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An Infrared Metamaterial Broadband Absorber Based on a
Simple Titanium Disk with High Absorption and a Tunable

Spectral Absorption Band

Yinhui Tang, Dejia Meng, Zhongzhu Liang,* Zheng Qin, Xiaoyan Shi, Yuhao Zhang,
Ying Xiong, Yandong Fan, Fuming Yang, Lichao Zhang, Jingguang Lv, Yuxin Qin,

Changhong Chen, and Jianjun Lai

A metamaterial absorber is proposed that functions in the medium- (3-5 pm)
and long-wavelength (8-12 pm) infrared (medium-wavelength infrared,
MWIR, and long-wavelength infrared, LWIR, respectively) regions. The
proposed design, which consists of periodic cells, can be tuned to achieve
single-band or dual-band light absorption by changing the periodicity of the
structure. Each cell forming the metamaterial absorber consists of a bottom
metal plate (Al), a top metal disk (Ti), and an intermediate dielectric medium
(Si or ZnS) in which a metal disk (Ti) is embedded. For a period of 0.85 pym,
the absorber achieves broadband absorption in the LWIR region, with an
average absorption of 92.1%. Further, the absorber shows acceptable
tolerance to irradiation at oblique incidence. For a period of 2 pm, a peak
absorption of 99.05% is achieved in the MWIR region, thereby providing
dual-band absorption. Tuning the periodicity of the structure enhances the
localized surface plasmon resonance, with the absorption mechanism
explained by establishing an equivalent parallel LC circuit. The absorption
properties demonstrated by the proposed metamaterial absorber are

promising for thermal imaging and infrared spectroscopy.

Dr. Y. Tang, Dr. D. Meng, Prof. Z. Liang, Dr. Z. Qin, Dr. X. Shi,

Dr. Y. Zhang, Dr. Y. Xiong, Dr. Y. Fan, Dr. F. Yang, Dr. L. Zhang, Dr. ). Ly,
Dr. Y. Qin

State Key Laboratory of Applied Optics

Changchun Institute of Optics

Fine Mechanics and Physics

Chinese Academy of Sciences

Changchun, Jilin 130033, China

E-mail: liangzz@ciomp.ac.cn

Dr. Y. Tang, Dr. Z. Qin, Dr. X. Shi, Dr. Y. Zhang, Dr. Y. Xiong, Dr. Y. Fan,
Dr. F. Yang

University of the Chinese Academy of Sciences

Beijing 100049, China

Prof. C. Chen, Prof. |. Lai

Wuhan National Laboratory for Optoelectronics

Huazhong University of Science and Technology

Wuhan 430074, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/andp.202000145

DOI: 10.1002/andp.202000145

Ann. Phys. (Berlin) 2020, 532, 2000145

2000145 (1 of 7)

1. Introduction

Electromagnetic wave absorbers have
been a hot topic in scientific research
for decades,'* with materials approxi-
mating black body behavior of particu-
lar interest to engineers. Metamaterials
are artificial materials for which the di-
electric constant is controlled, through
structural design and material selection,
to deliver tailored optical or acoustic
properties; the blackbody absorption of
light for specific wavelength ranges is
one such property that can be realized
using metamaterials. Metamaterial ab-
sorbers have found application in di-
verse fields, including biosensing, solar
power, thermal imaging, infrared spec-
troscopy, and optical gas sensing.>"]

