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Abstract
This paper presents a kind of perfect metamaterial absorber that can achieve multiple-band near-perfect absorption. The basic cell
of the device is designed by using an analogy split-ring resonator (ASRR), an insulating dielectric sheet, and a continuous
metallic board. Three discrete absorption peaks with narrow bandwidths and high absorption rates are obtained. The ratios of the
dielectric sheet thickness to the wavelengths of the three absorption peaks are respectively 1/100, 1/59, and 1/43, which are all
smaller than prior triple-band absorption devices. With the aid of the field distributions, the mechanism of the device is
investigated. Results also demonstrate that the device performance can be controlled by the parameters (in particular of the
length) of the ASRR. Based on this, a six-band terahertz metamaterial absorber is designed via simply stacking two different
dimensions of ASRRs. We found that the dual-layer structure can exhibit six narrow-band absorption bands, each of which has
the absorption of over 90%. The mechanism of the six-band light absorber is caused by the combination of two sets of three
different modes of the two layers.
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Introduction

Perfect absorption devices based on metamaterials, with the
ability to achieve near 100% absorption to the incident waves,
have attracted widespread attention [1–15]. Various geometri-
cal shapes of resonators, such as nano-disk [1], metallic cross
[2–4], and split-ring [5–7], have been theoretically and exper-
imentally reported to realize the perfect absorption. These de-
vices, however, typically exhibit single-band (or single-
frequency point) absorption because their unit cell has only
one metallic element [1–15]. However, in many cases, such as
simultaneous analysis and detection of multiple frequency
points, the use of single-band absorption devices is inappro-
priate and unreasonable. To overcome the limitations of the
single-band absorption devices, the design concept of multi-
ple-band, in particular of triple-band absorbers is emerged
[16–45]. The first presentation of the triple-band microwave
absorber in the year of 2011 was made of three nested electric

closed-ring resonators [26]. Some similar structures based on
three nested ring/square metallic elements were also proposed
to obtain triple-band absorption [27–29]. In these structures,
however, each of the resonators corresponds to an absorption
peak, the superposition of the three discrete peaks results in
the triple-band absorption [27–30].

There are also researchers suggesting that triple-band
absorption devices can be realized by placing more (larger
than 3) number of resonators in a coplanar structure. For
example, four electric-field-driven resonators [31] and four
spiral metallic elements [32] were designed to respectively
realize the triple-band absorption. Eight electric closed-
ring resonators in a coplanar structure were suggested to
exhibit three distinct absorption bands at microwave region
[33]. Unit cell consisting of nine elements was utilized to
achieve triple-band absorption [34–40]. In these designs,
each absorption peak of the triple-band devices usually
corresponds to two and even three metallic elements.
This is why these triple-band devices require at least four
metallic elements.

To reduce the number of metallic resonators in the unit cell,
simplified design of structures in achieving the triple-band
absorption has been suggested [41–45]. For example, two
resonators in a coplanar structure were employed to offer three
microwave absorption bands [41]. Triple-band microwave ab-
sorption device was designed through using composite
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structure of two metallic resonators [42]. Triple-band micro-
wave perfect absorbers can be obtained by respectively inves-
tigating the structures of a tetra-arrow ring resonator [43] and a
snowflake-shaped metallic element with spiral line [44].
Besides, a unit cell based on two modified closed-ring reso-
nators was also presented for triple-band absorption [45].

Although these structures can achieve excellent perfor-
mance of the triple-band absorption, some shortcomings are
suffered from in these strategies. Firstly, the structures them-
selves are quite complex, and they contain many geometric
parameters, which increase the optimization times and con-
struction steps of the structure designs. Secondly, these pre-
sented triple-band absorption devices only work in the micro-
wave region, which prohibits their practical use to some ex-
tent. Thirdly and most importantly, it is quite difficult to de-
sign perfect absorption devices with more frequency bands of
such as five-band or six-band through using above- mentioned
methods. Therefore, it would be nice and very useful to design
a new type of perfect absorption device that can overcome
these drawbacks.

