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Abstract: We presented and manufactured a triple-band terahertz (THz) metamaterial absorber with
three concentric square ring metallic resonators, a polyethylene terephthalate (PET) layer, and a
metallic substrate. The simulation results demonstrate that the absorptivity of 99.5%, 86.4%, and
98.4% can be achieved at resonant frequency of 0.337, 0.496, and 0.718 THz, respectively. The
experimental results show three distinct absorption peaks at 0.366, 0.512, and 0.751 THz, which is
mostly agreement with the simulation. We analyzed the absorption mechanism from the distribution
of electric and magnetic fields. The sensitivity of the three peaks of this triple-band absorber to
the surrounding is 72, 103.5, 139.5 GHz/RIU, respectively. In addition, the absorber is polarization
insensitive because of the symmetric configuration. The absorber can simultaneously exhibit high
absorption effect at incident angles up to 60° for transverse electric (TE) polarization and 70° for
transverse magnetic (TM) polarization. This presented terahertz metamaterial absorber with a triple-
band absorption and easy fabrication can find important applications in biological sensing, THz

imaging, filter and optical communication.

Keywords: a triple-band; metamaterial absorber; electric and magnetic fields; polarization independent

1. Introduction

Terahertz wave is usually defined as radiation at frequencies between 0.1 and 10 THz [1].
Terahertz technology is of significant interest to researchers and has a wide range of poten-
tial applications, including radar cross-section reduction [2], wireless communications [3],
selective thermal emission [4], and THz spectroscopy [5]. Metamaterials, with periodic sub-
wavelength structures, have attracted considerable attention owing to their novel physical
properties [6,7], such as near zero index [8], cloaking [9], cross polarization conversion [10],
and perfect absorption [11]. In order to regulate the electromagnetic wave, a large number
of metamaterial devices have been confirmed. In particular, metamaterial absorbers have
become a research hotspot because of their perfect absorption performance [12-14]. Meta-
material absorbers are designed for various devices, such as spatial light modulators [15],
thermal emitters [16], multiplexing detector arrays [17], sensors [18,19], etc. In 2008, the first
metamaterial absorber with a metal-dielectric composite structure was proposed, which exhib-
ited near-unity absorption at microwave frequency [20]. Subsequently, various metamaterial
absorbers with excellent performance have been reported in the visible [21], infrared [22],
terahertz [23], and microwave bands [24]. Among them, the absorber working in various
bands can achieve single band [23], multiband [24], and broadband absorption [1].

At present, one research hot spot of the absorber structure tends to realize multiband
absorption [25-27]. A common strategy is to include multiple resonators with different-size
in a unit cell [28,29]. This method can achieve multiband absorption because of multiple
resonance combinations of continuous resonance frequencies. For example, Zhang et al. [17]
presented a multispectral absorber using four metal squares of different sizes in a unit
cell, which exhibited a triple-band absorption. Zheng et al. [30] designed a four-band
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metamaterial absorber based on flower-shaped patterns of different sizes in a unit cell.
However, the arrangement of multiple resonant elements greatly increases the size of the
structure, which does not meet the requirements of the current integrated development. At
present, the unit structure composed of metal resonant elements with different shapes has
become a new design direction [25]. For example, an absorber that exhibited five-band peak
absorption was reported; it consisted of different metallic resonators on top of a dielectric
spacing layer and a gold ground plane [25]. Qin et al. [31] investigated a triple-band
absorber based on three different gold particles binding. Metal resonators with different
shapes are used to obtain multiband absorption, which greatly simplifies the structure.
Not only metal-based absorbers, but also other absorber structures can achieve good
absorption performance. For example, a graphene-based THz absorber [32] was proposed,
which realized a double broadband absorption. Michael. A.C. at al. [33] propose an all
dielectric metamaterial absorber; the structure achieved a narrow near-perfect absorption
in the THz band. The absorber based on graphene is complex in structure, and the
absorber based on all dielectric has higher requirements for the fabrication accuracy. With
the development of lithography technology, the practical application of absorbers based
on metal resonators becomes possible. As one of the core technologies of micro nano
processing, lithography is facing the challenges of high cost, complex process and low
resolution. To tackle the challenges for scalability of lithographic approaches, a template-
assisted colloidal self-assembly approach has been proposed as an alternative to fabricate
macroscopic magnetic metasurfaces [34]. The approach induces the gold nanorods to excite
a magnetic resonance, which has application values towards the colloidal fabrication of
functional optical metasurfaces [34]. Nowadays, various multiband absorbers have been
theoretically proposed, but few have been confirmed experimentally, limiting the further
application value.

