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Abstract: We present a simple design of a broadband tunable metamaterial absorber (MMA) in the
terahertz (THz) region, which consists of a single layer complementary gammadion-shaped (CGS)
graphene sheet and a polydimethylsiloxane (PDMS) dielectric substrate placed on a continuous metal
film. The Fermi energy level (Ey) of the graphene can be modulated dynamically by the applied DC
bias voltage, which enables us to electrically control the absorption performance of the proposed
MMA flexibly. When Ef = 0.8 eV, the relative bandwidth of the proposed MMA, which represents the
frequency region of absorption beyond 90%, can reaches its maximal value of 72.1%. Simulated electric
field distributions reveal that the broadband absorption mainly originates from the excitation of
surface plasmon polaritons (SPPs) on the CGS graphene sheet. Furthermore, the proposed MMA is
polarization-insensitive and has wide angles for both transverse-electric (TE) and transverse-magnetic
(TM) waves in the broadband frequency range. The broadband absorption capacity of the designed
MMA can be effectively adjusted by varying the Fermi energy level of graphene. Lastly, the absorbance
of the MMA can be adjusted from 42% to 99.1% by changing the Ef from 0 eV to 0.8 eV, which is
in agreement with the theoretical calculation by using the interference 41theory. Due to its simple
structure and flexible tunability, the proposed MMA has potential application prospects in tunable
filtering, modulators, sensing, and other multispectral devices.

Keywords: terahertz metamaterial absorber; graphene; broadband tunable absorption; surface
plasmon polaritons

1. Introduction

Terahertz wave metamaterial absorbers (MMAs) have recently attracted great attention and
become one of the widespread research hotspots due to their promising applications in communication,
imaging, detection and sensing, and stealth [1-5]. In the past few years, a great number of terahertz
MMAs based on various resonator structures have been proposed to achieve single narrowband, dual or
multi-narrowband, and broadband absorption [6-12]. MMAs exhibiting high absorption performance
are usually realized by periodic array structures consisting of lossy materials that can effectively
confine and consume the incident electromagnetic (EM) fields [1,13,14]. However, most of the reported
MMAs suffer from some factors that restrict their practical applications, such as the fixed operating
frequency range and the absorption level. In those studies, the absorption properties of MMAs turned
out to be strongly dependent on the established geometries of the unit cell structure, which cannot
be altered after fabrication is completed. The urgently needed dynamic control methods for MMAs
still demand prompt solutions. Graphene, as a dense two-dimensional (2D) film material consisting
of monolayer carbon atoms packed into honeycomb crystal lattice, can be regarded as a promising
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candidate material because of its unique properties, including optical transparency, electron mobility,
and excellent mechanical properties [15-18]. The most attractive property is that the permittivity and
conductivity of graphene can be dynamically tuned by changing the Fermi energy through chemical
doping or external bias voltage, achieving dynamically tunable MMAs [19-21].

In the last few years, MMAs based on graphene have received increasing interest and have
achieved tremendous progress. Various MMAs based on patterned graphene structures, such as
disks [21], ribbons [22,23], patches [24], cross fishnets [25], and other microstructures [26-31], have been
proposed to enhance the absorption. It is believed that the perfect absorption of the graphene-based
MMA is mainly originated from excitation of surface plasmon resonances (SPRs) in the periodic
patterned graphene structures. However, most of these MMAs are usually narrowband, which greatly
limits their applications in some circumstances. Numerous efforts have been made to realize multi- and
broadband absorption by various methods, including multilayer graphene structures [32], multiple
graphene resonators in a unit cell [33], structured graphene with gradually changing geometric
sizes [34], and other hybrid-patterned metal-graphene composite structures [33-37]. Although the
broad absorption bandwidth of the MMAs can be enhanced, most of them still suffer from some
drawbacks, including difficulty with absorption tuning via biasing, significant polarization and incident
angle dependence, and complicated fabrication technology. Thus, although great progress has been
made in the field of MMA, there is still plenty of room for improvement. A novel polarization-insensitive
and wide-angle MMA based on a simple graphene structure still remains to be further investigated.

In this work, we propose a novel MMA based on a periodic patterned graphene structure, which can
achieve polarization-insensitive and wide-angle broadband terahertz absorption with flexibly active
tunability. The proposed tunable MMA is composed of a single-layer periodical complementary
gammadion-shaped (CGS) graphene array placed over a polydimethylsiloxane (PDMS) dielectric
substrate deposited on a gold film. First, the structure design of the proposed terahertz MMA is
demonstrated. Then, the absorption mechanism of the proposed MMA is clarified by analyzing the
field distributions and multireflection interference theory. Next, the absorption characteristics of the
proposed MMA are analyzed by varying the oblique incident angles of terahertz waves and the Fermi
energy level of the graphene as well. The calculated results based on the multireflection interference
theory model are in agreement with simulated results. Numerical results indicate that the relative
bandwidth, which presents the frequency range of absorption beyond 90%, can reach its maximum
value of 72.1% when Ef = 0.8 eV. Both simulation and calculation results reveal that the MM A maintains
excellent absorption performance when the incident angle is below 50° for both transverse electric
(TE) and transverse magnetic (TM) polarized terahertz waves. By controlling the graphene Fermi
energy from 0 eV to 0.8 eV, the absorbance of the MMA can be easily tuned from 42% to 99.1%. Hence,
the proposed tunable MMA based on graphene is believed to have promising applications in terahertz
sensing, detection, imaging, and cloaking.

