micromachines

Article

Dynamically Switchable Polarization-Independent Triple-Band
Perfect Metamaterial Absorber Using a Phase-Change Material
in the Mid-Infrared (MIR) Region

Dongdong Xu !, Fenping Cui ! and Gaige Zheng 1/%*

check for

updates
Citation: Xu, D.; Cui, F,; Zheng, G.
Dynamically Switchable Polarization-
Independent Triple-Band Perfect
Metamaterial Absorber Using a
Phase-Change Material in the
Mid-Infrared (MIR) Region.
Micromachines 2021, 12, 548.
https:/ /doi.org/10.3390/
mil2050548

Academic Editor: Patrice Salzenstein

Received: 22 April 2021
Accepted: 10 May 2021
Published: 11 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://
creativecommons.org/licenses /by /
4.0/).

Jiangsu Key Laboratory for Optoelectronic Detection of Atmosphere and Ocean, School of Physics and
Optoelectronic Engineering, Nanjing University of Information Science & Technology, Nanjing 210044, China;
20191217011@nuist.edu.cn (D.X.); cuifenping@nuist.edu.cn (E.C.)

Jiangsu Collaborative Innovation Center on Atmospheric Environment and Equipment Technology (CICAEET),
Nanjing University of Information Science & Technology, Nanjing 210044, China

*  Correspondence: 002382@nuist.edu.cn

Abstract: A tunable metamaterial absorber (MMA) by reversible phase transitions in a mid-infrared
regime is theoretically investigated. The absorber is composed of a molybdenum (Mo)-germanium-
antimony-tellurium (Ge;Sb,Tes, GST)-Mo nanodisk structure superimposed on the GST-Al,O3
(aluminum oxide)-Mo film. Studies have shown that the combination of the inlaid metal-medium
dielectric waveguide mode and the resonant cavity mode and the excitation of the propagating surface
plasmon mode are the main reasons for the formation of the triple-band high absorption. Additionally,
through the reversible phase change, the transition from high absorption to high reflection in the mid-
infrared region is realized. The symmetry of the absorber eliminates the polarization dependence, and
the near unity absorption efficiency can be maintained by incidence angles up to 60°. The presented
method will enhance the functionality of the absorber and has the potential for the applications that
require active control over light absorption.

Keywords: germanium-antimony-tellurium; triple-band absorber; mid-infrared regime; near
unity absorption

1. Introduction

Thanks to Padilla et al., the perfect metamaterial absorber (PMA) was first proposed in
2008 in the field of electromagnetic waves, and thus PMAs has been developed rapidly [1].
In recent years, there has been a great need for perfect absorbers (PAs) in stealth [2,3], pho-
tovoltaics technology, sensors [4,5], and other opto-electronic devices [6,7]. High-resolution
manufacturing technologies for nanostructures are becoming more common as they are
updated, and PMAs are receiving more and more attention due to their multiple light
control functions. PMAs have been extensively studied for the novel electromagnetic (EM)
phenomena and applied in various aspects, such as selective modulation, nano-lenses,
bolometers, thermal emitters, Q-switches for infrared lasers, and many other areas [8-15].
Among the above studies, PMA platforms have been designed and manufactured in the
spectral ranges of visible [16,17], infrared [18,19], and terahertz [20,21].

The key to highly absorbing media is the design of resonant structures that take
advantage of the inherent loss of metal, such as resonators [22-24], nanowire arrays [25],
and nanodisk arrays [26], which can be driven by both the electrical and magnetic fields of
the radiation, as well as the perfect or optimal impedance matching of the metamaterial
to the vacuum, which leads to resonant absorption of the radiation. However, it is well
known that the resonant frequency is affected by the structural parameters of the structure,
but once a micro-nano structure is designed and manufactured, its geometry and size are
fixed, and thus it is difficult to tune the resonance. Then the resonant response can only be
adjusted by changing the dielectric properties of the external medium. Thus far, many new
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studies have yielded exciting results, such as graphene [27,28], phase-change materials
(PCM) [29], and transparent conducting oxides [30,31]. Ge;SbyTes (GST) is a phase-change
material in which an increase in temperature within the material under the direct action
of an external electric field or thermal stimulus leads to a transformation of the internal
structure from the amorphous (AGST) state to the crystalline (CGST) state, accompanied
by a series of changes in the physical properties of the material, such as the refractive index
and electrical conductivity [32,33]. Notably, by heating GST to its melting point and rapidly
cooling it to room temperature, it is possible to make the GST revert from the crystalline to
the amorphous state, with a switching rate capable of reaching megahertz.

