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Abstract: In this study, a frustum-shaped addition was made to a cylindrical absorber unit,
utilizing 1-ethyl-3-methylimidazolium dicyanamide ionic liquid (IL) to create a transparent
all-dielectric liquid metamaterial absorber (A-D ILMMA). The A-D ILMMA achieved over
90% absorption efficiency across 4.86—50.00 GHz, with a 165% relative absorption bandwidth.
It maintained robust performance across various polarization angles and achieved over 77%
absorption at incident angles of up to 60°. Owing to the excellent thermal stability of the IL, the
A-D ILMMA consistently maintained an absorption rate of over 90% across a temperature range
from 25 °C to 100 °C. The high absorption rates were attributed to synergistic impedance matching
and electromagnetic energy loss. The experimental results confirmed over 90% absorption in the
ultra-broadband range of 7.10 GHz to 40.00 GHz, demonstrating the excellent physicochemical
properties of ILs and their potential applications.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Metamaterials are artificial periodic structures that can change the dielectric constant and
permeability by changing the array structure to obtain specific electromagnetic (EM) properties
that are not easily obtained in nature [1,2]. They have been widely used in EM energy
harvesting [3-5], stealth technology [6—8], sensing [9,10] and other fields [11-13]. In particular,
metamaterials can be used to build perfect absorbers that fully absorb certain frequencies of
EM waves [14,15]. The first metamaterial absorber (MMA) was proposed by Landy et al. in
2008 [16]. Since then, MMA has received a lot of attention owing to its superior ability to
absorb EM waves [14,17]. Most MMAs of this type have a three-layer configuration consisting
of a dielectric spacer layer and two separate metal layers [18—20]. The three-layer structure
concentrates the incident EM waves between the two metal layers, dissipating them into heat at
the resonant frequency of the MMA [21]. Its design is simple, and the absorption of EM waves
mainly depends on strong EM resonance; however, the absorption bandwidth is narrow [22].
There are several ways to expand the absorption bandwidth of MMAs [23-25], this can also lead
to increased thickness and manufacturing difficulties. These limitations can be overcome by
replacing the metallic structure with dielectric one.

Dielectric MMAs can generate electric or magnetic resonance under the condition of complete
resonant absorption, which can expand the absorption bandwidth. However, most dielectric
MMAs proposed so far still use metallic ground to achieve full EM shielding, which inevitably
generates problems such as EM interference. In addition, metal has defects that are prone to
corrosion and oxidation, which is another factor that limits its practical application. In recent
years, all-dielectric MMAs (A-D MMAs) have been developed rapidly and have a wider range of
applications. A-D MMAs usually consist of dielectric elements with high permittivity. Because
of the high dielectric loss and obvious dielectric dispersion of water, water is widely used as
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a medium in the design of A-D MMAs, and as a good solvent for ions, such as NaCl, is also
added to water to obtain better absorption [26—-32]. Wang et al. [28] proposed a water-based
A-D MMA with over 90% absorption at 10.45-11.20 GHz with a relative bandwidth of 6.9%.
Huang et al. [26] proposed a water-injected A-D MMA that achieves more than 90% absorption
in the 8.10-22.90 GHz range. Xie et al. [27] proposed a water-based A-D MMA with highly
uniform perfect absorption for frequencies between 7.74 GHz and 23.56 GHz and perfect thermal
stability for temperatures from 0 °C to 100 °C. Lu et al. [30] proposed a transparent water-based
A-D MMA that achieves more than 90% absorption in the 7.28 GHz—28.22 GHz range with a
height of 6.9 mm. Li et al. [32] proposed a transparent water-based broadband A-D MMA
based on laser cutting with more than 90% absorption in the range of 13.30 GHz to 40.00 GHz
with a relative bandwidth of 100% and a height of 15.0 mm. Cao ef al. [31] proposed a
bi-directional water-based A-D MMA, which has an absorption rate of more than 90% in the
range of 5.70 GHz to 41.60 GHz with a relative bandwidth of 152% at a height of 13.2 mm.
Although water-based A-D MMAs have made great progress, water has poor thermal stability
and easy evaporation/condensation. As an ideal alternative, ionic liquids (ILs) can be used as
new liquid materials for liquid-based MMA.