In this paper, we demonstrate a kind of resonance structure
that can significantly simplify the design complexity of the
triple-band perfect absorption device at terahertz frequency
consistimg of an Au square patch with a small rectangular
notch placed on top of an insulation dielectric sheet and
backed by an Au mirror. The designed structure has the ability
to achieve 95.68%, 96.73%, and 95.69% absorption at fre-
quencies of 1.77 THz, 2.99 THz, and 4.11 THz, respectively.
The mechanism of the device is discussed with the aid of the
field distributions in the three resonance modes. Dependence
of the performance on the parametric variations of the resona-
tor is investigated. It is revealed that the resonator length is a
critical factor in controlling the resonance frequencies of the
triple-band absorption device. On this basis, a six-band
terahertz perfect absorption device is presented through sim-
ple stacking two similar but different dimensions of the reso-
nators. Each layer of the structure possesses three discrete
resonance peaks, the combination of the two layers leads to
the six-band absorption. These characteristics of the designed
devices are clearly superior to previous design of the triple-
band perfect absorption devices, and therefore the devices
obtained here can offer wide application prospects.

Design Principles of theMultiple-Band Perfect
Metamaterial Absorber

Generally speaking, using metallic patch to achieve perfect
absorption is a very simple structure design, which has been
extensively demonstrated from the optical to microwave re-
gime. Bowen et al. utilized metallic patch antenna to realize
perfect absorption in a visible region [46]. Similar structure
was also employed to achieve unity absorption in a

microwave frequency range [47]. However, there is only one
absorption peak in a specific spectrum range; this will limit
their application potential in optical engineering. To increase
the number of absorption peaks in this particular spectrum, the
most direct and simple way is to increase the number of me-
tallic patches in the unit cell. For example, Guo et al.
employed two groups of four different sizes of metallic
patches in a coplanar unit structure to achieve perfect absorp-
tion at two discrete frequencies (or dual-band perfect absorp-
tion) [36, 48]. In this frequency range, triple-band perfect ab-
sorption was obtained by adding one more group of metallic
patches (i.e., three groups of nine different sizes of patches)
[36]. Obviously, these devices share the same design princi-
ples that merely consider (or use) the fundamental mode res-
onance response of metallic patch. According to this design
principle, metamaterial absorbers with four different absorp-
tion peaks at least require four groups of sixteen metallic
patches having different sizes. This kind of theoretical predic-
tion (or design principle) is verified [49, 50].

Although the use of simple design of metallic patch can
have the ability to achieve perfect absorption at multiple dis-
crete frequencies (or multiple-band perfect absorption), this
kind of strategy possesses many uncontrollable issues, includ-
ing complex structure design, large lattice size, time-
consuming construction processes and steps, low absorption
intensity, and similar or single physical mechanism. These
shortcomings should be addressed when new type of
multiple-band metamaterial absorbers is designed. It can be
predicted that using a single metallic array to achieve
multiple-band absorption can clearly overcome these men-
tioned issues. Therefore, the aim of this paper is to design
the new type of multiple-band metamaterial absorber using
as few resonators as possible (preferably one only) to address
these disadvantages encountered by using many patches with
different sizes.

With this idea in mind, the next challenge is how to design
this metallic array structure. The first thing we think about
here is the metallic patch because it is widely utilized to
achieve perfect absorption at single-band, dual-band, triple-
band, and even quad-band [36, 46–50]. For the patch-based
absorbers, we found that the forming mechanisms of each
absorption peak are all caused by the fundamental mode res-
onance response of the specific size of metallic patch. As a
result, near-field maps of the resonance absorption peak are
chiefly focused on edges of the metallic patch [36, 46–50]. It
is generally known that any kind of metallic structure, includ-
ing metallic patch, has only one fundamental mode resonance,
which can help us understand why previous multiple-band
metamaterial absorbers need many different sizes of resona-
tors. More importantly, the near-field maps of fundamental
mode resonance are symmetrically distributed at the edges
of the metallic resonator (or patch) along the polarization di-
rection (or electric field direction) of the incident

Plasmonics (2019) 14:1789–18001790



electromagnetic wave. It is important to note that the near-
field maps of the fundamental mode resonance are not abso-
lutely distributed at two edges of the metallic patch, but have a
certain length of extension to the resonator from the edges of
the metallic patch.

