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Abstract: In this paper, a reconfigurable sensing platform based on an asymmetrical metal-insulator-
metal stacked structure integrating an indium tin oxide (ITO) ultrathin film is proposed and
investigated numerically. The epsilon-near-zero (ENZ) mode and antisymmetric mode can be
resonantly excited, generating near-perfect absorption of over 99.7% at 1144 and 1404 nm, respectively.
The absorptivity for the ENZ mode can be modulated from 90.2% to 98.0% by varying the ENZ
wavelength of ITO by applying different voltages. To obtain a highly sensitive biosensor, we show that
the proposed structure has a full-width at half-maximum (FWHM) of 8.65 nm and a figure-of-merit
(FOM) of 24.7 with a sensitivity of 213.3 nm/RI (refractive index) for the glucose solution. Our
proposed device has potential for developing tunable biosensors for real-time health monitoring.

Keywords: refractive index sensor; narrowband perfect absorber; epsilon-near-zero materials;
metagrating

1. Introduction

Refractive index (RI) sensors, as bio-optical sensors that can detect tiny RI changes, have attracted
considerable research interest due to their extensive application in biological and chemical sensing,
including pH value measurement, detection of the solution concentration, environmental monitoring,
and molecular structure determination [1–7]. With RI sensors, the label-free detection of molecule
concentrations depends on the detection of variation in the refractive index, which does not require the
sample to be marked with fluorescent dyes due to bonding events. The detection ability in optical
biosensors can be described by two main parameters: the sensitivity and full-width at half-maximum
(FWHM) of the absorptivity [8,9]. The figure of merit (FOM) of RI sensing can be defined by combining
sensitivity S (the wavelength shift per RI unit) and FWHM as FOM = S

FWHM , where S = ∆λ/∆n,
and ∆λ and ∆n represent variation of the RI and the shifting wavelength at the absorption peak,
respectively. Therefore, high-precision RI sensors should have both a high sensitivity and a narrow
FWHM. Many RI sensors have been designed and fabricated based on optical fibers, surface plasmon
resonances, and varying microcavities [10–19]. For instance, an RI sensor using a core micro-structured
optical fiber was proposed by Li et al., who achieved a detection limit of 6.02× 10−6 RI units with the RI
ranging from 1.3320 to 1.3465 RI units. A gas RI sensor with a high sensitivity applying a hollow-core
photonic bandgap fiber and the Fabry–Perot interferometer was experimentally demonstrated [20,21].
Metamaterial perfect absorbers (MMPAs) are also appropriate candidates for RI sensors because
metamaterials with nanostructures can be used to optionally control the behavior of light at the
nanoscale, such as the reflection, transmission, absorption, and enhancement of light [22–25].
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MMPAs mainly benefit from metal or dielectric ohmic loss for applications in the fields of
photonic modulators, thermal emitters, optical filters, solar energy harvesting, microbolometers, and
sensors [26–32]. Since the first demonstration of MMPAs by Landy et al. at a narrow microwave
frequency band using an electric ring resonator in 2008, the majority of theoretical and experimental
work on MMPAs has been conducted in the microwave to optical spectral range [22,33]. Over the
past decade, perfect light absorption has attracted much attention due to the wide applications
in solar energy, detection, and sensing [34–36]. The absorbers can be classified into broadband
absorbers and narrowband absorbers, according to their bandwidth. Broadband MMPAs can be
implemented by creating contiguous multiple resonances or designing stacked multilayer structures in
the vertical direction [37–39]. Uniform absorption in the radio and optical spectral range has extensive
applications in electromagnetic shielding and thermophotovoltaics. However, some applications,
such as optical sensing and modulation, need absorbers with an ultra-narrow spectral range for light
absorption [2,40,41]. Therefore, narrowband MMPAs are important for the design of optical biosensing.

Currently, most narrowband MMPAs are based on two kinds of structures: the metamaterial
(MM) resonator structure or the metal-dielectric-metal (MDM) structure [42–45]. For example, Lu et al.
presented a metal (nanobar array with nanoslits)-dielectric-metal infrared absorber, which attained a
full-width at half-maximum (FWHM), absorption, and figure-of-merit (FOM) of 8 nm, 95%, and 25,
respectively [24]. Li et al. proposed a perfect absorber consisting of gold nanobars and a photonic
microcavity in the infrared range with a narrow FWHM of 40.8 nm [46]. In [47], a maximum absorption
of 95.4% and an FWHM value of 33 nm were achieved using a continuous type of metal-insulator-metal
structure. Chen et al. theoretically designed and proved a dual-band perfect absorber composed
of square-patch-based MDM structures via exciting the surface plasmon polariton (SPP) mode and
Rayleigh anomaly, and the FWHM values for those two modes were 12 and 0.23 nm, respectively [8].
However, most of the absorbers did not simultaneously achieve near-perfect optical absorption with
an extremely narrow bandwidth and multi-band. The electrical tunability achieved in electro-optical
switching was not discussed in the above absorbers for RI sensors, which limits the applications of
MMPAs in reconfigurable sensors.