In this paper, we designed and manufactured a triple-band terahertz metamaterial
absorber using a combination of three concentric square ring metallic resonators. The
absorber shows three narrowband absorption peaks at frequencies of 0.337, 0.496, and
0.718 THz with absorption rates of 99.5%, 86.4%, and 98.4%, respectively. The experimental
results are mostly in agreement with simulations. We also explored the absorption mech-
anism from the distribution of electric and magnetic fields. In addition, the absorption
characteristics are polarization insensitive owing to the structural symmetry. The designed
structure can simultaneously maintain a high peak absorptivity at incident angles up to
60° for TE polarization and 70° for TM polarization.

2. Structure and Design

Figure 1a shows the structure of the proposed metamaterial absorber, which has three
parts: three concentric square ring metallic resonators, a polyethylene terephthalate (PET)
layer, and a metallic substrate. Figure 1b,c show top and side views of the proposed
absorber, respectively. Aluminum, which has a conductivity of 3.56 x 107 S/m, was
selected as the metallic resonator and substrate, and the permittivity of PET is 3.2. The unit
size of the absorber is set as: 2 = 200 nm, & = 10 pm, ¢ = 200 nm, p = 150 um, /1 = 60 pm,
I =90 um, I3 = 120 um, and w = 10 pm.

The performance of the proposed absorber was examined using Computer Simulation
Technology (CST) Microwave Studio (Computer Simulation Technology Ltd., Darmstadt,
Germany). Numerical simulation of absorption for the absorber was calculated using
the frequency domain solver provided by the CST software. In the simulation, unit
cell boundary conditions were applied in the x and y directions, and an open boundary
condition was applied in the z direction to eliminate scattering effects. The incident wave
was a plane wave propagating along the negative z axis. We define TE (TM) polarization
as occurring when the electric (magnetic) field is oriented along the x axis. This paper
presents the simulation results for TM polarization, as shown on the top of Figure 1a. The
absorption (A) can be calculated as A(w) =1 — R(w) - T(w) =1 — 1511 |2 — 1Sy 12, where
T and R are the transmittance and reflectivity of the absorber, and S1; and S;; represent
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the reflection and transmission coefficients, respectively. Because the metallic substrate of
the absorber is thicker enough to block terahertz waves, the transmission is close to zero.
Consequently, the absorption can be written as A(w) =1 — R (w) =1 — 151712

y, B

a

Figure 1. (a) Three-dimensional structure diagram of the absorber; (b) top and (c) side views of unit
cell structure. The unit size is set as: w = 10 pm, p = 150 um, I; = 60 pum, I = 90 um, I3 = 120 pum,
t=200nm, & =10 um, a = 200 nm.

Samples were fabricated according to the following steps, as shown in Figure 2a. A
3 mm-thick quartz wafer was selected as the sample substrate and was cleaned and
dried. We used a purchased composite film consisting of a PET layer (13 um thick)
and an aluminum layer (200 nm thick). It should be explained that the simulation in
this paper was carried out for PET thickness of 10 um in the optimal case. Since the
PET film that is readily available in the market is 13 pm, we choose this thickness for
experiment. Firstly, we applied ethanol to the quartz wafer; we then gently placed the PET-
aluminum film onto the quartz wafer with tweezers and pressed away the air between the
composite material and the quartz wafer with a cotton swab. After the liquid evaporated,
the composite film firmly adhered to the surface of the quartz wafer. Secondly, positive
liquid photoresist was spin-coated on the aluminum surface, and baked for 90 s in an oven
at 100 °C. Thirdly, photolithography was used to define the geometry of the metamaterials,
followed by wet etching (aluminum etching solution, HPO4/C,H;OH/HNO3;/H,0 =
16:1:1:3) to fabricate the metamaterial structures. Fourthly, photoresist was washed with
acetone and then gently removed from the quartz layer for subsequent processing. Fifthly,
a metallic aluminum substrate layer (200 nm) was deposited on the other side of the PET
layer by vacuum evaporation. Note that we used a high-temperature adhesive tape to
attach the PET material with the metamaterial structure on a hollowed-out mask during
metal substrate layer deposition to protect the side with the metamaterial structure. Finally,
a 60 x 60 periodic array was fabricated, and the size of this absorber is 9 x 9 mm?. The
reflection spectra were characterized using terahertz time-domain spectroscopy. In the
actual measurements, the spot diameter of the light source is 6 mm, and the central area
of the array is illuminated. The number of resonators covered by the light source is large
enough to maintain stable absorption performance. The experimental results are consistent
with the simulation results. An optical microscopy image of a portion of the fabricated
absorber structure is shown in Figure 2b.
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Figure 2. (a) Process flow: (1), (2) Photolithography to define the metamaterial geometry, (3), (4) wet etching and washing
of the photoresist to fabricate the metamaterial structures, (5) evaporation of metallic substrate layer on other side of PET
layer; (b) optical microscopy image of fabricated absorber structure.

