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Abstract

An ultrabroadband metamaterial absorber (MMASs) based on room temperature ionic liquids (ILs) and composed entirely
of cations and anions was proposed and analyzed in the microwave regimen. The dielectric permittivity of the ILs [EMIm]
[N(CN),] was investigated from 0.5 to 50 GHz; the loss tangent tand of [EMIm] [N(CN),] declines from 5.91 to 0.34,
which implies a high dielectric loss of microwaves. To further improve the impedance matching over a wide band, the ILs
[EMIm] [N(CN),] were injected in a periodic photopolymer cylindrical array fabricated via 3D printing. We numerically and
experimentally demonstrate that this absorber shows over 90% absorption at 9.26-49 GHz when the incident angle is 45°
with a relative bandwidth as high as 134.6%. Versus water-based MMAs, the proposed absorber shows more than twice the
absorption bandwidth. Mechanistic investigations show that the ultrabroadband absorption characteristics of the ILs-based
MMAs mainly contribute to IL dispersion and electromagnetic resonance. Furthermore, the electromagnetic wave energy

loss is mainly due to the high-dielectric loss of ILs [EMIm] [N(CN),].

1 Introduction

Electromagnetic (EM) metamaterials (MMs) have permit-
tivity and permeability that are tunable via artificial peri-
odic structural arrays and have been used widely in science
and engineering [1-4]. Examples include invisibility cloaks
[5-7], perfect MM absorbers [8—12], super lens [13, 14],
and polarizers [15, 16]. Thus, MM absorbers (MMAs) are
attracting increasing attention with applications in solar cells
[17, 18], image systems [19, 20], sensor [21] and photo-
detectors [22, 23]. The first MMAs were proposed by Landy
et al. in 2008 followed by many other iterations.
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MMAS consist of three layers: a patterned metal layer that
minimizes reflection via impedance matching, a dielectric
layer, and a continuous metal layer for blocking transmis-
sion. Versus traditional absorbers, MMAs are slimmer, more
affordable, easier to design, and have nearly perfect absorp-
tion. However, they are limited by narrow absorption band-
widths due to their strong electric and magnetic resonances.

Several methods have been used to broaden the absorp-
tion bandwidth of MMAs and overcome these limitations
of narrow bandwidth. A single-layer absorber structure
composed of multi-resonance units with differing geomet-
ric dimensions was used to extend the bandwidth [24-26].
Alternatively, a multi-layered structure used with vertically
stacking of multiple different-sized metallic resonance struc-
tures to enhance the absorption bandwidth [27-29]. Several
other bandwidth-enhancement approaches include lumped
element loading and frequency tunable techniques [30-32].
However, these methods are limited in the practical applica-
tion of MMAs due to fabrication difficulties.

More recently, water was used as a medium to design
MMAs and included absorbers based on its dispersion fea-
tures [33-38]. In contrast to conventional solid-material-
based MMAs, liquid-based MMAs are easily reconfigurable
and tunable with low cost, wide frequency bands, and small
densities. Challenges include their volatile nature, poor ther-
mal stability, and easy vaporization/condensation. Therefore,

@ Springer


http://orcid.org/0000-0003-3307-1190
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-019-2443-x&domain=pdf

149 Page 2 of 9

F.Yang et al.

novel liquid materials are needed for metamaterial absorb-
ers; ILs are an ideal alternative.

Room-temperature ionic liquids (ILs) are a novel class
of versatile solvents and soft materials with unique phys-
icochemical properties, including negligible vapor pressure,
wide liquid range, intrinsic ionic conductivity, and accept-
able electrochemical stability and environmental friendli-
ness [39—41]. The most important characteristic of ILs is
that their properties can be significantly tuned by changing
their combination of ions—this makes them “designable
materials.” Our group recently realized wideband MMAs
using ILs; strong absorption of microwaves above 90% was
achieved in the 8.4-29.0 GHz range; this confirms the feasi-
bility of using ILs for the design of ultra-material absorbers
[42].