To overcome the dilemma, in this paper, an electrical tunable dual-band refractive index sensor is
proposed and demonstrated numerically based on an asymmetric metagrating structure integrating an
epsilon-near-zero (ENZ) ultrathin film, as shown in Figure 1. The designed structure can accomplish
an extreme absorption of over 99.7% with an ultra-narrow FWHM of 8.65 nm. Based on [48–52], the
ultrathin film of the ENZ materials that support bound ENZ modes can be used to achieve the perfect
absorption of light. Generally, the thickness of the ENZ film should be less than λp/50. to excite the
ENZ mode [53]. Here, a 6 nm indium tin oxide (ITO) film is taken as an ENZ material working in the
ENZ regime to excite the ENZ mode.
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2. Materials, Structural Design, and Methods

Figure 1a depicts the geometrical configuration of the proposed structure consisting of an
alternating metal-insulator-metal-insulator-metal (MIMIM) stacked array to produce ultra-narrow light
absorption. The designed structure is composed of a periodic asymmetric gold (Au)-silicon dioxide
(SiO2)-Au grating on the top and an Au ground layer at the bottom, separated by an SiO2 spacer
layer deposited on the glass substrate. The three-layer nano-grating coupling the energy of incident
light into the designed device is etched through the first three layers of the five-layer metal-insulator
structure. w1, w2, and l represent the widths of the two stripes and the distance between the two stripes
of asymmetric nano-grating, respectively (Figure 1c). The ITO ultra-thin film taken as an ENZ material
is integrated into the device between the grating and SiO2 dielectric layer, which is able to excite the
ENZ mode by coupling the energy of the incident light guiding via nano-grating.

The optical properties of the designed device were numerically investigated based on the
full-wave finite-difference time-domain (FDTD) algorithm. For an absorber, the sum of absorptivity
(A), reflectivity (R), and transmissivity (T) is equal to 1. In this structure, the transmission of light
is completely blocked by the gold mirror layer, which is optically thick. Consequently, the spectral
absorption rate is only determined by reflection, A = 1− T. We previously applied the three-dimensional
(3D) Lumerical FDTD solution software to calculate the absorptivity, reflectivity, and characteristics of
the optical field [54]. Nevertheless, the two-dimensional (2D) simulation model is applied here due to
the symmetry of the proposed structure. Figure 1b shows a cross-section of the MIMIM structure and
the incident light configuration in the simulation software. All simulations were executed under normal
illumination of TM (Transverse Magnetic) polarized light (plane wave), polarized in the x-direction,
with the periodic boundary condition of the unit cell set along the x- and y-direction. To eliminate
scattering light, the perfectly matched layers were added along the z-axis direction.

The refractive indexes (RIs) of Au and SiO2 were taken from Palik [55]. The complex permittivity
of ITO can be calculated via the following equation using the Drude model [56]:

ε(ω) = ε∞ −
ω2

P

ω(ω+ iΓ)
, (1)

where ω is the frequency and the optical constants ωP and Γ represent the plasma frequency and
collision rate of charge carriers, respectively. The plasma frequency ωP can be obtained from the
following equation:

ω2
P =

N0e2

ε0m∗
, (2)

where N0 and m∗ represent the bulk free carrier concentration and the effective mass of electrons,
respectively. Here, the electronic charge e = 1.6 × 10−19 C, and the permittivity in free space
ε0 = 8.85 ×10−12 C2/Nm2. The real and imaginary permittivities of ITO were obtained by fitting
the experimental data taken from [56]. As a result, the ENZ wavelength λENZ = 1403 nm, when
Real (ε(ω)) = 0.

To produce a dual-wavelength biosensor with a high precision, the dimension of the proposed
device should first be investigated based on FDTD simulation. The reflectivities for the different
thicknesses of SiO2 and ITO, period, and width of the splitter are presented in Figure 2. In Figure 2a, it
is easy to see that strong absorption is generated at wavelengths of 1090~1200 nm and 1250~1600 nm for
SiO2 thicknesses ranging from 400 to 700 nm. There are several parameters that affect the absorption.
Therefore, the rough range of dimension is given based on an analysis of parameter sweep, which is
less than 28 nm for ITO, 750~900 nm for the period, and 30~150 nm for the splitter.
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and (d) width of the splitter.