ILs are a novel class of multifunctional solvents and soft materials, which are fused organic
salts composed entirely of cations and anions with nearly infinite structural variations. Their
properties can be significantly altered by adjusting their ionic combinations [33-35]. In 2019,
Yang et al. [36] in our group first applied IL 1-ethyl-3-methylimidazolium tetrafluoroborate
([Emim][BF4]) in the design of A-D MMAs, which has high EM loss characteristics and a wide
liquid temperature range (-40-300°C) [37,38], and achieved absorption of microwaves above 90%
in the 13.90-50.00 GHz range with a relative bandwidth of 113%. To enhance the impedance
matching and economize on IL usage, in this study, we propose an all-dielectric ultra-broadband
transparent MMA based on the IL 1-ethyl-3-methyl-imidazolium dicyanamide ([Emim][N(CN);])
with a frustum-shaped structure (A-D ILMMA). The simulation and experimental results show
that when the total height is 17.0 mm, the absorptivity of the A-D ILMMA can exceed 90% in
the range of 4.86—-50.00 GHz, and the relative bandwidth is 165%. For polarization insensitivity,
the absorptivity of the absorber remains unchanged as the polarization varies from 0° to 90°. For
oblique incidence stability, in the TE mode, the absorptivity is more than 90% as the incident
angle increases from 0° to 40°, and in the TM mode, the absorptivity is more than 90% as the
incident angle increases from 0° to 60°. Furthermore, for thermal stability, the absorptivity of
the absorber varies slightly from 25 °C to 100 °C. In addition, the ultra-broadband absorption
mechanism of the absorber was studied. The excellent impedance matching performance of
the designed structure and the high absorption performance of the IL [Emim][N(CN),] are key
factors for the ultra-broadband absorption of the A-D ILMMA.

2. Design and simulation

The simulation of the metamaterial absorber was conducted using EM simulation software CST
Microwave Studio over a frequency range of 0-50.00 GHz. The periodic cell structure was
extended in the x and y directions. Floquet-port boundary conditions were applied on the x and y
directional boundaries, with open (add space) boundary conditions in the z direction to simulate
infinite periodic structures. The incident wave was set as a uniform plane wave, the polarization
direction was parallel to the y axis, and the propagation direction was negative along the z axis.
The dielectric constant of the photosensitive resin is 3 and the tangent loss is 0.02. The EM
absorptivity is defined as A(w) = 1 — R(w) — T(w), the reflectivity is defined as R(w) = |S11(w)|?,
and the transmissivity is 7(w) = |S»1(w)|?, where w is the frequency of the incident EM wave.
The basic design process is illustrated in Fig. 1. All three models have the same IL layer height
of 13.0 mm and unit cell width of 30.0 mm. Moreover, their resin side walls and bottom resin
layers are 1.0 mm thick. Model_I is a simple model in which the IL is surrounded by an external
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cylindrical resin layer. It is also the first MMA model based on the IL [39], although the previous
model has different parameter values and metallic ground. In this case, only a small frequency
range had an EM absorption rate greater than 90%. Compared with Model_I, a top dielectric
layer (3.0 mm) was added to Model_II to build a multi-layer absorbing structure and optimize the
impedance characteristics, so that the EM wave can be effectively absorbed [40]. However, the
absorptivity of Model_II in the 20.00-30.00 GHz frequency range falls short of the desired goal.
In the simulation process, we noticed that the part with a high power loss density was mainly
concentrated at the junction between the IL and the resin layer in the upper part of the unit cell.
Therefore, as shown in Model_III, an additional frustum was attached to the original resin cover,
which also reduced the amount of the IL. Figure 1(b) clearly shows that the design of Model_III
achieves a better absorption performance, reaching more than 90% absorptivity in the frequency
range of 4.86 GHz to 50.00 GHz, corresponding to a relative bandwidth of 165%.
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Fig. 1. (a) Cross-sectional view of designed unit cells named Model_I, Model_II and
Model_III, respectively. (b) The simulated absorption spectrum of the designed structures
from Model_I to Model_III.