3. Simulation Results and Discussion

The simulated reflectivity, transmittance, and absorptivity curves under normal in-
cidence are shown in Figure 3. The absorber clearly produces three absorption peaks at
0.337,0.496, and 0.718 THz, with absorption rates of 99.5%, 86.4%, and 98.4%, respectively.
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Figure 3. Simulated absorption, reflection, and transmission spectra of the absorber.

We used spectral decomposition to analyze the three absorption peaks of the structure.
Figure 4 shows the absorption spectrum of different square ring resonators, which responds
in three frequency bands. Figure 4a—c present the absorption spectra of absorbers consisting
of the outer, middle, and inner ring, respectively. In these three cases, the absorber exhibits
99.8%, 97.8%, and 88.9% narrowband absorption at 0.335, 0.48, and 0.709 THz, respectively.
We also simulated the absorption spectrum of the entire model, as shown in Figure 4d.
The results show three absorption peaks at 0.337, 0.496, and 0.718 THz, where each peak
corresponds roughly to the peak of a single ring. There is some spectral mismatch between
superposition and individual contributions. The first absorption peak of the entire model
is basically consistent with the resonance frequency of the outer resonant ring absorber,
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but the second and third peaks are not completely match with the absorber consisting of
the middle and inner resonant rings. The reason is that the electric and magnetic resonance
intensity of the second and third peak changes due to the coupling of these electromagnetic
waves. In addition, the interaction between the neighboring triple-square-rings also has
some influence on the absorption peak. We can determine that the first, second, and third
absorption peaks are generated by the outer, middle, and inner ring, respectively.
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Figure 4. Simulated absorption spectra of absorbers: (a) outer square ring resonator; (b) middle square ring resonator;

(c) inner square ring resonator; (d) resonator with three concentric square rings.

In order to evaluate the performance of our absorbers, we compared the results with
other structures [31,35-38], as depicted in Table 1. From the table, we can see that of the
three peaks, the absorption rate of the first and third peak is more than 98%. There are
also absorbers with higher peak absorption, but their structures are relatively complex,
polarization sensitive, and have not been experimentally confirmed. Compared with
other absorbers, our structure has the advantage of being polarization insensitive, easy to
fabricate, and having a thin dimension and a simple construction.



Nanomaterials 2021, 11, 1110 60f 13
Table 1. Comparison results of various three-band absorbers.
Unit Waveband Peak The First The Second The Third
Ref. Structure Size (THz) Numbers Peak Peak Peak Polarization = Experiment
(um) Absorption Absorption Absorption
[31] /Auresonators- 0.6 100-300 3 96.8% 99.6% 99.2% insensitive No
Si0,-Au
5] A" rseis_fjtors' 200 0.1-1 3 97.6% 96.5% 84.1% insensitive No
[36) ~ Alresomators 55 g5 05 3 80% 81% 79% sensitive Yes
polyimide -Al
Au resonators- ~ o o o . "
[37] CaAs-Au 30 1-6 3 99.4% 99.6% 98.2% insensitive No
Au resonators-
dielectric- Au
resonators- = o o o i
[38] dielectric- Au 60 0.8-3.7 3 Nearly 100% Nearly 100% Nearly 100% sensitive No
resonators-
dielectric-Au
This Al resonators o o o . .
work PET-Al 150 0.1-1 3 99.5%, 86.4% 98.4% insensitive Yes

The distributions of the electric and magnetic fields are presented to illustrate the
mechanism of absorption in the three bands in more detail. Figure 5a—c show the dis-
tributions of the electric field in the x—y plane, and Figure 5d—f show the distributions
of the magnetic field in the x—y plane at the three resonance frequencies of 0.337, 0.496,
and 0.718 THz, respectively. As shown in Figure 5a,d, the electric and magnetic fields
are concentrated mainly on the outer ring and its edge, indicating strong electrical and
magnetic resonances [23,39]. The distribution of the electric and magnetic fields proves
that the first absorption peak is excited by the outer ring resonator. Figure 5b,e show that
at the second peak frequency, 0.496 THz, electric and magnetic fields are focused primarily
on the middle ring and its edge, indicating strong electrical and magnetic resonances.
At the resonance frequency of 0.718 THz, the electric and magnetic fields are distributed
mainly on the inner ring and its edge, as shown in Figure 5c.f, respectively, demonstrating
that the third absorption peak is excited by this resonator. In order to explain the absorp-
tion mechanism more clearly, the distributions of electric and magnetic fields in the case
of three combinations of configurations with two rings (middle + inner, outer + inner,
outer + middle) at the resonance frequency 0.337, 0.496, and 0.718 THz are investigated in
Figure 5g-1, respectively. As can be seen from Figure 5g,j, when there are only middle and
inner resonators, the electric and magnetic fields at the first resonance frequency decrease
significantly. However, both the middle and inner rings have the phenomenon of electric
and magnetic fields enhancement, but the effect is not obvious and does not cause strong
electric and magnetic resonances. The phenomena indicates that the first peak is mainly the
outermost excitation. The mechanism of the second and third resonant peaks is the same
the first peak as shown in Figure 5h,k,il. The above analysis verifies that the electric and
magnetic resonances of the three concentric square rings produce three-band absorption.