2. Structure Design, Theory, and Simulations

The design scheme of the proposed terahertz tunable MMA is illustrated in Figure 1. In most of
the reported cases, the graphene patterns in MMAs are discrete, which would lead to great obstacles
for practically fabrication and electrical control of graphene based MMAs. Hence, the design of a
complementary graphene structure is a feasible strategy in order to tune the conductivity of graphene
via extra bias voltage, allowing the flexible electrical control of MMAs. As shown in Figure 1a, the unit
cell of the proposed MMAs has been designed to be a CGS graphene sheet with a typical non-mirror
symmetric. The entire proposed MMA possess a typical sandwich structure composed of a single-layer
periodical CGS graphene resonator on top of a dielectric PDMS substrate, which is deposited on
a continuous metallic film, as shown in Figure 1b. Generally, the periodical CGS graphene can be
produced by large-scale graphene synthesis, transfer, and etching techniques. The CGS graphene
patterns on the dielectric substrate layer can be created by using electron beam lithography [38,39].
Thus, the overall unit cell structure is polarization-insensitive for the normal incidence terahertz waves
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due to its uniaxial four-fold (C4) rotational symmetry, and the graphene conductivity of the MMA can
be controlled by applying a DC voltage V.

(b)

Graphene

Au film

PDMS Substrate

Figure 1. The scheme of designed tunable metamaterial absorber (MMA): perspective views of (a) the
unit cell structure and (b) the two-dimensional array.

The graphene is numerically modelled by an effective medium with a certain thickness tg, whose
relative permittivity can be calculated by ¢ = 1 + iog/(¢owtg) [28,38], where oy is the graphene surface
conductivity, &g is the vacuum permittivity constant, and w is the angular frequency of the incident
terahertz wave. In this study, we assume an effective medium with a thickness of t; = 1 nm to
replace the three-layer graphene sheets [29], since the thickness of the mono-layer graphene sheet is
0.34 nm [40-42]. The complex surface conductivity og of graphene can be modelled as a thin surface
sheet and characterized by the Kubo formula [29,43,44]: 0g = Ointra + Ointer, Where Ointra and Ginger
denote intra-band and inter-band conductivities, respectively. In view of the Pauli exclusion principle,
the inter-band contribution of graphene conductivity can be neglected in low terahertz and far-infrared
regions [45]. Thus, in the terahertz range of interest, the graphene conductivity og is only determined
by intra-band contribution ointra, which can be simplified and approximately described as [29]:

KT ( Ef

Ey
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KgT

Gg(a)) ~ Uintra(w) =

where w, Ef, 7, and T are the radian angular frequency of the incident terahertz wave, chemical potential
(Fermi energy), relaxation time, and environmental temperature, respectively. The relaxation time 7
characterizes the plasmon decay on account of impurities, which is fixed to 0.1 ps, and T is the kelvin
temperature, which is fixed to 300 K in this study. In addition, e represents the charge of an electron, 1 is
the reduced Planck’s constant, and kg is the universal constant representing the Boltzmann constant.
The approximate estimated theoretical relation between Efand Vg can be expressed as [30,45]:

megELV

Ef = lvy Tg @)
where vy is the Fermi velocity, V is the extra bias voltage, and ¢y and f; are the effective relative
permittivity and thickness of the middle dielectric layer, respectively. According to the equation above,
it can be found that the absorption property of the proposed MMA can be controlled via bias voltage
between the CGS graphene layer and the continuous metallic film. The continuous metallic film of
the MMA is formed with gold, with the relative permittivity obtained from the Drude model [46].
Since the thickness of the continuous gold film is much larger than the typical skin depth in the
terahertz region, the transmission wave can be largely suppressed. Polydimethylsiloxane (PDMS)
with a relative permittivity and loss tangent of 2.35 and 0.06, respectively, was used as the dielectric
spacer layer [47]. The final optimized geometric parameters of the unit cell structure are given as:
px =py =25 um, [ = 24 um, w = 2.5um, t; = 14 pm. The unit cell structure of the proposed MMA was
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set to be periodical along the x- and y-axis with periods of 25 pm to avoid diffraction at the normal
incidence rate for frequencies up to 12 THz. In this configuration, the surface plasmon polaritons (SPRs)
of the single-layered CGS graphene can be excited, therefore it makes sense to utilize the resonant
absorption characteristics of graphene surface plasmon polaritons (SPPs) to enhance the absorption of
incident terahertz wave [29,48].

To verify the absorption efficiency of the proposed MMA, three-dimensional full wave numerical
simulations were performed in CST Microwave Studio based on the finite element method (FEM).
In simulation, the periodic boundaries in both x- and y-axis directions (x-y plane) are used, and incident
terahertz waves are set to propagate along the z-direction, as shown in Figure 1b. Floquet ports for the
incident terahertz waves in the z-direction are assigned to the unit cell, so that both TE and TM mode
polarizations can be easily obtained. For TE or TM mode polarization, the incident wave vector k is set
to be in the xo0z or yoz plane and the electric field is in the x-axis direction (TE) or in the y-axis direction
(TM). The absorbance of the proposed MMA can be calculated by the formula A(w) =1 — T(w) — R(w)
=1 —S1(w)]* = 1S11(w)|?, where T(w) = |S»1(w)|? and R(w) = |S11(w)|? are transmittance and reflectance,
respectively. In our design, the transmittance is zero (Sy1(w) = 0), owing to the thickness of the bottom
continuous gold film, which is greater than the skin depth across the whole terahertz region. Thus,
the absorbance can be simplified as A(w) =1 - 1511 ().

