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Featured Application: We applied “Lumerical FDTD Solution” in the simulation process, which
develops high-performance photonic simulation software, enabling designers to predict light’s
behaviour within complex structures and systems. And this software is constantly being update
to improve functionality, especially for the simulation of new materials such as graphene, SizNy
and so on.

Abstract: In this paper, a triple-band hybridization coherent perfect absorber based on graphene
metamaterial is proposed, which consists of graphene concentric nanorings with different sizes and a
metallic mirror separated by SiO, layer. Based on the finite-difference time-domain (FDTD) solution,
triple-band coherent perfect absorption is achieved at frequencies from 0.6 THz to 1.8 THz, which
results from the surface plasmon resonance hybridization. The wavelength of the absorption peak
can be rapidly changed by varying the Fermi level of graphene. Most importantly, the wavelength of
the absorption peak can be independently tuned by varying the Fermi level of the single graphene
nanoring. Moreover, the triple hybridization perfect absorber is angle-insensitive because of the
perfect symmetry structure of the graphene nanorings. Therefore, our results may widely inspire
optoelectronic and micro-nano applications, such as cloaking, tunable sensor, etc.
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1. Introduction

Metamaterials have unique advantages for the regulation of electromagnetic waves. It is a
powerful structure formed by the periodic arrangement of many micro-nano structures, such as
concentric rings [1,2], nano-rods [3,4] and the metal split-ring resonators [5,6]. Metamaterial absorbers
have received extensive attention from researchers since Landy et al. [7] proposed metamaterial-based
perfect absorber (MPA) in 2008. The work based on metamaterials has promoted the development
of many functional devices, such as optic cloaks [8,9], sensors [10], optical switches [11] and so on.
However, most of these proposed MPAs still have a strict working bandwidth. It is hard to change the
structure in integrated devices.

Graphene, as a two-dimensional material with many excellent properties, is widely used in the
design of metamaterials. The graphene nanoring or nanodisk is used to realize the functions of light
modulation, switching and sensing in 2013 [12]. Graphene multilayer wave absorbers [13-15] have been
proposed many times, but the fabrication of multilayer structures is complex and multilayers cannot be
guaranteed. Therefore, much research has conducted extensive explorations on single-layer graphene
structures [16-18], whereas most graphene metamaterials have narrow bands or have very limited
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frequency adjustments, especially the frequency of adjustment is not flexible enough. The frequency
changes at the same time, which greatly limits the application of graphene metamaterials. Researchers
have done many experiments to explore graphene metamaterial absorbers, Fang Z. et al. utilize an
array of closely packed graphene nanodisks, realizing absorption efficiency from 3% to 30% in the
infrared region of the spectrum [19]. In addition, a cavity-coupled nanopatterned graphene absorber
has achieved high absorption theoretically and experimentally between 8-12 um, and the adjustable
range is about 2 pm [20]. These experiments show that the graphene absorber is technically feasible.
Therefore, we have proposed a graphene absorber that can effectively control a single frequency.

In this work, we propose a triple-band graphene structure that can be adjusted separately.
Our device is a sandwich structure which consists of a single-layer of graphene concentric triple ring
(GCTR) array and a metallic mirror separated by SiO, layer. Compared with the previous work of
others before [21], our device has a wider range of adjustment freedom, and our proposed absorber
can achieve a Tri-band and Dual-band conversion. FDTD is used to simulate the response frequency of
0.5-2.5 THz, and the single-frequency or multi-frequency conversion can be achieved by separately
adjusting the Fermi level of a single pattern. In addition, we use a hybridization model to explain the
coupling of the graphene rings in a proposed absorber.

2. Structure and Method

The schematic of the structure is shown in Figure 1. The proposed structure is composed of a
single layer of patterned graphene, a layer of silicon dioxide as a loss layer and a mirror layer of perfect
electrical conductor (PEC). Among them, the thickness of SiO; is t = 28 um, which is considered the
permittivity ¢ = 3.9, and the thickness of PEC is 1 = 3.5 um. In order to control the Fermi level of the
top graphene, we set the Au electrodes as the top gate and a patterned ion-gel above the graphene,
and a conductor below the graphene. We patterned the ion-gel into a three-layered split-ring structure
in Figure 1. Each layer of the split-ring was connected to an Au gate. Thus, three Au gates were used
to separately adjust each layer of graphene. The size of the ion-gel was similar to the graphene’s
three-ring pattern. We hope to use this method which the Fermi level is dynamically adjustable to
achieve many kinds of absorption patterns in one absorber. The ion-gel pattern which was omitted to
simplify the calculation is designed to discretely adjust the three graphene nanorings [22,23]. We also
provide some evidence in Figure S1 to prove this point. And some researchers believe that the phonons
between the ion-gel and oxide silica will affect the absorption of the absorber [12,24].