Figure 2 shows the unit structure of absorber Model_III, including a bottom resin layer,
cylindrical resin shell, internal IL layer and resin cover composed of a cylinder and frustum. The
height of each section was determined using the combination of h; — hs, as shown in Fig. 2(a).
Simultaneously, as shown in Fig. 2(b), the lower surface radius of the top resin cover and the inner
and outer radius of the resin shell are ry, r» and r3, respectively, and the period of the unit cell array
is p. In order to find the optimal parameter combination, it is necessary to optimize the structure.
By fixing the thickness of the bottom and side resin layers at 1.0 mm, scanning parameters p, ry,
hy—hs, changing the parameters in the model, and analyzing the impact of these changes on the
absorption performance. The relationship between some important geometric parameters and the
absorption rate is shown in Fig. 3. Firstly, h3 =9.0 mm, hs =2.0 mm and r; =2.0 mm is kept
constant and h; is varied to observe its effect. Figure 3(a) shows that as the height of the lower IL
layer h; increases, the absorption curve moves toward lower frequencies. Then, h, =4.0 mm
and r; =2.0 mm are fixed and h3 and hs are changed. Their performances in Fig. 3(b) and 3(c)
are similar to that in Fig. 3(a). Finally, let hy, h3 and hs be 4.0, 9.0 and 2.0 mm, respectively,
and change r;. In Fig. 3(d), a slight change in r| of the resin cover has little effect on the overall
absorption performance, and the absorption effect is best when r; =2.0 mm. In general, within a
certain range, the higher the height, the better is the absorption performance of the A-D ILMMA.
After comprehensively considering the thickness and performance of the absorber, the present
parameter values were selected. In the case of a comprehensive consideration of design and
manufacturing, the size of the absorber unit structure is shown in Table 1, and its total thickness
is 17.0 mm.
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Fig. 2. The 3D schematic diagram of the A-D ILMMA. (a) Central cut plane view, (b)
quarter cross-sectional view of the A-D ILMMA and (c) the top view of the A-D ILMMA.
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Fig. 3. Effect of changing geometric parameters, including (a) hy, (b) hs, (c) hs, and (d) ry.
One parameter changes with others keep unchanged.
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Table 1. Geometric parameters of the A-D ILMMA

List Geometric parameters
Parameters h; hy h3 hy hs
Value(mm) 1.0 4.0 9.0 1.0 2.0
Parameters r] 9] 3 p
Value(mm) 2.0 14.0 15.0 30.0

For ILs, their dielectric constant can be expressed in complex form, with the real part
representing their ability to store electrical energy, and the imaginary part reflecting their loss
characteristics. The ratio of the imaginary part to the real part is called the loss tangent. A larger
loss tangent value usually results in better absorption effects, while impedance matching should
also be considered. Figure 4(a) shows the complex dielectric constants of four different ILs,
and their corresponding absorption effects are illustrated in Fig. 4(b). The comparison reveals
that [Emim][N(CN),] has the highest loss tangent value, leading to the best absorption effect.
Therefore, it will be selected as the specific IL for subsequent simulation and experiment.
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Fig. 4. (a) The real and imaginary parts of permittivity of four different ILs. The solid
and dashed line represent the real and imaginary part, respectively. (b) The corresponding
simulated absorption spectrum.

The normalized impedance of the designed A-D ILMMA can be calculated using the S
parameters obtained by the simulation [41].

(1+5811)* - 82,
(1-5811)* - 82,

ey

As depicted in Fig. 5(a), the normalized impedance is close to 1, which means that the A-D
ILMMA has good impedance matching and EM wave absorption performance. In addition, the
normalized power loss in Fig. 5(b) shows the contribution of the resin and IL to ultra-broadband
absorption. Energy loss in the IL always dominates, but as the frequency increases, the gap
between the two narrows gradually.

