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Quad-band terahertz absorption responses were theoretically investigated in a compact and simple design
of a metamaterial absorber, which consisted of a rectangle-shaped metallic resonator with an air gap and an
insulating medium layer on top of a metallic mirror. Herein, four resonance peaks with nearly unity
absorption were achieved in this structure. The patterned structures on the layer couple strongly to the
incident waves at four different resonance modes, leading to the quad-band absorption responses. For
the design of the absorber, complex and accurate alignment of elements can be avoided compared to

previous multimer structures. Moreover, we demonstrated a tunable terahertz absorber by introducing
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Accepted 21st April 2017 photosensitive silicon material in the gap of the top layer resonator. Results show that the number o
resonance peaks can be controlled from quad-band to dual-band by varying the silicon conductivity.

DOI: 10.1039/c7ra02768k This demonstration can, therefore, provide a simple and effective strategy or method for the design of
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Introduction

Metamaterial perfect absorbers (abbreviated as MPAs), con-
sisting of periodic arrangements of sub-wavelength or deep-
sub-wavelength metallic patterns, have attracted significant
research interest.’® By carefully designing the parameters of
the metamaterials, MPAs with nearly perfect absorption in an
ultra-thin thickness of a dielectric layer can be obtained. The
first narrow-band MPA at microwave frequency, consisting of
three layers of metallic resonator, dielectric layer, and a cut
strip, was presented in 2008." Compared with previous
absorbers,"*> the MPA possesses the merits of ultra-thin
thickness of dielectric layer, high absorption rate, simple
structure design and so on. Thereafter, a large number of MPAs
from microwave to optical frequencies based on various kinds
of structures have been demonstrated.*'***"** However, these
MPAs have the absorption features of narrow-band or single-
band. Although narrow-band or single-band MPAs have
important applications in thermal imaging, detection of mate-
rials, and biological sensing, in many cases, such as in the
simultaneous monitoring and detection of some explosive
materials or hazardous substances, multiple-band and even
broadband MPAs are necessary.

To extend the application prospects of MPAs, the research
interests of scientists gradually turned to multiple-band and
broadband MPAs. These two kinds of MPAs can be easily ob-
tained by blending or combining the resonance frequencies of
metallic resonators or elements in coplanar or stacked
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multiple-band and even tunable metamaterial absorbers.

resonance structures.”’*® Broadband MPAs can be obtained by
integrating several frequencies, and these frequencies of
metallic elements are relatively close, whereas multiple-band
MPAs can be obtained when these metallic patterns are reso-
nating at several separated frequencies. For example, ref. 17-35
presented the design of multiple-band MPAs by employing
multiple different-sized patterns that were resonating at several
separated frequencies. Ref. 36-48 demonstrated broadband
MPAs based on the coplanar or layered resonance structures,
which had different but close frequencies.

Despite the fact that the multiple-band or broadband MPAs
can be easily achieved using the abovementioned methods, it is
a big challenge for current manufacturing technology to inte-
grate multiple metallic patterns with different shapes or sizes
on the coplanar or stacked structures. More importantly, to
date, most of these MPAs have been based on multiple different-
shaped metallic elements to achieve the multiple-band or
broadband absorption responses. From the point of the phys-
ical mechanism, this kind of design method or strategy lacks
novelty. Therefore, it is necessary to design novel and simple
design of multiple-band or broadband MPAs.

In this study, we demonstrated that only one metallic reso-
nator has the ability to achieve the quad-band nearly perfect
absorption. MPA consists of a rectangle-shaped metallic reso-
nator with an air gap and a metallic board spaced by an insu-
lating medium layer. The single patterned resonator on the
layer of MPA strongly interacts with the incident waves at four
separated frequencies, leading to quad-band absorption
responses with the average absorption rates of 97.74%. More-
over, four separated frequencies of the single metallic resonator
provide a novel, simple, and compact approach to design

This journal is © The Royal Society of Chemistry 2017
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multiple-band MPA. Furthermore, we presented an absorption
peak number tunable MPA by embedding photosensitive silicon
material in the gap of the metallic resonator. It was found that
the absorption peak number of the device can be actively
controlled (from quad-band to dual-band) through varying the
conductivity of silicon. The investigation and study of the quad-
band MPA will be beneficial in various engineering and tech-
nical fields such as materials detection, thermal imaging, and
multiple-spectral sensing.