In this work, a nanodisk hexagonal array design triple-band absorber is proposed,
where the absorber consists of a Mo-GST-Mo nanodisk structure superimposed on a GST-
Al,O3-Mo film. The GST film is proposed to tune the absorption by phase transition. The
formation of three resonant absorption peaks in the MIR range of 8-20 pm can be ob-
served in the crystalline phase. The numerical values show that the absorption peaks are
at A7 =11 pm, Ay = 15.2 um, and A3 = 17.6 um with 99.3%, 99.9%, and 96.5% absorption,
respectively. Additionally, the transition of the device from high absorption to high reflec-
tion in the amorphous phase makes this design more attractive. The absorber has good
triple frequency absorption performance, good operating angle polarization tolerance, and
dynamic tunability advantages, which may be beneficial for a variety of MIR applications.

2. Model and Methods

The Mo-GST-Mo nanodisk array was superimposed on a Mo substrate separated
by GST and Al,O3 dielectric layers, as shown in sections of the x-z plane in Figure 1a,b.
The Mo substrate on the backside of the nanodisk array is used as a reflecting mirror to
prevent the transmission of incident light. When the GST is in the crystalline state, the
Mo-GST-Mo nanodisk array itself can be regarded as a small weak Fabry—Perot (FP) cavity,
and a Fabry—Perot (FP) cavity can be formed between the entire Mo-GST-Mo array and
the base Mo substrate. The overall height of the Mo-GST-Mo nanodisk is /1, the thickness
of the interposed GST is w, and the heights of the GST film and Al,Os layer below are d
and t, respectively. As shown in Figure 1c, the radius of a single Mo-GST-Mo cylinder is
r, and the individual periods along the x and y directions are labeled p, and p,, where
py = V/3px. The interaction between light and the hybrid structure was studied by the
three-dimensional finite difference time domain (3D-FDTD) method. Periodic boundary
conditions were used along both the x and y directions, respectively, and perfectly matched
layers (PML) were set at both the top and bottom boundaries. A plane wave light source
was used to incident positively on the array from the z-direction, while the plane wave
electric vectors were all parallel to the x-direction by default.

In this design, GST exhibits two stable structural phases, i.e., the amorphous (AGST)
and the crystalline (CGST) states, and can switch rapidly between the two under exter-
nal electric or thermal stimulation, while the lattice state can be stably maintained. The
dielectric constants of the two stable structural phases of the GST films were taken from
the literature [34]. The dielectric constant of Al;O3 was taken from Palik’s optical con-
stants handbook [35]. The dielectric constant of Mo in the infrared is modeled by the
Drude model:

w2
e=1-—~F 1)
w(w +iw;)
where w is the incident plane wave, the plasma frequency is w, = 27t x 1.81 x 10 rad 1,
and the damping constant is w, = 1.24 x 1013 s~1 [36].

The reflection of electromagnetic waves (R) is calculated by setting the monitor at
the top, and since the Mo substrate at the bottom is thick enough to act as a reflector to
completely block the transmission of incident light to obtain maximum absorption, the
absorption (A) can be definedas A=1—-R—-T=1—-R.
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Ge,Sb,Te, ALO Mo

Figure 1. (a) Schematic diagram and (b) a cross-sectional view of the Mo-GST-Mo nanodisk arrays.
(c) A schematic top view of the entire structure. The overall height of the Mo-GST-Mo nanodisk is &,
the thickness of the GST interspersed in the middle is w, and the heights of the underlying GST film
and Al,Oj3 layer are d and ¢, respectively. r represents the radius of the nanodisk array. Separately
marked are the periods of the arrays in the x and y directions as py and py,.