In addition, as shown in Figure 1, we give the results of the graphene patterning process. We have
designed a pattern of three concentric rings of graphene. On the one hand, this pattern is a good
perfect symmetrical structure, which can solve the problem of polarization sensitivity. On the other
hand, through the regulation of the three rings and the mutual coupling between the three rings, we
can achieve a variety of functions, such as continuous perfect absorption and mode conversion of the
absorption frequency. In the process of FDTD simulation, we set the convergence time t =1 ps, u =2
x 10* em?-V~1.s7! (there is a corresponding relationship between 7 and ). The design of graphene’s
electron-phonon relaxation time can be achieved by using the mechanical exhalation method in
high-quality graphene in other work [25,26].

In our work, we give Ef = 0.7 eV of any initial value, and obtain the simulated data by scanning
the values of different Fermi levels without changing the structural parameters. We set override x mesh
and y mesh is 5 nm and override z mesh is 1 nm. The size of mesh is much smaller than the minimum
size of the pattern to ensure the accuracy of the absorption and the using of 1 nm in the setting of the
z-axis mesh is to ensure that the single-layer graphene structure is well scanned. In addition, according
to the data results from FDTD—the reflectivity R (w) in the upper space and the transmittance T (w) in
the bottom space, we can get the result of the absorption rate of the absorber A (w) =1 - R (v) = T (w),
this method is widely used by researchers [13,17-19].
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Figure 1. Schematic of the proposed broadband metamaterial-based perfect absorber (MPA)consisting
of the graphene concentric triple ring (GCTR) and the perfect electrical conductor (PEC) mirror separated
by a thin SiO, spacer. The ion-gel was spin-coated on the graphene nanostructures and contacted to
the Au electrodes as the top gate. Also, an ultra-thin and transparent conduct thin layer was deposited
between the SiO;, and graphene as the bottom gate. The geometrical parameters of the proposed MPA
are t =28 uym and L = 11 pum. The outer radii of three rings are 4 = 1.5 pm, b = 2.5 um, ¢ = 4.5 um, the
widths of three rings are 0.2 um, 0.5 um, 1.1 pm.

Regarding the conductivity tunability of graphene, it can be known from the Kubo formula [27]
that the conductivity is determined by the internal and external conductivity [28-30],
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where w is the frequency of the electromagnetic wave, Ey is the chemical potential (Fermi level), 7 is the
electron-phonon relaxation time, and T is the ambient temperature. Also, kp is the Boltzman constant,
e is the electron charge and / is the Plank constant, respectively. The surface conductivity can be safely
reduced to a class of Drude models [31-33].
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@)
The principle of graphene conductivity tunability provides the possibility to modulate the work
bandwidth of the device, and its Fermi energy can be freely adjusted over a wide range by applying an
electrostatic bias [33].
We apply the quasi-static description [34,35] of graphene tunable conductance theory to analyze
the surface plasmons generated by bound electrons. From previous work [35-37], we know that this
method can get a good approximation. The operating frequency of the system generating surface
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plasmons is determined only by the geometry and dielectric function. Under the condition of phase

matching, we can get
e / Ef
= h ineW,ss ©)

where wj is the angle frequency of surface plasmon resonant frequency, ¢ is the average dielectric
constant which can be simply considered as the average ¢ of the upper layer €1 and the lower layer &5,
W, is the effective ribbon width and ) is the dimensionless parameter, which uniquely determines the
electrodynamic responses of the nanoribbon array. The Fermi level of graphene has a linear relationship
with the carrier concentration of graphene

Es = hwpng (6)

where Fermi velocity and Planck constant are constant values, Vy = 10° m s™'. We can control the
carrier concentration in graphene by changing the gate voltage. From the simple capacitor model and
the linear relationship between the carrier concentration of graphene and the external gate voltage, the
equation can be expressed as [38,39]

€&o Vg = VDirac
ed '

ns = )
Among them, ¢ is consistent with the previous expression as the relative dielectric constant of SiO»,
€ and d represent the vacuum dielectric constant and the thickness of the insulator layer. [V — V|
is the amount of external gate voltage applied. In this way, we can fully understand the process of the
proposed absorption structure changing the Fermi level, and this process will qualitatively change the
surface plasmon frequency, which will affect the operating frequency of the absorber. Since single-layer
graphene is an extremely thin material, we can think of it as an ultra-thin film, which has a certain
equivalent dielectric constant:
io

eg =1+ 8)

WE ()b ’

Here, ¢y and w respectively represent the dielectric constant of the vacuum and the frequency
of the incident wave, which have been given in the previous equation, b represents the thickness
of graphene. According ton = \/gg[lg, the refractive index of graphene can be obtained. Where ¢¢
is equivalent dielectric constant and u is independently specified [40,41]. In this equation, we can
know that conductivity affects the dielectric constant of graphene films. In addition, the electrical
conductivity will directly affect the characteristics of the surface plasmon polarization (SPP) excited by
graphene [42,43].