Structure and design

The side- and top-view of the quad-band MPA are respectively
shown in Fig. 1(a) and (b). The parameters of unit structure are
given in um as follows: [ = 80, w = 35, [, =12, [, = 12.5,t = 13, P,
= 90, and P, = 50. The dielectric constant of the insulating
medium layer is 3(1 + i0.06). We employed Au as the metallic
layers of MPA, and its conductivity was found to be 4.09 x 10” S
m~'. Numerical simulations were catried out using the
commercial software FDTD Solutions, which was based on the
finite-difference time domain method. In this calculation
model, periodic boundary conditions were used in the x and y
directions and perfectly matched layers were applied in the z
direction. In addition, a plane wave with the E field along the
direction of the x-axis was normally radiated into the resonance
structure.

Results and discussion

The absorption response of the quad-band MPA is illustrated in
Fig. 1(c). Moreover, four separated frequencies (fi, f>, f3, and f,)
can be seen in this figure. For the mode f;, its frequency and
absorption rate are 0.80 THz and 92.44%, respectively. For
resonance at 2.19 THz (mode f;), it has an absorption of 99.50%.
The absorption coefficients of modes f; at 2.40 THz and f, at
3.22 THz are respectively 99.05% and 99.99%. These results
suggest that we can achieve quad-band nearly perfect absorp-
tion by only utilizing one patterned resonator, which is different
from previous multimer systems."”* In contrast to previous
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Fig.1 (a) and (b) show the side-view and top view of the design of the
quad-band MPA; (c) is the absorption response of the quad-band MPA.
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Fig. 2 (a) Is the absorption response of the rectangle-shape patch
structure (without air gap) of MPA; (b) shows the absorption response
of the designed quad-band MPA.

MPAs, the presented device can avoid complex and accurate
alignments of multiple patterns with different shapes or sizes.
These characteristics are quite useful in the design of innovative
multiple-band MPAs.

To preliminarily understand the mechanism of the quad-
band MPA, we introduced a new MPA that consisted of a rect-
angle-shape patch structure and a dielectric layer on top of
a metallic board. The only difference between the new MPA and
the original quad-band MPA is that the new MPA has no air gap.
That is to say, the parameters of the new MPA are the same as
the original quad-band MPA, except for no air gap. Fig. 2(a)
shows the absorption response of the new MPA. Moreover, two
resonance modes at the frequencies of 0.83 THz and 2.42 THz

Fig. 3
ture) and |H,| (in the plane of y = 0) distributions of new MPA at
a frequency of 0.83 THz, respectively; (c) and (d) are the |E| (in the
center plane of the pattern structure) and |H,| (in the plane of y = 0)
distributions of new MPA at a frequency of 2.42 THz, respectively.

(@) and (b) are the |E| (in the center plane of the pattern struc-
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Fig. 4 (a) and (b) are the |E| (in the center plane of resonator) and |H,| (in the plane of y = 0) distributions of quad-band MPA at 0.80 THz,
respectively; (c) and (d) are the |E] (in the center plane of resonator) and |H,| (in the plane of y = 0) distributions of quad-band MPA at 2.19 THz,

respectively; (e

(e)
respectively; (g)
i

and (f) are the || (in the center plane of resonator) and |H, | (in the plane of y = 0) distributions of quad-band MPA at 2.40 THz,
and (h) are the |E] (in the center plane of resonator) and |H,/| (in the plane of y = 0) distributions of quad-band MPA at 3.22 THz,

respectively; (i) is the |H,| (in the plane of y = 6 um) distribution of quad-band MPA at 3.22 THz.