The simulated absorptivity, reflectivity, and transmissivity of the MIMIM structure integrating an
ITO film are depicted in Figure 3 for the optimization parameters h1 = h3 = 100nm, h2 = 200nm, h4 =

603nm, andl = 82.75 nm; the period p of a unit cell = 825 nm and the thickness t of ITO = 6 nm. The
device can be fabricated using the technology of direct laser writing. The five Au-SiO2 stacked layer
integrating the ITO film can be deposited successively using physical vapor deposition on a glass
substrate, and the metagrating structure can be fabricated using femtosecond laser writing [57]. As
shown in Figure 3, there are two perfect absorption peaks of over 99.9% on the curve of absorptivity
(red line) at the wavelength of 1144 and 1403 nm, respectively, which means that two strong resonances
occur at the two wavelengths. Next, the mechanism of perfect absorption is discussed in detail.
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3. Results and Discussion

3.1. Mode Analysis

To better understand the underlying physics of the absorption peaks at the different resonant
wavelengths, the electric field |E| and magnetic field |H| distributions at 1144 (Figure 4a,c) and 1403
(Figure 4b,d) nm of the proposed structure were simulated. Figure 4a,c show that |E| is mainly localized
in the region between the Au grating and Au mirror layer; however, |H| is mainly located between
the region air slit and the Au mirror layer at the wavelength of 1144 nm. To determine the nature of
the resonance peak, the corresponding electric displacement |D| and magnetic field |H| distributions
for one unit cell are presented in Figure 5. In Figure 5a, |D| in the top air slit is opposite to |D| in the
bottom air slit, which forms an anticlockwise current loop, resulting in a magnetic moment. Therefore,
a strong enhancement in |H| was produced in the region of the air slit (Figure 5b). Antiparallel, the
electric displacement was also generated in the bottom Au grating and Au mirror layer. |H| satisfies
mirror symmetry in the top and bottom SiO2 regions, which means that the antisymmetric mode was
excited. Therefore, the magnetic resonances induced by these two circulating currents treated as a
two-cascaded circuit at 1144 nm occurred in the same direction. As a result, the magnetic field was
considerably enhanced in the region of circulating currents, which enhanced the light absorption.
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On the other hand, at 1404 nm, the ENZ mode can be excited by coupling the incident light based
on the metagrating structure into the 6 nm ITO film. For a continuous interface between two different
media, ε1E1 = ε2E2 (normal to the interfaces). In our case, ε2 = εENZ � ε1; thus, in Figure 4b, the
electric field is strongly confined in the ENZ layer, enhancing the light absorption [48].

3.2. Electrical Modulation

We then addressed the modulation of the absorptivity by applying electric field gate bias. Shilin
Xian et al. [56] reported that the ENZ wavelength of ITO films can be modulated under electrostatic
gating and different oxygen partial pressures when the ITO films are fabricated [58,59]. The dielectric
functions of ITO films deposited under an oxygen partial pressure of 1 and 10 Pa for different applied
voltages were calculated using Equation (1) by fitting the experimental data from [56] and are displayed
in Figure 6.
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To observe the modulation effects of electrostatic gating on the ENZ wavelength of ITO ultra-thin
films, the calculated ENZ wavelengths of the ITO ultra-thin film under different voltages with oxygen
partial pressures of 1 and 10 Pa are shown in Table 1. The ENZ wavelength decreased with an increasing
voltage [56]. The simulated absorptivity under different gate voltages for ITO thin films deposited at 1
and 10 Pa is shown in Figure 7. The optimized parameters of the MIMIM structure were the same as
before, except for the bottom SiO2 layer, with a thickness of 724 nm for ITO thin films deposited at
10 Pa. In Figure 7c, under an oxygen partial pressure of 10 Pa, it can be seen that the absorptivity near
the ENZ wavelength (1570 nm) increases from 90.8% to 98.0% with the increasing applied voltage from
0 to 5 V. The absorption peak at the wavelength of 1169 nm is almost constant. Although the variation
of the absorptivity for ITO fabricated at 1 Pa appears to be small, we found that the applied voltage
only affects the resonant peak near the ENZ wavelength. Therefore, this characteristic can be applied to
design tunable devices, such as electro-absorption modulators and reconfigurable optical biosensors.
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Table 1. The calculated epsilon-near-zero (ENZ) wavelength of the ITO ultra-thin film based on
the Drude model under different voltages for ITO fabricated at 1 and 10 Pa. The left-peak value
and right-peak value represent the maximum of the absorptivity at the short wavelength and long
wavelength, respectively (see Figure 6b,c).

PO2 (Pa) Voltage (V) ENZ Wavelength Left-Peak Value Right-Peak Value

1 Pa

0 1403 99.8% 100%
1 1377 99.2% 98.7%
3 1374 99.0% 98.2%
5 1372 98.5% 97.7%

10 Pa

0 1571 99.7% 90.2%
1 1555 99.1% 93.5%
3 1543 98.4% 95.6%
5 1521 99.7% 98.0%
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3.3. Sensing Performance

Finally, the sensing behaviors of the designed MIMIM structure were investigated. For most
refractive index sensors based on metamaterial absorbers, the sensitivity of the sensor usually depends
on the FWHM and wavelength shift per RI unit of the resonance peak. According to [8,9,18,34,60], the
sensitivity of an RI sensor can be improved by reducing the FWHM of the absorber or increasing the
wavelength sensitivity of the absorber to ambient RI. Figure 8a shows the calculated absorptivity of the
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proposed structure with the following optimization parameters: h1 = h3 = 100 nm, h2 = 200 nm, h4 =