This feature gives us the opportunity to break the symmetry
of the initial near-field distributions of the metallic patch by
introducing some asymmetric factors, such as rectangle notch
(or air gap), in the near-field enhanced areas or sections. In
other words, the near-field maps of the metallic resonator
could be rearranged through, for example, the introduction
of the air gap in the near-field enhanced areas of the metallic
patch. It can be predicted that the introduction of the air gap
(or rearranged near-field distributions) in the near-field en-
hanced areas of the metallic patch possesses the ability to
introduce some new resonance modes, and thus multiple res-
onance absorption peaks should be obtained. Therefore, we
believe that single metamaterial resonator with slightly de-
formed metallic patch structure is an effective way to realize
the multiple-band absorption because this kind of structure
design can rearrange the near-field distributions of the resona-
tor, introduce some new resonance modes, enrich the reso-
nance mechanism of the multiple-band absorption, simplify
structure design of the device, enhance the device absorption
intensity, reduce construction process and cost, and thus the
designed device is obviously different from the previous strat-
egies using many different sizes of metallic patches and can
have great application prospects in optical engineering.

Design of Triple-Band Terahertz Perfect
Metamaterial Absorber

The structure schematic of the simplified design of the
triple-band absorber is illustrated in Fig. 1. The device
consisted of two Au layers (having the conductivity of
4.09 × 107 S/m) separated by an insulting dielectric sheet
with thickness of 1.7 μm and refractive index of n = 1.73 +
i0.01. The first Au layer is a pattern resonator formed by a
square patch with a small rectangular notch. In fact, the
metallic patch with an air gap has many similarities with
the metallic split-ring resonator, but it is not the standard
(or ordinary) metallic split-ring [51–54]; therefore, the res-
onator suggested here can be called the analogy split-ring
resonator (ASRR). The second is a continuous film, which
can block the light transmission. The square patch has the
length of l = lx = ly = 35 μm; the small rectangular notch
(or air gap) has the length of g = 8 μm, width of d = 15 μm,
and deviation value of △ = 8 μm. The absorber has the
period of P = Px = Py = 42 μm. Numerical simulations
and analyses of spectral responses of the absorption device
are carried out using finite-difference time domain method.
A plane terahertz wave with the electric field polarized in

x-axis is perpendicularly radiated into the resonance struc-
ture. Suitable boundaries of perfectly matched layers in the
z direction and periodic boundary conditions in both direc-
tions of x and y are utilized.

The absorption A of the device can be expressed as A =
1 – T − R, where T and R are respectively the transmission and
reflection of the structure. T can be totally suppressed because
of the existence of the Au film, and therefore A is simplified as
A = 1 − R. Perfect (or near-perfect) absorption can be obtained
by minimizing the reflection R. Simulation results of Fig. 2a
exhibit three separated resonance bands centered at 1.77 THz
(M1), 2.99 THz (M2), and 4.11 THz (M3), each of peak has
near 100% absorption. In addition to large absorption, the
bandwidths of the three peaks (M1, M2, and M3) are quite
narrow, which are respectively 0.08 THz, 0.13 THz, and
0.09 THz. The quality factors (Q, the ratio values of the fre-
quency to the bandwidth) of modes M1, M2, and M3 are
22.13, 23.00, and 45.67, respectively. We also noted that the
dielectric thickness (1.7μm) of the device is only about 1/100,
1/59, and 1/43 of the resonance wavelengths of modes M1,
M2, and M3, respectively, which indicates that the device
possesses the characteristics of the deep-subwavelength scale.
These excellent performances (large absorption rate, narrow
absorption bandwidth, and ultra-thin dielectric thickness) are
very useful in practical applications.