We also explored the effects of various parameters on the absorption characteristics.
First, we adjusted the thickness of the PET layer while keeping other parameters unchanged.
Figure 6a shows the simulated absorption spectra for four different thicknesses values
of PET layer. As lossless dielectric, the PET layer is related to the coupling between the
bottom aluminum layer and the aluminum rings. As the thickness & increases from 10
to 19 um, the intensity of the first and third absorption peaks decreases, whereas that
of the second absorption peak first increases and then remains constant. The change of
electric and magnetic resonance intensity leads to the change of the second absorption peak
amplitude. When the impedance of the absorber matches the impedance of the free space,
the absorption will reach to 100% [40]. The increased thickness /i of PET enhanced the
impedance mismatch of the first and the third peak between the absorber and free space,
resulting in different peak shift [40]. Next, we examined the effect of the width (2, 4, 6, §,
and 10 pm) of the metallic resonator on the absorption. Figure 6b clearly shows that when
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the width of the concentric square ring resonator is decreased from 10 to 2 um, the three
absorption peaks red-shifted, and the absorption tends to decrease. The decrease in the
area of the ring resonators weakens the electric and magnetic resonance, which results in a
decrease in the peak absorption.

0.751 THz

V/m
Max

Min
A/m
Max

\Vnnhlul

Max

Min

Max

Min

@ (k) ) . §
X

Figure 5. Electric field distributions in x—y plane of the unit cell at resonance frequencies of (a) 0.337 THz; (b) 0.496 THz;
(c) 0.718 THz and magnetic field distributions in x-y plane of the unit cell at resonance frequencies of (d) 0.337 THz;
(e) 0.496 THz; (f) 0.718 THz; electric field distributions in x—y plane of the unit cell in the case of three combinations of
configurations with two rings (middle + inner, outer + inner, outer + middle) at the resonance frequencies (g) 0.337; (h) 0.496;
(i) 0.718 THz and magnetic field distributions in x-y plane of the unit cell at the resonance frequencies (j) 0.337; (k) 0.496;
(1) 0.718 THz.



Nanomaterials 2021, 11,1110

8 of 13

(@ 1 (b) 1 -
—w=2pum
=w =4 pum

0.8 0.8 ~W =6 pm
=w =8 um
=w =10 pm

= =

2 0.6 0.6

— Nt

o =3

b B

2 2

2 2

=) 0.4 < 0.4

0.2 0.2

0 = 0 ‘ - =
0.1 02 03 04 05 0.6 0.7 08 09 1 0.1 0.2 03 04 05 0.6 07 08 09 1
Frequency(THz) Frequency(THz)

Figure 6. Simulated absorption spectra of the absorber with (a) four different thickness values h of PET layer; (b) five
different widths w of resonators consisting of three concentric square rings.

To evaluate the sensing performance of this triple-band narrowband absorber, the
dependence of the absorption spectrum on the refractive index (1) change of the surround-
ing is presented in Figure 7. The refraction index varies from 1 to 1.6 and increases at
intervals of 0.2. As shown in Figure 7a, when the 7 of the surrounding is changed from 1
to 1.6, the three peak frequencies all redshifted. For sensing, sensitivity (S) is a significant
factor to describe the sensing performance, and the sensitivity S is defined as: S = Af/An,
where Af and An are the changes of the peak frequency and the refractive index, respec-
tively [36]. Figure 7b—d show the fitting results of the three peak’s frequency with the
corresponding n. The sensitivity of the three peaks to the external refractive index are 72,
103.5, 139.5 GHz/RIU, respectively. As shown in Table 2, we compare the sensitivity to
the refractive index of this proposed absorber with some reported results [12,36,41]. Our
values are slightly higher than some of them. The above results prove the feasibility of the
proposed absorber for sensing applications [18,36].

Table 2. Sensitivity comparison results of various THz absorbers.