531 nm, l = 82.75 nm, p = 825 nm, and t = 6 nm. The device presents a very narrow FWHM of 8.65 nm
at the resonance wavelength of 1126 nm with an absorptivity of over 99.7% and an FWHM of 97.03 nm
near the ENZ wavelength.
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To demonstrate that the device can be used for biological sensing, we considered a particular case:
determination of the glucose solution concentration. The variation in the concentration of glucose
affects the RI of the solution. Based on the previous experimental results presented in [61], the refractive
index of glucose solution was obtained using the following expression:

n = 1.333 +
(
25.76× 10−6

)
×C, (3)

where C is the concentration of glucose in millimolar units. The device was immersed in glucose
solution with an RI ranging from 1.333 to 1.345 and the corresponding absorptivity with the different RI
values is presented in Figure 8b. Figure 8c,d represent RI-dependent absorptions for the antisymmetric
mode and ENZ mode. Figure 8c shows that the absorption shifted toward a longer wavelength with
an increasing RI, while the full-width at half-maximum of the absorption peak remained basically
constant at about 8.65 nm.

To obtain the sensitivity S, the peak wavelengths of absorptivity as a function of RI corresponding
to the concentration of glucose for the two resonance modes were calculated and are shown in
Figure 9. For the antisymmetric mode, the sensitivity S and FOM of the designed biosensor could
reach 213.3 nm/RI and 24.7 in glucose solution, respectively, and 328.3 nm/RI and 3.4 for the ENZ mode.
The results indicate that the proposed structure can be used as a high-performance dual-wavelength
biosensor and applied in measurements of the solution concentration by detecting tiny refractive
index changes.
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Figure 9. The wavelength absorption peak occurs as a function of the surrounding refractive index and
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4. Conclusions

In summary, we designed a dual-wavelength refractive index sensor based on a simple asymmetric
metal-insulator stacked structure integrating an ENZ ultrathin film. The FWHMs of the device under
normal incident light are 8.65 at the working wavelength of 1126 nm and 97.03 at 1320 nm, with
over a 99.7% absorption efficiency, respectively. These two absorption peaks are generated due to
excitation of the antisymmetric mode at 1126 nm and the ENZ mode at 1320 nm, based on the analysis
of electromagnetic field distributions. In addition, the device can be dynamically modulated by varying
the ENZ wavelength of ITO connecting to different voltages. We have demonstrated that the device can
be used as a reconfigurable structure for dynamic control of the absorptivity near the ENZ wavelength.
Finally, a sensing platform working within the near-infrared region was numerically proposed. In
the glucose solution, the FOM of the biosensor reached 24.7 with a sensitivity of 213.3 nm/RI for the
antisymmetric mode, whereas the S and FOM were 328.3 nm/RI and 3.4 for the ENZ mode, respectively.
Therefore, the approach of combining the ENZ mode with a tunable wavelength and the antisymmetric
mode opens new avenues for applications, including biosensors, spatial light filtering, and detectors.

Author Contributions: Data curation, Z.M.; formal analysis, Z.M.; funding acquisition, H.C.; investigation, Z.M.;
methodology, Z.M.; project administration, H.C.; software, Z.M. and R.L.; supervision, H.C.; writing—original
draft, Z.M.; writing—review and editing, Z.M., H.C., and X.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Joint Research Fund in Astronomy under a cooperative agreement
between the National Natural Science Foundation of China (Grant No. U1831117); the National Natural Science
Foundation of China (Grant No. 51877015, 51377179, 61301120, 11611130023, and 11403054); the Swedish
Foundation for International Cooperation in Research and Higher Education (Grant No. CH2015-6360); the
Fundamental Research Funds for the Central Universities (Grant No. 2019CDXYTX0023); Chongqing Natural
Science Foundation (Grant No. cstc2018jscx-msyb1002); the Graduate Research and Innovation Foundation of
Chongqing, China (Grant No. CYS17039); and China Scholarships Council (No. 201706050024).

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

References

1. Moncada-Villa, E.; Oliveira, O.N., Jr.; Mejía-Salazar, J.R. ε-Near-Zero Materials for Highly Miniaturizable
Magnetoplasmonic Sensing Devices. J. Phys. Chem. C 2019, 123, 3790–3794. [CrossRef]

2. Kang, S.; Qian, Z.; Rajaram, V.; Calisgan, S.D.; Alù, A.; Rinaldi, M. Ultra-Narrowband Metamaterial Absorbers
for High Spectral Resolution Infrared Spectroscopy. Adv. Opt. Mater. 2019, 7, 1801236. [CrossRef]

3. Antonio-Lopez, J.E.; Sanchez-Mondragon, J.J.; LiKamWa, P.; May-Arrioja, D.A. Fiber-optic sensor for liquid
level measurement. Opt. Lett. 2011, 36, 3425–3427. [CrossRef] [PubMed]

