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Abstract

Multiple-band metamaterial absorbers as an important branch of metamaterial-based resonant devices have shown considerable
application prospects in real life. However, current designs have many shortcomings in the realization of multiple-band absorp-
tion, including complex pattern structure, time-consuming fabrication steps, and strong interaction between sub-elements.
Herein, a simple design of multiple-band metamaterial absorber based on single metallic resonator is presented. Basic cell of
the multiple-band absorption is formed by a square metallic patch (cut by a concentric air gap) placed on a metallic mirror
separated by an insulating medium material. The metamaterial structure can interact strongly with the incident beam to produce
the fundamental mode resonance, third-order resonance, and two other resonances resulted from the concentric air gap intro-
duction. The combining effect of the four discrete resonance modes provides the ability to achieve quad-band absorption. The
quad-band absorption shows great dependence on the structure dimensions. Based on this, we further design a kind of multiple-
band absorption having the adjustable number of absorption peaks by introducing photosensitive silicon material in the initial
area of the air gap. The number of resonance peaks can be tuned flexibly from quad-band absorption to dual-band absorption by

changing the conductivity (i.e., material property) of photosensitive silicon material.

Keywords Terahertz metamaterial - Perfect absorber - Quad-band absorption - Closed-ring resonator

Introduction

Metamaterial perfect light absorbers as one of the most excit-
ing topics have attracted much attention because of its impor-
tant uses [1]. Since the metamaterial perfect light absorbers
were first demonstrated in 2008 [2], many types of
metamaterial absorption devices have been suggested to meet
different application requirements [3—6]. For example, single
cross-shaped structure can be used to realize single-band ab-
sorption performance [7]. Dual-band/triple-band polarization
insensitive metamaterial absorber was presented by using
different-sized square metallic patches [8]. Many other shapes
of structures, such as split-ring resonator [3], elliptical
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resonator [4], spiral resonator [5], and closed-ring resonator
[6], have been suggested to meet different application require-
ments. Among these structures, closed-ring resonator has
attracted special research interest due to its simple resonance
structure. In view of this, closed-ring resonator-based
metamaterial absorbers have been widely suggested [6,
9-19]. Through combing and analyzing a large number of
references, it is found that closed-ring resonator-based
metamaterial absorption devices mainly focus on multiple-
band absorption, i.e., the multiple-band metamaterial
absorbers.

However, these multiple-band metamaterial absorbers
using closed-ring resonators have many common features [6,
9-19]. Firstly, each closed-ring resonator in these multiple-
band metamaterial absorbers typically exhibits single absorp-
tion peak caused by the localized resonance response of the
closed-ring resonator itself; the superposition effect of multi-
ple localized resonance responses having different frequencies
results in the multiple-band absorption. As a result, the basic
cell of the multiple-band absorption absorbers exhibits a con-
siderable number of closed-ring resonators having different
dimensions. These closed-ring resonators will inevitably have
strong interaction, which leads to the degradation of the
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overall absorption performance of the multiple-band
metamaterial absorbers. Secondly, so many closed-ring reso-
nators are usually arranged in two common ways in the basic
cell, which are, respectively, the coplanar and stacked.
However, the coplanar arrangement has the shortcomings of
large cell size (not in line with the current trend of compact
design) and strong interaction between these closed-ring res-
onators (resulting in low absorbance). Accurate alignment be-
tween layers and time-consuming fabrication steps are the
obstacles that stacked design strategy cannot overcome. It is
urgent to design new kind of multiple-band metamaterial ab-
sorbers having compact structure, as few resonators as possi-
ble and high absorption intensity.