Ref. Waveband (THz) S(GHz/RIU)/Peak 1 S(GHz/RIU)/Peak 2 S(GHz/RIU)/Peak 3
[12] 0.5-3 1150 3050 -
[36] 0.15-0.85 54.18 119.2 139.2
[41] 0.5-4.5 83 100 125
This work 0.1-1 72 103.5 139.5

The polarization performance of the designed structure under TE and TM polarization
is shown in Figure 8a,b, respectively. The simulated results clearly present that the intensity
of the three absorption peaks is independent of the polarization angle ¢ under normal
incidence. The reason is the perfect symmetry of the structure. In fact, the light beam
is oblique incident to the device in most cases, so it is of great significance to design an
absorber with the performance of angle insensitive. As shown in Figure 8c,d, absorption
maps with incident angles 6 varying from 0 to 70° for TE and TM polarization are presented.
When the incident angle 6 increases from 0 to 60°, the first absorption peak maintains
80% absorption, and the third absorption peak exhibits >80% absorption in Figure 8c. For
TM polarization, when the incident angle is increased to 70°, the absorption efficiency
of the three peaks is maintained. For TE polarization, the peak absorption is gradually



Nanomaterials 2021, 11, 1110

90f13

reduced with the increase of incident angle. The reason is that the direction of the electric
field varies with the incident angle, which leads to the decrease of the electric resonance
intensity [23,39]. However, there is no change in direction of the electric field in TM
polarization, under which the resonator maintains high absorptivity [23,39] for incident
angles up to 70°, as shown in Figure 8d. The results in Figure 8c,d show that when the
incident angle exceeds 10°, two additional weak absorption peaks are observed in TE and
TM polarization. The extra resonance peak is caused by the higher resonance mode, which
has been confirmed in experiments [4,42,43]. The higher resonance mode is generated by
resonance within the dielectric and occurs at shorter wavelengths with a slightly narrower
absorption peak at oblique incident [4,43].
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Figure 7. (a) Dependence of the absorption spectrum on the changes of the refractive index (1) of the surrounding;

(b—d) corresponding linear fit of the three peaks’ frequency versus the corresponding 7.
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Figure 8. Absorption maps of the absorber under different polarization angles ¢ for (a) TE and (b) TM polarization; and

under different incident angles 6 for (c) TE and (d) TM polarization.

4. Experiment and Results

In this study, we manufactured four types of absorber structures: resonators con-
sisting of an outer, middle, or inner square ring or three concentric square rings. In our
measurement, firstly, we reduce the humidity of the test environment to 6%; then we paste
the film of the absorber on the bracket of the measurement system; finally, the reflection
spectrum is calculated. Figure 9 shows the simulated and measured absorption spectra of
each absorber. Microscopic images of the first three absorber structures are shown next to
the spectra in Figure 9a—c. The fabricated outer ring absorber exhibits an absorption peak
at approximately 0.385 THz, as shown in Figure 9a, with 66.4% absorption. The measured
spectrum for the middle ring resonator in Figure 9b shows 74.7% absorption at 0.531 THz,
which is slightly different from the simulation results. As shown in Figure 9¢, the inner
ring absorber exhibits 88.6% absorption at 0.796 THz, which exceeds the simulated peak
absorption of 69.1%. Although there are minor differences in amplitude and absorption
bandwidth (which can probably be attributed to imperfections, aluminum oxidation, and
measurement errors), the measured spectra is basically consistent with the trends predicted
by numerical simulations. The slight frequency difference between the experiment and
the simulation should be attributed to the size error and the round corners of the square
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ring resonators obtained in the manufacturing process. The simulated peak frequencies of
the entire absorber structure are 0.337, 0.496, and 0.718 THz, as shown in Figure 9d. The
measurements show three absorption peaks at 0.366, 0.512, and 0.751 THz, which is in
reasonable agreement with the simulation results. In addition, as the PET substrate is very
soft owing to its thickness (approximately 13 um), there is some undesired deformation
in the fabricated samples, and the surface flatness of the structure also has some effect on
the absorption. Because of the existing experimental conditions, the spectral quality is not
ideal. We are trying to improve the signal-to-noise ratio of the measurement system in
the aspects of increasing the signal collection time and restraining noise to improve the
spectral quality.
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Figure 9. Simulated and measured spectra of absorber structures: (a) outer square ring resonator; (b) middle square ring
resonator; (c) inner square ring resonator; (d) resonator with three concentric square rings.

5. Conclusions

In conclusion, we designed and manufactured a triple-band terahertz metamaterial
absorber consisting of three concentric square ring metallic resonators on top of a PET
layer and a metallic substrate. Simulation results showed that the resonators exhibit three
absorption peaks of 99.5%, 86.4%, and 98.4% at 0.337, 0.496, and 0.718 THz, respectively.
The experimental results verified the reliability of the simulation results. The electric and
magnetic field distributions at the three resonance frequencies were explored to examine the
peak absorption. This proposed absorber provides the feasibility for sensing applications.
The absorber can maintain 80% peak absorptivity at incident angles up to 60° for TE
polarization and >80% peak absorptivity for incident angles up to 70° for TM polarization.
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The advantages of our absorber include a thin size, polarization independence, multiband
absorption, and incident angle insensitivity. The use of PET raw material can provide a
reference for the future production of flexible absorbers. This study supports applications
in terahertz sensing, imaging, plasma-enhanced photoelectric devices, and other areas.