The first microwave metamaterial ab-
sorbers were demonstrated experimen-
tally by Landy et al.,l'!] since when there
have been many reports describing tera-
hertz, infrared, and visible metamaterial
absorbers.['?15] Metamaterial absorbers function via the prin-
ciple that plasmon resonances produced by light incident on
a metal surface significantly enhance the electromagnetic field
around the metal medium."®! Plasmon resonance is a cou-
pled surface electromagnetic mode formed by free electrons
on a metal surface interacting with photons under the excita-
tion of a light field. It is usually categorized as either propa-
gating surface plasmon resonance (PSPR) or local surface plas-
mon resonance (LSPR). Absorption is due to polarized waves
generated by electronic oscillations causing metal and dielectric
losses.['”18] For infrared detection, it is often necessary to cap-
ture infrared signals in the atmospheric window (i.e., 3-5 and 8-
14 um).[1%2%1 Compared with traditional microcavity absorption,
metamaterials can achieve higher absorption with thinner ma-
terial thicknesses.[?!l Previous studies have explored the use of
metal resonator structure metamaterials (including both 2D and
3D designs) to achieve perfect absorption within specific wave-
length bands.[?224 Although these structures yielded strong ab-
sorption effects, the large size and narrow bandwidth of the ab-
sorption limit its development. Several methods for increasing
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the absorption bandwidth have been reported, such as increas-
ing the number of metal dielectric layers, or performing com-
plex patterning on the top metal to stimulate different resonance
modes.[>28] The disadvantage of these methods is that the thick-
ness of the absorber is increased, while the manufacturing pro-
cess is both difficult and expensive. Therefore, it is necessary to
develop and design an effective broadband absorber that has a
simple structure, is easy to manufacture, and corresponds to the
infrared window. In addition, multispectral detection has been
shown to improve detection accuracy and reduce noise; it can dis-
tinguish detected objects from the background based on the char-
acteristics of the target.[??3%] Therefore, multispectral detection is
a further desirable property for new absorber designs. In general,
dual-band absorbers are relatively large and are often composed
of absorber units with different characteristic sizes, which adds
to the complexity of the manufacturing process and decreases the
duty ratio of absorber cells.[31:32]

Here, we propose an infrared metamaterial absorber struc-
ture. The structure operates within the atmospheric window, and
thus provides optimal functionality in the infrared band. Our
design is a single structure with small size and easy to manufac-
ture. The absorber has a simple structure with a high absorption
performance, and it can be applied to broadband LWIR ab-
sorption and multispectral infrared detection. For a period of
0.85 pm, the proposed absorber exhibits absorption within the
8-12 pm wavelength range that reaches 91.5%. The absorption
band is formed by the resonance coupling of two LSPRs. The
influence of the incident angle on the absorption performance
was tolerable, with the average absorption between 8 and 12 pm,
reaching 83.75% and 88.5% for transverse magnetic (IM) (E
perpendicular to the incident plane) and transverse electric (TE)
(H perpendicular to the incident plane) waves, respectively, for
an incident angle of 50°. By increasing the period, we excited
the absorption peak based on the interaction of LSPR and PSPR
between 3 and 5 pm, with the peak value approaching 100%
and an 80% bandwidth of 0.66 pm. Therefore, the bandwidth of
the proposed dual-band metamaterial absorber can be tuned by
changing the period of the structure, and thus the absorber can
realize tunable absorption in the medium wavelength infrared
(MWIR) and long wavelength infrared (LWIR) spectral regions.
For dual-band metamaterial absorber, the average absorption
between 8 and 12 pm is >90%. By analyzing the electromagnetic
field and establishing the LC model of the equivalent circuit, we
explain the working mechanism of the proposed metamaterial
absorber structure, thus revealing the reason for the excited
absorption peak between 3 and 5 pm.

2. Design of LWIR Broadband Absorber

The absorber comprises a periodic array, as shown in Figure 1a.
Each cell consists of a bottom metal plate, a top metal disk (Ti),
and an intermediate medium embedded by a metal disk (Ti),
as shown in Figure 1b. The length and width of the underlying
metal and interlayer dielectric of each cell are P. The diameter
and height of the top metal disk are w; and t,, respectively.
The diameter of the embedded metal disk is w,, with height
t,. The distance from the lower surface of the embedded metal
disk to the upper surface of the metal plate is h. The thickness
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Figure 1. a) Schematic diagram of metamaterial absorber. b) Amplified
structure of the absorber unit. ¢) The simulation calculation of absorption
spectrum. The solid black line is the absorption spectrum of the absorber
we designed, and the blue dotted line is the absorption spectrum of the
traditional three-layer structure absorber.

of the bottom metal plate is 0.1 pm and the thickness of the
intermediate medium is m.