3. Results and Discussion

3.1. The result of the Structure Tuning

The working principle of this reflective MPA can be understood as follows. When the
electromagnetic wave illuminates the device, the SPP is excited on the top graphene layer and
the redundant energy in the absorber was reflected by the bottom PEC mirror, resulting in strong
magnetic resonance [44—47]. It is known from the properties of SPP that the SPP excited by the MPA
will change the direction of energy propagation, thereby achieving the loss of these energy at the
surface without reflection. Earlier works [22,25,48,49] showed that a local surface plasma mode or a
gap plasma mode illuminated by incident light will be excited inside the graphene microstructure,
resulting in a significant enhancement of light absorption.

First, with the above theory and the Formula (3), we can know that by changing the Fermi level of
graphene, we can change the response frequency of the graphene absorption structure, which will
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change the position of the absorption peak of the graphene absorption structure. We control the Fermi
level by changing the voltage between the gates. The relationship of the gate-voltage and the Fermi
level is shown in the Formulas (6) and (7). Utilizing this property, we tune the Fermi level of the GCTR.
The results are shown in Figure 2.
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Figure 2. The simulated absorption spectrum of the absorber which the Graphene at the different Fermi
levels (blue line is Ef = 0.7 eV, orange line is Ey = 0.8 eV, gray line is Ef = 0.9 eV, yellow line is Er=1.0 eV).

The Figure 2 depicts the simulated absorption spectrum of the absorber which the Graphene at
the different Fermi levels. From the theory of adjustable conductivity, we finally give the approximate
relationship between the SPP response frequency w (the frequency corresponding to the absorption
peak) and the Fermi level Ey of graphene. It can be seen that under the control variables, without
changing any structural parameters of the absorption structure, as the graphene Fermi level increases,
the surface plasma response frequency increases. This is consistent with the absorption spectrum we
obtained through FDTD simulation. When we adjusted the graphene three-ring Fermi level E; from
0.7 eV to 1.0 eV, the peak of the absorption blue shift (the surface plasmon response frequency increase).
As the Fermi level increases, we can draw a general conclusion that all the graphene absorbing
structures appear as a blue shift. It is consistent with the conclusion of conductance regulation.
Moreover, the absorptions of the absorption peaks are fluctuating between 61% to 98% (the second
peak) with the changes of the Fermi level. As well as that, it is apparent that the Fermi level plays a
significant role in the absorption and the frequency of the absorption peak.

Cause to the indispensable role of the Fermi level, we have a new idea that we maintain the Fermi
level of the two rings unchanged and change the Fermi level of the single graphene ring (SGR). In this
way, we can achieve the adjustment of SGR and thus achieve higher continuous absorption efficiency
of the absorption peak with a poor coupling effect. The results are shown in Figure 3.

The Figure 3 depicts that SGR adjustment not only can change the response frequency of the
Graphene but also can change the efficiency of the absorption peak which will tune the absorber without
the structure reengineering. Afterwards, we can see that we increase a new perfect absorption by adjust
the Fermi level of SGR. Using the theory of adjustable conductivity, we finally provide the approximate
relationship between the surface plasmon response frequency w (the frequency corresponding to the
absorption peak) and the Fermi level Ef of graphene. Using this relationship, we can adjust the Fermi
level of the largest graphene ring from 1.0 eV to 0.7 eV, and we can find that the absorption peak has a
red shift phenomenon, which is consistent with the tunable conductivity model. We also found that
the regulation of a single Fermi level can achieve the intersection of two absorption peaks to produce
the sum peak effect. The absorption of the third absorption peak increased from 75% to 99% due to
the coupling between the innermost ring and the middle ring. Furthermore, using this effect, we



Appl. Sci. 2020, 10, 1750 60f12

expected to achieve the conversion from three frequencies to dual frequencies. In a way, we achieved
the switch between triple-band to dual-band by fluctuating the SGR. We can therefore develop a true
multi-function by using the Fermi level adjustment of the different sizes of the graphene ring.
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Figure 3. The simulated absorption spectrum of the absorber which the two rings” Fermi level is
constant (1.0 eV) and the smallest SGR’s Fermi level is varying from 0.7 eV to 1.0 eV. (blue line is 0.7 eV,
red line is 0.8 eV, gray line is 0.9 eV, orange line is 1 eV).

Of course, in the tunable conductance model, we focus more on the influence of the regulation of
the Fermi level on the response frequency. Before the Fermi level adjustment, we hope to design an
absorber with a good absorption in the work frequency. Therefore, we started a discussion on size
adjustment and found out the relationship of the size and absorption spectrum.