Author Contributions: ].W. wrote the paper, T.L. conceived and designed simulation, Z.H. analyzed
the data, M.X. editing, and J.Y. review. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (61875251,
61875179), the Fundamental Research Funds for the Provincial Universities of Zhejiang (2020YWO08) and
the Outstanding Student Achievement Cultivation Program of China Jiliang University (2019YW27).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wang, T; Shen, S; Liu, J.-].; Zhang, Y.-S.; Han, Z.-H. Experimental realization of perfect terahertz plasmonic absorbers using
highly doped silicon substrate and COMS-compatible techniques. Opt. Mater. Express 2016, 6, 523-530. [CrossRef]

2. Oraizi, H.; Abdolali, A.; Vaseghi, N. Application of Double Zero Metamaterials as Radar Absorbing Materials for the Reduction
of Radar Cross Section. Prog. Electromagn. Res. 2010, 101, 323-337. [CrossRef]

3. Federici, J.E; Moeller, L. Review of terahertz and subterahertz wireless communications. J. Appl. Phys. 2010, 107, 111101.
[CrossRef]

4. Diem, M.; Koschny, T.; Soukoulis, C.M. Wide-angle perfect absorber/thermal emitter in the terahertz regime. Phys. Rev. B 2009,
79, 033101. [CrossRef]

5. Jepsen, P.U.; Cooke, D.G.; Koch, M. Terahertz spectroscopy and imaging—Modern techniques and applications. Laser Photonics
Rev. 2010, 5, 124-166. [CrossRef]

6.  Shalaev, V.M. Optical negative-index metamaterials. Nat. Photonics 2007, 1, 41-48. [CrossRef]

7.  Zheludev, N.I; Kivshar, Y.S. From metamaterials to metadevices. Nat. Photonics 2012, 11, 917-924. [CrossRef]

8. Zhou, H.; Pei, Z.; Qu, S.; Zhang, S.; Wang, J.; Li, Q.; Xu, Z. A planar zero-index metamaterial for directive emission. . Electromagn.
Waves Appl. 2009, 23, 953-962. [CrossRef]

9.  Schurig, D.; Mock, ].J.; Justice, B.J.; Cummer, S.A.; Pendry, ].B.; Starr, A.F,; Smith, D.R. Metamaterial Electromagnetic Cloak at
Microwave Frequencies. Science 2006, 314, 977-980. [CrossRef]

10. Tang, J.; Xiao, Z.; Xu, K;; Ma, X,; Liu, D.; Wang, Z. Cross polarization conversion based on a new chiral spiral slot structure in THz
region. Opt. Quantum Electron. 2016, 48, 1-11. [CrossRef]

11. Iwaszczuk, K,; Strikwerda, A.C.; Fan, K.; Zhang, X.; Averitt, R.D.; Jepsen, P.U. Flexible metamaterial absorbers for stealth
applica-tions at terahertz frequencies. Opt. Express 2012, 20, 635-643. [CrossRef]

12.  Xie, Q.; Dong, G.; Wang, B.-X.; Huang, W.-Q. Design of Quad-Band Terahertz Metamaterial Absorber Using a Perforated
Rectangular Resonator for Sensing Applications. Nanoscale Res. Lett. 2018, 13, 137. [CrossRef]

13. Hao, ].; Wang, J.; Liu, X.-L.; Willie, ].P.; Zhou, L.; Qiu, M. High performance optical absorber based on a plasmonic metamate-rial.
Appl. Phys. Lett. 2010, 96, 251104. [CrossRef]

14. Wang, B. Quad-band terahertz metamaterial absorber based on the combing of the dipole and quadrupole resonances of two
SRRs. IEEE ]. Select Top. Quantum Electron. 2017, 23, 4700107. [CrossRef]

15.  Savo, S.; Shrekenhamer, D.; Padilla, W.J. Liquid Crystal Metamaterial Absorber Spatial Light Modulator for THz Applications.
Adv. Opt. Mater. 2014, 2, 275-279. [CrossRef]

16. Wang, H.; Chang, J.; Yang, Y.; Wang, L.-P. Performance analysis of solar thermophotovoltaic conversion enhanced by selec-tive
metamaterial absorbers and emitters. Int. J. Heat Mass. Transf. 2016, 98, 788-798. [CrossRef]

17.  Zhang, B.; Hendrickson, J.; Guo, J. Multispectral near-perfect metamaterial absorbers using spatially multiplexed plasmon
resonance metal square structures. . Opt. Soc. Am. B 2013, 30, 656-662. [CrossRef]

18. Hu, X; Xu, G.; Wen, L.; Wang, H.; Zhao, Y.; Zhang, Y.; Cumming, D.R.S.; Chen, Q. Metamaterial absorber integrated microfluidic
terahertz sensors. Laser Photonics Rev. 2016, 10, 962-969. [CrossRef]