2.1. Structural Parameters and Material Selection

Figure 1b shows the cell structure of the absorber with a period
P = 0.85 pm. The bottom layer is an Al plate with a thickness
of 0.1 pm. The intermediate layer is a Si dielectric layer with a
thickness m = 0.4 pm. A Ti disk with a diameter w, = 0.66 pm
and height t, = 0.1 pm is embedded in the dielectric layer. The
distance between the lower surface of the embedded metal disk
and the bottom metal plate is h = 0.04 pm. The top surface of
the dielectric layer is bonded by a Ti disk (diameter w, = 0.7 pm
and height 0.08 ym). The complex dielectric constants of Ti and
Al were modeled using Drude-Lorentz fitting to tabulate the ex-
perimental data.?334 The dielectric constant of Si was calculated
following a previous study.**]

2.2. Results and Discussion

We used the finite-difference time-domain (FDTD) method to
analyze the absorption spectrum of the absorber, as shown in
Figure 1c. There is a wide absorption band with an average ab-
sorption of 92.1% between 8 and 12 pm. The absorption band is
formed by the coupling of two relatively independent absorption
peaks, with maximum absorption values of 95.24% (peak I at
a wavelength of 9.00 pm) and 94.69% (peak II at 10.65 pm),
respectively. To increase the average absorption, the two peaks
are brought closer, but not excessively overlapping, by changing
the structural parameter (embedded metal thickness). Compared
with the traditional three-layer structure of an absorber (blue
line in Figure 1c), our absorber design almost doubled the
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Figure 2. a,b) Absorption spectra with different incident angles for: a) TM—mode (x—polarized) and b) TE-mode (y-polarized).

absorption bandwidth, while also improving the absorption rate
significantly.

We explored the influence of the incident angle on the per-
formance of the absorber, as shown in Figure 2. The absorption
performance showed high tolerance in response to the incident
angle being increased. For TM waves (Figure 2a), as the incident
angle increases, the interval between absorption peaks I and II
decreases until they overlap, and the absorption rate at the center
of the absorption band (10 pm) increases significantly. When
the incident angle is increased to 50°, the absorption within
the 8-12 pm reaches to 83.75%. In contrast, for the TE wave,
absorption peaks I and II gradually tend to diverge, becoming
more distinct from one another, as shown in Figure 2b. When
the incident angle is increased to 50°, the absorption reaches
88.5%, which is only 3.6% lower than at normal incidence. This
shows that the absorption response is more resistant to changes
in the angle under TE waves.

To analyze the origin of the two peaks, we observed the
X-Z plane electromagnetic field distribution (Figure 3). Fig-
ure 3a,b shows the electromagnetic field distribution at peaks II
(10.65 pm) and I (9.00 pm), respectively. For comparative pur-
poses, Figure 3c shows the electromagnetic field distribution of
the metal without an intermediate layer. Examining the electric
field distributions, a clear magnetic field enhancement phe-
nomenon can be seen near the metal, indicating that absorption
peaks I and II are excited predominantly by LSPR. The light field
energy is concentrated mainly in the dielectric medium between
the intermediate layer metal and the lower surface metal. By
observing the magnetic field distribution, the interlayer metal
disk has a shielding effect on the magnetic field distribution. The
difference of the incident light wavelength causes the difference
of the magnetic field enhancement phenomenon area. The en-
hancement of the plasmon resonance magnetic field generating
peak II occurs mainly in the medium between the embedded
metal disk and the underlying metal plate. The enhancement
of the plasmon resonance magnetic field generating the peak
I occurs not only between the intermediate metal disk and the
underlying metal plate, but also between the intermediate metal
disk and the top metal disk, and is considered to be caused by
two sets of resonances. Essentially, the wide absorption band is
caused by the superposition of two sets of plasmon resonances.

The absorptive capacities of different parts of the structure are
shown in Figure 4. Light absorption due to the dielectric layer
is negligible; the overall absorption is composed predominantly
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Figure 3. Distribution of electromagnetic fields at typical locations of the
spectrum. a) Electromagnetic field distribution at 10.65pm for LWIR ab-
sorber. b) Electromagnetic field distribution at 9ym for LWIR absorber.
c) Electromagnetic field distribution at the peak of absorption without a
metal layer embedded in the middle.
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of contributions from the two metal components, with the metal
in the middle layer playing a leading role. This is different from
a traditional three-layer absorber, for which the energy absorp-
tion is driven by the top metal disk or the bottom metal plate. For
the proposed absorber design, the embedded absorber absorbs
energy and concentrates it inside the wave absorber, which re-
duces the diffusion of energy to the environment and improves
energy efficiency. The bottom metal plate has almost no absorp-
tion effect; its role is to reflect light only, thus preventing its trans-
mittance. It can be concluded from the energy absorption distri-
bution of different layers in Figure 4 that the absorption of the
entire absorber structure occurs in the metal, with Ti playing an
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Figure 4. Absorption ability in different parts of the absorber.

