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An approach to realize a multiple-band perfect light absorber is demonstrated
using a simple metamaterial design featuring a composite metallic structure
consisting of a closed ring and a rectangular patch atop a metallic substrate
separated by an insulator. Three narrow-band and discrete resonance peaks
with nearly 100% absorption rates are obtained. The first absorption peak is
due to the dipole resonance of the closed ring, while the last two absorption
peaks are caused by the coupling effect of the closed ring and rectangular
patch. The field distribution of the three absorption peaks is given to provide
additional evidence. Unlike traditional multiple-band light absorbers that
eliminate (or avoid) the interaction between the metallic array structures, our
design is based on the mode coupling of the composite structure. This method
can obviously reduce the number of metallic resonators, simplify the structure
design and reduce fabrication costs.
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INTRODUCTION

Over the past few years, studies on metamaterials
have attracted wide interest from a vast number of
researchers owing to their remarkable and exotic
properties that cannot be directly obtained in
natural materials. These properties include a neg-
ative refractive index,1 electromagnetic stealth and
cloaking,2 and a perfect lens.3 However, these
demonstrations on metamaterials are mainly
focused on the acquisition of novel and exotic
physical properties, and are not linked to the
functional device designs. It has been reported that
metamaterials have enormous potential applica-
tions and business opportunities in functional
devices. This is why we have witnessed the

explosive development of functional devices based
on metamaterials in recent years.4–9 Metamaterial
perfect light absorbers,9 as a typical representative
of functional devices, have become the latest
research hotspot because of their strong absorption
capacity and ultra-thin insulator thickness.

The design scheme of the perfect light absorber
consisting of two metallic pattern structures sepa-
rated by an insulator was firstly demonstrated by
researchers from Boston College in 2008.9 A single
resonance absorption peak with the absorbance of
96% at a frequency of 11.5 GHz can be obtained in
this sandwich structure. More importantly, the
thickness of the insulator used in this microwave
absorber is only 1/35 of the given resonance wave-
length,9 which is far less than that of the electro-
magnetic devices of a Salisbury screen10 and
Jaumann absorber11 with the 1/4 resonance wave-
length. As a result, the suggested metamaterial
absorber can significantly reduce the thickness of the(Received October 22, 2019; accepted July 16, 2020;
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resonance device, thereby reducing the costs of fabri-
cation and processing, as well as the merit of being
lightweight. Due to these remarkable advantages,
metamaterial absorbers have been extensively studied
in recent years, and their working frequencies are no
longer limited to the microwave bands and have been
gradually extended to every technology-related fre-
quency domain.12–20 Unfortunately, these reported
metamaterial absorbers have only one resonance
absorption peak (or single-band absorption). This is
highly disadvantageous in many practical applications.

To overcome the shortcomings of single-band
absorption, it is necessary to increase the number
of absorption peaks. To this end, many researchers
have made significant efforts to design multiple-
band metamaterial absorbers.21–54 From the per-
spective of the number of resonance peaks, these
multiple-band metamaterial absorbers can be
divided into dual-band absorption, triple-band
absorption, and even quad-band absorption. Two
different-sized metallic resonators21–24 and four
metallic resonators with two sets of different
sizes25–29 were suggested to realize dual-band
absorption. In these structures, each resonator has
only one resonance absorption peak, and thus the
superposition effect of two absorption peaks with
discrete resonance frequencies gives rise to dual-
band absorption. Taking into account this design
idea, triple-band absorption and even quad-band
absorption can be easily obtained by employing a
greater number of metallic elements having differ-
ent dimensions.30–45 For example, the use of three
concentric closed-ring resonators,30,31 four or five
metallic elements,32–34 eight closed-ring resonators
with four sets of concentric structures,35 and even
nine elements with three sets of different sizes36–40

has been able to achieve triple-band absorption.
In this paper, we employ the coupling and inter-

action of two differently shaped resonators to achieve
the triple-band light absorber. The two resonators
are the closed-ring resonator and rectangular patch,
which are connected to form the metallic composite
structure. Three narrow-band and discrete reso-
nance modes with nearly 100% absorbance at tera-
hertz frequency are realized. The near-field
distribution of the three absorption bands provides
insight into the physical origin of the triple-band
absorption. It is revealed that the first absorption
peak is derived from the dipole resonance of the
closed ring, while the last two absorption modes
come from the strong interaction between the two
resonators. The influence of structure parameters on
its absorption performance can provide additional
explanation for the resonance mechanism.