Compared with previous triple-band absorption devices
having the shortcomings of complicated resonance structure,
large size of basic cell, time-consuming construction process-
es and steps, low absorption intensity, and similar or single
resonance mechanism [34–40, 46–50], the triple-band device
presented here can not only overcome these issues but also
extend the number of the resonance peaks through simply

Fig. 1 a Structure schematic of the simplified design of the triple-band
terahertz absorption device. b Top view of the basic cell of the designed
absorber
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stacking several ASRRs. Figure 2 b gives the absorption spec-
tra of the designed device in two orthogonal polarizations. As
shown, only one absorption peak is obtained when the electric
field of the incident light is parallel to the y-axis (i.e., 90°
polarization), which is different from the case of 0° polariza-
tion (electric field polarized in x-axis) having triple-band ab-
sorption. Results indicate that the designed device is sensitive
to the polarization angles of incident light, which can be ex-
plained by the asymmetry of the ASRR.

The dependence of the absorption spectra on period P
changes of the absorber is given to preliminarily investi-
gate the resonance mechanism of the triple-band absorp-
tion. As shown in Fig. 2c, the absorption properties (in-
cluding resonance frequency and absorptivity) of modes
M1, M2, and M3 are all nearly unchanged when period P
is tuned from 39 to 45 μm in intervals of 3 μm. It is well
known that the operating frequency of the localized reso-
nance response of the resonator is insensitive to the change
of period P. Therefore, the three absorption modes should
be respectively attributed to three different localized reso-
nances of the ASRR. We further provide the absorption
responses of the Au square patch with/without the small
rectangular notch (or air gap) to investigate whether the
presence of air gap plays an important role in obtaining
the triple-band absorption. That is to say, we would like
to know the difference in their absorption properties, of
course, which can provide a new perspective on the mech-
anism interpretation of the triple-band absorption. It can be
seen from blue curve of Fig. 2d that only one absorption

peak at frequency of 2.25 THz with absorption of 80.94%
can be obtained when there is without air gap in the square
patch (i.e., Au patch structure or patch antenna structure
[55, 56]), while the introduction of the air gap in the Au
square patch (or ASRR) can lead to three discrete reso-
nance bands, which suggests that the presence of air gap
in the metallic patch is critical in realizing the triple-band
absorption. Particularly, we noticed that the resonance fre-
quency of metallic patch structure has no any overlap (or
adjacence) with three peaks of the ASRR. This point states
that the resonance mechanism of the triple-band absorption
is quite different from that of single-band absorption of the
metallic patch structure.

Fig. 3 a–c respectively give the field distributions of |E|
(in the center plane of the metallic resonator), real Ez (in
the center plane of the metallic resonator), and |Hy| (in the
plane of y = 0) of the single-band absorption of the metallic
patch structure. Both of the |E| in Fig. 3a and real Ez in
Fig. 3b are symmetrically distributed at both sides of the
metallic patch structure along the x-axis (see the dotted line
frames in this resonator). We also observed that its |Hy|
field is mostly gathered in the dielectric sheet of the device.
These field distributions suggest that the single-band ab-
sorption peak originates from the magnetic resonance of
the metallic patch structure. Additionally, the |E| distribu-
tion of the single-band absorption of the ASRR in 90°
polarization (see blue curve in Fig. 2b) is shown in
Fig. 3d. Its |E| field is mainly focused on the top and bot-
tom sides of the resonator along the y-axis (see the dotted

Fig. 2 aAbsorption spectra of the
design of the triple-band terahertz
absorption device. b Absorption
spectra of the designed device in
two polarization directions. c
Absorption spectra of the de-
signed device with the change of
the period P. d Red and blue
curves are respectively the simu-
lation results of the metallic patch
resonator with air gap and without

Plasmonics (2019) 14:1789–18001792



line frames in this resonator), which is very similar to that of
the absorption of the metallic patch structure in 0° polarization
along the x-axis. Therefore, the mechanism of the single-band
absorption of the ASRR in 90° polarization should be due to
the magnetic resonance of the metallic resonator.