The absorption performance of the A-D ILMMA under TE and TM wave incidence and
different polarization angles ¢ and incident angles 6 was further investigated, as shown in Fig. 6.
As can be seen from Fig. 6(a) and 6(b), whether it is a TE or TM wave incident, the change in the
polarization angle ¢ has little effect on the absorption performance of the absorber. However,
for different incident angles 6, the performances of the TE wave and TM wave incidence differ
significantly, as can be observed in Fig. 6(c) and 6(d). In the TE mode, the absorptivity was more
than 90% as the incident angle increased from 0° to 40°, and in the TM mode, the absorptivity
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Fig. 5. (a) The calculated normalized impedance and (b) power loss of the A-D ILMMA.

was more than 90% as the incident angle increased from 0° to 60°. This phenomenon has been
widely observed [42,43]. It was found that the variation in reflected waves at different interfaces
is the cause of different behaviours [44]. For the TE mode, an increase in the incident angle
widened the value difference between the waves reflected directly from the top interface and
higher-order reflected waves. In other words, more EM waves are reflected and less EM energy
is consumed by the absorber. Finally, when the incident angle is large, the absorption of the TE
mode to EM wave attenuates. However, the TM mode exhibited a different mechanism. Owing
to the combined effect of interference cancellation and intrinsic loss, EM wave absorbers with
appropriate thickness can achieve effective absorption at large incident angles.
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Fig. 6. The simulated results of the A-D ILMMA under (a) the oblique TE incidence with
different polarization angle ¢, (b) the oblique TM incidence with different polarization angle
@, (c) the oblique TE incidence with different incident angle 6, (d) the oblique TM incidence
with different incident angle 6. The dashed line indicates 90% absorption.
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The dielectric properties of the IL are affected by temperature, as shown in Fig. 7(a). Figure 7(b)
shows the absorption performance of the A-D ILMMA from 25°C to 100 °C. With an increase
in temperature, the absorption performance of the A-D ILMMA is almost unaffected, which
indicates that the A-D ILMMA has good thermal stability.
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Fig. 7. The thermal absorption property of the A-D ILMMA. (a) The real part and imaginary
part of permittivity for [Emim][N(CN),] at different temperatures from 25 °C to 100 °C. The
solid and dashed line represent the real and imaginary part, respectively. (b)The simulated
absorption spectrum of the A-D ILMMA under normal incidence with variable temperatures
from 25 °C to 100 °C, and the dashed line indicates 90% absorption.

3. Ultra-broadband characteristics analysis

To elucidate the physical mechanism underlying the ultra-broadband absorption of the A-D
ILMMA, an analysis of the electric and magnetic field distributions at the peak absorption
frequencies was conducted. The absorption spectrum revealed resonances at frequencies
6.80 GHz, 9.15 GHz, 15.15 GHz, 18.40 GHz, 26.60 GHz, 31.75 GHz, 37.60 GHz, and 45.45 GHz,
labeled as f1-£8. Figure 9(a) and 9(b) show the electric and magnetic field distributions,
respectively. Figure 10(a)—(c) show the power loss density distribution at yoz cross section, at
xoz cross-section and diagonal cross-section of the unit cell, respectively.
Power loss density is defined as [45]

1 7"
Piogs = swe |E(w)? 2)

where £’ is the imaginary part of the complex permittivity and E (w) is the electric field component
of the EM wave at the corresponding frequency w. It can be observed that the normal component
of the electric displacement vector D is continuous in the vertical direction of the boundary.
According to the boundary condition formula for the electric displacement vector [46,47]

zn(Bresin - 5IL) =0 3)

where e, is the normal vector of the surface, and the electric displacement vector D can be
expressed as

D=¢E )
where &’ is the real part of the complex permittivity. Because the real part of the complex
permittivity of the resin is relatively smaller than that of the IL, the electric field intensity in the
resin shell is relatively stronger, which is consistent with Fig. 9, and the electric field vector ring

is concentrated at the junction between the IL and resin shell. However, because &

”
resin < le ’
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the power loss density in the IL is larger than that in the resin. Simultaneously, EM waves are
attenuated when propagating in the IL layer. Therefore, according to Eq. (2), the power loss
density is mainly concentrated in IL, and the power loss density at the IL. boundary is dominant.
This reveals the reason for the better absorption effect of the proposed A-D ILMMA. Compared
to IL, resin has a smaller real part of dielectric constant, making it easier to achieve impedance
matching with free space. Replacing part of the IL with a frustum-shaped resin structure can
further optimize impedance matching, allowing EM waves to enter the absorber as much as
possible without reflection, and instead be consumed by the IL.

