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A subwavelength metamaterial perfect absorber (MPA) in optical communication band was proposed and tested using the finite-difference time-domain method. The absorber is periodic and comprises a top layer of diamond silicon surrounded by L-shaped silicon and a gold layer on the substrate. It can achieve dual-band perfect absorption, and one of the peaks is in the optical communication band. By changing the gap (g) between two adjacent pieces of L-shaped silicon, and the thickness (h) of the silicon layer, the resonance wavelength of absorption peak can be tuned. When the incident electromagnetic wave entered the absorber, the metamaterial absorber could almost completely consume the incident electromagnetic waves, thereby achieving more than 99% perfect absorption. The absorption peak reaches 99.986% at 1310 nm and 99.421% at 1550 nm. Moreover, the MPA exposed to different ambient refraction indexes can be applied as plasma sensors, and can achieve multi-channel absorption with high figure of merit (FOM*) value and refractive index (RI) sensitivity. The FOM* values at 1310 nm and 1550 nm are 6615 and 168, respectively, and both resonance peaks have highly RI sensitivity. The results confirm that the MPA is a dual-band, polarization-independent, wide-angle absorber and insensitive to incident angle. Thence it can be applied in the fields of optical communication, used as a light-wave filter and plasma sensor, and so on.
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1 INTRODUCTION
Electromagnetic metamaterials are an artificial composite structure or composite material with extraordinary electromagnetic properties that natural materials do not possess, and research on these materials has attracted considerable attention and made significant progress in recent years [1, 2]. Using electromagnetic metamaterials can achieve arbitrary “cutting” of electromagnetic and light wave properties, thus creating peculiar electromagnetic characteristics such as perfect lens [3, 4], negative refractive index [5], and electromagnetic stealth [6]. An attractive application field of metamaterials is the “perfect absorber” of electromagnetic waves [8, 9]. The concept of the perfect absorber was originally proposed by Landy et al in 2008 [10]. After then, a large range of absorbers with dielectric disks, ribbons, rings, and diamond arrays have been proposed and demonstrated [11–20]. In these studies, perfect absorbers in visible, infrared, and terahertz (THz) range were presented [21–28]. For instance, Li et al. proposed a novel broadband metamaterial perfect absorber based on visible light [12]. Xu et al. demonstrated an ultra-broadband metamaterial absorber in a frequency range of 3–7.8 THz [29]. A multi-channel plasmonic perfect absorber based on the mid-infrared region was proposed by Meng et al. [13]. A triple-band perfect absorber based on the infrared range was designed by Wu et al. [30]. Most of them are metamaterial-based electromagnetic resonance absorbers. By rationally designing the physical size and material parameters, the metamaterial can be coupled with the electromagnetic component of the incident electromagnetic wave, so that the electromagnetic waves incident on the specific broadband of the absorber can be 100% absorbed. At present, the potential applications of perfect absorbers include bolometer [10], electromagnetic stealth [31], and thermal emission [32].
Optical communication is a communication method using light waves as carriers. The two most obvious advantages of optical communications are transmission distance and capacity. Wavelength-division multiplexing technology ensures that the optical fiber system has a strong transmission capacity, so it can be applied to cross-sea communication systems. Optical communication also has an extremely wide transmission frequency band, with high information-transmission efficiency and a strong ability to resist electromagnetic interference, which can maintain high communication-transmission quality in various application environments. Furthermore, the optical communication bands have the lowest loss, the smallest dispersion, and the lowest microbending loss, providing a comprehensive array of applications in optical amplifier long-distance trunk systems and submarine cable systems. Therefore, we planned to combine the metamaterial perfect absorber with the optical communication band for our study, that is, we want to realize the resonance absorption window in the optical communication band.
In this article, a metamaterial perfect absorber (MPA) in optical communication band is proposed. The absorber comprises a diamond silicon surrounded by four L-shaped pieces of silicon, which were placed on a metallic plate to prevent energy from seeping out of the system. The number of electromagnetic response modes of the top structural unit determines the number of metamaterial absorption peaks; therefore, our proposed absorber has dual-band perfect absorption. Finite-difference time-domain (FDTD) simulations showed that there are two absorption peaks above 99% after optimization, and the wavelength of one of the absorption peaks was at an optical communication wavelength. According to the effective medium theory [7], the characteristics of metamaterials can be characterized by the effective dielectric constant and permeability, whereas the effective dielectric constant and permeability of metamaterials can be controlled by the orderly design of the material's key physical dimensions. Therefore, the resonance wavelength of absorption peak can be tuned by changing the geometrical dimensions of the structure, such as gap (g) between two adjacent L-shaped pieces of silicon, and the thickness (h) of the silicon layer. In addition, the designed MPA achieves near-perfect polarization independence and incident angle-insensitive dual-band light absorption. For the incident angle, the simulation results show that the designed structure realizes wide-angle absorption of 0°–40° for TM waves and TE waves, displaying a relatively perfect absorption effect. Moreover, the MPA exposed to different ambient refraction indexes can be applied to the field of plasma sensors, and can achieve multi-channel absorption with high FOM* value and RI sensitivity. The proposed subwavelength structure has important value in the fields of light-wave filters, thermal radiation meters, array thermal imaging detectors, and electromagnetic wave modulators.