3. Results and Discussion

Firstly, the absorbance performances of MMAs with and without the CGS graphene sheet under
normal incident terahertz waves were investigated, and the simulated results are depicted in Figure 2.
Here, in the simulation we assumed the absolute temperature T = 300 K, relaxation time of graphene
7 = 0.1 ps, and the initial Fermi energy E; = 0.8 eV. As shown in Figure 2a, for the structure with the
CGS graphene sheet, an effective absorption band (the frequency range of which possesses absorbance
beyond 90%) from 2.31 THz to 5.01 THz can be obtained, and the corresponding relative bandwidth
is up to 72.1%. In addition, absorption peaks reach up to 98.2% and 99.1% at 2.7 THz and 4.4 THz,
respectively. On the other hand, the absorbance peak barely reaches 30.8% when the CGS graphene
sheet is removed from the MMAs.
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Figure 2. (a) The simulated absorbance of the designed MMA with and without graphene, and (b) the
corresponding real part of the wave impedance.

To better understand the operation principle of the proposed MMA structure, we calculated
the wave impedances of the MMA with and without the CGS graphene sheet from the simulated
reflection coefficients according to the S-parameter retrieval method [49]. On average, the real part of
the wave impedance of the MMA with the CGS graphene sheet is close to the free space impedance
(Real(Z) ~ 377 ) from 2.31 THz to 5.01 THz, whereas the one without the CGS graphene sheet
evidently deviates from 377 () in the frequency range of interest. Thus, it can be concluded that
the proposed MMA with the CGS graphene sheet can be tuned to approximately impedance-match
the free space in the broadband frequency range, consequently leading to a relatively wide effective
absorption band.



Materials 2020, 13, 860 50f11

To reveal the physical mechanism of the proposed MMA based on CGS graphene, an intuitive
and straightforward method is to investigate the electric field distributions in resonance. As shown
in Figure 3, the z-component (E;) of the electric field distributions on the y-z plane of the unit cell
structure at absorption peak frequencies of 2.7 THz and 4.4 THz, respectively, are illustrated. It can be
found that the z-component (E;) of the electric field is mainly concentrated near the interface between
the CGS graphene sheet and the PDMS substrate at 2.7 THz and 4.4 THz, respectively. The tight field
confinement around the CGS graphene sheet on the top layer can be observed clearly, which means
that all the electric fields are trapped and subsequently dissipated on the graphene layer. The strong
terahertz wave absorption supposedly caused by excitation of different resonance modes. In Figure 3a,b,
it can be seen that the two observed absorption peaks essentially originate from the fundamental and
second order graphene SPP resonances, respectively. In addition, it can also be seen that the electric
fields near the interface area between the graphene and PDMS substrate are composed of propagating
waves related to the far-field interaction and evanescent waves, which correspond to the near-field
interaction effect [50-52]. In summary, it can be concluded that the stronger electric field confinement
characteristics of the unit cell structure above are consistent with the absorbance spectra shown in
Figure 2a.

Figure 3. The electric field (E,) distributions of the y—z plane of the unit cell structure at (a) f; = 2.7 THz
and (b) f, = 4.4 THz, respectively (Ef = 0.8 eV).

To further reveal physical insights from the proposed graphene-based MMA, quantitative analysis
based on interference theory was employed in this work. Interference theory based on Fabry-Pérot-like
resonance cavity can provide a profound understanding of the underlying physics for the proposed
MMA. According to interference theory, the MMA can be considered as a Fabry-Pérot-like resonance
cavity, which would induce multiple EM interference effects in multireflection in the incident terahertz
waves [10-14,53]. The superposed multiple reflections would then destructively interfere with the
direct reflection from the air-CGS graphene sheet and would finally result in high-level absorption [53].
As shown in Figure 4a, the multiple reflections in the interference model include two interfaces: the
air-periodical CGS graphene sheet interface and the PDMS substrate-ground gold film interface. Here,
since the thickness of the PDMS is large enough, the near-field coupling effect and magnetic response
between the CGS graphene sheet and the ground plane can be neglected. As shown in Figure 4a, when
the incident terahertz wave interacts with the CGS graphene sheet, one part of the wave is reflected in
the air-CGS graphene interface and the other part emits from the interface after multiple reflections and
transmissions. Thus, the overall reflection coefficient of the MMA is the superposition of the multiple
reflections, which can be expressed as follows [13,53]:

i 2
ip1p _ t121521€l(a12 +an +26)

1+ ergi(‘Pn + ZE)

®)