To further illustrate the difference between the optimized structure and the other structures,
the power loss density distribution of the three models in Fig. 1 at different frequencies were
simulated. The selected frequencies are 9.15 GHz, 18.40 GHz, 31.75 GHz and 45.45 GHz, which
correspond to f2, f4, f6 and f8 of the peak frequencies mentioned before, as shown in Fig. 8.
Because the EM wave loss mainly occurs in the IL, only part of the IL layer is intercepted here
for convenience of observation. For all three models, the EM wave loss is primarily distributed at
the top. Comparing the situation of Model_I and Model_II, it can be seen that the top of the IL
layer of Model_II shows more obvious EM wave energy loss characteristics, because the added
resin cover improves the impedance matching performance between the absorber and air. For the
optimized structure, Model_III, as shown in Fig. 8(c), the power loss at different frequencies is
stronger than that of Model_I and Model_II, which indicates that the A-D ILMMA can further
improve the impedance matching, so that more EM waves can enter the absorber, more precisely
the IL layer, and be absorbed more efficiently by the IL. Therefore, the A-D ILMMA exhibited a
strong EM wave absorption capability over a wider frequency range.
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Fig. 8. The distributions of power loss density at different frequencies for three different
absorber structures (a) Model_I, (b) Model_II and (c) Model_III.

A detailed field distribution analysis of the A-D ILMMA was then carried out. For the first
resonance of f1 = 6.80 GHz, field analysis shows that the electric field is mainly concentrated in
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Fig. 9. Simulated field analysis of the A-D ILMMA. (al-a8) The electric vector field
distributions, (b1-b8) the magnetic vector field distributions under normal incidence at
frequencies f1-f8, respectively.

’ )-(22)

(23)- :

(a7)

a

A :
e 4 N1

(c6)

s 3
P | -10 Wm
1 3 5 10

Fig. 10. The power loss density distributions of the A-D ILMMA (al-a8) at yoz cross-
section, (b1-b8) at xoz cross-section, (c1—c8) at diagonal cross-section of the unit cell under
normal incidence at frequencies f1-{8, respectively.

the resin cover and cylindrical resin shell. The electric field produces two clockwise vector rings
in the IL layer, and two anticlockwise vector rings at the junction between the resin cover and IL
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layer; thus, the unit cell is equivalent to two pairs of magnetic dipoles with the same polarization
direction, forming a strong magnetic resonance. The magnetic field is mainly concentrated at the
junction between the lower part of the resin cover and the IL layer, and two anticlockwise vector
rings are also generated in the IL layer, which is equivalent to two electric dipoles with the same
polarization direction and produces electric resonance. Under the combined effect of magnetic
and electric resonance, energy loss is mainly distributed at the junction between the dielectric
cover and IL layer and at the junction between the side wall and IL layer.

At 2 =9.15 GHz, the electric field generated two clockwise vector rings in the IL layer, two
anticlockwise vector rings at the junction between the resin cover and IL layer, and one clockwise
vector ring at the junction between the lower part of the resin cover and IL layer, thus forming a
strong magnetic resonance. The magnetic field generates one clockwise vector ring in the resin
cover, and two clockwise vector rings are also generated in the IL layer, which is equivalent
to two electric dipoles with the same polarization direction, generating an electric resonance.
Similar to f1, the energy loss is mainly distributed in the resin cover and the junction between
the side wall and the IL layer. Although electric resonance also exists in the dielectric cover,
there is no significant energy loss in the resin cover because the dielectric constant of the IL
[Emim][N(CN),] is much larger than that of the resin.

The situation at f3 is similar to that of 2, but annular electric and magnetic field distributions
also appear between neighboring cells in addition to the interior of the cell. Owing to the close
distance between adjacent cells, a strong coupling effect is generated, resulting in magnetic and
electric resonance. For f4—£8, the electric field produces multiple vector rings at the interface
between the resin cover and IL layer, forming magnetic resonance. The magnetic field also
produces multiple vector rings at the interface between the resin cover and the IL layer, forming
magnetic resonance. Energy loss is mainly distributed at the junction between the cover and
IL layer, which exhibits properties similar to interface polarization, although the interface
polarization reported so far is at the semiconductor-semiconductor interface [48,49].