In this paper, a new type of quad-band absorption device
based on simple design of metamaterial structure is demon-
strated. Its basic cell is formed by a square metallic patch cut
by a concentric air gap and an insulating medium material
placed on a metallic ground plane having the thickness larger
than the skin depth of the incident beam. The designed struc-
ture can have strong interaction with the incident beam,
resulting in four discrete absorption peaks. The mechanism
of the quad-band absorption is investigated; it is revealed that
surface metallic structure respectively possesses the funda-
mental mode resonance response, third-order resonance re-
sponse, and two new resonance responses resulted from the
introduction of the concentric air gap in the square metallic
patch; and the combination of these four resonance responses
results in the quad-band absorption. Results further show that
the resonance performance of quad-band absorption device
exhibits large dependence on the surface metallic structure,
including the square patch length and the introduced air gap
length, which have a considerable degree of freedom to design
the metamaterial absorber with specific structure dimensions
according to different application needs.

Compared with the current design strategies to gain the
multiple-band absorption, the results obtained here should
have the following advantages. Firstly, the multiple-band ab-
sorption device only uses one metallic surface structure,
which is obviously superior to the existing multiple-band
metamaterial absorbers that the number of metallic resonators
is typically greater than (or at least equal to) the resonance
peaks of the multiple-band absorption [6, 9-19]. This suggests
that it can simplify the surface structure design of the multiple-
band metamaterial absorbers. Secondly, the utilization of the
single metallic resonator should have the smaller cell dimen-
sion over previous designs, which is in line with the current
trend of compact structure design and therefore provides the
possibility to simplify the fabrication processes of the
metamaterial absorption devices. Thirdly, the underlying
physical origin of the quad-band absorption is derived from
the combination of the fundamental mode resonance response,
third-order resonance response, and other two new resonance
responses in the surface metallic resonator, which is obviously
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different from the previous designs that only employ the sin-
gle resonance response of the metallic element. From this
point of view, the design proposed here can expand or enrich
the working mechanism of existing multiple-band
metamaterial absorbers to a certain extent. In addition, consid-
ering the different working mechanism, the influence of struc-
ture dimensions on the absorption performance is also
different.

Materials and Design

The schematic of the quad-band metamaterial absorption de-
vice is consisted of only a patterned metallic array and an
insulating medium material on top of a metallic board having
the thickness larger than the skin depth of the incident beam
(see Fig. 1a and b). The upper and lower metallic layers are
both constructed by the gold (Au) with the fixed conductivity
of 4.09 x 10" S/m. The insulating medium material between
the upper and lower metallic layers is polyimide, which has a
thickness of #= 15 um and dielectric constant of 1.733 + i0.06.
The lossy intermediate material plays the rather important role
in achieving the perfect absorption at terahertz or longer wave-
lengths [1].

The surface (or top) structure of the basic cell actually is a
square metallic patch cut by a concentric air gap. The length
and width of the square metallic patch are both /= 60 wm. The
introduced concentric air gap into the square metallic patch
has the same dimensions of the length and width, which are
both /; =26 pm. According to this, the line-width of the sur-
face metallic structure is (/—/;)/2=17 um, which is larger
than that the common metallic resonators [6, 9—19]. Of course,
the ratio of line-width to resonator length is also larger than
that of common metallic resonators in [6, 9-19]. It is found
that large line-width is the key to achieve quad-band absorp-
tion response.

The basic cell is periodically arranged in the directions of x-
and y-axis having the dimensions of P = Px = Py =65 pum. In
order to achieve the expected results, commercial numerical
simulation software (FDTD Solutions 8.6-version) is adopted
to solve the Maxwell equations based on the finite-difference
time-domain method. A plane electromagnetic wave vertical-
ly irradiates the designed metamaterial structure along the po-
sition direction of the z-axis (from the surface metallic struc-
ture to the bottom metallic board). Periodic boundary condi-
tions are applied in both directions of x- and y-axis; perfectly
matching layers are employed along the z-axis (or the incident
beam propagation direction).