are observed for the new MPA. It can be seen from Fig. 2(a) and
(b) that the first and third resonance modes of quad-band MPA
are very close to that of the modes of the new MPA. The slight
frequency deviations should be caused by the introduction of
the air gap. In other words, the absorption mechanisms of the
modes f;, and f; of quad-band MPA are consistent with the
mechanisms of the dual-band absorption in the new MPA.
Compared with the absorption of the new MPA, the quad-band
MPA shows two new modes: the f,, and f. These two new modes
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should be due to the introduction of the air gap in the patch
structure.

The mechanisms of the new MPA were investigated by
analyzing the field distributions (|E| in the center plane of
pattern structure, and |H,| in the plane of y = 0 (the plane of
black dot line in Fig. 1(a))) of resonances at 0.83 THz and 2.42
THz, as shown in Fig. 3. It can be seen from Fig. 3(b) and (d) that
the |H,| distributions of the two modes are localized at the
dielectric layer of the new MPA. Large enhancement of the |H,|
field in the dielectric layer shows that the |E| distribution of the
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Fig. 5 Dependence of the absorption spectra on the size changes (length [, (a), width I, (b)) of the air gap of the quad-band MPA.
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(a) Is the top-view of the design of the tunable MPA, of which the air gap of the pattern structure is fully embedded by the photosensitive

silicon material; (b) is the absorption spectra of the designed tunable MPA at different conductivity of the photosensitive silicon.

mode should be distributed at the edges of the resonator. The
|E| fields shown in Fig. 3(a) and (c) clearly demonstrate this
characteristic. Moreover, only one |H,| distribution region is
found in Fig. 3(b) at a frequency of 0.83 THz. Moreover, three
regions can be observed for resonance at 2.42 THz, Fig. 3(d).
These properties indicate that the resonances at 0.83 THz and
2.42 THz are the 1-order and 3-order responses of the new MPA,
respectively.*>*® Furthermore, the frequencies of the classical
metallic patch antenna can be given by*~>*

fi=3 IT/E VE+S

where [ is the length of the pattern structure, ¢ is the real part of
the dielectric constant, c¢ is the speed of light in vacuum, i and j
are integers (here = 0, 1, 2,...), but i +;> # 0. According to this
equation, the frequency of the 3-order mode (i = 3, j = 0) should
be 3 times the 1-order response (i = 1, j = 0). We found that the
resonance at 2.42 THz is about 3 times the resonance at 0.83
THz. This analysis further shows that the first and second
modes are indeed the 1-order and 3-order responses of the new
MPA, respectively.

To reveal the physical mechanism of quad-band MPA, the
field distributions (|E| in the center plane of pattern structure,
and |Hy| in the plane of y = 0 (the plane of black dot line in
Fig. 1(a))) of four different modes are given in Fig. 4. By
comparing the field distributions in modes f; (Fig. 4(a) and (b))
and f, (Fig. 4(e) and (f)) and the field distributions of two
resonance modes in the new MPA in Fig. 3, we can conclude
that modes f; is the 1-order response of quad-band MPA
because its field (see Fig. 4(b)) has only a strong resonance
region, and mode f; is attributed to the 3-order response of
quad-band MPA because three strong regions can be found in
Fig. 4(f). Moreover, for resonance at 2.19 THz, its |E| fields are
mainly focused on both edges of the left and right sides of
pattern resonator, see Fig. 4(c). Moreover, its |H,| fields are
primarily localized at both sides of the dielectric layer of the
quad-band MPA, see Fig. 4(d). Furthermore, we found that the
|E| fields and the |H,| fields are both symmetrically distributed
at both sides of the MPA. These field distribution characteristics
show that mode f, is the 1-order response of the left (or right)
side of the pattern resonator. In addition, because the length of