3. Results and Discussion

One of the most encouraging aspects of metamaterials is that the desired optical
properties are achieved by configuring structures that go beyond the inherent properties of
the material included. Mo is used as a retro-reflector to avoid incident light passing through
the metal film, thus reducing the fugitive work rate and thus increasing the absorbance to
close to unity. For GST films, the dielectric constant changes dramatically once the phase
change is triggered by a thermal field. The geometrical parameters were initially set to
t =100 nm, d = 160 nm, / = 350 nm, w = 150 nm, r = 460 nm, and p, = 1000 nm. We will use
them throughout the article unless otherwise stated.

Figure 2 shows the absorption spectra of the composite structures in the AGST (blue)
and CGST (red) cases. The nanodisk structure can excite three absorption peaks in the GST
crystalline phase state in the mid-infrared range, which are marked as resonance mode
(I) (absorption > 99.3%), resonance mode (II) (absorption > 99.9%), and resonance mode
(III) (absorption > 96.5%), and the corresponding wavelengths are 11, 15.2, and 17.6 pm,
respectively. Under amorphous conditions, the absorption peak at resonance is located at
16.2 um, which is marked as resonance mode (IV) (absorption is about 42%). Surprisingly,
as the GST transitions from amorphous to a crystalline stable structure phase, the device
transitions from full absorption to high reflectivity. Due to the reversible phase change,
significant wavelength shift and high absorption contrast can be achieved.

Absorption

8 10 12 14 16 18 20
Wavelength(pum)

Figure 2. Total absorption at normal incidence for a structure with amorphous (AGST) and crystalline
(CGST) stable structural phases.
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In order to reveal the physical origin of near unity absorption of MMA, the electric
field was studied quantitatively. In general, two different resonance modes can be observed
from Figure 3. In resonance mode (I), the electric field is mainly concentrated on the
side of the upper part of the nanodisk. In contrast, in resonance modes (II) and (III), the
electric field is confined to the sides of the entire Mo-GST-Mo nanodisk, and the electric
field distribution suggests that this resonance mode has excited localized surface plasmon
excitonic resonance (LSPR) that enhances electromagnetic (EM) waves around the nanodisk
array and dominates the absorption. Due to the negative dielectric constant of the metal
Mo, LSPs with a field enhancement effect will be excited at the metal-dielectric interface.
According to the theory of single-waveguide cavity [37], under incident light, only modes
that meet the phase matching condition may exist in the air cavity. The specific formula is
as follows:

[2Lk1sp(w) + Ay + Aga| = 27tm @)

where L is the length of the cavity, k;sp(w) is the wave vector of the plasmon at frequency w,
Agq 5 is the phase shifts of plasmon reflection at the upper and bottom of the cavity, and m
is the mode number (different measured resonance symbols). Certain specific wavelengths
((I), (II), and (III)) of incident light satisfy Equation (2). From Figure 3b,c,f,g, it can be seen
that some energy penetrates through the nanodisk into the lower GST film and Al,Os layer.
When the incident light penetrates the upper metal, the lower metal acts as a mirror, which
can reflect the surface plasmonic excitations at the lower metal-dielectric boundary, and the
surface plasmonic excitations between the upper metal-dielectric interface and the lower
metal-dielectric interface will undergo phase extinction interference. The resonant cavity
mode is excited, resulting in strong absorption of light. This resonant cavity mode and
the local surface plasmon excitations resonate leading to the strong absorption of resonant
modes (I), (I), and (III). As for resonance mode (IV), the incident electromagnetic wave
excites resonance between the entire nanodisk structure and between the GST film and
Al,Os3 layer, and the strong coupling over a large area may lead to energy.