We keep the Fermi level and other structural parameters unchanged, and the size of the outer ring
is from 0.9 pm to 1.5 um, with 0.2 um as an interval. We also obtained a lot of interesting results, which

are shown in Figure 4.
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Figure 4. The simulated absorption spectrum of the absorber which the two rings’ sizes are constant
(0.3 um and 0.5 pm) and the biggest SGR's size is varying from 0.9 um to 1.5 pm. (The blue line is
0.9 um, red line is 1.1um, gray line is 1.3 um and orange line is 1.5 um).

We can see that there is a transformation from 0.9 pm to 1.5 um, which is the frequency of
the perfect absorption changes (the variation of the absorption peak). We achieve a high coherent
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absorption which can maintain an absorption rate above 70% from 0.8 THz to 1.7 THz. Also, the
proposed MPAs can realize perfect absorption at the 0.89 THz and at the 1.07 THz rates. The frequency
of this two absorption peak is hardly affected. Moreover, we also can provide a conclusion that a
single ring can have an entirely different effect on different rings in the proposed absorber. For the
middle ring, the coupling can make the absorption enhance. For the inner ring, the coupling make the
absorption reduce. The effect of the absorption can be explained by the hybridization model.

3.2. Theory Testify

Next, we performed a full wave simulation to verify the hybridization model used in the proposed
graphene absorber structure. Based on the size changing in Figure 4, we provided an analysis of the
absorption variations of the absorption peak of the three-ring system, for which sizes of the graphene
rings are 0.2 pm, 0.5 um and 1.1 pm based on the hybridization model. For the full wave simulation, we
selected images with frequencies at three absorption peak positions to observe the superposition of the
absorption structure. By changing the size of the out SGR, we can clearly find that the coupling hybrid
process of the inner double ring and the out ring respectively produces two types of coupling: strong
coupling and weak coupling, which directly leads to changes in the absorption peak. In addition, we
do not change the outer size of the outer ring (without changing the size of the unite cell), and change
the coupling by changing the inner size of the out SGR. When the inner size is reduced (the outer ring
size becomes larger), the coupling effect is enhanced, which in turn makes the strong coupling effect
stronger and the weak coupling effect weaker, meaning the changes of the two absorption peaks are
opposite. Our results are perfectly explained in the hybridization model theory of others [12,21,50,51]
discussed previously.

Figure 5 depicts the full wave simulation and the electric field distribution at three absorption
peak which can perfectly describe the coupling of the structure. The full-wave simulation method is
used to simulate the contrast of the field strength. The color for which the field is strong is reddish and
the contrast is intensive, while the color being blue means the field is weak. Based on the pointing
of the magnetic needle and the full-wave simulation which the FDTD gives, we give the magnetic
needle schematic diagram, which can represent the direction and strength of the field. The direction of
the magnetic needle represents the direction of the electric field from strong to weak, and the size of
the magnetic needle indicates the strength of the field strength at different positions. According to
the direction of the magnetic needle, we can give the approximate distribution of the strength of the
electric field and the corresponding positive and negative electrodes. We mark “+” “~" on the edge of
the ring using by the magnetic needles. The actual SPP electric field in the ring should remain neutral.
Therefore, the up mark and the low mark are symmetrical, so that the total electric field of the ring is
neutral. Also, both sign of edges of a ring is identical, so we use a sign (“+/—") to represents the electric
field distribution near the ring.

Based on the full wave simulation, there is no doubt that the three graphene rings coupling at all
of the absorption peaks. Utilizing the control variable method, we simulated the full-wave simulation
states at different frequencies (two absorption peak positions which Figure 5a is 1.07 THz and Figure 5b
is 1.54 THz.) under the same model (the original structure is given in Figure 1), and found that there
are two modes of full-wave simulation at two different frequencies. Furthermore, it is explained that
changing the size of a single graphene ring structure (the result shown in Figure 4) will cause the two
absorption peaks to have different coupling directions due to the existence of coupling, and the change
direction of the absorption effect is the same as before. [12,21,50,51] In the electric field distribution,
we can find that the electric field is “+ + — + — =" in the MPA at the 1.07 THz. Also, the electric field
is “+ — + — + =" at the 1.54 THz. This perfectly proves the hybridization model theory. Because of
the different hybridization modes, the absorption peaks present the different variation trends. As the
coupling effect strengthened, the peak of 1.07 THz increased significantly (strong coupling), while the
peak of 1.54 THz weakened (weak coupling). We have perfectly deduced these two hybridization
modes through our proposed triple-band perfect absorber, and these two hybridization modes can
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provide us with design inspiration at the beginning of structural design. This inspiration made us
get the proposed coherent perfect absorber at the beginning of the design, so that we can adjust the
working frequency of the absorber separately or uniformly. In addition, our research may extend the
hybridization model theory.