2 MATERIALS AND METHODS
The structure stereogram of the proposed MPA is shown in Figure 1A. There are four L-shaped [33–36] structures of the same size in a unit cell, as shown in Figure 1B. The upper layer is a resonator formed by a structure in which four L-shaped dielectrics surround a diamond-shaped dielectric, and the lower layer is a metal substrate. The optimized parameters of each part of 1310 nm structure and 1550 nm structure are marked in Table 1. Here, the resonance wavelength of the absorption peak was tuned by changing the structural parameters of the absorber to move the absorption peak from 1310 nm to 1550 nm. The two arm lengths of L-shaped silicon, distance between each two adjacent L-shaped silicon, thickness of the patterned silicon layer and structural periodicity are fixed at L, g, h and P, respectively. The arm widths of L-shaped silicon, semi-major axis and semi-minor axis of the diamond silicon are W, a and b, respectively. In the simulations, the incident light appears perpendicularly on the patterned silicon structure metamaterial absorber in the negative direction of the z-axis, with the electric field along the x direction and the magnetic field along the y direction. The mesh size in a patterned silicon layer is ∆x = ∆y = 4 nm, and ∆z = 6 nm. The simulation time and mesh accuracy were set to 15,000 (fs) and 4, respectively. The permittivity of Si and Au in the near-infrared region were obtained from the experiments of Palik and CRC [41]. The periodic boundary conditions were set in both x and y directions to reproduce this array, and the boundary condition along the z direction was the perfectly matched layer (PML) to eliminate scattering.
[image: Figure 1]FIGURE 1 | (A) Perspective view of the MPA device structure. (B) Top view of the unit cell structure. (C) Side view of the unit cell structure.
TABLE 1 | Comparison of parameters of 1310 nm structure and 1550 nm structure.
[image: Table 1]The material of the metal substrate is gold, and the thickness of the gold reflection mirror is defined as t = 100 nm. The skin depth δ (or penetration depth) commonly used in engineering to characterize the skin depth of electromagnetic waves, which is defined as the distance the electromagnetic wave travels when the amplitude of the electromagnetic wave is attenuated to the surface value [image: image] (or 0.368). According to this definition, it can be described as [37–40].
[image: image]
therefore,
[image: image]
where ω is the angular frequency of the electromagnetic wave, μ is the magnetic permeability, and σ is the electrical conductivity. The thickness of the bottom metal plate is calculated as 100 nm, which is much greater than the skin depth δ of gold in this wavelength range. Therefore, the electromagnetic wave cannot penetrate the metal layer, the transmission coefficient of the absorber structure is always 0, and the absorption is only affected by the reflection coefficient. When electromagnetic waves occur on the metamaterial structure, electric field resonance and magnetic field resonance will occur in the absorber, accompanied by the generation of effective dielectric constant [image: image] and effective permeability[image: image]. This is due to
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where [image: image] is the refractive index of the dielectric, and [image: image] is the impedance of the dielectric material. Suppose [image: image], [image: image]. At a specific resonance frequency, when [image: image], [image: image], that is, the effective dielectric constant [image: image] and effective permeability [image: image] of the absorbing material are equal, the effective impedance of the absorber matches the wave impedance [image: image] in free space. At this time, in the case of normal incidence of electromagnetic waves, the reflectance is
[image: image]
which equals zero, and where [image: image] is the refractive index coefficient of the dielectric, [image: image] represents the dielectric material impedance, and [image: image] represents the free space impedance. When the thickness of the bottom metal layer is greater than the penetration depth of the electromagnetic wave, so that electromagnetic waves cannot pass through the material, the transmittance is
[image: image]
which is almost equal to zero. The electromagnetic wave is confined to the inside of the structure until it is completely consumed by the dielectric layer or the metal layer. According to Kirchhoff's theorem, the sum of absorptance A, transmittance T, and reflectance R is equal to 1, that is, A+ T + R = 1, so the absorptance is
[image: image]
It can be seen from Eq. 7 that if the frequency corresponding to the incident spatial impedance of the electromagnetic wave and the impedance of the dielectric layer have Z = Z0, the electromagnetic wave is absorbed without reflection, and the electromagnetic wave of a specific wavelength band can be absorbed at close to 100%.
3 RESULTS AND DISCUSSION
Tunable Hybrid Metamaterial Absorber
The absorption spectrum of the proposed MPA in the optical communication band as a function of wavelength was calculated, as seen in Figure 2. The black solid line indicates that the peak on the left (labeled M) in the absorption spectrum corresponds to a wavelength of 1310 nm, and the peak value at M is up to 99.986%, so we call it 1310 nm for short. The red solid line indicates that the peak on the right (labeled N) in the absorption spectrum corresponds to a wavelength of 1550 nm, and the absorption at N reaches 99.421%; thus, we simply call it 1550 nm. Through a comparison of Table 1, we found that the resonant wavelength could be effectively tuned from 1310nm to 1550 nm by changing the semi-major axis (a) and the semi-minor axis (b) of the diamond silicon, and the arm widths (W) of the L-shaped silicon. The spectrum is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Simulated absorbance of the proposed MPA, whose structure is shown in Figure 1. The black solid line and the red solid line correspond to wavelengths of 1310 nm and 1550 nm, respectively. The corresponding peak at 1310 nm is labeled M, and the corresponding peak at 1550 nm is labeled N.