Tanl = T12€

where E = Br+ifi = —+ferkots/ cos(6s) is the propagation phase; ¢, and ts are the relative
permittivity and thickness of PDMS substrate, respectively; kg is the free space wave number;
and 0 = arcsin[sin 0;/ /¢/] is calculated with arbitrary incidence angle 0;. In addition, 11, = r1peiP12
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and f1p = t1¢/12 denote the reflection and transmission coefficient at the air-CGS graphene interface,
respectively. At the CGS graphene-PDMS interface, the corresponding reflection and transmission
coefficients can be represented by 751 = 016?21 and tyy = ty1e21, respectively. The reflection and

transmission coefficients (r13,721,t12, and ?21) of the CGS graphene-PDMS interface can be obtained via
2

FEM simulation. Therefore, the total absorbance can be retrieved through the formula A(w) = 1-[r,
Figure 4b shows the calculated absorbance of the proposed MMA when the Fermi energy is set to
be Ef = 0.8 eV, which is in good agreement with the simulated result. This result indicates that the
interference theory based on the Fabry-Pérot-like resonance cavity can be used to legitimately explain

the physics mechanism of the proposed MMA.
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Figure 4. (a) [llustration of the interference model of the proposed MMA, and (b) the simulated and
calculated absorbance of the designed MMA when Ef= 0.8 eV.

For practical application, the absorption performance of the proposed MMA should be robust to
the different polarization angles and oblique incident angles for both TE and TM waves. Obviously,
the proposed terahertz MMA is polarization-independent for both TE and TM waves due to the
uniaxial four-fold (Cy4) rotational symmetry of the unit cell structure (not show). Here, we consider the
absorption performance of the proposed MMA (E; = 0.8 eV) under different oblique incident angles
for both TE and TM mode polarization waves. Both the simulated and calculated absorbance under
different oblique incidence angles for TE and TM waves are depicted in Figure 5, which are in good
agreement with each other.
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Figure 5. The (a,c) simulated and (b,d) calculated absorbance of MMAs under different oblique
incidence angles for (a,b) TE and (c,d) TM waves (E; = 0.8 eV).
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As shown in Figure 5a,b, for TE waves, it can be seen that broadband absorption performance
can be maintained up to 45°. Beyond 45°, the broadband absorption performance will be decreased
gradually, especial for the lower frequency range. This is because the incident magnetic flux between
the CGS graphene sheet and ground plane will decrease with the increase of incidence angle [10].
In addition, the frequency range of the stronger absorption has a slight blue shift with the increase
of the oblique incidence angle. For TM waves, as shown in Figure 5c,d, the high-level absorption of
the broadband frequency can be maintained up to 65°. This means that the magnetic flux between
the CGS graphene sheet and ground plane is nearly unchanged at a larger incidence angle for TM
waves [10]. Meanwhile, the absorption spectra of the proposed MMA also display a slightly blue shift
with increasing incidence angles for the TM wave. These results indicate that the proposed MMA can
maintain the absorption stability with different polarization angles and wide incident angles for both
TE and TM waves.

Furthermore, the electrically tunable properties of the broadband terahertz MMA were also
investigated numerically. Graphene, as one kind of tunable photoelectric material, is often applied
to regulate the absorption amplitude and frequency range of a MMA. The surface conductivity of a
graphene sheet relates primarily to its Fermi energy, which can be easily controlled by applying bias
voltage or electrostatic chemical doping [33-35]. Here, the Fermi level (Ef) of the CGS graphene sheet
placed on the top layer of the MMA structure is adjusted dynamically by changing the external bias
voltage Vg, as shown in Figure 1b. The absorption properties of the proposed MMA were discussed
when the Fermi level (Ef) of the CGS graphene sheet was continuously tuned from 0 to 0.8 eV through
external bias voltage. Figure 6a,b present the simulated and calculated absorption spectra as a function
of terahertz frequency and the Fermi level (Es) under normal incident TE waves. It is obvious that
the absorption level is enhanced gradually with the increasing Ef, while the operating frequency
range is nearly unchanged. Moreover, the simulated average absorbance increases from 42% to 99.1%
gradually with the increment of E¢ from 0 to 0.8 eV, while the operating frequency range remains nearly
unchanged, which is ell consistent with the calculation result based on interference theory. Thus, it can
be concluded that the proposed MMA with flexible tunability could be used as a tunable broadband
spatial amplitude modulator or attenuator in terahertz regimes. In addition, as distinguished from the
previous MMAs consisting of isolated graphene disks, ribbons, and multi-resonators, the proposed
MMA, which possesses a net CGS graphene layer with inherent continuous electrical connection, may
greatly simplify the previously redundant gating structures to just one voltage gate and realize the
flexible tunability of the absorption properties. The design strategy of this tunable broadband terahertz
MMA can be easily scaled to infrared or visible regimes if the dimensions are reduced to nano- or even
lower scales.

10— S
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Figure 6. The (a) simulated and (b) calculated absorbance spectra under normal incident TE waves
with different Fermi energy levels (Ey).