4. Dai, Y.; Sun, Q.; Tan, S.; Wo, J.; Zhang, J.; Liu, D. Highly sensitive liquid-level sensor based on dualwavelength
double-ring fiber laser assisted by beat frequency interrogation. Opt. Express 2012, 20, 27367–27376.
[CrossRef] [PubMed]

http://dx.doi.org/10.1021/acs.jpcc.8b11384
http://dx.doi.org/10.1002/adom.201801236
http://dx.doi.org/10.1364/OL.36.003425
http://www.ncbi.nlm.nih.gov/pubmed/21886232
http://dx.doi.org/10.1364/OE.20.027367
http://www.ncbi.nlm.nih.gov/pubmed/23262687


Sensors 2020, 20, 2301 10 of 12

5. Nguyen, T.H.; Venugopalan, T.; Sun, T.; Grattan, K.T. Intrinsic Fiber Optic pH Sensor for Measurement of pH
Values in the Range of 0.5–6. IEEE Sens. J. 2016, 16, 881–887. [CrossRef]

6. Zheng, Y.; Chen, L.H.; Dong, X.; Yang, J.; Long, H.Y.; So, P.L.; Chan, C.C. Miniature pH optical fiber sensor
based on Fabry–Perot interferometer. IEEE J. Sel. Top. Quantum Electron. 2016, 22, 331–335. [CrossRef]

7. Fan, X.D.; White, I.M.; Shopova, S.I.; Zhu, H.Y.; Suter, J.D.; Sun, Y.Z. Sensitive optical biosensors for unlabeled
targets: A review. Anal. Chim. Acta 2008, 620, 8–26. [CrossRef]

8. Chen, C.; Wang, G.; Zhang, Z.; Zhang, K. Dual narrow-band absorber based on metal–insulator–metal
configuration for refractive index sensing. Opt. Lett. 2018, 43, 3630–3633. [CrossRef]

9. Feng, A.; Yu, Z.; Sun, X. Ultranarrow-band metagrating absorbers for sensing and modulation. Opt. Express
2018, 26, 28197–28205. [CrossRef]

10. Jorgenson, R.C.; Yee, S.S. A fiber-optic chemical sensor based on surface plasmon resonance. Sens. Actuator B
Chem. 1993, 12, 213–220. [CrossRef]

11. Zhao, J.; Cao, S.Q.; Liao, C.R.; Wang, Y.; Wang, G.J.; Xu, X.Z.; Fu, C.L.; Xu, G.W.; Lian, J.R.; Wan, Y.P. Surface
plasmon resonance refractive sensor based on silver-coated side-polished fiber. Sens. Actuator B Chem. 2016,
230, 206–211. [CrossRef]

12. Chen, L.; Liu, Y.; Yu, Z.Y.; Wu, D.; Ma, R.; Zhang, Y.; Ye, H. Numerical analysis of a near-infrared plasmonic
refractive index sensor with high figure of merit based on a fillet cavity. Opt. Express 2016, 24, 9975–9983.
[CrossRef]

13. Chau, Y.F.C.; Chao, C.T.C.; Huang, H.J.; Anwar, U.; Lim, C.M.; Voo, N.Y.; Mahadi, A.H.; Kumara, N.T.R.N.;
Chiang, H.P. Plasmonic perfect absorber based on metal nanorod arrays connected with veins. Results Phys.
2019, 15, 102567. [CrossRef]

14. Chau, Y.F.C.; Chao, C.T.C.; Huang, H.J.; Kumara, N.T.R.N.; Lim, C.M.; Chiang, H.P. Ultra-High Refractive
Index Sensing Structure Based on a Metal-Insulator-Metal Waveguide-Coupled T-Shape Cavity with Metal
Nanorod Defects. Nanomaterials 2019, 9, 1433. [CrossRef] [PubMed]

15. Chau, Y.F.C.; Chao, C.T.C.; Chiang, H.P.; Lim, C.M.; Voo, N.Y.; Mahadi, A.H. Plasmonic effects in composite
metal nanostructures for sensing applications. J. Nanopart. Res. 2018, 20, 190. [CrossRef]

16. Chau, Y.F.C. Mid-infrared sensing properties of a plasmonic metal-insulator-metal waveguide with a single
stub including defects. J. Phys. D Appl. Phys. 2020, 53, 115401. [CrossRef]

17. Dong, W.; Cao, T.; Liu, K.; Simpson, R.E. Flexible omnidirectional and polarisation-insensitive broadband
plasmon-enhanced absorber. Nano Energy 2018, 54, 272–279. [CrossRef]

18. Omar, N.A.S.; Fen, Y.W.; Saleviter, S.; Kamil, Y.M.; Daniyal, W.M.E.M.M.; Abdullah, J.; Mahdi, M.A.
Experimental evaluation on surface plasmon resonance sensor performance based on sensitive hyperbranched
polymer nanocomposite thin films. Sens. Actuator A Phys. 2020, 303, 111830. [CrossRef]