In this paper, we presented an ILs-based ultrabroad-
band all-dielectric MMAs at microwave frequencies. The
IL ([EMIm] [N(CN),]) was injected into a periodic pho-
topolymer cylindrical array by 3D printing technology. By
introducing a media match layer and adjusting the unit cell
cylinder sizes, the effective impedance of the composite
structure can be markedly tuned to match the free space.
The simulations and experiments show that the absorber can
work in an ultra-wideband regimen reaching 39.74 GHz with
more than 90% absorptivity because of the dispersion feature
of ILs [EMIm] [N(CN),]. The absorber is valid over a wide
range of incident and polarization angles.

2 Design and simulation
2.1 Unit cell and ILs choose
The unit cell configuration of the ILs-based broadband

MMAs a four-layer structure are consisted of the top die-
lectric cover, cylinder dielectric, dielectric substrate, and

(a)

Photopolymer

Fig. 1 a 3D schematic diagram and b the side view of the MMA
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metal layers. The ILs [EMIM] [N(CN),] are then injected
into the cylinder dielectric as shown in Fig. 1a. To opti-
mize the impedance characteristics, a multilayer absorb-
ing structure is constructed by introduced a top dielectric
layer with the dielectric parameter (¢ = 3) smaller than
that of ILs. As the electromagnetic waves enter the top
dielectric layer and ILs layer in turn from air, the elec-
tromagnetic parameters of medium gradually increase, so
that the incident electromagnetic waves can be effectively
absorbed [43, 44]. The thicknesses of the top dielectric
cover, ILs, and the dielectric substrate are defined as b,
d, and ¢, respectively. The period, radius, and thicknesses
of the cylinder dielectric array are defined as p, r, and &,
respectively (Fig. 1b).

The ILs [EMIm][N(CN),], [BMIm][N(CN),], [EMIm]
[BF,] and [BMIm][BF,] were synthesized according to the
literature [45] with purity > 99%. Before measurements,
the ILs were carefully dried under vacuum at ~40 °C for
at least 7 days with water contents <40 ppm as determined
by colorimetric Karl Fischer titration. The complex per-
mittivities [e(w)] were measured via a probe method with
an Agilent vector network analyzer N5247A in the fre-
quency range of 0.5-50 GHz. Figure 2a shows that the
ILs [EMIm] [N(CN),] have relatively low &’'(w) from 4.76
to 13.15, and the loss tangent (tané = £”"(w)/ &' (w)) are
quite large (0.34-5.91). This implies a high dielectric
loss of microwaves. The combination variation of cations
and anions for ILs makes them display different dielec-
tric properties [46], which has a significant impact on the
performance of the metamaterial absorber. It is found that
the absorption performance, including absorption wide-
band and peaks frequency change obviously as various ILs
(i.e., [EMIm][N(CN),], [BMIm][N(CN),], [EMIm][BF,],
[BMIm][BF,]) are filled in the cylinder (Fig. 2b). Consid-
ering that [EMIm][N(CN),]-based metamaterial absorber
exhibits the most wide wideband (>90% absorptivity), it
is employed as the object in our following work.

(b)
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Fig.2 a Real part of permittivity and loss tangent of ILs [EMIm]
[N(CN),]. b Effect of types of ILs on MMAs absorption perfor-
mance (b=1 mm, d=2.2 mm, =1 mm, r=5.5 mm, k=1 mm and
p=14 mm)

2.2 Numerical simulation and discussion

Based on the finite integration technique, numerical simu-
lations were performed with using the full-wave electro-
magnetic simulation software CST Microwave Studio™.
The unit cell was used, and the incident electromagnetic
wave was assumed to propagate along the negative z-direc-
tion. In our simulation, the thickness and electric conduc-
tivity of the bottom copper layer is 36 um and 5.8 x 10’
S/m, respectively; the permittivity of the dielectric is 3.
The absorption is calculated from the reflection coefficient
because of bottom metal has an electrically large thick-
ness. The absorbance of the absorber can be defined as
A(w) = 1 — R(w) — T(w), whereA(w), R(w)and T(w) are the
absorbance, reflectance, and transmittance as functions of
frequency w, respectively. The absorbance is determined
by A(w) = 1 — R(w) because the structure is backed by a
copper layer, and the transmittance of the EM wave is zero.