~1.07THz , 1.54THz

Figure 5. Simulated electric field patterns (arrow for the direction and color for the contrast of the field
strength) at the top graphene layers of the MPAs in Figure 3. Red line at the absorption peak. (a) is the
peak at the 1.07 THz and (b) is the peak at the 1.54 THz.

Finally, it is clear that our structure is an angle-insensitive structure. Due to the perfect symmetry
of the graphene nano-ring, when we turn the direction of the TE wave, but do not change the direction
of the electromagnetic wave, it is actually only the corresponding rotation of the coupling position that
changes, without affecting absorption.

3.3. The Discussion of Polarization-Angle-Insensitive and Angle-Insensitive

Based on the perfect symmetrical pattern of graphene nanorings, we discuss the polarization-angle
influence of the proposed triple hybridization absorber. We set up structural parameters like the initial
value in Figure 1 and fix Ef = 0.9 eV to all of the three rings. Then we vary the polarization from
0 degrees to 45 degrees at 15-degree intervals. Figure 6a shows a schematic diagram of the angle of
incidence relative to the absorption structure, specifically indicating the position of the polarization
angle ¢. We can clearly find that the data graph of the absorption effect is strictly insensitive to the
change of the angle in Figure 6b. The absorption graphs of 0 degrees, 15 degrees, 30 degrees and
45 degrees are completely coincident. The slight fluctuations of the results obtained in FDTD can be
ignored. Therefore, we can consider that our perfect absorption structure is an absorption structure
that is not sensitive to the polarization angle, which is crucial for the application of the absorption
structure in practical devices.
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Figure 6. Schematic diagram and absorption of the polarization angle of the incident electromagnetic
wave propagating to the absorbing structure. (a) is the scheme which describes the polarization angle
@ to the proposed absorber, (b) is the absorption of the different polarization angle in the range of
0.5 THz to 2.5 THz. The red line indicates the absorption rate at ¢ = 0°, the yellow line indicates the
absorption rate at ¢ = 15°, the blue line indicates ¢ = 30°, and the brown line indicates ¢ = 45°.

We also tried to simulate the incident angle k from 0° to 30° every 10° to get a graph of the
absorption data for the incident angle change (We define the angle of k as the angle between the
propagation direction of the incident light and the normal to the plane of the absorption structure).
In FDTD, we set the E; = 0.8 eV and the structure keeps original parameters which we give in Figure 1.
From Figure 7, we can see that the response frequency has a certain change with the angle. Fluctuations
occur, but generally does not affect the absorption effect of the entire absorption structure. Since the
proposed absorber is based on the perfectly symmetrical pattern design of graphene, our absorbent
structure is insensitive to the incident angle.
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Figure 7. Absorption of the incident angle k of the incident electromagnetic wave propagating to the
absorbing structure. The blue line indicates the absorption rate at k = 0°, the orange line indicates the
absorption rate at k = 10°, the grey line indicates k = 20° and the yellow line indicates k = 30°.

4. Conclusions

We propose a triple-band perfect absorber based on a tunable graphene metamaterial that operates
in the THz band. The nano-rings of different sizes resonate with electromagnetic waves of different
frequencies, so that the entire absorber becomes a continuous broadband absorber. We have also
achieved independent regulation of the perfect absorption of a single frequency, while giving our
absorber a wide range of freedom to tune the absorption frequency. In addition, the wideband absorber
has great potential in many aspects due to the perfect symmetry of its graphene structure.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/5/1750/s1,
Figure S1: The relationship of absorption and frequency, with and without ion-gel.

Author Contributions: X.J. and J.Y. conceived and designed the experiments; X.J. and Z.Z. performed the
experiments; K.W., G.L. and ]J.H. analyzed the data; X.J. wrote the paper; J.Y., Z.Z. and K.W. edited the paper.
All authors have read and agree to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work is supported by the National Natural Science Foundation of China (60907003,
61805278), the China Postdoctoral Science Foundation (2018M633704), the Foundation of NUDT (JC13-02-13,
ZK17-03-01), the Hunan Provincial Natural Science Foundation of China (13]JJ3001), and the Program for New
Century Excellent Talents in University (NCET-12-0142).

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

References

1. Chakyar, S.P.; Simon, S.K,; Bindu, C.; Andrews, J.; Joseph, V.P. Complex permittivity measurement using
metamaterial split ring resonators. J. Appl. Phys. 2017, 121, 054101. [CrossRef]

2. Gui, Y; Yang, B.; Zhao, X.Q.; Liu, J.Q.; Chen, X.; Wang, X.L.; Yang, C.S. Angular and polarization study of
flexible metamaterials with double split-ring resonators on parylene-c substrates. Appl. Phys. Lett. 2016, 109,
161905. [CrossRef]

3. Ding, FE; Zhong, S.; Bozhevolnyi, S.I. Vanadium Dioxide Integrated Metasurfaces with Switchable
Functionalities at Terahertz Frequencies. Adv. Opt. Mater. 2018, 6, 1701204. [CrossRef]

