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Multiple-band metamaterial absorbers have been widely reported using the co-planar or
layered design methods. However, these obtained absorption devices are of complex
structure, large unit size, heavy weight, and time-consuming construction steps. Herein,
an alternative design strategy is suggested to realize the multiple-band absorption at
terahertz frequency. By introducing air gaps into the rectangular metallic patch, the
original rectangular resonator can be divided into multiple sub-structures (or separated
sections), and the combined effect of the localized resonance response of these
sub-structures (or separated sections) gives rise to the multiple-band absorption. More
importantly, the size, position and number of air gaps play the important roles in
controlling the resonance performance of the absorption peaks and even in regulating the
amount of the absorption peaks. Compared with the existing multiple-band absorption
design strategies, the proposed approach does not increase the unit size, nor need to
stack multiple layers, which provides important guidance for the design of multiple-band
terahertz metamaterial absorbers with simple, compact, and easy to fabricate for
full details.

Keywords: metamaterial, terahertz, perfect absorber, multiple-band absorption, rectangular patch resonator

INTRODUCTION

Metamaterial absorbers, as an important branch of metamaterial-based resonant devices, have
attracted wide attention because of their near-perfect absorption to the incident beam, ultra-thin
dielectric layer thickness, and adjustable operating performance [1-3]. In view of these excellent
properties, metamaterial absorbers can be extensively used in selective thermal emitter, solar
energy harvesting, surface enhanced Raman scattering, refractive index sensing, and so on [2, 3].
Metamaterial absorbers are usually consisted of three functional layers that are, respectively, the
top patterned metallic structure and the bottom metallic mirror separated by the middle insulating
dielectric layer. The three functional layers have different roles in realizing the perfect absorption.
Please refer to Review works in [2] and [3] for details. Under their guidance, various of top
metallic structures for the perfect absorption has been wide-ranging investigated [4-8], such as
metallic cross, electric-ring resonator, loop frames, rectangular patch, etc. However, metamaterial
absorbers designed by these structures have similar disadvantages of single absorption band or
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single-band absorption. It is foreseeable that the single-band
absorption device will inevitably have some limitations in
applications. In order to avoid these potential limitations, the
design of the multiple-band metamaterial absorbers is urgently
needed [2, 3].

Multiple-band metamaterial absorbers mean that they enable
perfect absorption at several discrete frequency points. According
to the number of frequency points [9-28], the multiple-band
absorption devices can be divided into dual-band absorption,
triple-band absorption, quad-band absorption, and even more.
In terms of design ideas, the principles of these multiple-band
metamaterial absorbers are similar that they are resulted from the
combined effect of the single resonance response of each metallic
resonator. As a result, the multiple-band metamaterial absorbers
require metallic resonators with not less than the number of their
own absorption peaks. In terms of implementation modes, the
realization of the multiple-band metamaterial absorbers usually
has two methods. One of which is the co-planar design method
for placing multiple sub-resonators [9-21]. However, this type of
design is at the expense of increasing the interaction of the sub-
arrays (resulting in weak absorption strength) and expanding the
unit size (resulting in large and non-compact structure size). The
another strategy is the layered design method formed by several
metallic sub-resonators with different sizes [22-28]. However,
the layered design has the complex structure and thick structure
size, which leads to the heavy weight of the device and the time-
consuming construction processes. Either the co-planar design or
the layered design is not an ideal way to realize the multiple-band
perfect absorption. The fascinating method should be combined
with the advantages of being as small size or compact as possible,
ultra-thin, light weight, and easy to fabricate. However, such
multiple-band metamaterial absorbers are rarely reported at
this stage.

In this paper, an alternative design method for multiple-
band perfect absorption is proposed. By introducing air gaps
into the rectangular metallic patch, the introduction of the air
gaps can split the original rectangular patch resonator into
several separated parts or sections. The superposition effect
of the localized resonance responses of the several separated
sections exhibits the ability to gain the multiple-band absorption
at terahertz frequency. The performance of the multiple-band
absorption shows a significant dependence on the gap sizes,
number, as well as the gap position in the rectangular patch.
Compared with the existing design technologies of realizing
multiple-band absorption [9-28], the multiple-band absorption
device has some superior features, especially it does not increase
the transverse and longitudinal dimensions of the basic cell, so it
can effectively avoid the coupling effect of the sub-structures in
the large-sized co-planar design method and can avoid the time-
consuming fabrication steps and complex structure faced in the
layered design approach. Therefore, the multiple-band terahertz
metamaterial absorber should have a wide range of application
prospects in the terahertz technology related fields, including
terahertz imaging, terahertz detection, terahertz sensing, etc.