important role in the entire absorption process. In addition, the
absorption of the intermediate metal layer correlates is reflected
in the magnetic field distribution, which corresponds to the mag-
netic field enhancement phenomenon between the intermediate
metal layer and the bottom metal plate. This phenomenon also
corresponds to peak II of the absorption spectrum. The absorp-
tion of the top metal, reflected in the magnetic field distribution,
corresponds mainly to the enhancement of the magnetic field be-
tween the middle metal and the top metal. This field enhance-
ment corresponds to peak I of the absorption curve. This result
implies a correlation between the structure of the design, the dis-
tribution of the magnetic field, the absorption spectrum, and the
absorption energy distribution.

To analyze the response of the absorber to light more com-
pletely and predict the effect of the structure and materials of
the absorber on the absorption spectrum, we established an
equivalent LC model to simulate the absorption of light by the
absorber.’*%] In the structure of the absorber, the embedded
metal plays an electromagnetic shielding role. In the upper and
lower areas of the embedded metal, the magnetic field increases,
causing a ring current. Therefore, when implementing the equiv-
alent LC model of the absorber, the equivalent resistances of the
upper and lower magnetic field enhancement regions must be
considered separately. The equivalent impedances of the upper
and middle layers are connected in parallel with the equivalent
impedance of the lower and middle layers to form a description of
the absorber. Figure 5a is an equivalent circuit schematic diagram
of the middle and upper layers of the metal and intermediate di-
electric. C,; represents the capacitance between the top metal and
other cycles, and it is described by Equation (1). C,, represents
the capacitance between the interlayer metal and other cycles.
The size of C, is related to the permittivity and separation dis-
tance. C,; can be described by Equation (1), where the top metal
thickness is t,. The distance from the other cells is proportional
to P-w,. The dielectric permittivity €, represents the material be-
tween each cell of the metal (air in this case). C,, is the capaci-
tance between the metals (top-middle or middle-bottom), which
is related to the dielectric material and the thickness of the dielec-
tric between the two metal disks. L is determined by the mutual
inductance between the inductance caused by the drifting elec-
trons and the metal. The equivalent circuits of the middle and
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Figure 5. a) The equivalent circuit schematic diagram of the middle and
upper layers of metal and intermediate dielectric. b) The absorber equiva-
lent parallel circuit. c) Influence of period size (P) on absorption spectrum.
The absorption spectra of different period are indicated by different color.

lower layers are similar to that shown in Figure 5a, except that
there is no parallel connection of C,,. The impedance of each part
of Z, is expressed by Equation (2). After calculating the upper-
layer metal impedance Z; and the lower-layer metal impedance
Z,, a parallel circuit is formed to describe the absorber, as shown
in Figure 5b. The total resistance is described by Equation (3).
The changes in absorption can be mapped using changes in the
total impedance

2 iwL, iwL,
Z, = - + - + -
wC, 1-0?Cyl; 1-a’Cyl,

1)

Ca1 = higo/(p —wy) )
1 1 1

=t o)

Ztotal Zl ZZ

The absorption principle of the absorber can be understood as
the resonance between light and polarized waves in the metal,
which causes an increase in the intensity of the electromagnetic
field. Irradiating the array induces an oscillating voltage. The ar-
ray cell is equivalent to the LC circuit and the existence of the os-
cillating voltage will stimulate the generation of current in the cir-
cuit, which will cause the absorption of electromagnetic energy.
The absorbed light energy is converted into thermal energy. It is
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known that the equivalent current is inversely proportional to the
impedance of the entire LC circuit, that is, when the impedance
is 0, the current is the largest, and thus perfect absorption can be
achieved. At wavelengths of 3-5 pm, as the period of the struc-
ture increases, the interval between the top metal disk of each
cell becomes larger, which causes Cg to increase. The increase
in C, leads to the total impedance decreasing, as described by
Equation (1). Based on the relationship between the current and
impedance, an increase in impedance causes an increase in cur-
rent. The increase in current results in an increase in absorption.
By mathematical analysis of Equation 2, reducing the thickness of
the top metal can also increase the capacitance, which results in
an increase in absorption. By changing the period, the absorption
peak can be excited in the 3—-5 pm wavelength range, as shown in
Figure 5c. As the period increases, a new absorption peak (peak
I11) is excited. By exciting these peaks, we design a dual-band tun-
able absorber.