STRUCTURE DESIGN AND MODEL

The triple-band terahertz absorber consisting of
three functional layers is illustrated in Fig. 1a. The
first and third functional layers are both made of
Au, whose conductivity is r = 4.09 9 107 S/m, and

are separated by an insulator with thickness of
t = 12 lm and dielectric constant of 3(1 + i0.05).
The roles of the two Au layers are different. The first
one provides the strong interaction with the inci-
dent waves, while the second serves as the sub-
strate, which can completely block the light. The
first Au layer is actually a composite structure
consisting of a closed ring and rectangular patch
(see Fig. 1b). The closed ring has the same size of
a = 80 lm in length and width, and its line width is
w = 5 lm. The rectangular patch has a length of
l = 30 lm and width of d = 60 lm. The metallic
composite structure is placed on the unit cell with
the period of P = 100 lm. The finite difference time
domain method with the appropriate boundary
conditions is used to simulate its absorption perfor-
mance. The incident light source is a plane-wave
beam with the direction of x-axis polarization, which
is perpendicular to the array along the + z direction.

RESULTS AND DISCUSSION

Figure 2a exhibits the absorption curve of the
designed absorber under the vertical radiation of
the light beam. It is observed that three sharp
resonance peaks with nearly 100% absorbance are
obtained. The first absorption peak is localized at
R1 = 0.67 THz, while the frequencies of the last two
bands are localized at R2 = 2.00 THz and R3 = 2.29
THz. Compared to previous triple-band metamate-
rial absorbers with many different sizes of res-
onators (see Table I), the structure designed here
requires only two connected resonators to achieve
triple-band absorption performance, which could
provide for better structure optimization and
design. Results further demonstrate that the
absorption bandwidths of the three modes are all
smaller than 0.10 THz. These properties, including
multiple absorption bands, large absorbance, nar-
row bandwidth, and simple structural design, are
quite important in practical applications.

In previous designs, it has generally been impos-
sible to achieve triple-band absorption using two
metallic resonators. Therefore, we predict that a
coupling effect between the two resonators should
exist, and only the existence of coupling can realize
this kind of abnormal resonance performance. To

Fig. 1. (a) Three-dimensional schematic diagram of triple-band
metamaterial absorber. (b) Two-dimensional schematic diagram of
triple-band metamaterial absorber.
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determine the existence of the coupling and the
specific circumstances of coupling, we present the
absorption curves of the absorbers with a closed ring
and a rectangular patch. Note that the parameters
of the absorber with a closed ring (or rectangular
patch) are the same as those of the absorber with
the composite structure in Fig. 1, except that there
is no rectangular patch (or no closed ring).

It can be seen from the blue curve in Fig. 2b that
there are two absorption bands (marked as R4 and
R5) for the absorber with the closed ring, while only
one resonance mode (marked as R6) is found for the
absorber having the rectangular patch (see the
green curve of Fig. 2b). Compared with three
absorption modes (R1, R2, and R3) in the red curve
of Fig. 2b, two points can be observed clearly.
Firstly, the mode R4 is very close to the absorption
band R1, which means that the mechanism of mode
R1 should be the same as that of mode R4. Secondly,
the resonance frequency of mode R6 is close to that
of mode R5. However, the properties (including the
resonance frequency and the absorbance) of modes
R5 and R6 are both different from the last two
absorption modes R2 and R3, indicating that the

mechanism of modes R2 and R3 is caused by the
coupling of the closed ring and rectangular patch.
On the basis of the above analysis, we know that the
operating mechanism of mode R1 should result from
the first mode (R4) of the closed ring, while the
formation of modes R2 and R3 should be attributed
to the coupling between the closed ring and rectan-
gular patch.