Next, we discuss the effect of the structural parameters
on the absorption curves. Keeping other structural param-
eters of the absorber unchanged (d=2.2 mm, =1 mm,
r=5.5 mm, k=1 mm, p=14 mm), the absorption curves
with the top medium thickness of b changed from 0 to
1.6 mm. The simulation results of absorption performance
are given in Fig. 3a. When there is no the top medium, the
absorption bandwidth is narrow from 10 to 33.06 GHz. The
absorption performance become excellent with b increases
from 0 to 1 mm, but it become worse as the thickness
increases from 1 to 1.6 mm. This perfect absorption can be
understood via impedance matching—the top medium layer
b is an antireflection film.

Figure 3b shows changes in the electromagnetic wave
absorption spectrum with various height of ILs d from
1.4 to 3.0 mm. When the height is 1.4 mm, the broadband
absorption characteristics are separated at 39.1 GHz. When
the height of IL is more than 1.8 mm, >90% absorption
over a wide frequency range is observed—the absorp-
tion spectrum shifts to a low frequency domain while d
gradually increases. When d becomes 1.4, 1.8, 2.2, 2.6 and
3.0 mm, the absorption edge frequency (the first frequency
with absorptivity more than 90%) is gradually transferred
to a low frequency domain of 11.50, 10.58, 10.29, 9.62, and
7.95 GHz. This results from the longer path of the longi-
tudinal currents induced in the ILs. Similar to the absorp-
tion variation with changing parameter d, the stopband
edge frequency is gradually transferred to a low frequency
domain when the values of the bottom medium thickness ¢
are 0.8—1.6 mm (Fig. 3c).

The radius (r) and unit period (p) of the IL cylinder are
also important parameters that affect the absorption perfor-
mance. The similar variation tendency of the absorption
is formed when changing r and p. Figure 4a, b shows the
absorption properties of the ILs-MMA with r from 4 to
6 mm and p from 13 to 17 mm. The absorption performance
of the ILs-MMA improves as r increases and p decreases.
The absorption edge frequency moves to a low frequency
domain because of the impedance mismatch and the longer
induced current paths. The simulated results of absorp-
tion with different thicknesses of cylinder dielectric k are
depicted in Fig. 4c. As k increases from 0.25 to 1.25 mm,
the absorption low-edge frequency remains constant, and the
absorption upper edge frequency gradually increases. These
results further confirm the role of geometrical structures in
improving the performance of the absorber and indicate the
trace of the optimization process.

We also evaluated absorption with different incident
angles 0 and polarization angles ¢. Figure Sa demonstrates
the results with different incident angles 6 ranging from
0° to 60° with a step width of 15°. The absorption is still
broad with a 45° incident angle—there is 90% absorp-
tion from 10 to 49 GHz. Figure 5b shows the simulated
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Fig. 3 Influence of geometric parameters on the absorption perfor-
mance. a Thickness of the top layer of b, b height of the ILs [EMIm]
[N(CN),] layer of d, ¢ thickness of the bottom layer of ¢

absorption spectra when the polarization angle ¢ varies
from 0° to 90° with a step width of 30°; the results show
that these ILs-based MMAs are polarization insensitive

@ Springer

o
o
1

—®—r=4.0mm
—®— r=4.5mm
—A—r=5.0mm
v r=5.5mm
< r=6.0mm

Absorption

o
&
1

| | (a)

10 20 30 40 50
Frequency (GHz)

8§ 06+
5
2 —®— p=15mm
< 04l v p=16mm
< p=17mm
0.2
(b)
T LE T = T Lt T Lt
10 20 30 40 50
Frequency (GHz)
1.0 4
0.8 - ‘!
i
Sosq3 & k=0.25mm
& | v k=0.50mm
E * —e—k=0.7Smm
< ! *— k=1.00mm
0.4 - _
/ < k=1.25mm
0.2
(c)
T T T T T T T T
10 20 30 40 50
Frequency (GHz)
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due to their rotational symmetry. These simulations sug-
gest an ultra-broadband, polarization insensitive, and wide
incidence angle MMASs via ILs.
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3 Ultra-wideband characteristics analysis