To reveal the mechanism of the triple-band absorption, the
corresponding field (|E| and real Ez) distributions of modes
M1, M2, and M3 are provided in Fig. 4. As shown, the |E| and
real Ez fields of the three modes are not symmetrically distrib-
uted at the sides of the ASRR, but are distributed over some

Fig. 4 The a |E| and d real Ez
field distributions of modeM1 for
the triple-band absorption device.
The b |E| and e real Ez field dis-
tributions of mode M2 for the
triple-band absorption device.
The c |E| and f real Ez field dis-
tributions of mode M3 for the
triple-band absorption device

Fig. 3 (a) The |E|, (b) real Ez, and
(c) |Hy| field distributions of the
resonance absorption peak in
metallic patch resonator without
air gap. (d) The |E| distribution of
the designed triple-band absorp-
tion device in 90° polarization
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specific areas or sections of the resonator. Specifically, the |E|
field of mode M1 in Fig. 4a is mainly concentrated on both
sides, in particular on the top both sides, of the ASRR (see the
dotted line frames in this resonator), and its real Ez field in
Fig. 4d has the similar distribution feature that is mostly fo-
cused on the top both sides of the resonator (see the dotted line
frames in this resonator), which indicates that mode M1 is the
electric dipole resonance of the ASRR. For resonance mode
M2, we observed that the |E| field of Fig. 4b (or real Ez field of
Fig. 4e) is not only clustered in the bottom both sides of the
ASRR but also both sides of the air gap of the metallic patch
(see the dotted line frames in this resonator), which show that
mode M2 should be attributed to the coupling of two different
localized responses of the metallic resonator (or the electric
quadrupole resonance of the ASRR). Different from the cases
of modes M1 and M2, the |E| field and real Ez field of mode
M3 are both chiefly accumulated at the left-top both sides of
the ASRR (see the dotted line frames in Fig. 4c, f), and thus
mode M3 should be attributed to the electric resonance along
the width of the wider arm of the ASRR coming from the non-
symmetric notch position. Because the field distributions of
the three modes are all gathered on both sides (or edges) of the
different sections of the ASRR, modes M1, M2, and M3
should be attributed to the localized responses of different
sections of the ASRR.

We also noticed that the |E| and real Ez distributions of
modes M1, M2, and M3 are totally different from the case
of the single-band absorption of the metallic patch structure

in Fig. 3a, b that are equally distributed at both sides of the
metallic patch structure, which show that the introduction of
air gap in the metallic patch can destroy the original field
distribution of the resonator, and therefore three new field
distributions (or resonance modes) are introduced. That is to
say, the presence of air gap in the metallic patch is a key factor
in achieving the triple-band absorption. Certainly, the size
changes of the air gap inevitably affect the performance of
the device. As shown in Fig. 5a–c, the parameter changes of
the air gap indeed affect the absorption properties of the triple-
band device. However, different parameter variations of the
air gap show different performance changes. The change of
the air gap length g in Fig. 5a mainly influences mode M3,
while the parameter change of the air gap width d in Fig. 5b
(or air gap deviation value of △ in Fig. 5c) affects not only
mode M3 but also modes M1 and M2. These change features
show that the performance of the triple-band absorption can be
controlled by employing different parameters of the air gap.

We further found that the metallic resonator length l also
shows large influence on the absorption performance of the
triple-band device. It can be seen from Fig. 5d that the reso-
nance frequencies of the three modes are all blue-shift with the
increase of length l, while the absorption strength changes of
the three modes are negligible, which are different from the
parameter variations of the air gap in Fig. 5a–c having large
absorption strength changes. This kind of excellent absorption
characteristic only regulates the resonance frequency without
affecting the absorption strength and can be used to extend the

Fig. 5. Simulation results of the
triple-band absorption device
with the changes of the a g, b d, c
△, and d l
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number of resonance peaks. As a special example, a six-band
absorption device can be obtained by simply stacking two
different dimensions of ASRRs. The detailed discussion of
the six-band absorption device is presented in the next section
of this manuscript.