Figure 3. (a—d) Electric field distribution curves of resonance modes (I), (II), (IIT), and (IV) in the x-z plane at resonance

wavelengths of 11, 15.2, 17.6, and 16.2 um, respectively. (e-h) Electric field distribution curves of resonance modes (I), (II),

(III), and (IV) in the x-y plane at resonance wavelengths of 11, 15.2, 17.6, and 16.2 um, respectively.
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To further confirm the relationship between the physical mechanism and structure of
the high absorption of MMA, we quantitatively analyzed the specific geometric parameters
of the structure. Firstly, the effect of GST layer thickness on the absorption spectrum was
analyzed. For GST in the crystalline phase, it can be seen from Figure 4a that there are only
two absorption peaks when w is 0. As w increases, the short wavelength gradually splits
another absorption peak, at which time the combination of Mo and GST in the nanodisk
forms a dielectric waveguide, leading to the appearance of resonance mode (1), but has
almost no effect on resonance modes (II) and (IIT). From Figure 4b, it can be seen that the
increase of GST film thickness d leads to a large red shift of resonance mode (II) and the
enhancement of resonance intensity of resonance mode (III). From Figure 4a,b, it can be
seen that for GST in amorphous phase, there is almost no change in resonance mode (IV).

w =150 nm d=190 nm

w =100 11n1' d =160 nm

Absorption
Absorption

l

0 nm

(9]

Jw=350nm

_— 0 nm d =100 nm

8 10 12 14 16 18 20 8 10 12 14 16 18 20
Wavelength(pm) Wavelength(pm)

\/\‘

Figure 4. (a) Absorption spectra of the middle GST layer of nanodisks with crystalline and amorphous phases at different
heights. (b) Absorption patterns of bottom GST films with crystalline and amorphous phases at different heights. The other
geometric parameters are the same as in Figure 2.

With a fixed lattice period, the thickness of the AlyO3 layer will affect the field intensity
and Q factor (which is defined by Aes/AA, where A, is the center wavelength of the peak)
of the resonant mode (III). As shown in Figure 5a,b, the simulation results show that both
resonance modes (I) and (II) can maintain more than 95% of the peak absorption when
other parameters are fixed and ¢ is increased from 50 to 200 nm. However, the spectral line
of resonance mode (III) is red-shifted and gradually increases in intensity with the increase
of t, which can improve the absorption efficiency of the structure.

Each Mo-GST-Mo cylindrical array and the GST-Al,O3-MO layer below acts as an FP
resonator, and the peak wavelength of the FP mode is approximately: App = 2tn,5, where
t is the depth of the cavity and n is the effective refractive index of the cavity. When r
increases, due to the increase in the effective resonant wavelength, the resonant mode will
be red-shifted. As shown in Figure 5c,d, when other parameters are fixed, when r changes
from 400 to 490 nm, the three absorption peaks are red-shifted, and the resonance mode
(II), (III) maximum absorption gradually increases. Meanwhile, the resonance mode (IV)
in the non-crystalline state also increases rapidly with the increase of r, which affects the
contrast of the absorber, so for the radius 7, it is more suitable to choose 460 nm.
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Figure 5. (a,b) Absorption patterns of Al,O3 layers with crystalline and amorphous phases at different heights. (c,d) Ab-
sorption patterns of various radiuses of Mo arrays with crystalline and amorphous phases, respectively. The other geometric

parameters are the same as in Figure 2.

It can be interestingly found in Figure 6 that when p is only 0.6 um, the crystalline
phase nanodisk array has only one resonance peak and the amorphous phase has almost
zero absorption, allowing for ultra-high contrast. As the period increases, the crystalline
phase spectrum appears as three absorption peaks and red-shifts, while the amorphous
phase resonance intensity gradually increases. Thus, we can control different resonance
absorption ranges by adjusting the period of MMA.

S ‘ " 5
(a) (b)
=1.4 um
4 p 3
2 2
57 =4
& =
) £z o)
O e
=0.8 Lo e R
: p pm .
) —/\ p—
8 10 12 14 16 18 20 8 10 12 14 16 18 20

wavelength(um) wavelength(pim)

Figure 6. (a,b) Absorption spectra of nanodisk arrays with crystalline and amorphous phases at different periods, respec-

tively. The other geometric parameters are the same as in Figure 2.