4. Oleg, R; Raza, M.; Nawaz, T.; Abbas, T. Evaluation of layer properties of effective parameters of metallic rod
metamaterials in GHz frequencies. AEU Int. ]. Electron. Commun. 2009, 63, 648—652.


http://www.mdpi.com/2076-3417/10/5/1750/s1
http://dx.doi.org/10.1063/1.4975111
http://dx.doi.org/10.1063/1.4965853
http://dx.doi.org/10.1002/adom.201701204

Appl. Sci. 2020, 10, 1750 110f12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

Guo, Y,; Yan, L.; Pan, W.; Luo, B.; Wen, K.; Guo, Z.; Luo, X. Electromagnetically induced transparency (EIT)-like
transmission in side-coupled complementary split-ring resonators. Opt. Express 2012, 20, 24348-24355.
[CrossRef] [PubMed]

Zanotto, S.; Lange, C.; Maag, T.; Pitanti, A.; Miseikis, V.; Coletti, C.; Degl’Innocenti, R.; Baldacci, L.; Huber, R.;
Tredicucci, A. Magneto-optic transmittance modulation observed in a hybrid graphene-split ring resonator
terahertz metasurface. Appl. Phys. Lett. 2015, 107, 121104. [CrossRef]

Landy, N.L; Sajuyigbe, S.; Mock, J.J.; Smith, D.R.; Padilla, W.J. Perfect metamaterial absorber. Phys. Rev. Lett.
2008, 100, 207402. [CrossRef]

Pendry, ].B.; Schurig, D.; Smith, D.R. Controlling electromagnetic fields. Science 2006, 312, 1780-1782. [CrossRef]
Leonhardt, U. Optical Conformal Mapping. Science 2006, 312, 1777-1780. [CrossRef]

Liu, N.; Mesch, M.; Weiss, T.; Hentschel, M.; Giessen, H. Infrared perfect absorber and its application as
plasmonic sensor. Nano Lett. 2010, 10, 2342-2348. [CrossRef]

Fan, S.; Suh, W.; Joannopoulos, J.D. Temporal coupled-mode theory for the Fano resonance in optical
resonators. J. Opt. Soc. Am. A 2003, 20, 569-572. [CrossRef] [PubMed]

Fang, Z.; Thongrattanasiri, S.; Schlather, A.; Liu, Z.; Ma, L.; Wang, Y.; Ajayan, P.; Nordlander, P; Halas, N;
Abajo, F. Gated Tunability and Hybridization of Localized Plasmons in Nanostructured Graphene. ACS
Nano 2013, 7, 2388-2395. [CrossRef] [PubMed]

Zhao, Y.; Huang, Q.; Cai, H.; Lin, X.; He, H.; Ma, T.; Lu, Y. A dual band and tunable perfect absorber based
on dual gratings-coupled graphene-dielectric multilayer structures. Opt. Express 2019, 27, 5217. [CrossRef]
Gunho, J.; Minhyeok, C.; Chuyoung, C.; Jinho, K.; Woojin, P.; Sangchul, L.; Woongki, H.; Taewook, K.;
Seong]Ju, P; ByungHee, H.; et al. Large-scale patterned multi-layer graphene films as transparent conducting
electrodes for GaN light-emitting diodes. Nanotechnology 2010, 21, 175201.

Fardoost, A.; Vanani, F.G.; Amirhosseini, A.A.; Safian, R. Design of Multi-Layer Graphene Based Ultra
Wideband Terahertz Absorber. IEEE Trans. Nanotechnol. 2016, 16, 68-74.

Xin, Y.; Lanju, L.; Zhang, Z.; Xin, D.; Yao, J.Q. Tunable dual-band absorber based on hybrid graphene
metamaterial in terahertz frequencies. In Proceedings of the Aopc: Optoelectronics and Micro/Nano-Optics
AOPC 2017: Optoelectronics and Micro/Nano-Optics, Beijing, China, 24 October 2017.

Zhou, Q.; Liu, P; Bian, L.; Cai, X.; Liu, H. Multi-band terahertz absorber exploiting graphene metamaterial.
Opt. Mater. Express 2018, 8, 2928. [CrossRef]

Wang, F; Huang, S.; Li, L.; Chen, W.; Xie, Z. Dual-band tunable perfect metamaterial absorber based on
graphene. Appl. Opt. 2018, 57, 6916. [CrossRef]

Fang, Z.; Wang, Y.; Schlather, A.E.; Liu, Z.; Ajayan, PM.; Garcia de Abajo, FJ.; Nordlander, P.; Zhu, X;
Halas, N.J. Active Tunable Absorption Enhancement with Graphene Nanodisk Arrays. Nano Lett. 2014, 14,
299-304. [CrossRef]

Alireza, S.; Sayan, C.; Abraham, V.G.; Jean, C.; Daniel, F,; Laurene, T.; Lei, Z.; Michael, N.L.; Debashis, C.
Dynamically tunable extraordinary light absorption in monolayer graphene. Phys. Rev. B 2017, 96, 165431.
Nanli, M.; Shulin, S.; Hongxing, D.; Shaohua, D.; Qiong, H.; Lei, Z.; Long, Z. Hybridization-induced
broadband terahertz wave absorption with graphene metasurfaces. Opt. Express 2018, 26, 1172.