4. Conclusions

In conclusion, we have demonstrated a new efficient route for achieving a broadband terahertz
tunable MMA using a net CGS graphene sheet deposited on a PDMS dielectric spacer supported by
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a metallic reflecting plate. Simulation results indicate that the relative bandwidth of the proposed
MMA, which represents a frequency region of absorption beyond 90%, reaches its maximal value
of 72.1% when Ef = 0.8eV. The simulated electric field distribution of one unit cell structure reveals
that the stronger broadband absorption of the MMA mainly originates from the continuous excitation
of the fundamental and second order graphene SPP resonances. Additionally, multiple-reflection
interference theory was used to quantitatively analyze the absorption performance of the designed
MMA with wide-range incidence angles and different Fermi levels (E). The theoretical calculations
and full-wave simulations are in excellent agreement with each other. The MMA has been proven to
be insensitive to the polarization states of incident terahertz waves, and the absorbance remains at 80%
with incident angles up to 45° for TE waves and up to 65° for TM waves. Compared to conventional
MMAs consisting of isolated graphene disks, ribbons, multi-resonators, or multi-layered structures,
the continuous net CGS graphene structure greatly simplifies the electrostatic gating structure to
achieve flexible tunability. By controlling the Fermi level (Ef) via external bias voltage of the graphene
sheet, the absorbance can be tuned continuously from 42% to 99.1%. This work offers a new perspective
on the simple design of graphene-based tunable terahertz broadband MMAs. Benefitting from these
promising properties, including the simple structure, absolute polarization insensitivity, wide incident
angle, and the flexible tunability of the broadband absorption, the proposed MMA could be engineered
for various applications in broadband terahertz spatial amplitude modulators, attenuators, sensors,
and other optoelectronic devices.

Author Contributions: Conceptualization, EC., and Y.C.; data curation, F.C., Y.C., and H.L.; formal analysis, Y.C.,
EC., and H.L.; methodology, Y.C., EC., and H.L. resources, PW.; software, Y.C., F.C., and H.L.; data curation, FC.,
and Y.C.; writing—original draft preparation, F.C.; and Y.C., writing—review and editing, Y.C., FC., and H.L.
All authors have read and agreed to the published version of the manuscript.

Funding: Please add: This research was funded by the National Natural Science Foundation of China (NSFC)
(Grant No. 61605147, 61701185, 61801186), the Science and Technology Research Project of Education Department
of Hubei China (Grant No. D20181107).

Acknowledgments: We acknowledge the financial support from the National Natural Science Foundation of
China (NSFC) (Grant No. 61605147, 61701185, 61801186), the Science and Technology Research Project of Education
Department of Hubei China (Grant No. D20181107).

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

References

1. Watts, C.M,; Liu, X.; Padilla, W.J. Metamaterial Electromagnetic Wave Absorbers. Adv. Mater. 2012, 24,
98-120. [CrossRef] [PubMed]

2. Carranza, LE.; Grant, ].P.; Gough, J.; Cumming, D. Terahertz Metamaterial Absorbers Implemented in
CMOS Technology for Imaging Applications: Scaling to Large Format Focal Plane Arrays. IEEE ]. Sel. Top.
Quantum Electron. 2017, 23, 1-8. [CrossRef]

3.  Alves, F; Grbovic, D.; Kearney, B.; Lavrik, N.V.; Karunasiri, G. Bi-material Terahertz Sensors Using
Metamaterial Structures. Opt. Express 2013, 21, 13256-13271. [CrossRef] [PubMed]

4.  Mittendorff, M.; Winnerl, S.; Kamann, J.; Eroms, J.; Weiss, D.; Schneider, H.; Helm, M. Ultrafast
Graphene-Based Broadband THz Detector. Appl. Phys. Lett. 2013, 103, 021113. [CrossRef]

5. Iwaszczuk, K.; Strikwerda, A.C.; Fan, K.; Zhang, X.; Averitt, R.D.; Jepsen, P.U. Flexible Metamaterial
Absorbers for Stealth Applications at Terahertz Frequencies. Opt. Express 2012, 20, 635-643. [CrossRef]

6.  Nasr, M,; Richard, J.T.; Skirlo, S.A.; Heimbeck, M.S.; Joannopoulos, ].D.; Soljacic, M.; Everitt, H.O.; Domash, L.
Narrowband Metamaterial Absorber for Terahertz Secure Labeling. J. Infrared, Millimeter, Terahertz Waves
2017, 38, 1120-1129. [CrossRef]

7.  Cheng, H,; Chen, S,; Yang, H.; Li, J.; An, X,; Gu, C,; Tian, J. A Polarization Insensitive and Wide-Angle
Dual-Band Nearly Perfect Absorber in the Infrared Regime. J. Opt. 2012, 14, 85102-85106. [CrossRef]

8.  Pu,M,; Wang, M.; Hu, C.; Huang, C.; Zhao, Z.; Wang, Y.; Luo, X. Engineering Heavily Doped Silicon for
Broadband Absorber in the Terahertz Regime. Opt. Express 2012, 20, 25513-25519. [CrossRef]


http://dx.doi.org/10.1002/adma.201200674
http://www.ncbi.nlm.nih.gov/pubmed/22627995
http://dx.doi.org/10.1109/JSTQE.2016.2630307
http://dx.doi.org/10.1364/OE.21.013256
http://www.ncbi.nlm.nih.gov/pubmed/23736579
http://dx.doi.org/10.1063/1.4813621
http://dx.doi.org/10.1364/OE.20.000635
http://dx.doi.org/10.1007/s10762-017-0389-7
http://dx.doi.org/10.1088/2040-8978/14/8/085102
http://dx.doi.org/10.1364/OE.20.025513