To analyze the physical mechanisms of modes R1,
R2, and R3, it is necessary to investigate the origins
of modes R4 and R5 of the closed ring and R6 of the
rectangular patch. It can be seen from Fig. 3a that
the |E| field of mode R4 is mostly concentrated on
the edges of the closed ring; its Ez field in Fig. 3b
exhibits the similar distribution characteristic that
is gathered in both sides of the closed ring. These
field patterns prove that mode R4 is due to the
dipole resonance of the closed ring. Correspond-
ingly, the mechanism of mode R6 should be the
dipole resonance of the rectangular patch, because
its |E| and Ez fields are both distributed at both
sides of the rectangular patch (see Fig. 3e and f).
Because the length of the closed ring differs from
that of the rectangular patch, their frequencies are

Fig. 2. (a) Resonance absorption curve of triple-band metamaterial absorber; (b) curves of red, blue, and green are respectively the absorption
response of the metamaterial absorber with a metallic composite structure, a closed ring, and a rectangular patch (Color figure online).

Table I. Comparison between the designed triple-band metamaterial absorber and previous ones

References
Number of

sub-resonators
Coupling

considered?
Physical

mechanism Absorption peaks Construction steps

30 3 No Mode superposition Independently adjustable Complex
31 3 No Mode superposition Independently adjustable Complex
32 4 No Mode superposition Independently adjustable Complex
33 4 No Mode superposition Independently adjustable Complex
34 5 No Mode superposition Independently adjustable Complex
35 8 No Mode superposition Independently adjustable Complex
36 9 No Mode superposition Independently adjustable Complex
37 9 No Mode superposition Independently adjustable Complex
38 9 No Mode superposition Independently adjustable Complex
39 9 No Mode superposition Independently adjustable Complex
40 9 No Mode superposition Independently adjustable Complex
This work 2 Yes Mode coupling Mutual restriction Simple
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different. Furthermore, the field distribution of the
second mode (i.e., mode R5) of the closed ring in
Fig. 3c and d is mainly clustered in both middle
sides along the electric field direction and the
corners of the closed ring, which indicate that mode
R5 is caused by the quadrupole resonance in the
closed ring.

We next give the field distribution of the three
resonance modes R1, R2, and R3 to investigate their
formation mechanisms. As revealed in Fig. 4a and
b, the |E| and Ez fields of mode R1 are primarily
concentrated on both edges of the closed ring, while
the fields in the rectangular patch are neglected.
The fields of mode R1 are very similar to those of
mode R4 of the closed ring in Fig. 3a and b,
indicating that mode R1 is the dipole resonance of
the closed ring. For modes R2 and R3 (see Fig. 4c–f),
their fields are both focused not only on the edges of
the closed ring but also on the edges of the
rectangular patch, showing that the coupling
between the two resonators gives rise to the two
resonance modes. Furthermore, the fields of mode
R2 in Fig. 4c and d (or mode R3 in Fig. 4e and f) are
accumulated at the four corners and both middle
sides of the closed ring, which show the quadrupole
resonance performance. For the rectangular patch,
it is observed that the fields of modes R2 and R3 are
both focused on both sides of its own structure, and
this clearly exhibits the characteristic of dipole
resonance. Therefore, the mechanisms of modes R2
and R3 in the metallic composite structure mainly
result from the coupling of the quadrupole reso-
nance in the closed ring and the dipole resonance in
the rectangular patch. However, the gather inten-
sity of the fields of these two modes in specific
positions is different. As observed in Fig. 4c–f, the
field distribution intensity of mode R2 in the edges
of the closed ring is larger than that of mode R3 in
the same positions of the closed ring, while the field
gather intensity of mode R2 in both sides of
rectangular patch is smaller than that of mode R3

in the same positions. As a result, modes R2 and R3
should be attributed to the different coupling inten-
sity of quadrupole resonance of the closed ring and
dipole resonance of the rectangular patch.