19. Kumara, N.T.R.N.; Chau, Y.F.C.; Huang, J.W.; Huang, H.J.; Lin, C.T.; Chiang, H.P. Plasmonic spectrum on 1D
and 2D periodic arrays of rod-shape metal nanoparticle pairs with different core patterns for biosensor and
solar cell applications. J. Opt. 2016, 18, 115003. [CrossRef]

20. Li, X.G.; Warren-Smith, S.C.; Ebendorff-Heidepriem, H.; Zhang, Y.N.; Nguyen, L.V. Optical fiber refractive
index sensor with low detection limit and large dynamic range using a hybrid fiber interferometer. J.
Lightwave Technol. 2019, 37, 2954–2962. [CrossRef]

21. Zhang, Z.; He, J.; Du, B.; Guo, K.K.; Wang, Y.P. Highly sensitive gas refractive index sensor based on
hollow-core photonic bandgap fiber. Opt. Express 2019, 27, 29649–29658. [CrossRef]

22. Yu, P.; Besteiro, L.V.; Huang, Y.; Wu, J.; Fu, L.; Tan, H.H.; Wang, Z. Broadband metamaterial absorbers. Adv.
Opt. Mater. 2018, 7, 1800995. [CrossRef]

23. Schuller, J.A.; Barnard, E.S.; Cai, W.S.; Jun, Y.C.; White, J.S.; Brongersma, M.L. Plasmonics for extreme light
concentration and manipulation. Nat. Mater. 2010, 9, 193–204. [CrossRef] [PubMed]

24. Lu, X.Y.; Zhang, L.X.; Zhang, T.Y. Nanoslit-microcavity-based narrow band absorber for sensing applications.
Opt. Express 2015, 23, 20715–20720. [CrossRef] [PubMed]

25. Mu, J.W.; Chen, L.; Li, X.; Huang, W.P.; Kimerling, L.C.; Michel, J. Hybrid nano ridge plasmonic polaritons
waveguides. Appl. Phys. Lett. 2013, 103, 131107. [CrossRef]

26. Lu, H.; Liu, X.; Mao, D.; Wang, G. Plasmonic nanosensor based on Fano resonance in waveguide-coupled
resonators. Opt. Lett. 2012, 37, 3780–3782. [CrossRef]

27. Ogawa, S.; Okada, K.; Fukushima, N.; Kimata, M. Wavelength selective uncooled infrared sensor by
plasmonics. Appl. Phys. Lett. 2012, 100, 021111. [CrossRef]

http://dx.doi.org/10.1109/JSEN.2015.2490583
http://dx.doi.org/10.1109/JSTQE.2015.2497438
http://dx.doi.org/10.1016/j.aca.2008.05.022
http://dx.doi.org/10.1364/OL.43.003630
http://dx.doi.org/10.1364/OE.26.028197
http://dx.doi.org/10.1016/0925-4005(93)80021-3
http://dx.doi.org/10.1016/j.snb.2016.02.020
http://dx.doi.org/10.1364/OE.24.009975
http://dx.doi.org/10.1016/j.rinp.2019.102567
http://dx.doi.org/10.3390/nano9101433
http://www.ncbi.nlm.nih.gov/pubmed/31658653
http://dx.doi.org/10.1007/s11051-018-4293-4
http://dx.doi.org/10.1088/1361-6463/ab5ec3
http://dx.doi.org/10.1016/j.nanoen.2018.10.012
http://dx.doi.org/10.1016/j.sna.2020.111830
http://dx.doi.org/10.1088/2040-8978/18/11/115003
http://dx.doi.org/10.1109/JLT.2019.2908023
http://dx.doi.org/10.1364/OE.27.029649
http://dx.doi.org/10.1002/adom.201800995
http://dx.doi.org/10.1038/nmat2630
http://www.ncbi.nlm.nih.gov/pubmed/20168343
http://dx.doi.org/10.1364/OE.23.020715
http://www.ncbi.nlm.nih.gov/pubmed/26367923
http://dx.doi.org/10.1063/1.4823546
http://dx.doi.org/10.1364/OL.37.003780
http://dx.doi.org/10.1063/1.3673856


Sensors 2020, 20, 2301 11 of 12

28. Zhang, R.; Zhang, Y.; Dong, Z.C.; Jiang, S.; Zhang, C.; Chen, L.G.; Zhang, L.; Liao, Y.; Aizpurua, J.;
Luo, Y.E.; et al. Chemical mapping of a single molecule by plasmon-enhanced Raman scattering. Nature
2013, 498, 7452. [CrossRef]

29. Anker, J.N.; Hall, W.P.; Lyandres, O.; Shah, N.C.; Zhao, J.; Van Duyne, R.P. Biosensing with plasmonic
nanosensors. Nat. Mater. 2008, 7, 442–453. [CrossRef]

30. Adato, R.; Altug, H. In-situ ultra-sensitive infrared absorption spectroscopy of biomolecule interactions in
real time with plasmonic nanoantennas. Nat. Comm. 2013, 4, 2154. [CrossRef]