The optimized geometrical parameters are obtained:
b=1mm,d=22mm, t=1 mm, r=5.5 mm, k=1 mm and
p =14 mm. As expected, the broadband absorption could
be achieved, with the absorption efficiency over 90% in the
frequency range from 9.26 to 49 GHz in Fig. 6. The dielec-
tric properties show that the ILs [EMIm] [N(CN),] have
high absorption at microwave frequencies. The next goal is
to determine if this broadband absorption is predominantly
due to the intrinsic high loss of [EMIm] [N(CN),]. We also
considered the case of a full IL [EMIm] [N(CN),] layer with
the same thickness 4.2 mm as that in the ILs-MMAs. Fig-
ure 6 shows that the absorption is less than 86.5% at the
frequency band of interest. This indicates a relative weak
absorption and implies that the broadband high absorption
is mainly due to the localized resonance in the metamaterial
with structured ILs resonators.
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Fig.6 Absorptivity spectra of the ILs-MMA and the full ILs [EMIm]
[N(CN),] layer

It is observed that three absorption perks at around

13.3 GHz, 24.2 GHz and 39.9 GHz from the absorption

performance of ILs-based ultra-broadband MMAss in Fig. 7.

The three absorption peaks indicate three resonances at these

frequencies. To fully investigate the intrinsic absorption

mechanism of the proposed MMAs, we next investigated

the vector distributions of the electric field and magnetic

field at resonance frequencies. The loop-shaped electric field
lines are near 13.3 GHz (Fig. 7a), which leads to the mag-

netic resonances [47]. The magnetic field is concentrated
in the dielectric substrate and adjacent ILs cylinder units

(Fig. 7b). Simultaneously, the magnetic field loops are found
at 24.2 GHz and 39.9 GHz corresponding to electric reso-
nances. For the absorption peak at 24.2 GHz, the electric
field is localized in the left and right sides of the unit; that
at 39.9 GHz is mostly confined to the top dielectric cover.
These data show that there are different resonant modes for
the three absorption peaks. These resonances in the metama-
terial are close to each other in frequency and merge together
resulting in broadband absorption. This analysis show that
different resonant modes are excited at the absorption peak
frequencies—these changes in effective impedance and lead
to better impedance matching. We also find that the intro-
duction of the top media cylinder cover limits the energy of
the electromagnetic wave and further enlarges the absorption
bandwidth.

For a better illustration of the absorption inside the
ILs-MMA, the power loss densities at the three resonance
frequencies are shown in Fig. 7c. It can be seen that the
power loss densities mainly concentrate in ILs layer in
all cases, which is simply due to the high-dielectric loss
of ILs over the frequency range of interest. However, the
absorption schemes are significantly different at these res-
onance frequencies. At 13.3 GHz, the power loss densities
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are confined in the center of the ILs. At 24.2 GHz, the
majority of power loss densities concentrate at entire the
ILs cylinder except for a small part of the interior. At
39.9 GHz, most power loss occurs at the outer and upper
edges of ILs cylinder. The combination of these absorp-
tion modes leads to an ultra-wideband of high absorption
for the ILs-MMA.
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and middle planes are along the electric field orientation; that on the
bottom is the x—z plane along with the magnetic field orientation

4 Experiment results and discussion

To verify the design, we fabricated the proposed absorber
containing 13 X 13 units (Fig. 8a) via 3D printing. The top
cylindrical dielectric cap and dielectric substrate used the
photopolymer DSM Somos 14120. This formed a container
for the ILs resonator. A copper foil was placed on the bot-
tom and acted as a metal plate. The ILs [EMIm] [N(CN),]
(0.209 mL) were injected into the dielectric cylinder. The

Fig. 8 Photograph of the ILs-MMA prototype (a) and experimental set-up for the far-field measurement (b)

@ Springer
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ILs-MMAs sample was characterized via free space reflec-
tion measurements in a microwave anechoic chamber. The
measurement system was based on an Agilent Network
Analyzer N5247A with a pair of broadband horn antennas
(Fig. 8b). The source (tinted in red) could move along the
left arc with an incident angle of ¢;. The receiver (tinted in
green) could move along the right arc with a reflective angle
of ¢, = @,. Reflection from a metal plate that was the same
size as the prototype was first used for normalization. The
absorption was calculated from the measured reflection coef-
ficients of the prototype. The distance between the sample
and the antennas was set to ~2.5 m to avoid the near-field
effect.