The absorption of the designed metamaterial structure is
expressed by A=1 — T — R, of which the A is the absorption
rate and 7" and R are, respectively, the rates of transmission and
reflection. We can get the perfect absorption when the 7'and R
are both suppressed (or equal to zero). The transmission 7' is
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Fig. 1 a Side view and b top view
of the quad-band metamaterial
absorber. ¢ Absorption spectra of
the designed quad-band
metamaterial absorber under dif-
ferent angles of polarization. d
Comparative absorption spectra
of quad-band metamaterial ab-
sorber (with red curve) and patch
absorber (with blue curve). The
origin of coordinate, which is ac-
tually the center of the top metal-

lic array of the lattice structure 1.0 1.
(marked with red o in (b)) (d)
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actually equal to zero because of the existing of the bottom
metallic board, where its thickness is larger than the incident
beam skin depth. The reflection R can also be optimized to
zero by tuning the thickness of insulating medium material,
i.e., the impedance of the metamaterial structure [20-27].

Results and Discussion

Figure 1c gives the absorption of the designed device. Four
large absorption rates (in an average of 97.54%) of discrete
peaks are realized. The frequencies of them are, respectively,
0.80 THz, 2.89 THz, 3.98 THz, and 4.36 THz. For illustration,
the four bands are named as B1, B2, B3, and B4, respectively.

15 3.0 45
Frequency (THz)

1.5 3.0 4.5
Frequency (THz)

Unlike the works in Table 1 that single metallic resonator
corresponds to at most one absorption peak, we obtain quad-
band absorption through only utilizing one patterned metallic
array. The structure presented here should have many merits,
including the simplification of the structure design, rapid con-
struction processes, and novel physical mechanism, over the
works in Table 1. Additionally, because the patterned metallic
array has the feature of high degree of symmetry, the device is
insensitive to the angles of polarization (see Fig. 1c¢).

In order to preliminary investigate the origin of the B1, B2,
B3, and B4, one additional device (called patch absorber),
consisted of square gold patch and insulating intermediate
layer on top of gold board, is introduced. Besides without
the air gap, the parameters of patch absorber are same to that

Table 1 Comparisons of

performances among designs in Reference

Absorption peaks

Obtained methods: coplanar (C), stacked (S) Number of elements

previous works
9

1
10 2
11 2
12 2
13 2
14 2
15 3
16 3
17 3
18 3
19 3
20 4
This paper 4
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of the presented quad-band absorption device. The absorption
of the patch absorber is shown in the blue curve of Fig. 1d.
There are two distinct bands at frequencies of 0.84 THz and
2.94 THz, and the frequencies of them are very close to that of
the B1 and B2 (see Fig. 1d), which indicate that the mecha-
nisms of B1 and B2 should be consistent with the dual-band
absorption in patch absorber. We also observed that the intro-
duction of the air gap (i.e., the closed-ring resonator) brings
two new bands, that is, B3 and B4. Further results demonstrate
that the performance of B3 and B4 can be controlled via the air
gap sizes (see below Fig. 4a and b).

Figure 2a to d provide the field (|£| and |Hy]|) distributions
of the two modes of patch absorber. The |E] fields of them in
Fig. 2a and c are very similar and are both distributed in both
edges of the Au patch. However, obvious differences can be
found for the |Hy|. The only one distribution region in Fig. 2 b
is observed for the first mode of the patch absorber, while
three regions are seen in Fig. 2d for the second mode. The
|Hy| distributions prove that the first and the second modes
are, respectively, originated from first-order and third-order
resonances of the patch absorber. Furthermore, the |E| and
|Hy| of Bl and B2 in Fig. 2e-h are very similar to that of patch
absorber in Fig. 2a—d, which means that the mechanisms of
B1 and B2 are, respectively, the first-order and third-order
resonances of the patterned surface structure (or closed-ring
resonator). Moreover, by comparison with Fig. 2, the |E] and
|Hy| in B3 and B4 and in B1 and B2 are apparently different.
The |E] fields in Fig. 3a and d not only focus on both edges of
the patterned surface structure but also both edges of the air
gap. The aggregation intensity of them in both edges of the air
gap is greater than that of the edges of the patterned surface
structure, while the |E]| fields in both edges of the air gap are
smaller than that of both edges of the patterned surface

O | | | .

|

[N ]\

—]

Fig. 2. aand b are, respectively, the |E| and |Hy| of the first peak of patch
absorber; ¢ and d are, respectively, the |E| and |Hy| of the second peak of
patch absorber; e and f are respectively the |E| and |[Hy| of the mode B1 of
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structure (see Fig. 2e and g). That is to say, the introduction
of air gap plays an emphasis role in the formation of B3 and
B4.