Parish, C.M.; Unocic, K.A.; Tan, L.; Zinkle, S.J.; Kondo, S.; Snead, L.L.; Hoelzer, D.T.; Katoh, Y. Helium
sequestration at nanoparticle-matrix interfaces in helium p heavy ion irradiated nanostructured ferritic
alloys. J. Nucl. Mater. 2017, 483, 21-34. [CrossRef]

Chen, D.; Yang, J.; Huang, J.; Bai, W.; Zhang, J.; Xu, S.; Xie, W. The novel graphene metasurfaces based on
split-ring resonators for tunable polarization swtiching and beam steering at terahertz frequencies. Carbon
2019, 154, 350-356. [CrossRef]

Alireza, S.; Sayan, C.; Michael, N.L.; Debashis, C. Wide Angle Dynamically Tunable Enhanced Infrared
Absorption on Large Area Nanopatterned Graphene. ACS Nano 2018, 13, 421-428.

Geim, A K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183-191. [CrossRef]

Yan, H.; Low, T.; Guinea, F; Xia, F; Avouris, P. Tunable phonon-induced transparency in bilayer graphene
nanoribbons. Nano Lett. 2014, 14, 4581-4586. [CrossRef]

Gusynin, V.P,; Sharapov, S5.G.; Carbotte, J.P. Magneto-optical conductivity in graphene. J. Phys. Condens. Mat.
2006, 19, 026222. [CrossRef]

Hwang, E.H.; Sarma, S.D. Dielectric function, screening, and plasmons in two-dimensional graphene.
Phys. Rev. B 2007, 75, 205418. [CrossRef]


http://dx.doi.org/10.1364/OE.20.024348
http://www.ncbi.nlm.nih.gov/pubmed/23187197
http://dx.doi.org/10.1063/1.4931704
http://dx.doi.org/10.1103/PhysRevLett.100.207402
http://dx.doi.org/10.1126/science.1125907
http://dx.doi.org/10.1126/science.1126493
http://dx.doi.org/10.1021/nl9041033
http://dx.doi.org/10.1364/JOSAA.20.000569
http://www.ncbi.nlm.nih.gov/pubmed/12630843
http://dx.doi.org/10.1021/nn3055835
http://www.ncbi.nlm.nih.gov/pubmed/23390960
http://dx.doi.org/10.1364/OE.27.005217
http://dx.doi.org/10.1364/OME.8.002928
http://dx.doi.org/10.1364/AO.57.006916
http://dx.doi.org/10.1021/nl404042h
http://dx.doi.org/10.1016/j.jnucmat.2016.10.038
http://dx.doi.org/10.1016/j.carbon.2019.08.020
http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1021/nl501628x
http://dx.doi.org/10.1088/0953-8984/19/2/026222
http://dx.doi.org/10.1103/PhysRevB.75.205418

Appl. Sci. 2020, 10, 1750 120f 12

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

Falkovsky, L.A.; Pershoguba, S.S. Optical far-infrared properties of a graphene monolayer and multilayer.
Phys. Rev. B 2007, 76, 153410. [CrossRef]

Hanson, G.W. Dyadic Green'’s functions and guided surface waves for a surface conductivity model of
graphene. J. Appl. Phys. 2008, 103, 064302. [CrossRef]

Xiao, S.; Wang, T; Liu, Y.; Xu, C.; Han, X,; Yan, X. Tunable light trapping and absorption enhancement with
graphene ring arrays. Phys. Chem. Chem. Phys. 2016, 18, 26661-26669. [CrossRef]

Ke, S.; Wang, B.; Huang, H.; Long, H.; Wang, K.; Lu, P. Plasmonic absorption enhancement in periodic
crossshaped graphene arrays. Opt. Express 2015, 23, 8888-8900. [CrossRef] [PubMed]

Yao, G.; Ling, F; Yue, J.; Luo, C.; Luo, Q.; Yao, J. Dynamically electrically tunable broadband absorber
based on graphene analog of electromagnetically induced transparency. IEEE Photonics ]. 2016, 8, 7800808.
[CrossRef]

Xia, S.X.; Zhai, X.; Wang, L.L.; Lin, Q.; Wen, S.C. Excitation of crest and trough surface plasmon modes in
in-plane bended graphene nanoribbons: Erratum. Opt. Express 2016, 24, 7436. [CrossRef] [PubMed]

Xuan, X.S.; Zhai, X.; Wang, L.; Lin, Q.; Wen, S. Localized plasmonic field enhancement in shaped graphene
nanoribbons. Opt. Express 2016, 24, 16336.