Materials 2020, 13, 860 9of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Cheng, Y.Z; Huang, M.L; Chen, HR.,; Guo, Z.Z; Mao, X.S; Gong, R.Z. Ultrathin Six-Band
Polarization-Insensitive Perfect Metamaterial Absorber Based on a Cross-Cave Patch Resonator for Terahertz
Waves. Materials 2017, 10, 591. [CrossRef]

Cheng, Y.; Zou, H.; Yang, ].; Mao, X.; Gong, R. Dual and Broadband Terahertz Metamaterial Absorber Based
on a Compact Resonator Structure. Opt. Mater. Express 2018, 8, 3104-3114. [CrossRef]

Zou, H.; Cheng, Y. Design of a Six-Band Terahertz Metamaterial Absorber for Temperature Sensing
Application. Opt. Mater. 2019, 88, 674—679. [CrossRef]

Li, W.; Cheng, Y. Dual-Band Tunable Terahertz Perfect Metamaterial Absorber Based on Strontium Titanate
(STO) Resonator Structure. Opt. Commun. 2020, 462, 125265. [CrossRef]

Chen, H.-T. Interference Theory of Metamaterial Perfect Absorbers. Opt. Express 2012, 20, 7165-7172.
[CrossRef] [PubMed]

Huang, L.; Chen, H.T. A Brief Review on Terahertz Metamaterial Perfect Absorbers. Terahertz Sci. Technol.
2013, 6, 26-39.

Mak, K.E; Sfeir, M.Y.; Wu, Y.; Lui, C.H.; Misewich, J.A.; Heinz, T.F. Measurement of the Optical Conductivity
of Graphene. Phys. Rev. Lett. 2008, 101, 196405. [CrossRef] [PubMed]

Gass, M.H.; Bangert, U.; Bleloch, A.L.; Wang, P.; Nair, R.R.; Geim, A K. Free-Standing Graphene at Atomic
Resolution. Nat. Nanotechnol. 2008, 3, 676—681. [CrossRef]

Grigorenko, A.N.; Polini, M.; Novoselov, K.S. Graphene Plasmonics. Nat. Photonics 2012, 6, 749-758.
[CrossRef]

Novoselov, K.S.; Fal'’ko, V.I.; Colombo, L.; Gellert, P.R.; Schwab, M.G.; Kim, K.A. Roadmap for Grapheme.
Nature 2012, 490, 192-200. [CrossRef]

Liu, H.; Liu, Y,; Zhu, D. Chemical Doping of Graphene. . Mater. Chem. 2011, 21, 3335-3345. [CrossRef]
Fang, Z.; Thongrattanasiri, S.; Schlather, A.; Liu, Z.; Ma, L.; Wang, Y.; Ajayan, PM.; Nordlander, P.,; Halas, N.J.;
de Abajo, EJ.G. Gated Tunability and Hybridization of Localized Plasmons in Nanostructured Graphene.
ACS Nano 2013, 7, 2388-2395. [CrossRef] [PubMed]

Thongrattanasiri, S.; Koppens, EH.L.; de Abajo, FJ.G. Complete Optical Absorption in Periodically Patterned
Graphene. Phys. Rev. Lett. 2012, 108, 047401. [CrossRef] [PubMed]

Alaee, R.; Farhat, M.; Rockstuhl, C.; Lederer, F. A Perfect Absorber Made of a Graphene Micro-Ribbon
Metamaterial. Opt. Express 2012, 20, 28017-28024. [CrossRef] [PubMed]

Nikitin, A.Y.; Guinea, F.; Garcia-Vidal, E]J.; Martin-Moreno, L.; Garcia-Vidal, F. Surface Plasmon Enhanced
Absorption and Suppressed Transmission in Periodic Arrays of Graphene Ribbons. Phys. Rev. B 2012, 85,
081405. [CrossRef]

Huang, X.; Zhang, X.; Hu, Z.; Aqeeli, M.; Alburaikan, A. Design of Broadband and Tunable
Terahertz Absorbers Based on Graphene Metasurface: Equivalent Circuit Model Approach. IET Microw.
Antennas Propag. 2012, 9, 307-312. [CrossRef]

Ke, S.; Wang, B.; Huang, H.; Long, H.; Wang, K.; Lu, P. Plasmonic Absorption Enhancement in Periodic
Cross-Shaped Graphene Arrays. Opt. Express. 2015, 23, 8888-8900. [CrossRef]

Ye, C.; Zhu, Z.; Xu, W,; Yuan, X.; Qin, S. Electrically Tunable Absorber Based on Nonstructured Graphene.
J. Opt. 2015, 17, 125009. [CrossRef]

Yao, G.; Ling, F; Yue, J.; Luo, C.; Ji, ].; Yao, J. Dual-Band Tunable Perfect Metamaterial Absorber in the THz
Range. Opt. Express 2016, 24, 1518-1527. [CrossRef]

Ye, L.; Chen, Y,; Cai, G.; Liu, N,; Zhu, J.; Song, Z.; Liu, Q. Broadband absorber with periodically
sinusoidally-patterned graphene layer in terahertz range. Opt. Express 2017, 25, 11223-11232. [CrossRef]
Huang, M.; Cheng, Y.; Cheng, Z.; Chen, H.; Mao, X.; Gong, R. Based on Graphene Tunable Dual-Band
Terahertz Metamaterial Absorber with Wide-Angle. Opt. Commun. 2018, 415, 194-201. [CrossRef]