The framework of this manuscript is as follows: In “Design of
single-band absorption” section, we first use a rectangular patch
to obtain the single-band absorption at terahertz frequency. The

physical origin of the single-band absorption is investigated. Its
mechanism is mainly derived from the three-order resonance
response of rectangular patch. We also evaluate the influence
of the rectangular patch sizes on the single-band absorption.
In “Design of dual-band absorption” section, an air gap is
introduced into the rectangular patch, and its introduction can
divide the rectangular patch into two separated sections. The
combination effect of the localized resonance response of the
two separated sections can gain the dual-band absorption. The
near-field patterns of the dual-band absorption as well as the
dependence of the dual-band absorption on the changes in the
gap position and sizes are also demonstrated to further explain
its formation mechanism. In “Design of triple-band absorption”
section, a more air gap is introduced into the rectangular patch,
three separated sections are obtained due to the introduction of
the two air gaps. Results show that each separated section has the
single localized resonance mode, and the combination of these
resonance modes in the three separated sections leads to the
triple-band absorption. The relevant dimensions of air gaps have
a considerable influence on the resonance performance of the
triple-band absorption. In “Conclusion” section, we summarize
the results of each section and conclude the whole manuscript.

DESIGN OF SINGLE-BAND ABSORPTION

Side-view and top-view of the basic cell of the single-band
metamaterial absorber are, respectively, shown in Figures 1A,B.
Three layers of top metallic resonator, ultra-thin middle
insulating medium layer having thickness of + = 4.1 pum and
dielectric constant of 3(14+:0.06), and bottom metallic board with
thickness larger than the skin depth of incident beam are utilized
to realize the single-band absorption. The top metallic resonator
is actually a rectangular patch, it has the length of | = 94 pm and
width of w = 44 um. The basic cell of the single-band absorption
has periodic dimensions of a = 100 pm along the x-axis and b =
70 wm along the y-axis.

We use commercial simulation software FDTD Solutions,
which is based on the finite difference time domain method,
to analyze and study the resonance performance, and near-
field patterns of the designed absorption devices, including the
single-band absorption, dual-band, and triple-band absorption
in the following sections. During the analysis, periodic boundary
conditions along the x and y directions are applied to reveal the
periodic arrangement of absorption device, while the perfectly
matched layers are employed in the z direction to absorb
the unnecessary scattering. A plane light source with x-axis
polarization propagating along the z direction radiates into the
absorption device from top metallic resonator to bottom metallic
board. The absorption AA is obtained from the AA = 1—TT—
RR, of which the TT and RR are, respectively, the transmission
and reflection of the metamaterial. Since the thickness of the
bottom metallic board is greater than the skin depth of the
incident beam, the TT = 0. Then the AA could be expressed by
AA =1—RR.

But the need to pay attention to is that the sizes of
rectangular patch, the thickness and dielectric constant of middle
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FIGURE 1 | (A) Side view of the metamaterial absorber having the single-band, dual-band, and triple-band absorption; (B) Top view of the single-band metamaterial
absorber; (C) Top view of the dual-band metamaterial absorber; (D) Top view of the triple-band metamaterial absorber.
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FIGURE 2 | (A) Absorption response of the single-band metamaterial absorber, of which the insets (I) and (Il) are, respectively, the electric and magnetic field patterns
of the maximum absorption peak at 2.57 THz; (B) Dependence of the absorption response on the length (/) change of the rectangular patch resonator.
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insulating medium layer, the periodic dimensions of basic cell,
the calculation model and its boundary conditions are unchanged
in the whole manuscript unless otherwise specified. In other
words, except for the introduction of air gaps into the rectangular
patch, there is no other parameter changes for the dual-band
and triple-band absorption in the following sections. Therefore,
the advantage of this method (by introducing air gaps into the
rectangular patch) in this manuscript is that the multiple-band
absorption can be obtained without increasing the cell sizes
horizontally and vertically, which is totally different from the

previous design strategies.