19. Zou, H.; Cheng, Y. Design of a six-band terahertz metamaterial absorber for temperature sensing application. Opt. Mater. 2019,
88, 674-679. [CrossRef]

20. Landy, N.I; Sajuyigbe, S.; Mock, ].J.; Smith, D.R.; Padilla, W.J. Perfect Metamaterial Absorber. Phys. Rev. Lett. 2008, 100, 207402.
[CrossRef]

21.  Kim, S.L.K. Optical absorption characteristic in thin a-Si film embedded between an ultrathin metal grating and a metal re-flector.
IEEE Photonics J. 2013, 5, 00610.

22. Care, V.A.; Mirotznik, M.S. Multiband absorbers for the long-wave infrared regime. Appl. Opt. 2017, 56, 8403-8413. [CrossRef]

[PubMed]


http://doi.org/10.1364/OME.6.000523
http://doi.org/10.2528/PIER10010603
http://doi.org/10.1063/1.3386413
http://doi.org/10.1103/PhysRevB.79.033101
http://doi.org/10.1002/lpor.201000011
http://doi.org/10.1038/nphoton.2006.49
http://doi.org/10.1038/nmat3431
http://doi.org/10.1163/156939309788355289
http://doi.org/10.1126/science.1133628
http://doi.org/10.1007/s11082-016-0407-3
http://doi.org/10.1364/OE.20.000635
http://doi.org/10.1186/s11671-018-2567-5
http://doi.org/10.1063/1.3442904
http://doi.org/10.1109/JSTQE.2016.2547325
http://doi.org/10.1002/adom.201300384
http://doi.org/10.1016/j.ijheatmasstransfer.2016.03.074
http://doi.org/10.1364/JOSAB.30.000656
http://doi.org/10.1002/lpor.201600064
http://doi.org/10.1016/j.optmat.2019.01.002
http://doi.org/10.1103/PhysRevLett.100.207402
http://doi.org/10.1364/AO.56.008403
http://www.ncbi.nlm.nih.gov/pubmed/29091619

Nanomaterials 2021, 11,1110 13 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Wang, J.; Lang, T.; Hong, Z.; Shen, T.; Wang, G. Tunable terahertz metamaterial absorber based on electricity and light modulation
modes. Opt. Mater. Express 2020, 10, 2262-2273. [CrossRef]

Cheng, Y.; Zou, Y.; Luo, H.; Chen, F; Mao, X. Compact Ultra-Thin Seven-Band Microwave Metamaterial Absorber Based on a
Single Resonator Structure. . Electron. Mater. 2019, 48, 3939-3946. [CrossRef]

Jia, W.; Bai, J.; Roberts, K.; Le, K.Q.; Zhou, D. Design and simulation of a polarization-insensitive metamaterial terahertz absorber
with five bands. Microw. Opt. Technol. Lett. 2020, 62, 2649-2655. [CrossRef]

Wang, B.-X.; Wang, G.-Z.; Sang, T. Simple design of novel triple-band terahertz metamaterial absorber for sensing application. J.
Phys. D Appl. Phys. 2016, 49, 165307. [CrossRef]

Bakshi, S.C.; Mitra, D.; Minz, L. A compact design of multiband terahertz metamaterial absorber with frequency and polari-zation
tunability. Plasmonics 2018, 13, 1843-1852. [CrossRef]

Park, ].W.; Tuong, P.V;; Rhee, YJ.; Kim, KW.; Jang, WH.; Choi, E.H.; Chen, L.-Y.; Lee, Y.P. Multi-band metamaterial ab-sorber
based on the arrangement of donut-type resonators. Opt. Express 2013, 21, 9691-9702. [CrossRef] [PubMed]

Wang, B.X.; Zhai, X.; Wang, G.Z.; Huang, W.-Q.; Wang, L.L. Design of a Four-Band and Polarization-Insensitive Terahertz
Metamaterial Absorber. IEEE Photonics J. 2014, 7, 1-8. [CrossRef]

Zheng, D.; Cheng, Y.; Cheng, D.; Nie, Y.; Gong, R.Z. Four-Band Polarization-Insensitive Metamaterial Absorber Based on
Flower-Shaped Structures. Prog. Electromagn. Res. 2013, 142, 221-229. [CrossRef]

Qin, E; Chen, Z,; Chen, X; Yi, Z;; Yao, W.; Duan, T.; Wu, P; Yang, H.; Li, G, Yi, Y. A Tunable Triple-Band Near-Infrared
Metamaterial Absorber Based on Au Nano-Cuboids Array. Nanomaterials 2020, 10, 207. [CrossRef]