Although at first glance the |E| distributions of B3 and B4
are very similar, the essence of them is different, which can
refer to the real £z and the |Hy|. The real £z in Fig. 3b shows
that the charge distributions of B3 are mainly concentrated on
the middle region of the edges of the patterned surface struc-
ture and both edges of the air gap. However, for B4, as seen in
Fig. 3e, its charges are basically gathered in 4 corners of the
edges of the patterned surface structure and both edges of the
air gap. The |Hy| fields of the two modes in Fig. 3c and f also
show completely different distribution features. By comparing
the field distributions of the two modes, the mechanisms of B3
and B4 should be caused by two different cavity resonances.
The combination of the first-order and third-order responses
of the patterned surface structure and two additional modes
caused by the air gap result in the quad-band absorption.

Because B3 and B4 are determined by the air gap, its size
(/;) change will inevitably influence the performance of the
two modes. As shown in Fig. 4a, the last two modes gradually
disappear with the /; decrease, while the B1 and B2 are nearly
unchanged. As a result, we just obtain a dual-band absorption
when /; is less than 14 pm. When the /; is increased, as seen in
Fig. 4b, we found that not only the B3 and B4 but also the B1
and B2 are also strongly affected. These results prove that we
can employ different /; to tune the performance of the device,
in particular of the performance of B3 and B4. The changes in
the first two modes should be due to the variations in their
effective length because of the increase of the /;.

The four absorption peaks can also be controlled by other
parameters. As shown in Fig. 4c, the resonance frequencies of
the four absorption peaks exhibit the similar change trends

)
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quad-band metamaterial absorber; and g and g are respectively the |£] and
|Hy| of the mode B2 of quad-band metamaterial absorber
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Fig. 3 a, b, and c are,
respectively, the |E|, real £z, and
|Hy| of the mode B3 of quad-band
metamaterial absorber. d, e, and f
are, respectively, the |E], real Ez,
and |Hy| of the mode B4 of quad-
band metamaterial absorber

that gradually decrease with the increase of the length (/) of the
patterned surface structure. This kind of change trend shows
that the longer the length (/) is, the smaller the resonance
frequencies are. This is consistent with previous theoretical
demonstration that the resonance frequency of the patterned
metallic resonator is mainly inversely proportional to the
length of the patterned resonator itself [1]. However, different
from the length change of the air gap in Fig. 4a and b, the
variation of the length (/) does not affect the number of the
absorption peaks; that is, there is no case that the absorbance
of one or some specific resonance peaks is suppressed. In
addition, we observed in Fig. 4d that the resonance frequen-
cies of the four absorption peaks also show obvious

dependence on the thickness (7) of the insulating medium lay-
er. It should be noted that when the thickness of the insulating
medium layer is equal to 19 pm, the last absorption peak B4
can be nearly suppressed, thus showing the triple-band ab-
sorption performance.

Potential Application

The potential application of the quad-band metamaterial ab-
sorption device is discussed in this section. Here it can be
designed as an adjustable absorption device by introducing
photosensitive silicon material into the initial air gap (i.e.,
the initial air gap is replaced by the photosensitive silicon

.
.