It should be pointed out that, as shown in Fig. 10(c), there is also a large power loss density at
the diagonal cross-section of the unit cell. In particular, when the incident frequency is greater

Fig. 11. Simulated field analysis at the junction of unit cells. (al-a8) The electric vector
field distributions, (b1-b8) the magnetic vector field distributions under normal incidence at
frequencies f1-£8, respectively.
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than 37.60 GHz, the power loss density at this cross-section is dominant. The reason for this
phenomenon is that the dielectric loss material will produce conductivity, polarization, thermal
effects and other phenomena under the action of the EM field, so that the energy of the EM wave
is partially converted into heat energy and lost. In this way, the EM field in the medium will
be weaker than the EM field in the vacuum, the EM field in the vacuum around the unit cell is
relatively large, and its center is located in the z axis direction of the four corners of the unit cell,
so that the power loss density distribution at the diagonal cross-section becomes larger. Figure 11
shows the electric and magnetic field distributions at the junction of adjacent unit cells, with
half of each of the two cells shown. For {7 and f8, the electric and magnetic fields in vacuum
are larger than those in the absorber. The electric field forms multiple closed vector rings at the
unit cell junction, and the adjacent electric field vector rings have opposite directions, and still
exhibits the magnetic resonance effect of magnetic dipoles after superposition. The situation
in magnetic fields is similar to that in electric fields. This explains the anomalous situation
shown in Fig. 10(c). After analyzing the electric and magnetic field distributions of the A-D
ILMMA, it is clear that the EM energy loss originates from two sources: ohmic loss due to
electric resonance and dielectric loss due to magnetic resonance, which are then converted to heat
energy. In general, there are hybrid composite resonance modes at all eight peak frequencies,
which contribute to broadband absorption from 4.86 GHz to 50.00 GHz.

4. Experimental results and discussion

To ensure the accuracy of the simulation analysis, it was necessary to test the absorption effect of
the A-D ILMMA. The measurement of the reflection coefficient and transmission coefficient was
realized by the free-space method in the microwave anechoic chamber. As shown in Fig. 12(a),
the test system is mainly composed of a Vector Network Analyzer (Ceyear AV3672E), computer,
horn antennas, coaxial lines, etc., which can measure the reflection coefficient of the absorbing
material. The test methods for the transmission coefficient and reflection coefficient of the
absorber are different, and cannot be completed at the same time; therefore, the test device needs
to be adjusted, as shown in Fig. 12(b). The transmitting antenna was placed above the test sample
and the receiving antenna was placed directly below the test sample. According to the different
operating frequencies, the horn antenna is divided into three specifications: 2.00-18.00 GHz,
18.00-26.50 GHz and 26.50-40.00 GHz. Before the test and after each change in the horn
antennas, the test system was corrected using an aluminum plate.

The fabrication process of the A-D ILMMA was as follows. First, a photosensitive resin
medium scaffold needs to be made according to the simulation size by 3D printing method. Then,
5.9 mL of IL [Emim][N(CN),] was injected into each cylindrical groove of the scaffold with a
glue head dropper, and the final fabrication of the absorber was completed after the resin cover
was covered. The dimensions of the experimental sample were 180.0 mm X 180.0 mm x 17.0
mm.

Using the above experimental setup, the reflection coefficient (S11) and transmission coefficient
(821) of the A-D ILMMA were tested, and the corresponding absorption rate was obtained using
the formula A(w) = 1 —[S11(w)|? = |S21(w)|?, as shown in Fig. 12(c). The test results showed that
the absorber was more than 90% in the frequency range of 7.10-40.00 GHz. It was found that the
upper stopband frequency in the simulation was 4.86 GHz, while the test result was 7.10 GHz.
In the test range of 2.00-18.00 GHz for the first pair of horn antennas, the test absorption rate
was slightly smaller than the simulated value. In the test range of 18.00 to 40.00 GHz for the
other two pairs of antennas, the test absorption rate was comparable to the simulated value. The
main reasons for these errors are as follows: First, when the reflection coefficient is tested, in
order to avoid collision, the angle of the horn antennas cannot be zero, which is different from
the simulation, leading to a change in the absorption curve. Second, the amount of IL was
not sufficiently accurate, the actual height of the IL layer was slightly lower than the simulated
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Fig. 12. (a) Photograph of the experimental setup for testing reflection coefficient and
(b) transmission coefficient, (c) comparison of absorption spectra between simulation and
experimental results.