Under the preset parameters and appropriate calculation
model, the absorption response of the metallic rectangular
patch resonator is shown in Figure2A. Single resonance
absorption peak with the frequency of 2.57 THz is obtained.
To insight into the physical mechanism of the single-band
absorption, near-field distributions of this absorption peak
at 2.57 THz are given in Insets (I) and (II) of Figure 1A.
It is observed that its electric field in Inset (II) is mostly
concentrated on the edges of the rectangular resonator, and its
magnetic field in Inset (I) presents strong aggregation effect
in the middle insulating medium layer under the rectangular
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patch resonator. These near-field patterns reveal that this
absorption peak is mainly caused by the localized resonance
response of the rectangular patch resonator. We further
observed that the magnetic-field patterns of the absorption
peak have three obvious aggregation areas (or nodes), which
is confirmed that this absorption peak at 2.57 THz is due
to the third-order localized resonance of the rectangular
patch [29, 30].

Because the absorption peak originates from the third-order
(localized) resonance response of the rectangular patch resonator,
the change in rectangular patch sizes should strongly affect the
frequency of the absorption peak. As revealed in Figure 2B,
the single-band absorption peak frequency exhibits blue-shift
with the increase of the rectangular patch length ([). This
resonance feature gives us the opportunity to design multiple-
band metamaterial absorber by introducing air gaps into the
rectangular patch so that the rectangular patch resonator can
be divided into several separated sections with different lengths.
The combined effect of the localized resonance response of each
separated section should provide the possibility of realizing the
multiple-band absorption. This advantage of this method is that
it does not increase the structure size of the absorption device
and or need to stack multiple metallic resonators, so this strategy
has a lot of merits over traditional design methods of co-planar or
layered, such as small size or compact structure design, ultra-thin,
light weight and easy to fabricate. The following two sections will
discuss in details how to use this method of introducing air gaps
into the basis of the original rectangular patch resonator to design
multiple-band absorption.

DESIGN OF DUAL-BAND ABSORPTION

In this section, we mainly investigate and study the realization
of the dual-band absorption. In the process of realization, an
(or single) air gap needs to be introduced into the original
rectangular patch resonator. The top-view of the dual-band
absorption is demonstrated in Figure 3A or Figure 1C. The
introduced air gap has the gap (g) of ¢ = 6 um, and width (w)
of w = 44 pm. The distance between the introduced air gap and
the rectangular patch center is represented by 8, here we set § =
10 pm. Because § is not equal to 0, the introduced air gap can
split the original rectangular patch into two separated metallic
sections having different lengths. As observed in Figure 3A,
the length of the left separated metallic section is larger than
that of the right separated metallic section. As observed in
Figure 3B, two discrete resonance absorption peaks with near
100% absorbance are gained, in which the absorption peak with
the lower frequency at 1.50 THz is labeled as mode A, while the
absorption peak with the higher frequency at 2.25 THz is labeled
as mode B. In fact, the below Figure 5B shows that the value of
8 (i.e., the position of air gap into the rectangular patch) plays
an important role in regulating the resonance performance of
dual-band absorption.

In order to analyze and investigate the formation mechanism
of the two absorption peaks A and B, the near-field patterns
of them are given, as demonstrated in Figure 4, of which the

Figures 4A,C are, respectively, the electric field patterns of the
absorption peaks A and B in the center plane of the top metallic
array, while the magnetic field patterns of the absorption peaks A
and B in the middle insulating dielectric layer under the metallic
array are presented in Figures 4B,D, respectively. We first study
the physical mechanism of absorption peak A, it is found that
its electric field in Figure 4A is mainly localized at both edges
(or sides) of the left separated metallic section. In the meantime,
its magnetic field in Figure 4C is mostly concentrated on the
middle insulating dielectric layer under the left separated metallic
section. The electric and magnetic field patterns of the absorption
peak A indicate that the localized resonance response of the left
separated metallic section is the operating mechanism of the
absorption mode. We further found in Figure 4C that there is
only one strong magnetic field aggregation area (or node) for
absorption peak A, which shows that this absorption is caused by
the first-order localized resonance response of the left separated
metallic section [29, 30]. Unlike the case of the absorption
peak A that its electric and magnetic fields are mainly related
to the left separated metallic section, the near-field patterns of
the absorption peak B are primarily associated with the right
separated metallic section. In detail, the electric field of the
absorption peak B in Figure 4B shows the strong enhancement
effect at both sides of the right separated metallic section, and
its magnetic field with one strong aggregation area (or node) is
mostly distributed at the middle insulating dielectric layer under
the right separated metallic section, see Figure 4D. These near-
field distributions reveal that the formation of the absorption
peak B is chiefly due to the first-order localized resonance
response of the right separated metallic section [29, 30]. From
these analyses, it can be seen that the superposition effect of the
first-order localized resonance response of the two (or left and
right) separated sections leads to the dual-band absorption.