Finally, the absorption stability of the structure was investigated under changes in
polarization and incidence angle. One advantage of the hexagonal structure is azimuthal
symmetry, while the hexagonal array has three-fold rotational symmetry, which makes
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the absorption insensitive to the polarization angle at normal incidence [38—40]. At per-
pendicular incidence, the polarization angle is in the range of 0° to 90°, with only 0° for
the electrodes in the x-direction and 90° for the y-direction. It can be clearly seen that
there is no change in absorbance as shown in Figure 7a,b. Figure 7c,d shows the simu-
lated absorption of the proposed structures at 0-60° incidence angles. In the crystalline
phase, high absorption is still achieved even when the incidence angle reaches 60°, but
in the amorphous phase, when the incident light is tilted at a certain angle, an additional
absorption peak appears in the absorption spectrum. Thus, as shown in Figure 8a,b, we
calculated the x-y and x-z plane electric field at the resonance wavelength at 30° incidence
angle and found that an electric field enhancement appears in the GST layer and that the
coupling between the LSP of the disks and the cavity modes in the GST layer forms a new

absorption peak.
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Figure 7. (a,b) Spectral response of nanodisk arrays with crystalline and amorphous phases at different polarization
angles (0-90°). (c,d) Simulated absorption spectra of Mo arrays with crystalline and amorphous phases at different (0-60°)
incidence angles, respectively. Other geometric parameters are fixed and are the same as used in Figure 2.
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Figure 8. (a) Electric field distribution in the x-y plane with a resonance peak of 11 um at an incident
angle of 30°. (b) Electric field distribution in the x-z plane with a resonance peak of 11 um at an

incident angle of 30°.
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4. Conclusions

In summary, a triple frequency PMA with reversible phase transition has been pro-
posed and employed. It allows perfect absorption in the mid-infrared region at three
frequencies. By using the field concentration properties of the FP cavity to match the tun-
able optical properties of the GST, it can excite localized plasmon resonances and combine
them with dielectric waveguide modes to convert high absorption to high reflectivity. It
is expected that this work will find applications in areas where radiation modulation or
active control of light absorption is required.

Author Contributions: Conceptualization, D.X., EC. and G.Z.; methodology, D.X., EC. and G.Z;
software, D.X.; validation, D.X., F.C. and G.Z.; writing—original draft preparation, D.X.; writing—
review and editing, G.Z.; funding acquisition, G.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of Jiangsu Province
(Grant Nos. BK20191396 and BK20180799).

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

References

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

2. Kim, J.; Han, K.; Hahn, ].W. Selective dual-band metamaterial perfect absorber for infrared stealth technology. Sci. Rep. 2017,
7, 6740. [CrossRef] [PubMed]

3. Ma, H.E; Cui, TJ. Three-dimensional broadband ground-plane cloak made of metamaterials. Nat. Commun. 2010, 1, 21. [CrossRef]
[PubMed]

4. Cheng, F; Yang, X.; Gao, J. Enhancing intensity and refractive index sensing capability with infrared plasmonic perfect absorbers.
Opt. Lett. 2014, 39, 3185-3188. [CrossRef]

5. Ni, H.;; Wang, M,; Shen, T.; Zhou, J. Self-Assembled Large-Area Annular Cavity Arrays with Tunable Cylindrical Surface Plasmons
for Sensing. ACS Nano 2015, 9, 1913-1925. [CrossRef]

6. Doan, A.T.; Yokoyama, T.; Dao, T.D.; Ishii, S.; Ohi, A.; Nabatame, T.; Wada, Y.; Maruyama, S.; Nagao, T. A MEMS-Based
Quad-Wavelength Hybrid Plasmonic-Pyroelectric Infrared Detector. Micromachines 2019, 10, 413. [CrossRef]