Weily, G.; Shu, J.; Ciyuan, Q.; Qianfan, X. Excitation of Plasmonic Waves in Graphene by Guided-Mode
Resonances. ACS Nano 2012, 6, 7806-7813.

Johan, C.; Alejandro, M.; Sukosin, T.; Frank, H.L.K,; F Javier, G.A. Graphene Plasmon Waveguiding and
Hybridization in Individual and Paired Nanoribbons. ACS Nano 2012, 6, 431-440.

Luo, L.; Wang, K.; Ge, C.; Guo, K. Actively controllable terahertz switches with graphene-based nongroove
gratings. Photon. Res. 2017, 5, 604—611. [CrossRef]

Yang, J.; Xin, H.; Han, Y.; Chen, D.; Zhang, J.; Huang, J.; Zhang, Z. Ultra-compact beam splitter and filter
based on a graphene plasmon waveguide. Appl. Opt. 2017, 56, 9814. [CrossRef]

Bruna, M.; Borini, S. Optical constants of graphene layers in the visible range. Appl. Phys. Lett. 2009, 94,
031901. [CrossRef]

Vakil, A.; Engheta, N. Transformation optics using graphene. Science 2011, 332, 1291-1294. [CrossRef]
Goémez-Diaz, ].S.; Perruisseau-Carrier, J. Graphene-based plasmonic switches at near infrared frequencies.
Opt. Express 2013, 21, 15490-15504. [CrossRef] [PubMed]

Jablan, M.; Buljan, H.; Solja¢i¢, M. Plasmonics in graphene at infrared frequencies. Phys. Rev. B 2009, 80,
245435. [CrossRef]

Li, W,; Liang, L.; Zhao, S.; Zhang, S.; Xue, J. Fabrication of nanopores in a graphene sheet with heavy ions: A
molecular dynamics study. J. Appl. Phys. 2013, 114, 234304. [CrossRef]

Ackland, G. Controlling radiation damage. Science 2010, 327, 1587-1588. [CrossRef]

Lei, M,; Feng, N.; Wang, Q.; Hao, Y.; Huang, S.; Bi, K. Magnetically tunable metamaterial perfect absorber.
J. Appl. Phys. 2016, 119, 244504. [CrossRef]

Landy, N.I; Bingham, C.M.; Tyler, T.; Jokerst, N.; Smith, D.R.; Padilla, W.J. Design, theory, and measurement
of a polarization-insensitive absorber for terahertz imaging. Phys. Rev. B 2009, 79, 125104. [CrossRef]
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]

Thongrattanasiri, S.; Koppens, EH.L.; de Abajo, FJ.G. Complete optical absorption in periodically patterned
graphene. Phys. Rev. Lett. 2012, 108, 047401. [CrossRef]

Prodan, E. A Hybridization Model for the Plasmon Response of Complex Nanostructures. Scierice 2003, 302,
419-422. [CrossRef]

Surbhi, L.; Link, S.; Halas, N.J. Nano-optics from sensing to waveguiding. Nat. Photonics 2007, 1, 641-648.

@ © 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/10.1103/PhysRevB.76.153410
http://dx.doi.org/10.1063/1.2891452
http://dx.doi.org/10.1039/C6CP03731C
http://dx.doi.org/10.1364/OE.23.008888
http://www.ncbi.nlm.nih.gov/pubmed/25968726
http://dx.doi.org/10.1109/JPHOT.2015.2513210
http://dx.doi.org/10.1364/OE.24.007436
http://www.ncbi.nlm.nih.gov/pubmed/27137033
http://dx.doi.org/10.1364/PRJ.5.000604
http://dx.doi.org/10.1364/AO.56.009814
http://dx.doi.org/10.1063/1.3073717
http://dx.doi.org/10.1126/science.1202691
http://dx.doi.org/10.1364/OE.21.015490
http://www.ncbi.nlm.nih.gov/pubmed/23842336
http://dx.doi.org/10.1103/PhysRevB.80.245435
http://dx.doi.org/10.1063/1.4837657
http://dx.doi.org/10.1126/science.1188088
http://dx.doi.org/10.1063/1.4954224
http://dx.doi.org/10.1103/PhysRevB.79.125104
http://dx.doi.org/10.1364/OE.20.028017
http://dx.doi.org/10.1103/PhysRevLett.108.047401
http://dx.doi.org/10.1126/science.1089171
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structure and Method 
	Results and Discussion 
	The result of the Structure Tuning 
	Theory Testify 
	The Discussion of Polarization-Angle-Insensitive and Angle-Insensitive 

	Conclusions 
	References