Because the absorption peaks A and B are associated with
the left and right separated metallic sections, respectively, the
size changes in the specific section will affect its corresponding
resonance performance. As shown in Figure 5A, the gap (g) of
the air gap into the rectangular patch play an important role in
controlling the resonance frequencies of the absorption peaks
A and B. The frequencies of them exhibit the similar moving
trend, that is, with the increase of the gap (g), they are both
gradually increasing. This is a known fact that the resonance
(or absorption) frequency of the localized resonance response
is inversely proportional to the metallic resonator length. The
larger the metallic resonator length, the smaller the absorption
frequency. As the rectangular patch length (I) remains unchanged
in whole manuscript, the larger the gap (g), the smaller the
separated metallic section length, corresponding to the larger
absorption frequency.

The resonance frequencies of the absorption peaks A and B
can also be adjusted by varying the position (§) of the air gap into
the rectangular patch as well as the length of the rectangular patch
itself. As revealed in Figure 5B, the resonance frequency of the
absorption peak A gradually decrease with the increase of the air
gap position (8), while the frequency of the absorption peak B is
increasing gradually. With the increase of the air gap position (§),
the length of the left separated metallic section becomes larger,
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while the length of the right separated metallic section decreases,
resulting in the opposite movement trend of their respective
absorption frequencies. Obviously, when the air gap position (5)
is equal to zero, the left separated metallic section length is the
same as that of the right, thus only one absorption peak should
be realized. As given in the black curve of the Figure 5B, it is
true that only one absorption peak labeled as mode C. According
to the near-field patterns of the mode C in Figures 5D,E, the
formation mechanism of this mode is mainly derived from the
first-order localized resonance response of the two (or left and
right) separated metallic sections with identical sizes. In addition,
when the length (I) of the rectangular patch itself is increasing, it
will increase the lengths of the left and right separated metallic

sections at the same time, resulting in the simultaneous decrease
of the absorption peaks A and B, as shown in Figure 5C.

DESIGN OF TRIPLE-BAND ABSORPTION

The introduction of more air gaps into the rectangular patch has
the ability to achieve the perfect absorption at more frequency
bands. As a typical example, this section presents the realization
of the triple-band metamaterial absorber using two air gaps with
the identical sizes into the rectangular patch. The top-view of
the triple-band absorption device is illustrated in Figure 6A (or
Figure 1D). The two air gaps have the same gap (g) of g =6 um
and width (w) of w = 44 pum. The center of the left (or first)
air gap coincides with the rectangular patch center, while the
distance between the right (or second) air gap and the rectangular
patch center is § = 20 um. Because of the different positions
of the two air gaps into the rectangular patch, the original
rectangular patch resonator can be divided into three separated

Frontiers in Physics | www.frontiersin.org

August 2020 | Volume 8 | Article 308


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Wang et al. Multiple-Band Terahertz Metamaterial Absorber

1.0

peak C

Em

—e—I=94pm

A . —i—F 98m|

1 2 3
Frequency (THz)

0.0

=
=
05
2.0.5
S
=
7]
)
<
0.0 : : : : :
1 2 3
LOF Frequency (THz)
= : :
205}
b : H
(= H :
7] H H
= : :
<« —=—=90pum : :

omims

FIGURE 5 | Dependence of the absorption response of the dual-band metamaterial absorber on the size changes of the gap (g) in (A), position (§) in (B), and
rectangular patch length () in (C); (D,E) are, respectively, the electric and magnetic field patterns of the absorption peak C at 1.75 THz.