7. To, N.; Juodkazis, S.; Nishijima, Y. Detailed Experiment-Theory Comparison of Mid-Infrared Metasurface Perfect Absorbers.
Micromachines 2020, 11, 409. [CrossRef]

8. Ding, Y,; Zhu, X,; Xiao, S.; Hu, H.; Frandsen, L.H.; Mortensen, N.A.; Yvind, K. Effective Electro-Optical Modulation with High
Extinction Ratio by a Graphene-Silicon Microring Resonator. Nano Lett. 2015, 15, 4393—4400. [CrossRef]

9.  Taghinejad, M.; Taghinejad, H.; Xu, Z.; Lee, K.-T; Rodrigues, S.P; Yan, J.; Adibi, A.; Lian, T.; Cai, W. Ultrafast Control of Phase
and Polarization of Light Expedited by Hot-Electron Transfer. Nano Lett. 2018, 18, 5544-5551. [CrossRef]

10. Chen, W.T.; Zhu, A.Y; Sanjeev, V.; Khorasaninejad, M.; Shi, Z.; Lee, E.; Capasso, F. A broadband achromatic metalens for focusing
and imaging in the visible. Nat. Nanotechnol. 2018, 13, 220. [CrossRef]

11. Fattal, D.; Li, J.; Peng, Z.; Fiorentino, M.; Beausoleil, R.G. Flat dielectric grating reflectors with focusing abilities. Nat. Photonics
2010, 4, 466-470. [CrossRef]

12.  Maier, T.; Brueckl, H. Wavelength-tunable microbolometers with metamaterial absorbers. Opt. Lett. 2009, 34, 3012-3014.
[CrossRef]

13.  Moreau, A.; Ciraci, C.; Mock, J.J.; Hill, R.T.; Wang, Q.; Wiley, B.].; Chilkoti, A.; Smith, D.R. Controlled-reflectance surfaces with
film-coupled colloidal nanoantennas. Nature 2012, 492, 86. [CrossRef]

14. Greffet, J.-J.; Carminati, R.; Joulain, K.; Mulet, ].-P.; Mainguy, S.; Chen, Y. Coherent emission of light by thermal sources. Nature
2002, 416, 61-64. [CrossRef]

15. Dayal, G.; Ramakrishna, S.A. Metamaterial saturable absorber mirror. Opt. Lett. 2013, 38, 272-274. [CrossRef]

16. Butun, S.; Aydin, K. Asymmetric Light Absorption and Reflection in Freestanding Nanostructured Metallic Membranes. ACS
Photonics 2015, 2, 1652-1657. [CrossRef]

17.  Tran Sy, T.; Nguyen Thi Quynh, H. Numerical Study of an Efficient Broadband Metamaterial Absorber in Visible Light Region.
IEEE Photonics J. 2019, 11, 1-10. [CrossRef]

18. Hwang, I; Yu, ].; Lee, J.; Choi, J.-H.; Choi, D.-G.; Jeon, S.; Lee, J.; Jung, J.-Y. Plasmon-Enhanced Infrared Spectroscopy Based on
Metamaterial Absorbers with Dielectric Nanopedestals. ACS Photonics 2018, 5, 3492-3498. [CrossRef]

19. Zhong, Q.; Wang, T; Jiang, X.; Cheng, L.; Yan, R.; Huang, X. Near-infrared multi-narrowband absorber based on plasmonic
nanopillar metamaterial. Opt. Commun. 2020, 458, 124637. [CrossRef]

20. Kenney, M.; Grant, J.; Shah, Y.D.; Escorcia-Carranza, I.; Humphreys, M.; Cumming, D.R.S. Octave-Spanning Broadband

Absorption of Terahertz Light Using Metasurface Fractal-Cross Absorbers. ACS Photonics 2017, 4, 2604-2612. [CrossRef]