This journal is © The Royal Society of Chemistry 2017

the left side of the pattern structure is less than that of the total
resonator, the frequency of the mode f, is larger than that of the
mode f;. For mode f;, its |E| fields are symmetrically gathered at
both edges of the arms of the pattern structure, see Fig. 4(g).
Different from the cases of the modes f;, f>, and f3, we observed
that there is no |H,| distributions in the dielectric layer of the
MPA when we choose the plane of y = 0 (the plane of black dot
line in Fig. 1(a)), see Fig. 4(h). However, the |H,| fields can be
symmetrically distributed at both sides of the dielectric layer of
the MPA when the selected plane passes through the arms of the
resonator (herein, we chose the plane of y = 6 um (the plane of
the red dot line in Fig. 1(a)) as an example). In other words, the
|H,| fields are symmetrically focused on both sides of the arms
of the resonator. As a result, mode f; should be attributed to the
1-order response of the arms of the pattern structure. Based on
the superposition of four separated frequencies of single
pattern resonator, quad-band near-perfect MPA was achieved.
Compared with the previous design of multiple-band MPAs
using the multimer structures, the designed MPA has only one
metallic pattern, which imparts the MPA the advantages of
a simple and compact unit structure, a novel physical picture.
These merits are useful in the design of a new type of multiple-
band MPAs.

As discussed above, the appearances of the modes f, and f,
are mainly due to the introduction of the air gap in the pattern
patch structure. In other words, the introduction of the air gap
in the pattern patch structure plays an important role in
determining the frequencies of the modes f, and f;. The
frequencies of the modes f; and f; should be unchanged when
the length (/) and width (w) of the patterned structures are fixed.
As shown in Fig. 5(a) and (b), we observed that the frequencies
of the modes f; and f; vary negligibly or shift when the length (Z,)
and width (I,) of the air gap are changed. The frequencies and
absorption rates of modes f, and f, have a large dependence on
the changes of [, and [,. Furthermore, by comparing the
absorption spectra in Fig. 5, we found that the degree of
dependence of the frequencies and absorption rates on [, is
larger than that of [,.

The number of resonance peaks can be controlled by intro-
ducing photosensitive silicon material®* in the gap of the

RSC Adv., 2017, 7, 26888-26893 | 26891
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resonator. The top view of the unit cell is shown in Fig. 6(a). As
shown, the red region is the photosensitive silicon, and it is fully
embedded in the air gap of the resonator. It can be seen from
Fig. 6(b) that the absorption rates of the modes f, and f, grad-
ually decrease with the increase in silicon conductivity, whereas
the absorption rates of the modes f; and f; are nearly
unchanged.* Particularly, only two peaks are found when the
silicon conductivity is 1 x 10° S m~'. That is to say, we can
achieve the tuning of the peaks via varying silicon conductivity.
This property has applications in materials detection and
multiple-spectral sensing. Additionally, other active materials,
such as phase change materials,>*®” can be used to adjust the
number of the resonance peaks.

Conclusions

In conclusion, single-patterned resonator based quad-band
terahertz MPA with nearly perfect absorption was numerically
presented. The MPA is composed of a metallic mirror and
a rectangle-shape patch with an air gap separated by an insu-
lating dielectric layer. The patterned metallic structure strongly
interacts with the incident waves at four separated frequencies,
leading to quad-band nearly perfect absorption. The perfor-
mance of these resonance modes, in particular, the second and
fourth modes, can be controlled through changing the sizes of
the air gap in the pattern patch structure. In addition to
frequency adjustment, the number of resonance peaks can also
be adjusted by introducing photosensitive silicon material in
the air gap of the pattern structure. The results prove that the
number of resonance peaks can be actively tuned by changing
the conductivity of the photosensitive silicon. The simple and
compact design of the multiple-band PMA is beneficial in many
engineering and technical fields.
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