipated in different parts to the 
total captured power of the MA structure. It is evident that the 
loss in the MoS2 cuboids is dominant (nearly 100%), while in 
the dielectric part is limited to 0.05%.

In our simulation, MoS2 cuboids is defined as a dielectric 
material; thus, the electromagnetic characteristics of proposes 
MA structure can be described on the basis of the Mie reso-
nance theory, which is relevant to the interaction between EM 
waves and dielectric particles. According to the scattering the-
ory, the scattered EM waves can be depicted by the effective 
permittivity and permeability. For a spherical dielectric block 
with radius r and refractive index n , the scattered fields can 
be represented by a series of 2 m-pole terms of the scattered 
electric and magnetic field [38], which proportion to:

where x = k
0
x
0
 , k

0
 is the free-space wavenumber, and �m(x) 

and �m(x) are the Riccati–Besel functions. am relates to the 
electric, and bm relates to magnetic responses of the sphere. 

(1)FBW = 2
fhigh − flow

fhigh + flow

(2)am =
n�m(nx)�

�
m
(x) − �m(x)�

�
m
(nx)

n�m(nx)�
�
m
(x) − �m(x)�

�
m
(nx)

(3)bm =
�m(nx)�

�
m
(x) − n�m(x)�

�
m
(nx)

�m(nx)�
�
m
(x) − n�m(x)�

�
m
(nx)

Fig. 3   a Schematic of the copper-backed MoS2 structure and b the 
corresponding absorption spectrum
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Using Mie theory, the electric dipole coefficient a
1
 and the 

magnetic dipole magnetic coefficient b
1
 corresponding to the 

lowest resonant frequencies can be estimated, and the sphere 
acts as electric and magnetic dipoles [38].

To gain insights into the absorption mechanism, the 
distributions of the electric and magnetic fields are simu-
lated at the two frequencies of 11.7 GHz and 15.3 GHz, 
which are corresponding to two peaks in the absorption 
spectrum of MA. The TE polarization wave propagates 
along the z axis, with the magnetic field and electric field 
polarized along the x and y axis, respectively. Figure 5a 
and Fig. 5b show the distributions of electric filed in the 
y–o–z plane and magnetic field in the x–o–z plane at dif-
ferent frequencies, respectively. At 11.7 GHz, an annular 
electric field is created, inducing a strong localized mag-
netic dipole in the MoS2 cuboid. Reversely, at 15.3 GHz, 

a strong localized electric dipole is observed owing to a 
surrounding magnetic field in the cuboid. Therefore, it can 
be concluded that the first and second Mie resonances are 
corresponding to the TE011 and TM011 modes, respectively 
[39]. Our results are consistent with previous works on 
dielectric left-hand material [39–43] as expected from Mie 
resonance theory, each dielectric particle is equivalent to 
a magnetic dipole near the first resonant mode with lower 
frequency and to an electric dipole near the second reso-
nance mode with higher frequency [44]. From this point, 
we can conclude that the broad bandwidth of our structure 
is achieved by a combination of two Mie resonance modes, 
TE011 and TM011.

To gain insights into the role of the imaginary part of 
complex dielectric constant ( �′′ ) in the broadband mecha-
nism, we study the absorption characteristics of the MA 
structure with various values of �′′ , as shown in Fig. 6. With 
the initial value of �′′ , as depicted in Fig. 2, the absorption 
spectrum is wide band in which the absorption is greater 
than 90% in the frequency range from 10.1 to 17.6 GHz. The 
value of the �′′ is then reduced by a ratio of 1/2, 1/4, 1/6, 
and 1/8 of the original value. The simulation results show 
that, when the value of �′′ is reduced, and the absorption 
spectrum is no longer a wide band but changes to a dual-
band. Thus, it can be asserted that the wideband absorption 
occurs mainly due to the large value of the imaginary part of 
MoS2 permittivity, which is consistent to the aforementioned 
result in Fig. 4b. Consequently, it can be confirmed that the 
wide band absorption occurs mainly due to two factors: The 
first one is the excitation of two Mie resonance peaks, and 
the second one is the high dielectric loss of the MoS2 mate-
rial, which widens these two resonance peaks to become the 
broadband absorption spectrum.