http://doi.org/10.1103/PhysRevLett.100.207402
http://www.ncbi.nlm.nih.gov/pubmed/18518577
http://doi.org/10.1038/s41598-017-06749-0
http://www.ncbi.nlm.nih.gov/pubmed/28751736
http://doi.org/10.1038/ncomms1023
http://www.ncbi.nlm.nih.gov/pubmed/20975696
http://doi.org/10.1364/OL.39.003185
http://doi.org/10.1021/nn506834r
http://doi.org/10.3390/mi10060413
http://doi.org/10.3390/mi11040409
http://doi.org/10.1021/acs.nanolett.5b00630
http://doi.org/10.1021/acs.nanolett.8b01946
http://doi.org/10.1038/s41565-017-0034-6
http://doi.org/10.1038/nphoton.2010.116
http://doi.org/10.1364/OL.34.003012
http://doi.org/10.1038/nature11615
http://doi.org/10.1038/416061a
http://doi.org/10.1364/OL.38.000272
http://doi.org/10.1021/acsphotonics.5b00377
http://doi.org/10.1109/jphot.2019.2910806
http://doi.org/10.1021/acsphotonics.8b00702
http://doi.org/10.1016/j.optcom.2019.124637
http://doi.org/10.1021/acsphotonics.7b00906

Micromachines 2021, 12, 548 90f9

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

Yi, Z.; Chen, J.; Cen, C.; Chen, X.; Zhou, Z.; Tang, Y.; Ye, X; Xiao, S.; Luo, W.; Wu, P. Tunable Graphene-based Plasmonic Perfect
Metamaterial Absorber in the THz Region. Micromachines 2019, 10, 194. [CrossRef] [PubMed]

Driscoll, T.; Kim, H.-T.; Chae, B.-G.; Kim, B.-].; Lee, Y.-W.,; Jokerst, N.M.; Palit, S.; Smith, D.R.; Di Ventra, M.; Basov, D.N. Memory
Metamaterials. Science 2009, 325, 1518-1521. [CrossRef] [PubMed]

Driscoll, T.; Quinn, J.; Klein, S.; Kim, H.T.; Kim, B.]J.; Pershin, Y.V.; Di Ventra, M.; Basov, D.N. Memristive adaptive filters. Appl.
Phys. Lett. 2010, 97, 093502. [CrossRef]

Hu, D.; Wang, H.-y.; Zhu, Q.-f. Design of Six-Band Terahertz Perfect Absorber Using a Simple U-Shaped Closed-Ring Resonator.
IEEE Photonics |. 2016, 8, 2538758. [CrossRef]

Kocer, H.; Butun, S.; Banar, B.; Wang, K.; Tongay, S.; Wu, J.; Aydin, K. Thermal tuning of infrared resonant absorbers based on
hybrid gold-VO, nanostructures. Appl. Phys. Lett. 2015, 106, 161104. [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]

Brar, V.W,; Sherrott, M.C.; Jang, M.S.; Kim, S.; Kim, L.; Choi, M.; Sweatlock, L.A.; Atwater, H.A. Electronic modulation of infrared
radiation in graphene plasmonic resonators. Nat. Commun. 2015, 6, 7032. [CrossRef]

Jang, M.S.; Brar, VW.,; Sherrott, M.C.; Lopez, ].J.; Kim, L.; Kim, S.; Choi, M.; Atwater, H.A. Tunable large resonant absorption in a
midinfrared graphene Salisbury screen. Phys. Rev. B 2014, 90, 165409. [CrossRef]

Tittl, A.; Michel, A.-K.U.; Schaeferling, M.; Yin, X.; Gholipour, B.; Cui, L.; Wuttig, M.; Taubner, T.; Neubrech, F.; Giessen, H.
A Switchable Mid-Infrared Plasmonic Perfect Absorber with Multispectral Thermal Imaging Capability. Adv. Mater. 2015, 27,
4597-4603. [CrossRef]

Huang, Y.-W.; Lee, HW.H.; Sokhoyan, R.; Pala, R.A.; Thyagarajan, K.; Han, S.; Tsai, D.P.; Atwater, H.A. Gate-Tunable Conducting
Oxide Metasurfaces. Nano Lett. 2016, 16, 5319-5325. [CrossRef]