Huang, M.L.; Cheng, Y.Z.; Cheng, Z.Z.; Chen, H.R.; Mao, X.S.; Gong, R.Z. Design of a Broadband Tunable
Terahertz Metamaterial Absorber Based on Complementary Structural Graphene. Materials 2018, 11, 540.
[CrossRef]

Zhou, Q.; Zha, S.; Bian, L.; Zhang, ]J.; Ding, L.; Liu, H.; Liu, P. Independently Controllable Dual-Band
Terahertz Metamaterial Absorber Exploiting Grapheme. J. Phys. D Appl. Phys. 2019, 52, 255102. [CrossRef]


http://dx.doi.org/10.3390/ma10060591
http://dx.doi.org/10.1364/OME.8.003104
http://dx.doi.org/10.1016/j.optmat.2019.01.002
http://dx.doi.org/10.1016/j.optcom.2020.125265
http://dx.doi.org/10.1364/OE.20.007165
http://www.ncbi.nlm.nih.gov/pubmed/22453398
http://dx.doi.org/10.1103/PhysRevLett.101.196405
http://www.ncbi.nlm.nih.gov/pubmed/19113291
http://dx.doi.org/10.1038/nnano.2008.280
http://dx.doi.org/10.1038/nphoton.2012.262
http://dx.doi.org/10.1038/nature11458
http://dx.doi.org/10.1039/C0JM02922J
http://dx.doi.org/10.1021/nn3055835
http://www.ncbi.nlm.nih.gov/pubmed/23390960
http://dx.doi.org/10.1103/PhysRevLett.108.047401
http://www.ncbi.nlm.nih.gov/pubmed/22400887
http://dx.doi.org/10.1364/OE.20.028017
http://www.ncbi.nlm.nih.gov/pubmed/23263036
http://dx.doi.org/10.1103/PhysRevB.85.081405
http://dx.doi.org/10.1049/iet-map.2014.0152
http://dx.doi.org/10.1364/OE.23.008888
http://dx.doi.org/10.1088/2040-8978/17/12/125009
http://dx.doi.org/10.1364/OE.24.001518
http://dx.doi.org/10.1364/OE.25.011223
http://dx.doi.org/10.1016/j.optcom.2018.01.051
http://dx.doi.org/10.3390/ma11040540
http://dx.doi.org/10.1088/1361-6463/ab132a

Materials 2020, 13, 860 10 of 11

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Amin, M.,; Farhat, M.; Bagci, H. An Ultra-Broadband Multilayered Graphene Absorber. Opt. Express 2013, 21,
29938-29948. [CrossRef] [PubMed]

Yi, S.; Zhou, M; Shi, X.; Gan, Q.; Zi, ].; Yu, Z. A multiple-resonator approach for broadband light absorption
in a single layer of nanostructured graphene. Opt. Express 2015, 23, 10081-10090. [CrossRef] [PubMed]
Huang, X.; He, W.; Yang, F,; Ran, J.; Gao, B.; Zhang, W.-L. Polarization-Independent and Angle-Insensitive
Broadband Absorber with a Target-Patterned Graphene Layer in the Terahertz Regime. Opt. Express 2018,
26, 25558-25566. [CrossRef]

Cen, C.; Chen, Z.; Xu, D,; Jiang, L.; Chen, X.; Yi, Z.; Wu, P,; Li, G.; Yi, Y. High Quality Factor, High Sensitivity
Metamaterial Graphene-Perfect Absorber Based on Critical Coupling Theory and Impedance Matching.
Nanomaterials 2020, 10, 95. [CrossRef]

Cheng, Y.; Luo, H.; Chen, F; Gong, R. Triple Narrow-band Plasmonic Perfect Absorber for Refractive Index
Sensing Applications of Optical Frequency. OSA Continuum. 2019, 2, 2113-2122. [CrossRef]

Yang, J.; Zhu, Z.; Zhang, ].; Xu, W.; Guo, C,; Liu, K.; Zhu, M.; Chen, H.; Zhang, R.; Yuan, X,; et al. Mie
Resonance Induced Broadband Near-Perfect Absorption in Nanostructured Graphene Loaded with Periodical
Dielectric Wires. Opt. Express 2018, 26, 20174-20182. [CrossRef]

Liu, Y;; Zhong, R.; Huang, J.; Lv, Y.; Han, C.; Liu, S. Independently Tunable Multi-Band and Ultra-Wide-Band
Absorbers Based on Multilayer Metal-Graphene Metamaterials. Opt. Express 2019, 27, 7393-7404. [CrossRef]
Wang, L.; Zhang, ].; Liu, N.; Wang, Y.; Hu, P.; Wang, Z. Fast Patterned Graphene Ribbons via Soft-Lithography.
Procedia CIRP 2016, 42, 428-432. [CrossRef]

Cen, C.; Zhang, Y.; Chen, X,; Yang, H.; Yi, Z.; Yao, W.; Tang, Y.; Yi, Y.; Wang, J.; Wu, P. A Dual-Band
Metamaterial Absorber for Graphene Surface Plasmon Resonance at Terahertz Frequency. Physica E 2020,
117,113840. [CrossRef]