height, and the absorption curve moved to a higher frequency. Third, because the test result
is sensitive to the processing errors of the test samples, the errors generated in the process of
manufacturing the resin scaffold using 3D printing technology are also factors that lead to the
differences between the test result and the simulated value. Because of the lack of horn antennas
with higher operating frequencies in the laboratory, it cannot be tested in the frequency range
of 40.00-50.00 GHz. However, according to existing test data, the A-D ILMMA can realize
broadband wave absorption in this frequency range, which verifies the correctness and reliability
of the simulation results. Figure 13 shows a comparison of the simulation and experimental
results of the A-D ILMMA under oblique TE incidence with different incident angles 6. It can be
seen that the absorption effect of the absorber gradually weakens as the incident angle 6 increases,
and the simulation results are consistent with the experimental results.

A comparative evaluation of the A-D ILMMA designed in this study and previously published
IL-based A-D LMMAs was performed, focusing on the effective absorption frequency range
and relative absorption bandwidth. As shown in Table 2, both the effective bandwidth and
relative absorption bandwidth of the A-D ILMMA exceed the absorber bandwidth proposed in
previous study. The superior ultra-broadband performance of the A-D ILMMA can be attributed
to the excellent impedance matching performance and high EM loss characteristics of the IL
[Emim][N(CN),]. The A-D ILMMA not only shows excellent absorption ability, but also verifies
the feasibility of the optimized structure and the effectiveness of IL selection, which sets a new
benchmark in the field of ultra-broadband A-D MMAs.
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Fig. 13. (a) The simulated results and (b) the experimental results of the A-D ILMMA
under the oblique TE incidence with different incident angle 6.

Table 2. Comparison with previous works

Ref. RB (%) BW (GHz) Thickness(mm) Transparent
[26] 96 8.10-22.90 5.6 No
[27] 101 7.74-23.56 12.8 No
[28] 7 10.45-11.20 9.0 Yes
[30] 118 7.28-28.22 6.5 Yes
[31] 152 5.70-41.60 13.2 Yes
[32] 100 13.30-40.00 15.0 Yes
This work 165 4.86-50.00 17.0 Yes

5. Conclusions

In this study, the IL [Emim][N(CN),], with its high dielectric loss characteristics and wide liquid
temperature range, was considered as a promising absorbing material. Subsequently, after the
structural optimization of the cylindrical absorber cell structure, it was injected into the unit
cell as a dielectric loss medium to construct the transparent A-D ILMMA. Numerical analysis
shows that the proposed A-D ILMMA achieves an absorption rate of more than 90% over the
4.86-50.00 GHz spectrum, and a relative absorption bandwidth of 165%. Owing to its symmetric
structural design, the A-D ILMMA exhibits polarization insensitivity and can maintain stable
absorption properties over a wide polarization angle range from 0° to 90°. In addition, even if
the incident angle increases to 60°, the A-D ILMMA can maintain an absorption rate of more
than 77% in the frequency band of 4.86-50.00 GHz, which highlights its wide-angle absorption
ability.

The temperature-dependent behaviour of the A-D ILMMA absorption was explored in detail.
Specifically, as the temperature increases from 25 °C to 100 °C, the dielectric constant of the
IL changed accordingly, but the absorption rate remained above 90%. The mechanism analysis
shows that the ultra-broadband absorption ability of the proposed A-D ILMMA is a synergistic
result of the excellent impedance matching performance and EM energy loss. The optimized
structure greatly improves the impedance matching performance of the absorber, while the
underlying mechanism of the observed EM energy loss can be traced back to dielectric and ohmic
losses. These losses are converted into thermal energy, and this phenomenon is mainly driven
by strong macroscopic magnetic and electric resonance. In particular, the power loss density
distribution at the diagonal section of the A-D ILMMA was investigated, and it was found that
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the power loss in this section was dominant at high frequencies (> 37.60 GHz) owing to the
influence of the external EM field.

The experimental evaluation confirmed the above findings, confirming the excellent EM wave
absorption capability of the A-D ILMMA. The absorber consistently exhibited an absorption
rate of over 90% in the ultra-broadband frequency range from 7.10 GHz to 40.00 GHz. This
observation agrees with previous numerical predictions and further illustrates the robustness and
potential applicability of the A-D ILMMA in relevant application domains.
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