Ahmadivand, A.; Sinha, R.; Karabiyik, M.; Vabbina, PK.; Gerislioglu, B.; Kaya, S.; Pala, N. Tunable THz wave absorption by
graphene-assisted plasmonic metasurfaces based on metallic split ring resonators. . Nanoparticle Res. 2016, 19, 3. [CrossRef]
Cole, M.A,; Powell, D.A.; Shadrivov, 1.V. Strong terahertz absorption in all-dielectric Huygens’ metasurfaces. Nanotechnology 2016,
27,424003. [CrossRef]

Mayer, M.; Tebbe, M.; Kuttner, C.; Schnepf, M.].; Kénig, T.; Fery, A. Template-assisted colloidal self-assembly of macro-scopic
magnetic metasurfaces. Faraday Discuss. 2016, 191, 159-176. [CrossRef] [PubMed]

Arezoomand, A.S.; Zarrabi, B.F.; Heydari, S.; Gandjic, N.P. Independent polarization and multi-band THz absorber base on
Jerusalem cross. Opt. Commun. 2015, 352, 121-126. [CrossRef]

Yahiaoui, R.; Tan, S.; Cong, L.Q.; Singh, R.; Yan, F.-P.; Zhang, W.-L. Multispectral terahertz sensing with highly flexible ul-trathin
metamaterial absorber. J. Appl. Phys. 2015, 118, 083103. [CrossRef]

Huang, X,; Ly, C.; Rong, C.; Hu, Z.; Liu, M. Multiband Ultrathin Polarization-Insensitive Terahertz Perfect Absorbers with
Complementary Metamaterial and Resonator Based on High-Order Electric and Magnetic Resonances. IEEE Photonics |. 2018, 10,
1-11. [CrossRef]

Wang, B.-X.; Tang, C.; Niu, Q.; He, Y.; Chen, T. Design of Narrow Discrete Distances of Dual-/Triple-Band Terahertz Metamaterial
Absorbers. Nanoscale Res. Lett. 2019, 14, 1-7. [CrossRef]

Cheng, X.-M.; Huang, R.; Jimmy, X.; Xu, X.-D. Broadband terahertz near-perfect absorbers. ACS Appl. Mater. Interfaces 2020, 12,
33352-33360. [CrossRef]

Xu, W.; Huang, Y.; Zhou, R.; Wang, Q.; Yin, J.; Kono, J.; Ping, J.; Xie, L.; Ying, Y. Metamaterial-Free Flexible Graphene-Enabled
Terahertz Sensors for Pesticide Detection at Bio-Interface. ACS Appl. Mater. Interfaces 2020, 12, 44281-44287. [CrossRef]

Lou, P; He, Y,; Zhu, H.; Zhang, X.; Hu, L.; Wang, B.-X. Multiple-band terahertz perfect light absorbers enabled by using multiple
metallic bars. Phys. Scr. 2021, 96, 055502. [CrossRef]

Shen, X,; Yang, Y.; Zang, Y.; Gu, ].; Han, J.; Zhang, W.; Cui, T.]. Triple-band terahertz metamaterial absorber: Design, experiment,
and physical interpretation. Appl. Phys. Lett. 2012, 101, 154102. [CrossRef]

Wang, J.; Chen, Y,; Hao, ].; Yan, M.; Qiu, M. Shape-dependent absorption characteristics of three-layered metamaterial absorbers
at near-infrared. J. Appl. Phys. 2011, 109, 074510. [CrossRef]


http://doi.org/10.1364/OME.402541
http://doi.org/10.1007/s11664-019-07156-z
http://doi.org/10.1002/mop.32367
http://doi.org/10.1088/0022-3727/49/16/165307
http://doi.org/10.1007/s11468-018-0698-2
http://doi.org/10.1364/OE.21.009691
http://www.ncbi.nlm.nih.gov/pubmed/23609678
http://doi.org/10.1109/JPHOT.2014.2381633
http://doi.org/10.2528/PIER13052607
http://doi.org/10.3390/nano10020207
http://doi.org/10.1007/s11051-016-3696-3
http://doi.org/10.1088/0957-4484/27/42/424003
http://doi.org/10.1039/C6FD00013D
http://www.ncbi.nlm.nih.gov/pubmed/27411967
http://doi.org/10.1016/j.optcom.2015.05.003
http://doi.org/10.1063/1.4929449
http://doi.org/10.1109/JPHOT.2018.2878455
http://doi.org/10.1186/s11671-019-2876-3
http://doi.org/10.1021/acsami.0c06162
http://doi.org/10.1021/acsami.0c11461
http://doi.org/10.1088/1402-4896/abe830
http://doi.org/10.1063/1.4757879
http://doi.org/10.1063/1.3573495

	Introduction 
	Structure and Design 
	Simulation Results and Discussion 
	Experiment and Results 
	Conclusions 
	References