Wang, X.; Shi, Y. CHAPTER 1. Fabrication Techniques of Graphene Nanostructures. In Nanoscience &
Nanotechnology Series; Royal Society of Chemistry (RSC) Publishing: Cambridge, UK, 2014; pp. 1-30.
Zhang, Y.; Shi, Y.; Liang, C.-H. Broadband Tunable Graphene-Based Metamaterial Absorber. Opt. Mater. Express
2016, 6, 3036-3044. [CrossRef]

Hanson, G.W. Dyadic Green’s Functions and Guided Surface Waves for a Surface Conductivity Model of
Grapheme. J. Appl. Phys. 2008, 103, 064302. [CrossRef]

Hanson, G.W. Quasi-Transverse Electromagnetic Modes Supported by a Graphene Parallel-Plate Waveguide.
J. Appl. Phys. 2008, 104, 084314. [CrossRef]

Ren, L.; Zhang, Q.; Yao, J.; Sun, Z.; Kaneko, R.; Yan, Z.; Nanot, S.; Jin, Z.; Kawayama, I.; Tonouchi, M.;
et al. Terahertz and Infrared Spectroscopy of Gated Large-Area Graphene. Nano Lett. 2012, 12, 3711-3715.
[CrossRef] [PubMed]

Ordal, M.A,; Long, L.L.; Bell, R].; Bell, S.E.; Bell, R.R.; Alexander, R.W., Jr.; Ward, C.A. Optical Properties of
the Metals Al, Co, Cu, Au, Fe, Pb, Ni, Pd, Pt, Ag, Ti, and W in the Infrared and Far Infrared. Appl. Opt. 1983,
22,1099-1119. [CrossRef] [PubMed]

Cheng, Y.Z.; Withayachumnankul, W.; Upadhyay, A.; Headland, D.; Nie, Y.; Gong, R.Z.; Bhaskaran, M.;
Sriram, S.; Abbott, D. Ultrabroadband Reflective Polarization Convertor for Terahertz Waves. Appl. Phys. Lett.
2014, 105, 181111. [CrossRef]

Li, J.-S; Yan, D.-X; Sun, J.-Z. Flexible Dual-Band All-Graphene-Dielectric Terahertz Absorber.
Opt. Mater. Express 2019, 9, 2067-2075. [CrossRef]

Smith, D.R,; Vier, D.C.; Koschny, T.; Soukoulis, C.M. Electromagnetic Parameter Retrieval from
Inhomogeneous Metamaterials. Phys. Rev. E 2005, 71, 036617. [CrossRef]

Wang, Y; Qin, F; Yi, Z.; Chen, X.; Zhou, Z.; Yang, H.; Liao, X,; Tang, Y.; Yao, W.; Yi, Y. Effect of Slit Width on
Surface Plasmon Resonance. Results Phys. 2019, 15, 102711. [CrossRef]

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


http://dx.doi.org/10.1364/OE.21.029938
http://www.ncbi.nlm.nih.gov/pubmed/24514545
http://dx.doi.org/10.1364/OE.23.010081
http://www.ncbi.nlm.nih.gov/pubmed/25969049
http://dx.doi.org/10.1364/OE.26.025558
http://dx.doi.org/10.3390/nano10010095
http://dx.doi.org/10.1364/OSAC.2.002113
http://dx.doi.org/10.1364/OE.26.020174
http://dx.doi.org/10.1364/OE.27.007393
http://dx.doi.org/10.1016/j.procir.2016.02.226
http://dx.doi.org/10.1016/j.physe.2019.113840
http://dx.doi.org/10.1364/OME.6.003036
http://dx.doi.org/10.1063/1.2891452
http://dx.doi.org/10.1063/1.3005881
http://dx.doi.org/10.1021/nl301496r
http://www.ncbi.nlm.nih.gov/pubmed/22663563
http://dx.doi.org/10.1364/AO.22.001099
http://www.ncbi.nlm.nih.gov/pubmed/18195926
http://dx.doi.org/10.1063/1.4901272
http://dx.doi.org/10.1364/OME.9.002067
http://dx.doi.org/10.1103/PhysRevE.71.036617
http://dx.doi.org/10.1016/j.rinp.2019.102711
http://dx.doi.org/10.3390/nano10020207

Materials 2020, 13, 860 11 of 11

52. Wang, Y;; Chen, Z,; Xu, D.; Yi, Z.; Chen, X.; Chen, J.; Tang, Y.; Wu, P; Li, G.; Yi, Y. Triple-Band Perfect
Metamaterial Absorber with Good Operating Angle Polarization Tolerance Based on Split Ring Arrays.
Results Phys. 2020, 16, 102951. [CrossRef]

53. Chen,H.-T,; Zhou,].; O’'Hara, ].F,; Chen, F; Azad, A K,; Taylor, A.J. Antireflection Coating Using Metamaterials
and Identification of Its Mechanism. Phys. Rev. Lett. 2010, 105, 073901. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.rinp.2020.102951
http://dx.doi.org/10.1103/PhysRevLett.105.073901
http://www.ncbi.nlm.nih.gov/pubmed/20868044
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structure Design, Theory, and Simulations 
	Results and Discussion 
	Conclusions 
	References