To investigate the influences of incidence and polariza-
tion angles on the absorption performance of the suggested 
MA structure, we simulate the absorption spectra of MA 
under various incidence and polarization angles. Figure 7a 
presents the evolution of absorption spectrum as the polari-
zation angle changes from 0 to 80°. Because our structure 
is designed with highly symmetry, the absorption is nearly 
unchanged when the polarization angle increases. Figure 7b 
shows that the absorption of MA is affected by the incident 
angle, but the high absorption is maintained for large inci-
dent angles for both TE and TM polarization. For the TE 
polarization wave, the absorption of MA slightly reduces 
when the incidence increases from 0 to 60°. As the incident 
angle is up to 60°, the absorption is still higher than 80% in 
the frequency range of 11.1 to 15.6 GHz. The result for TM 
polarization is presented in Fig. 7c. Obviously, the absorp-
tion is higher than 90% in the range of 13.5–18 GHz for inci-
dent angles up to 60°. Additionally, the absorption spectrum 

Fig. 4   a Absorption spectra of the designed MA structure and b the 
captured energy dissipated in MoS2 and polyimide of the MA struc-
ture



1051Ultra‑broadband and flexible metamaterial absorber based on MoS2 cuboids with Mie…

Vol.:(0123456789)1 3

is shifted to the higher frequency range and remains broad-
band. Therefore, it can be concluded that the proposed MA 
structure is polarization-insensitive and quite stable under 
oblique incidence.

Our MA structure is composed of resonator units placed 
on a polyimide dielectric layer; then, it exhibits great flex-
ibility. We investigate the absorption performance of MA 
when it is bent as a curved model. In this simulation, we 
construct a full structure and define a bending radius R as 
indicated in Fig. 8a. Figure 8b shows the simulated absorp-
tion for the bent-absorber model with bending radii varying 
from 500 to 15 mm. One can see that, when R = 500 mm, 
bending structure is nearly planar; thus, the absorption spec-
tra are almost unchanged from the flat model (R = ∞). Nota-
bly when R decreases from 100 to 20 mm, the absorption 
spectrum is significantly broadened. At a bending radius of 
100 mm, the bent MA absorbs higher than 90% EM waves 
in the frequency range of 9.5 GHz to 18 GHz, correspond-
ing to an FBW of 61.8%. As the bending radius is reduced 
to 20 mm, the MA absorption is extended, and absorption 
above 90% covers the frequency region from 8.3 GHz to 
18 GHz, producing FBW reaches 73.7%. However, when 
the bending radius decreases further to 15 mm, the high-
absorption bandwidth is reduced. The influence of bending 
radius on the FBW of the proposed structure is shown sys-
tematically in Fig. 8c. Obviously, the FBW of the proposed 
MA is kept higher than 54.15% with various R values from 

Fig. 5   a Electric field and b magnetic field distributions at absorption peaks

Fig. 6   Absorption spectra of MA corresponding to various imaginary 
parts of MoS2 permittivity
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15 to 500 mm. The maximum value FBW is 73.7% cor-
responding to the radius of 20 mm. The broadening of the 
absorption spectrum can be explained on the basis of the 
asymmetry of the structure. When the structure is bent, the 
EM wave impinges on the surface of the structure at differ-
ent angles. The electric and magnetic fields distributed on 
the surface of the material are inhomogeneous (Fig. 8d). As 
the bending radius decreases, this inhomogeneity increases 
and will induce new resonances due to the electromagnetic 
asymmetry of the material. Therefore, as the bending radius 
decreases, the absorption spectrum of the material is broad-
ened [45, 46].

4 � Conclusions

In conclusion, a flexible broadband MA based on MoS2 
material is theoretical studied. A broadband absorption is 
achieved in the range of 10.1–17.6 GHz with the absorption 

greater than 90% in the case of normal incidence for all 
polarization angles. The absorption remains above 80% 
in the frequency range of 11.1–15.6 GHz at wide incident 
angles from 0 to 60° for TE polarization, while the absorp-
tion is higher than 90% in the range of 13.5–18 GHz for 
incident angles up to 60° for TM polarization. Addition-
ally, when the MA structure is bent with a bending radius 
reaching 20 mm, the absorption spectrum is extended in 
which the above 90% absorption bandwidth covers a range 
of 9.7 GHz from 8.3 to 18 GHz. The physical mechanism 
of the proposed MA structure is investigated using electric 
field and magnetic field distributions, revealing that the high 
and wide band absorption is governed by Mie resonances 
and high dielectric loss of MoS2 material. The results sug-
gest that our designed flexible broadband MA might be 
suitable for practical applications including flexible stealth 
systems, electromagnetic shielding, microwave imaging and 
Meta-LED.

Fig. 7   Dependence of the absorption spectrum of the proposed MA on the a polarization angle of normal incidence, b incident angle of TE 
polarization and c incident angle of TM polarization
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