31. Pryce, I.M.; Kelaita, Y.A.; Aydin, K.; Atwater, H.A. Compliant metamaterials for resonantly enhanced infrared
absorption spectroscopy and refractive index sensing. ACS Nano 2011, 5, 8167–8174. [CrossRef] [PubMed]

32. Cetin, A.E.; Altug, H. Fano resonant ring/disk plasmonic nanocavities on conducting substrates for advanced
biosensing. ACS Nano 2012, 6, 9989–9995. [CrossRef] [PubMed]

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

34. 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]

35. Kabashin, A.V.; Evans, P.; Pastkovsky, S.; Hendren, W.; Wurtz, G.A.; Atkinson, R.; Pollard, R.; Podolskiy, V.A.;
Zayats, A.V. Plasmonic nanorod metamaterials for biosensing. Nat. Mater. 2009, 8, 867–871. [CrossRef]

36. Zhu, Z.H.; Evans, P.G.; Haglund, R.F., Jr.; Valentine, J.G. Dynamically reconfigurable metadevice employing
nanostructured phase-change materials. Nano Lett. 2017, 17, 4881–4885. [CrossRef]

37. Hedayati, M.K.; Javaherirahim, M.; Mozooni, B.; Abdelaziz, R.; Tavassolizadeh, A.V.; Chakravadhanula, S.K.;
Zaporojtchenko, V.; Strunkus, T.; Faupel, F.; Elbahri, M. Design of a perfect black absorber at visible
frequencies using plasmonic metamaterials. Adv. Mater. 2011, 23, 5410–5414. [CrossRef]

38. Gu, S.; Barrett, J.; Hand, T.; Popa, B.I.; Cummer, S.J. A broadband low-reflection metamaterial absorber. Appl.
Phys. 2010, 108, 064913. [CrossRef]

39. Li, H.; Yuan, L.H.; Zhou, B.; Shen, X.P.; Cheng, Q.; Cui, T.J. Ultrathin multiband gigahertz metamaterial
absorbers. Appl. Phys. 2011, 110, 014909. [CrossRef]

40. Ghobadi, A.; Hajian, H.; Gokbayrak, M.; Butun, B.; Ozbay, E. Bismuth-based metamaterials: From narrowband
reflective color filter to extremely broadband near perfect absorber. Nanophotonics 2019, 8, 823–832. [CrossRef]

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

42. Wen, Q.Y.; Zhang, H.W.; Xie, Y.S.; Yang, Q.H.; Liu, Y.L. Dual band terahertz metamaterial absorber: Design,
fabrication, and characterization. Appl. Phys. Lett. 2009, 95, 241111. [CrossRef]

43. Wu, C.; Neuner, B., III; Shvets, G.; John, J.; Milder, A.; Zollars, B.; Savoy, S. Large-area wide-angle spectrally
selective plasmonic absorber. Phys. Rev. B 2011, 84, 075102. [CrossRef]

44. Hao, J.; Zhou, L.; Qiu, M. Nearly total absorption of light and heat generation by plasmonic metamaterials.
Phys. Rev. B 2011, 83, 165107. [CrossRef]

45. Chen, J.; Wang, P.; Zhang, Z.M.; Lu, Y.; Ming, H. Coupling between gap plasmon polariton and magnetic
polariton in a metallic-dielectric multilayer structure. Phys. Rev. E Stat. 2011, 84, 026603. [CrossRef]
[PubMed]

46. Li, G.; Chen, X.; Li, O.; Shao, C.; Jiang, Y.; Huang, L.; Ni, B.; Hu, W.; Lu, W. A novel plasmonic resonance
sensor based on an infrared perfect absorber. J. Phys. D Appl. Phys. 2012, 45, 205102. [CrossRef]

47. Yan, M. Metal-insulator-metal light absorber: A continuous structure. J. Opt. 2013, 15, 025006. [CrossRef]
48. Vassant, S.; Archambault, A.; Pardo, F.; Gennser, U.; Cavanna, A.; Pelouard, J.L.; Greffet, J.J. Epsilon-near-zero

mode for active optoelectronic devices. Phys. Rev. Lett. 2012, 109, 237401. [CrossRef]
49. Newman, W.D.; Cortes, C.L.; Atkinson, J.; Pramanik, S.; DeCorby, R.G.; Jacob, Z. Ferrell-Berreman Modes in

Plasmonic Epsilon-near-Zero Media. ACS Photonics 2015, 2, 2–7. [CrossRef]
50. Anopchenko, A.; Tao, L.; Arndt, C.; Lee, H.W.H. Field-effect tunable and broadband epsilon-near-zero perfec

absorbers with deep subwavelength thickness. ACS Photonics 2018, 5, 2631–2637. [CrossRef]
51. Reshef, O.; De Leon, I.; Alam, M.Z.; Boyd, R.W. Nonlinear optical effects in epsilon-near-zero media. Nat.