3. Tunable Dual-Band Absorber

3.1. Structural Parameters and Material Selection

We increased the absorber period in the previous section to
2 pm, leading to the excitation of absorption peak III. The
position of peak I in LWIR is blueshifted, while peak II was
suppressed significantly, as shown in Figure 5c. To offset this
peak suppression, we altered certain parameters of the absorber,
including the position and thickness of the metal embedded in
the dielectric medium and the size of the two metal disks. From
the relationship between the absorption spectrum and structural
parameters of the equivalent LC model, it was inferred that
changing these parameters could achieve broadband absorption.
In response to tailoring these structural parameters, peaks I and
IT in the LWIR were restored, demonstrating that the proposed
structure can achieve broadband absorption in the LWIR region.

The choice of medium can affect the position of absorption
peak III. ZnS, which has a smaller refractive index than Si, is
investigated as an alternative dielectric medium.*83% Using ZnS
as the dielectric material, the absorption peak at 5.5 pm is blue-
shifted to the mid-wave infrared band; however, the thickness of
the absorber is increased. The structural parameters of the ZnS
dual-band absorber are as follows: P = 2 pm, w, = 1.5 pm, w,
= 1.56 pm, the thickness of the intermediate layer is 0.21 pm,
the distance from the lower surface of the embedded metal to
the underlying metal is h = 0.06 pm, and the thickness of the
medium is m = 0.5 pm.

3.2. Result Analysis

The simulated absorbance behavior for the ZnS structure using
the parameters listed above is shown in Figure 6. There is a
99.05% absorption peak at 4.59 pm with an 80% bandwidth of
0.66 pm, and the average absorption rate in the LWIR region of
8-12 pm reaches 90.5%. The average absorption in the region of
8-12 pm declines due to dielectric material changes. However,
the absorption mechanism is the same as described in the
previous section for the Si absorber.
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Figure 6. Absorption spectrum. The solid black line is the absorption spec-
trum of the dual-band absorber we designed. The blue dotted line is the
absorption spectrum without embedded metal. The purple dotted line is
the absorption spectrum of the broadband absorber with a small period
0.85pm mentioned in the previous chapter.
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In the previous section, increasing the period of the structure
for the equivalent LC model resulted in the appearance of an ad-
ditional absorption peak (peak III). To further analyze the origin
of the peak in the mid-wave infrared region further, we observed
the electromagnetic field distribution of the dual-band tunable
absorber at the mid-wave absorption peak, as shown in Fig-
ure 7a. Regarding the electric field distribution, the electric field
enhancement phenomenon occurred in both the upper layer and
the intermediate metal. There is a magnetic field enhancement
inside the middle layer and also a magnetic field enhancement on
both sides of each cell. Therefore, we infer that the excitation peak
[T is mainly a combination of PSPR and LSPR. It can be observed
from Figure 6 that there is a near-perfect absorption peak at
4.59 pm and that this strong absorption occurs in the 4-6 pm
range irrespective of the cell size. The near-perfect absorption
originates principally from the LSPR, which has a strong mag-
netic field enhancement phenomenon at 4.59 pm. The periodic
edge magnetic field enhancement phenomenon, which is related
to PSPR, not only occurs at 4.59 pm, but is also be observed in
the 4-6 pm range of the electromagnetic field distribution. This
suggests that PSPR has always contributed to absorption within
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the 4-6 pm wavelength range, with the absorption manifested
as a combination of different PSPR-enhanced peaks. Increasing
the periodicity of the absorber structure has a significant effect
on enhancing LSPR absorption. Observing the electromagnetic
field distribution of a small-period absorber in the 3-5 pm wave-
length range, we can see a strong PSPR phenomenon and a weak
LSPR phenomenon, which confirms the above conclusion. The
absorption due to PSPR complements that of LSPR, and thus
achieves near perfect absorption. In the absence of an interlayer
metal, the peaks in the region of LWIR and MWIR can also be
obtained by excitation. The electromagnetic field distribution is
shown in Figure 7b. Because there is no shielding effect of the
intermediate metal, the energy distribution of the intermediate
magnetic field is concentrated throughout the entire medium,
and the absorption peak is blue-shifted. In addition, the lack
of excitation peak in the LWIR region leads to a reduction in
bandwidth and absorption. This is consistent with the property
of the small-period structure.