1.0

>
o2}
-
L=
ey

=]
B

=
(V)]
T
"Eany [ R
Tl
Ll LT
L0 =
r

Absorption

=
=

2
Frequency (THz)

FIGURE 6 | (A) Top view of triple-band metamaterial absorber; (B) Absorption response of the triple-band metamaterial absorber.

metallic sections, of which the left section has the longest length,  of 1.82 THz is labeled as the mode D, and the last two absorption
the right section is the second, and the middle section is the  peaks localized at the frequencies of 2.83 THz and 2.93 THz are,
smallest. As shown in the absorption spectral of Figure 6B, respectively, marked as modes E and F.

three distinct absorption peaks with near perfect absorbance are To insight into the physical origin of the triple-band
realized. The first absorption peak with the resonance frequency  absorption, near-field patterns of the three absorption peaks
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magnetic field patterns of the absorption peak E at 2.83 THz; (E,F) are respectively the electric and magnetic field patterns of the absorption peak F at 2.93 THz.
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D, E, and F are presented, as given in Figure 7, of which the
Figures 7A,B are, respectively, the electric and magnetic field
patterns of the absorption peak D in the center plane of the top
metallic array and the middle insulating dielectric layer under
the top metallic array, the electric and magnetic field patterns
of the absorption peak E (or F) in the center plane of the top
metallic array and the middle dielectric layer under the top
metallic array are, respectively, demonstrated in Figures 7C,D
(or Figures 7E,F). In detail, for absorption peak D, its electric
field in Figure 7A is chiefly focused on both edges (or sides)
of the left separated metallic section along the electric field
direction of the incident beam, and the magnetic field of the
absorption peak with one strong aggregation area (or node)
is mostly concentrated on the insulating dielectric layer under
the left separated metallic section, see Figure 7B. These field
patterns prove that the absorption peak D is resulted from the
first-order localized resonance response of the left separated
metallic section. Considering the distribution characteristics of
the electric and magnetic fields in Figures 7C,D, the physical
mechanism of the absorption peak E should be come from the
first-order localized resonance response of the right separated
metallic section.

Different from the resonance mechanism of the absorption
peaks D and E, the formation of the absorption peak F is not
due to the localized resonance response of the single separated
metallic section (or a specific separated section), but to the
superposition effect of the separated metallic sections. The
enhanced electric field patterns are not only distributed on both
edges of the middle separated metallic section, but also on
the edges of the left and right separated metallic sections, see
Figure 7E. The enhanced magnetic fields also have the similar
distribution characteristics that they are not only focused on the
insulating dielectric layer under the middle separated metallic
section, but also on the insulating dielectric layer under the left
and right separated metallic sections, see Figure 7F. It should
be noted that the proportion of electric field distributions in
the left separated metallic section is significantly lower than
that of the other separated metallic sections, and the magnetic
field patterns in the insulating dielectric layer under the top
separated metallic sections have also the similar features that
the proportion of the magnetic fields in the left insulating
dielectric layer is obviously smaller than that of the other
two parts. It is revealed that the formation of the absorption
peak F is mostly attributed to the hybrid effect of the first-
order resonance response of the middle and right separated
metallic sections.

The geometric parameters of the introduced air gaps,
including the gap (g) and the position (8), play the rather
important role in controlling the performance of the triple-band
absorption device. It can be seen from Figure 8A that resonance
frequency of the absorption peak D is strongly affected by the
position shift of the left (or first) air gap, while the last two
absorption peaks E and F show the slight frequency movements.
The resonance frequency of the absorption peak D can also be
controlled by varying the gap (g) of the left (or first) air gap,

see Figure 8B. Different from the case of the parameter changes
of the left (or first) air gap that mainly regulate the resonance
frequency of the absorption peak D, the size changes of the right
(or second) air gap chiefly affect the absorption peaks E and
E while the frequency movement of the absorption peak D is
nearly unchanged, see Figures 8C,D. These results indicate that
triple-band absorption with specific resonance frequencies (or
application demands) can be realized by independently adjusting
the parameters of the air gap.

CONCLUSION

In conclusion, this manuscript presents the design of multiple-
band terahertz metamaterial absorber by introducing air gaps
into the rectangular patch resonator. The introduction of
the air gaps can split the original rectangular patch into
several separated metallic sections having different lengths.
The superposition effect of the first-order localized resonance
response of each separated metallic section results in the
multiple-band absorption. The near-field patterns of each
absorption frequency point are given to investigate the physical
origin of the multiple-band absorption. Results further prove
that the parameters of the air gaps, including their gap and
position into the rectangular patch, possess large ability in tuning
the absorption frequencies of the multiple-band metamaterial
absorber. The strategy proposed here, which is different
from the existing one, could provide important guidance
for the design of the next generation of the multiple-band
metamaterial absorbers.
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