As mentioned in the last two paragraphs of the BDesign
principles of the multiple-band perfect metamaterial absorber^
section, it is quite difficult to realize more number of absorp-
tion peaks (larger than three) with large absorbance via intro-
ducing two or more air gaps in the metallic patch structure. To
give the intuitive results, the resonance absorption curves un-
der different number of air gaps (or different position of the air
gaps) are given in Fig. 6. It should be noted that these air gaps
have the same structure sizes, such as length g and width d.
For Fig. 6a, it is found that the metallic patch with a single air
gap (i.e., the designed ASRR) has the results of three discrete
resonance peaks with large absorption rates, while metallic
patch with two or more air gaps under different positions
possess the ability to decrease the number of absorption peaks
or reduce the absorption intensity of the resonance bands (see
Fig. 6b–f). These results reveal that we cannot increase the
number of absorption peaks through introducing more
amounts of air gaps having different positions in the metallic
patch. The cause of this phenomenon is given in the last par-
agraph of the BDesign principles of the multiple-band perfect
metamaterial absorber^ section. As a result, the number of
absorption peaks can be effectively increased by using stacked
design strategy, as illustrated in the next two sections.

Design of Six-Band Terahertz Perfect
Metamaterial Absorber

As discussed in Fig. 5d, the length l change of the ASRR can
obviously affect the frequencies of the triple-band absorption
device, while the strength changes of the three modes are
negligible. Based on this, we can design a type of six-band
terahertz absorption device by simply stacking two similar but
different sizes of the ASRRs, where each layer of the ASRR
possesses three discrete resonance peaks, and the combination
of the two layers has the ability to achieve the six-band ab-
sorption. Figure 7 a gives the side view of the design of the
dual-layer six-band absorption device. As shown, the basic
cell of the device is consisted of two alternating stack of
ASRRs and dielectric sheets on top of a metallic film. The
top views of the first and second layer of the ASRR are given
in Fig. 7b, c, respectively. The ASRRs in the first and second
layer have lengths of l1 = 32 μm and l2 = 40 μm, respectively.
The air gap in both layers of the metallic patch has the same
parameters of g = 8 μm, d = 15 μm, and △ = 8 μm. The repeat
period of the basic cell of the six-band device isP = Px = Py =
45 μm. The thicknesses of the first and the second,layer of the
dielectric sheets are respectively t1 = 1.5 μm and t2 = 2.2 μm.
The computational model, boundary conditions, and the ma-
terial properties (including the metallic conductivity and the
refractive index of the dielectric sheet) of the six-band
terahertz absorption device are the same as the triple-band
absorption in Fig. 1.

Fig. 6 (a), (b), (c), (d), (e), and (f) provide the resonance absorption curves under different number of air gaps (or different position of the air gaps). Insets
of each figure are the top view of the basic cell of resonator with different number of air gaps (or different position of the air gaps)
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Six discrete absorption peaks at resonance frequencies of
1.52 THz (M1), 1.90 THz (M2), 2.47 THz (M3), 3.22 THz
(M4), 3.51 THz (M5), and 4.41 THz (M6) with average ab-
sorption rates of 95.05% can be obtained in the simulation
result of Fig. 7d. The resonance bandwidths of the six discrete
modes are quite narrow, which are respectively 0.10 THz,
0.12 THz, 0.10 THz, 0.15 THz, 0.06 THz, and 0.11 THz,
and the corresponding Q values are 15.20, 15.83, 24.70,
21.47, 58.50, and 40.09, respectively. Compared with the res-
onance wavelengths of the six modes, furthermore, the dielec-
tric sheet thickness (t1 + t2 = 3.7 μm) of the six-band absorp-
tion device is very thin. The minimum (or maximum) reso-
nance wavelength of the six-band absorption device in mode
M6 (or M1) is about 18.39 (or 53.34) times of the dielectric

sheet, which reveals that the designed device has the reso-
nance feature of ultra-thin dielectric sheet thickness. Three
excellent properties of large absorption rates, narrow reso-
nance bandwidths, and the ultra-thin dielectric sheet thickness
of the six-band absorption device are very useful in practical
applications.