3.3. Tuning Properties of Dual-Band Absorber

We studied the performance of the dual-band absorber in re-
sponse to tuning specific parameters; namely, the diameter of
the upper metal disk and the embedded metal disk only, with the
other condition invariant. We demonstrated that the absorption
band can be tuned in the LWIR region. We changed the size of w,
and set w, = w; — b, where b changes with the size of w; and w,.
For convenience, an approximate constant b of 0.6 pm was used
in the simulation. Figure 8a shows the relationship between ab-
sorption and wavelength with w, and w, change. As the param-
eter (w,) increases, the entire absorption band moves toward the
long wavelength. However, according to the analysis of the equiv-
alent LC circuit model above (Figure 5), it can be seen that the gap
between the metals affect the capacitance in the circuit, causing a
subsequent decrease in the absorption peak; therefore, w; cannot
Dbe too large when tuning the absorption peak.

The analysis of the equivalent LC circuit model also demon-
strated that changing the material of the dielectric layer changes
the impedance in the equivalent circuit, effecting the position of
the absorption peak. We investigated the behavior of the model
using three different materials,[3¥40 obtaining the result shown
in Figure 8b. When the material of the dielectric layer is changed,
the absorption peaks in both the MWIR and LWIR regions shift.
However, it is possible to readjust the absorption peaks via tailor-
ing the values of w; and w,; this has a large effect in the LWIR
region and less so for the MWIR region. By controlling the disk
diameters and the dielectric material selection, independent reg-
ulation of the absorption peak can be accomplished. In addition,
we replaced the underlying metal material and selected Al and Cu
to prove that replacing the underlying material has little effect on
the performance of the absorber. This is because the underlying
metal of the structure designed in this study does not participate
in the absorption mechanism and reflects light only.

4, Conclusion

In summary, we propose a simple metamaterial absorber design.
The absorption peak of the absorber corresponds to the LWIR and
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Figure 8. a) The absorption band of the long-wave infrared region is tun-
able. Changing the size of the middle and upper metal causes the position
of the absorption band of the long-wave infrared region to change. Differ-
ent color curves correspond to different top metal diameters(w;). b) The
effect of different medium materials on the absorption spectrum. The di-
electric and bottom metal materials are changed. In the legend, the first
halfis the dielectric material used, and the second halfis the bottom metal
material.

MWIR atmospheric windows. The absorber is composed of a pe-
riodic cell that consists of a bottom metal plate (Al), a top metal
disk (Ti), and an intermediate medium (Si or ZnS) in which a
metal disk (Ti) is embedded. When the size of the absorber cell
is 0.85 pm, it is possible to achieve broadband absorption by two
LSPR absorption peaks in the 8-12 pm wavelength range. In this
case, the average absorption by the structure was 92.1%. The ab-
sorption performance showed acceptable tolerance to changing
the incident irradiation angle. For a 2 pm absorber cell is, using
ZnS as the medium, not only is a wide band absorption with an
average absorption of 90.5% achieved between 8 and 12 pm, buta
99.05% absorption peak is excited at 4.59 pm also. Our analysis of
the absorption performance of the proposed design revealed that
the upper and middle metals are the key components of the ab-
sorption mechanism. By establishing an equivalent LC model of
the absorber, the reason for the absorption peak excitation can be
explained as follows: owing to the increase in the period, the dis-
tance between the metal disks of different cells increases, causing
the equivalent impedance in the LC circuit to increase, which in
turn leads to an increase in current. The increased current en-
hances losses in the metals, leading to an increase in absorption.
Based on the electromagnetic field distribution, we determined
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that absorption enhancement is driven principally by LSPR and
augmented by PSPR. Since the material and size parameters have
different effects on the absorption of the absorber in different
wavebands, the proposed design can realize a relatively indepen-
dent shift tuning of the absorption peak. By changing the diam-
eter of the metal disk, the position of the absorption peak in the
LWIR window can be shifted, and the effect of changing the di-
electric material on the absorption peak in MWIR is more no-
table. We hope that our design will help in the development of
metamaterial absorbers for application in thermal imaging and
infrared spectroscopy.
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