Table I shows the comparison between the
designed absorber and previous ones. Previously
reported absorbers usually have a large number of
sub-resonators. So many sub-resonators gathering
in the unit cell will inevitably lead to some issues,
such as time-consuming structure optimization,
cumbersome construction steps, and high cost. More
importantly, these absorbers try to avoid the cou-
pling between the sub-resonators and use the
superposition effect of the localized resonance mode
of sub-resonators themselves to achieve the triple-
band absorption. It would be quite interesting to
introduce some coupled (or interacted) resonators in
the design of triple-band absorbers. The introduc-
tion of coupling between the sub-resonators can
generally reduce the number of sub-resonators,
thereby solving the issues encountered in previous
absorbers. In other words, the absorber designed
here using only two coupled sub-resonators is
totally different from previous ones; therefore,
many potential applications could be found for the
suggested absorber. Although previously reported
absorbers have some disadvantages, they share
common features that their absorption peaks could
be independently adjusted, which is not possible in
this manuscript. The main reason is that the
physical mechanism of the designed absorber is
mainly attributed to the strong interaction between
the sub-resonators, and therefore slight changes in
the structure should significantly affect all absorp-
tion peaks.

The changes of structure parameters can provide
additional evidence to analyze the physical origin of
the three absorption peaks. As revealed in Fig. 5a,
the length change of the rectangular patch shows
the obvious ability to control modes R2 and R3,

Fig. 3. (a) and (b) are respectively the |E| and Ez field profiles of
mode R4; (c) and (d) are respectively the |E| and Ez field profiles of
mode R5; (e) and (f) are respectively the |E| and Ez field profiles of
mode R6.

Fig. 4. (a) and (b) are respectively the |E| and Ez field profiles of
mode R1 of the triple-band metamaterial absorber; (c) and (d) are
respectively the |E| and Ez field profiles of mode R2 of the triple-band
metamaterial absorber; (e) and (f) are respectively the |E| and Ez
field profiles of mode R3 of the triple-band metamaterial absorber.
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while mode R1 is nearly unchanged because its field
distribution in the rectangular patch is very weak
and can be negligible. Furthermore, there may be
some absorption peaks which are not part of the
frequency range of interest because the frequencies
of modes R2 and R3 are intensely influenced by the
length (l). For l = 20 lm, there are only two absorp-
tion peaks, which means that the designed struc-
ture has the ability to tune the number of
absorption peaks when the length l is varied.
Additionally, according to the field profiles of modes
R1, R2, and R3, it is predicted that the length
change of the closed ring should affect the perfor-
mance of all absorption peaks. As shown in Fig. 5b,
the properties of the three absorbers are indeed
strongly controlled by the length of the closed ring.

CONCLUSION

In conclusion, we present a scheme to achieve the
simple design of a multiple-band metamaterial
absorber at terahertz frequency using a metallic
composite structure consisting of a closed ring and
rectangular patch atop a metallic substrate sepa-
rated by an insulator. Three nearly 100% absorption
peaks with narrow bandwidths are realized. The
first absorption peak with lower frequency results
from the dipole resonance of the closed ring, while
the last two absorption bands are caused by differ-
ent coupling of quadrupole resonance in the closed
ring and dipole resonance in the rectangular patch.
The influence of dimension changes in the composite
structure on the resonance performance of the
metamaterial absorber is discussed. Compared with
prior multiple-band absorbers using many sub-
resonators, the suggested device has the obvious
merits of simple structural design, a small number
of sub-resonators, and novel physical mechanism.
These factors are quite important in designing
multiple-band absorbers, and thus the given absorp-
tion device could have considerable potential for
application in terahertz technology.
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