Fig. 4 Dependence of the
absorption on the size changes of
the air gap in ranges of 8 um to

26 pm (a) and 26 um to 50 um g
(b). Dependence of the absorption b
on the length (/) changes of the 2.0.5
patterned surface structure (c), s
thickness () changes of the »n
insulating dielectric layer (d) ﬁ
0.
1.
= :"
S |
= A
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Fig. 5 a Structure diagram of the
tunable metamaterial absorption
device. b Absorption spectra of
the tunable metamaterial
absorption device under different
photosensitive silicon
conductivity

material). Figure 5a gives the top view of the tunable
metamaterial absorption device. The red area stands for the
photosensitive silicon material, while other geometrical pa-
rameters are all unchanged (or consistent with the above sec-
tion). As we all know, photosensitive silicon material can
regulate its own conductivity through external stimulation,
thus realizing the conversion from the dielectric to metallic
[28, 29]. The larger the conductivity, the more obvious the
metallic property [28, 29].

When the conductivity of photosensitive material is low
(less than 1000 S/m), it can show dielectric property [28,
29]. Because the air is a kind of special dielectric material,
the photosensitive silicon material with low conductivity
should show quad-band absorption response. As shown in
the black curve of the Fig. Sb, the designed multiple-band
absorption device having the photosensitive silicon material
conductivity of 100 S/m indeed possesses four absorption
peaks. However, the absorbance of the last three absorption
peaks (especially the last two absorption peaks) shows a de-
creasing trend when the conductivity of the photosensitive
silicon material is increased. This is mainly due to the property
change of the photosensitive silicon material.

The photosensitive silicon material having the conductivity
0f 100,000 S/m can present the metallic property [28, 29]. The
combination of the metallic property of the photosensitive
silicon material with the outer metallic section (or the outer
closed ring) can be considered to form a complete square
metallic patch. The absorption response of the square metallic
patch has been discussed in the above section, which can
achieve the dual-band absorption (see the blue curve in
Fig. 1d). It can be predicted that when the photosensitive sil-
icon has high conductivity (or exhibits the metallic property),
there should be two absorption peaks on its resonance curve.
As observed in the red curve of the Fig. 5 b, two absorption
bands (or dual-band absorption) are indeed gained when the
conductivity of the photosensitive silicon is 100,000 S/m,
which is consistent with the theoretical prediction. Based on
these results, we can see clearly that the design of the multiple-
band absorption device has the ability to tune the number of
absorption peaks (from the quad-band absorption to the dual-
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band absorption) by changing the external stimulus to cause
the conversion of photosensitive silicon from the dielectric to
metallic property. It also reflects that the designed multiple-
band absorption device has the characteristics of switching,
which could find important application prospects in real life
[30], such as sample detection and refractive index sensing.

Conclusion

In conclusion, quad-band metamaterial absorber operated at
terahertz domain using simple design of surface structure is
demonstrated. The surface structure is a square metallic patch
cut by a concentric air gap. The surface structure placed on a
continuous metallic board separated by an insulating medium
layer forms the basic cell of the quad-band absorption. The
basic cell of metamaterial structure can resonate strongly with
the incident terahertz wave, resulting in fundamental mode
response, third-order response, and two other resonances in-
duced by the introduced concentric air gap. The superposition
of the four discrete resonance responses generates four ab-
sorption peaks at once. The corresponding field distribution
of each absorption peak is provided to reveal the underlying
physical mechanism of the quad-band absorption. The quad-
band absorption has great dependence on the air gap length,
square patch length, and insulating medium layer thickness.
Compared with existing works using many different-sized
metallic resonators to achieve multiple-band absorption, the
strategy presented here can significantly reduce the number of
the metallic elements, simplify the structure design, and save
fabrication time and cost, and therefore many potential appli-
cations could be found. As a typical example, we present an
adjustable metamaterial absorber using photosensitive silicon
replaced the initial air gap. The photosensitive silicon has the
variable conductivity (or variable material properties from di-
electric to metallic) through external stimulation. Results
show that the designed metamaterial absorber can be adjusted
from the quad-band absorption to dual-band absorption by
gradually increasing the conductivity of the photosensitive



Plasmonics (2020) 15:1645-1651

1651

silicon (or the photosensitive silicon transits from the proper-
ties of the dielectric to metallic).
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