To explore and analyze the resonance mechanism of the
six-band terahertz absorption device, the corresponding |E|
field distributions of the six discrete modes are provided, as
shown in Fig. 8. The first row (or line) of Fig. 8 (defined as
L1) gives the |E| distributions of the six modes in the center
plane of the first layer of ASRR, while the |E| distributions in
the center plane of the second layer of ASRR are shown in the
second row (or line) of Fig. 8 (defined as L2). It can be seen

Fig. 7 a The side view of the
design of the six-band terahertz
absorption device. b, c The top
view of the first layer and the
second layer of the ASRRs, re-
spectively. d Absorption spectra
of the designed six-band absorp-
tion device

Fig. 8 The |E| field distributions of modes M1(a), M2 (b), M3 (c), M4 (d), M5 (e), and M6 (f) of the first layer of ASRR. The |E| field distributions of
modes M1 (h), M2 (i), M3 (j), M4 (k), M5 (m), and M6 (n) of the second layer of ASRR
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from L1 and L2 that the |E| field distributions of the six dis-
crete modes are mostly focused on the edges of the ASRRs in
the dual-layer resonance structure, which prove that these
modes are caused by the localized resonance responses of
the two ASRRs. However, the |E| field distributions of each
resonance mode of the six-band device in the dual-layer
ASRRs are different. To be specific, for the first resonance
mode M1, its |E| field is mainly gathered in the edges of the
ASRR in the second layer, while the |E| field in first layer of
the ASRR can be neglected (see Fig. 8a, h). For modeM2, we
observed that its |E| field is primarily concentrated on the first
layer of the ASRR (see Fig. 8b), whereas the second layer of
the ASRR has a neglected field distribution (see Fig. 8i). The
|E| fields of modes M3 and M4 are mainly respectively fo-
cused on the second layer of the ASRR in Fig. 8j and the first
layer of the ASRR in Fig. 8d.

Different from the cases of modes M3 and M4, the field
distributions of modes M5 and M6 are primarily clustered in
the edges of the ASRR in the second layer and the first layer,
respectively (see Fig. 8m, f). According to these electric field
distribution characteristics, we can conclude that modes M1,
M3, and M5 are mainly associated with excitation of the sec-
ond layer of the ASRR (i.e., the L2), while modes M2, M4,
and M6 are primarily the consequence of excitation of the
ASRR in the first layer (i.e., the L1). We particularly found
that the field distributions of modes M1, M3, and M5 (or
modes M2, M4, and M6) in the second layer of the ASRR
(or first layer of the ASRR) are respectively similar to that of
modes M1, M2, and M3 of the triple-band terahertz absorp-
tion device in Fig. 4, which indicates that each layer of the
dual-layer structure corresponds to three different resonance
modes, the combination effect of the two sets of the three
resonance modes leads to the six-band absorption response.

Because modes M1, M3, and M5 (or modes M2, M4, and
M6) are determined by the ASRR in the second layer (or the
first layer), the dimension changes of the ASRR inevitably

affect the resonance frequencies of the six-band device. For
example, the length change of the first layer of the ASRR
should provide the ability to tune the resonance frequencies
of M2, M4, and M6 of the six-band absorption device, while
the resonance frequencies of modes M1, M3, and M5 should
be controlled by the size of the ASRR in the second layer.
Simulation results of Fig. 9a show that the resonance frequen-
cies of modes M2, M4, and M6 indeed can be affected
through the length l1 change of the ASRR in the first layer,
while the frequency shifts of modes M1, M3, and M5 are
nearly neglected. We further found that length l2 variation of
the ASRR in the second layer can evidently influence the
absorption performance of modes M2, M4, and M6, whereas
the absorption response changes of other modes (M1,M3, and
M5) are negligible (see Fig. 9b). Dependence of the absorp-
tion performance on the length changes of the ASRR can
provide new path to control the resonance frequencies of the
six-band absorption device and can broaden the application
abilities of the device.