Rev. Mater. 2019, 4, 535–551. [CrossRef]

http://dx.doi.org/10.1038/nature12151
http://dx.doi.org/10.1038/nmat2162
http://dx.doi.org/10.1038/ncomms3154
http://dx.doi.org/10.1021/nn202815k
http://www.ncbi.nlm.nih.gov/pubmed/21928788
http://dx.doi.org/10.1021/nn303643w
http://www.ncbi.nlm.nih.gov/pubmed/23092386
http://dx.doi.org/10.1103/PhysRevLett.100.207402
http://www.ncbi.nlm.nih.gov/pubmed/18518577
http://dx.doi.org/10.1021/nl9041033
http://dx.doi.org/10.1038/nmat2546
http://dx.doi.org/10.1021/acs.nanolett.7b01767
http://dx.doi.org/10.1002/adma.201102646
http://dx.doi.org/10.1063/1.3485808
http://dx.doi.org/10.1063/1.3608246
http://dx.doi.org/10.1515/nanoph-2018-0217
http://dx.doi.org/10.3390/nano10020207
http://www.ncbi.nlm.nih.gov/pubmed/31991689
http://dx.doi.org/10.1063/1.3276072
http://dx.doi.org/10.1103/PhysRevB.84.075102
http://dx.doi.org/10.1103/PhysRevB.83.165107
http://dx.doi.org/10.1103/PhysRevE.84.026603
http://www.ncbi.nlm.nih.gov/pubmed/21929124
http://dx.doi.org/10.1088/0022-3727/45/20/205102
http://dx.doi.org/10.1088/2040-8978/15/2/025006
http://dx.doi.org/10.1103/PhysRevLett.109.237401
http://dx.doi.org/10.1021/ph5003297
http://dx.doi.org/10.1021/acsphotonics.7b01373
http://dx.doi.org/10.1038/s41578-019-0120-5


Sensors 2020, 20, 2301 12 of 12

52. Yang, Y.; Lu, J.; Manjavacas, A.; Luk, T.S.; Liu, H.; Kelley, K.; Maria, J.P.; Runnerstrom, E.L.; Sinclair, M.B.;
Ghimire, S.; et al. High-harmonic generation from an epsilon-near-zero material. Nat. Phys. 2019, 15,
1022–1026. [CrossRef]

53. Campione, S.; Brener, I.; Marquier, F. Theory of epsilon-near-zero modes in ultrathin films. Phys. Rev. B 2015,
91, 121408. [CrossRef]

54. Lumerical Solutions. Available online: https://www.lumerical.com (accessed on 30 March 2020).
55. Palik, E.D. Handbook of Optical Constants of Solids; Academic Press: New York, NY, USA, 1998.
56. Xian, S.; Nie, L.; Qin, J.; Kang, T.T.; Li, C.Y.; Xie, J.L.; Deng, L.J.; Bi, L. Effect of oxygen stoichiometry on

the structure, optical and epsilon-near-zero properties of indium tin oxide films. Opt. Express 2019, 27,
28618–28628. [CrossRef] [PubMed]

57. Lin, H.; Sturmberg, B.C.; Lin, K.T.; Yang, Y.; Zheng, X.R.; Chong, T.K.; de Sterke, C.M. and Jia, B.H. A
90-nm-thick graphene metamaterial for strong and extremely broadband absorption of unpolarized light.
Nat. Photonics 2019, 13, 270–276. [CrossRef]

58. Park, J.; Kang, J.H.; Liu, X.; Brongersma, M.L. Electrically tunable epsilon-near-zero (ENZ) metafilm absorbers.
Sci. Rep. 2015, 5, 15754. [CrossRef]

59. Sarma, R.; Campione, S.; Goldflam, M.; Shank, J.; Noh, J.; Smith, S.; Ye, P.D.; Sinclair, M.; Klem, J.;
Wendt, J.; et al. Low dissipation spectral filtering using a field-effect tunable III–V hybrid metasurface. Appl.
Phys. Lett. 2018, 113, 061108. [CrossRef]

60. Feng, L.; Huo, P.; Liang, Y.; Xu, T. Photonic Metamaterial Absorbers: Morphology Engineering and
Interdisciplinary Applications. Adv. Mater. 2019, 1903787. [CrossRef]

61. Malinin, A.V.; Zanishevskaja, A.A.; Tuchin, V.V.; Skibina, Y.S.; Silokhin, I.Y. Photonic Crystal Fibers for Food
Quality Analysis. Proc. SPIE 2012, 8427, 842746–842751.

© 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/10.1038/s41567-019-0584-7
http://dx.doi.org/10.1103/PhysRevB.91.121408
https://www.lumerical.com
http://dx.doi.org/10.1364/OE.27.028618
http://www.ncbi.nlm.nih.gov/pubmed/31684610
http://dx.doi.org/10.1038/s41566-019-0389-3
http://dx.doi.org/10.1038/srep15754
http://dx.doi.org/10.1063/1.5042662
http://dx.doi.org/10.1002/adma.201903787
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials, Structural Design, and Methods 
	Results and Discussion 
	Mode Analysis 
	Electrical Modulation 
	Sensing Performance 

	Conclusions 
	References