Park, J.; Kang, J.-H.; Liu, X.; Brongersma, M.L. Electrically Tunable Epsilon-Near-Zero (ENZ) Metafilm Absorbers. Sci. Rep. 2015,
5, 15754. [CrossRef]

Michel, A.-K.U.; Chigrin, D.N.; Mass, T.W.W.; Schoenauer, K.; Salinga, M.; Wuttig, M.; Taubner, T. Using Low-Loss Phase-Change
Materials for Mid-Infrared Antenna Resonance Tuning. Nano Lett. 2013, 13, 3470-3475. [CrossRef]

Orava, J.; Wagner, T.; Sik, J.; Prikryl, J.; Frumar, M.; Benes, L. Optical properties and phase change transition in Ge2Sb2Te5 flash
evaporated thin films studied by temperature dependent spectroscopic ellipsometry. J. Appl. Phys. 2008, 104, 043523. [CrossRef]
Shportko, K.; Kremers, S.; Woda, M.; Lencer, D.; Robertson, J.; Wuttig, M. Resonant bonding in crystalline phase-change materials.
Nat. Mater. 2008, 7, 653—658. [CrossRef]

Palik, E.D. Handbook of Optical Constants of Solids; Academic Press: Cambridge, MA, USA, 1998.

Ordal, M.A,; Bell, R].; Alexander, RW,, Jr.; Long, L.L.; Querry, M.R. Optical properties of fourteen metals in the infrared and far
infrared: Al, Co, Cu, Au, Fe, Pb, Mo, Ni, Pd, Pt, Ag, Ti, V, and W. Appl. Opt. 1985, 24, 4493. [CrossRef]

Haftel, MLI.; Schlockermann, C.; Blumberg, G. Enhanced transmission with coaxial nanoapertures: Role of cylindrical surface
plasmons. Phys. Rev. B 2006, 74, 235405. [CrossRef]

Genet, C.; Altewischer, E.; van Exter, M.P.; Woerdman, J.P. Optical depolarization induced by arrays of subwavelength metal
holes. Phys. Rev. B 2005, 71, 033409. [CrossRef]

Inoue, D.; Miura, A.; Nomura, T.; Fujikawa, H.; Sato, K.; Ikeda, N.; Tsuya, D.; Sugimoto, Y.; Koide, Y. Polarization independent
visible color filter comprising an aluminum film with surface-plasmon enhanced transmission through a subwavelength array of
holes. Appl. Phys. Lett. 2011, 98, 093113. [CrossRef]

Wei, J.; Li, Y,; Wang, L.; Liao, W.; Dong, B.; Xu, C.; Zhu, C.; Ang, K.-W.; Qiu, C.-W.; Lee, C. Zero-bias mid-infrared graphene
photodetectors with bulk photoresponse and calibration-free polarization detection. Nat. Commun. 2020, 11, 6404. [CrossRef]


http://doi.org/10.3390/mi10030194
http://www.ncbi.nlm.nih.gov/pubmed/30889845
http://doi.org/10.1126/science.1176580
http://www.ncbi.nlm.nih.gov/pubmed/19696311
http://doi.org/10.1063/1.3485060
http://doi.org/10.1109/JPHOT.2016.2538758
http://doi.org/10.1063/1.4918938
http://doi.org/10.1364/OE.24.001518
http://doi.org/10.1038/ncomms8032
http://doi.org/10.1103/PhysRevB.90.165409
http://doi.org/10.1002/adma.201502023
http://doi.org/10.1021/acs.nanolett.6b00555
http://doi.org/10.1038/srep15754
http://doi.org/10.1021/nl4006194
http://doi.org/10.1063/1.2970069
http://doi.org/10.1038/nmat2226
http://doi.org/10.1364/AO.24.004493
http://doi.org/10.1103/PhysRevB.74.235405
http://doi.org/10.1103/PhysRevB.71.033409
http://doi.org/10.1063/1.3560467
http://doi.org/10.1038/s41467-020-20115-1

	Introduction 
	Model and Methods 
	Results and Discussion 
	Conclusions 
	References