The broadband absorption was simulated and then
experimentally demonstrated (Fig. 9). This realized a maxi-
mum absorption of 99% with absorption bandwidth of
10.03-50 GHz. The mismatch of the bandwidth was less
than 2% between the experimental and simulation results.
This was likely due to fabrication error—the slight change
in the volume of the ILs was likely due to temperature.

Table 1 compares previous typical liquid-based MMAs to
highlight the merits of this approach. The absorption band-
width of the ILs-MMAss is clearly the widest, and the rela-
tive bandwidth is as high as 136.4%.

5 Thermal stability analysis

It is well known that the dielectric properties of ionic liquids
are greatly affected by temperature. Therefore, it is necessary
to study in detail the temperature dependence of the absorp-
tion performance in our ILs-based metamaterial absorber.
We measured the dielectric properties of [EMIm][N(CN),]
at the temperature range from 20 to 100 °C using the open-
ended coaxial probe method. The results show that, with
the increase of temperature, the real parts of permittivity

1.00
0.95
0.90 -
= = simulation
£ 0854 .
= experiment
1%
ot
2 080
<
0.75
0.70 4
0.65 1 — . T . T . . .
10 20 30 40 50
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Fig.9 Simulation and experimental absorption results

(¢/(w)) raises as a whole at 0.5-50 GHz and the loss tangent
tané = &’ (w)/ €' (w) increases clearly, as shown in Fig. 10.
Further, the temperature dependence of the absorption per-
formance for the ILs-based metamaterial absorber was stud-
ied in detail. Figure 11 shows the absorbing performance
of ILs-based metamaterials absorbers with temperature (7)

Table 1 Comparison on absorption performance between typical lig-
uid-based MMAS in this work and previous works

References Absorber structure Absorption Relative
bandwidth bandwidth
(GHz) (%)

[33] Water droplets 8-18 76.9

[34] Water plate with hole 12-29.6 84.6

array

[35] ‘Water substrate 6.2-19 101.6

[42] ILs hole array 8.4-29 110.2

This work  ILs cylindrical array 9.26-49 136.4

20
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16 _V‘
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Fig. 10 a Real parts and b loss tangent (tand) of [EMIm][N(CN),] at
different temperatures
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Fig. 11 Effect of temperatures on absorption performance of the
ILMMA

from 20 to 100 °C. As the temperature increases, the absorp-
tion bandwidth of the absorber becomes slightly narrow. For
example, the frequency range with absorption rate over 90%
is from 9 to 46.4 GHz when T is 20 °C, while the absorption
bandwidth is from 11.5 to 45.6 GHz when T is 100 °C. The
results imply that the absorbing performance of the devel-
oped absorbers are very good thermal stability.

6 Conclusions

In summary, we demonstrated the design, fabrication and
measurement of [Ls-based MMAs via 3D printing technol-
ogy. The impedance matching is improved by introducing a
top medium with a low dielectric constant; thus, the absorber
performance is significantly improved. The simulation and
experimental results suggest that the absorption is over 90%
at 9.26-49 GHz. Moreover, the high absorption and large
bandwidth are also obtained with an oblique incidence of 0°
to 45°. The main reasons for the wideband absorption have
been investigated via ILs dispersion and electromagnetic
resonance. Our design absorber offers a significant path for
MMAs with excellent performance in ultra-wideband, polar-
ization insensitive, and wide-angle microwave frequency
ranges. The absorber has many potential applications for
antennae that reduce side lobe radiation and eliminate wall
reflection in anechoic chambers as well as applications in
antiradar detection and stealth technology.
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