Design of More Number of Absorption Peaks

This section indicates that the six-band light absorber can
be obtained by stacking two layers of ASRRs. It is pre-
dicted that more amounts of absorption peaks can be real-
ized by stacking one more ASRR (i.e., three layers of
ASRRs). To verify this prediction, this section gives the
design of three layers of ASRRs, and its side view is
demonstrated in Fig. 10a. As revealed, the basic cell of
the three-layer structure has three alternating stack of
ASRRs and dielectric gaps atop of a metallic board. The
top views of the first, second, and third layer of the ASRR
are respectively shown in Fig. 10b–c. The lengths of these
ASRRs in the first, second, and third layer are respectively
l1 = 28 μm, l2 = 38 μm, and l3 = 58 μm. The thicknesses

Fig. 9 The simulation results of the designed six-band absorption device with the changes of l1 (a) and l2 (b)
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of the three dielectric gaps in the first, second, and third
layer are t1 = 2.1 μm, t2 = 3 μm, and t3 = 2.2 μm. The air
gap in the three layers of the ASRRs has the same sizes of
g = 8 μm, d = 15 μm, and △ = 8 μm. The basic cell of the
three-layer structure has the period of P = Px = Py =

66 μm. Other structure parameters, including dielectric
constant of the dielectric gap and conductivity of the me-
tallic layer, are the same as the triple-band absorption de-
vice in Fig. 1.

The absorption response of the three layers of the ASRRs is
shown in Fig. 11a; it is observed that eight absorption peaks
centered at M1 = 1.16 THz, M2 = 1.56 THz, M3 = 1.76 THz,
M4 = 2.01 THz, M5 = 2.55 THz, M6 = 3.43 THz, M7 =
3.74 THz, and M8 = 3.99 THz having the absorption coeffi-
cients of 98.07%, 98.06%, 67.51%, 95.75%, 98.66%,
95.68%, 95.55%, and 95.49% are gained, respectively; the
average absorption coefficients of the eight absorption modes
are greater than 93.10%. Compared with the two layers of
ASRRs having six-band absorption, it is clear that more ab-
sorption peaks can be obtained by employing three layers of
ASRRs.

Simulation results further prove that the length change
of each layer of ASRR can provide large influence on the
resonance performance of the eight-band absorption de-
vice. For example, the length (l1) variation of the first
layer of ASRR in Fig. 11b mainly affects the resonance
performance of modes M4, M6, and M7, while the chang-
es of the other modes are negligible. This indicates that the
forming mechanisms of modes M4, M6, and M7 should be
derived from the resonance responses of the first layer of
ASRR. The physical causes of modes M2, M5, and M8
should be due to the second layer of ASRR because its
length l2 plays a vital role in controlling the resonance
frequencies of modes M2, M5, and M8 of the eight-band

Fig. 11 (a) Absorption response
of the three layers of the ASRRs.
Absorption response of the three
layers of the ASRRs under
different length variations of l1
(b), l2 (c), and l3 (d)

Fig. 10 (a) Side view of the basic cell of the three-layer structure. Top
views of the first (b), second (c), and third (d) layer of the ASRR

Plasmonics (2019) 14:1789–18001798



absorption device (see Fig. 11c). Similarly, the resonance
peaks at modes M1, M3, and M7 should be primarily
associated with the excitation of the third layer of ASRR
because the change in length l3 can remarkably affect the
three absorption bands (see Fig. 11d).

Conclusions

This paper presents the study of the triple-band perfect
absorption device in the terahertz region. The unit cell
of the device can be designed through utilizing an Au
square patch with a small rectangular notch (or ASRR),
1.7-μm thickness of insulating dielectric sheet, and a
continuous metallic film. The presented device can offer
three discrete absorption peaks with large absorption,
narrow resonance bandwidth, ultra-thin dielectric layer
thickness, and simple structure design. The correspond-
ing field distributions of the three resonance modes are
given as insight into the resonance mechanism of the
triple-band absorption device. We also noted that the
parameter changes of the ASRR (in particular of its
length) can obviously affect the absorption performance
of the triple-band absorption device. Based on this fea-
ture, a kind of six-band terahertz absorption device is
presented through stacking two similar but different di-
mensions of ASRRs. Each metallic layer of the ASRR
corresponds to three separated absorption modes, and
the superposition of two sets of three resonance bands
in the dual-layer structure leads to the six-band absorp-
tion. Further results prove that the length variations of
the two ASRRs in the dual-layer structure can provide
the ability to tune or control the frequencies of the six-
band absorption device. The multiple-band terahertz
metamaterial absorbers demonstrated here can find appli-
cation prospects in many fields, such as opto-electronic
and engineering.
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