To better understand the physical mechanism of the proposed dual-channel perfect absorption, the electric and magnetic field intensity distributions of the unit cell structure at M and N are shown in Figure 3. The top (xoy) planes and cross-sectional (xyz) planes are plotted. In Figure 3A, it can be seen that the electric field at 1310 nm is mainly distributed between the closely adjacent diamond silicon and L-shaped silicon due to the localized surface plasmon resonance (LSPR), whereas the strong magnetic field is distributed in the diamond. This indicates that there is both electric dipole resonance and magnetic dipole resonance at the 1310 nm wavelength [15, 42, 43]. However, contrary to the electromagnetic field intensity distribution at 1310 nm, it can be clearly seen from Figure 3B that at the 1550 nm wavelength, the enhanced electric field is mainly concentrated between the bottom of the resonator and the gold film of the reflective layer. There is also a partly weak electric field distribution between the resonators, and the magnetic field strength is distributed in the dielectric layer. The reason is that a strong enhancement of the localized electromagnetic field is excited at the resonance frequencies between the two layers, and this effect results in almost zero reflectance observed in simulations and calculations [16]. These characteristics confirm that the absorption at the 1550 nm wavelength is caused by the coupling of the dipole resonance of the resonator and the second resonance of the silicon wafer.
[image: Figure 3]FIGURE 3 | Electric and magnetic field intensity distribution diagram of the top planes (xoy) and cross-sectional planes (xyz) of the unit cell structure at the absorption peak of (A) 1310 nm, and (B) 1550 nm.
To further understand the working mechanism of the proposed MPA, the absorption under different structural parameters was studied. Figure 4 shows the calculated absorption intensity for the structure at 1310 nm and 1550 nm by varying the g parameter. For these two wavelengths, both the g values were changed from 2 nm to 18 nm, with an interval of 4 nm. The trends of both wavelengths with the change of g value are almost the same, as shown in Figures 4A,B. The absorption peaks of both wavelengths are blue-shifted with the increases of g value. The plasmon resonance will occur when SPPs resonate on the horizontal surface of L-shaped silicon, and the resonance conditions of L-shaped silicon can be expressed as [30].
[image: image]
where ksp = 2πnsp/λm, nsp is the effective index of SPPs and λm is the resonance wavelength, and Leqv denotes the equal resonance arm length, δ means the phase change at the end of the horizontal arms, and [image: image] is an integer; as the incident wavelength is larger than the arm length, [image: image]can be regarded as 1. Then, the resonance wavelength can be simplified as [30].
[image: image]
It can be discovered from Formula (9) that the resonance wavelength is proportional to the effective arm length of the L-shaped silicon, and the absorption peak undergoes a redshift as the arm length (L) increases. However, the sum of L and g is fixed: as g increases, L decreases, which is presented in Figure 4.
[image: Figure 4]FIGURE 4 | Absorption spectrum for different gaps (g) between two adjacent L-shaped silicon of (A) 1310 nm and (B) 1550 nm. Other parameters are consistent with those in Figure 1.
The next observation is the effect of different thicknesses of the silicon layer on the absorption spectrum, and the results obtained are shown in Figure 5. Other geometric parameters remain unchanged, and the thickness (h) of the silicon layer increases from 261 nm to 301 nm, with an interval of 10 nm. It can be seen from Figures 5A,B that both absorption peaks experience a redshift with the increase of h.
[image: Figure 5]FIGURE 5 | Absorption spectrum for the silicon layer h with different thicknesses at (A) 1310 nm and (B) 1550 nm. Other structural parameters are consistent with those in Figure 1.
Polarization independence and incident angle insensitivity are important factors that should be considered in practical applications. Figure 6 and Figure 7 show the influence of the incident angle in the TM mode and TE mode and the polarization angle on the absorption performance in the 1310 nm and 1550 nm structures, respectively. It can be seen that as the incident angle increases from 0° to 40°, the absorption peak still achieves nearly uniform perfect absorptance at the resonance frequency. It indicates that the absorption of the absorber is insensitive to the incident angle, the reason may be due to the structural symmetry of the absorber. Figure 6C and Figure 7C show the relationship between the variety of polarization angle and the absorption spectrum under normal incidence. Due to the high symmetry and the local resonance of the structure, the position and intensity of the absorption peak remain almost unchanged when the polarization angle changes from 0° to 90° in 10° increments at normal incidence. Therefore, the metamaterial absorber is independent of polarization. Polarization-insensitive metamaterial perfect absorbers have been widely used in optoelectronic devices including thermoelectric devices.
[image: Figure 6]FIGURE 6 | In the 1310 nm structure, tuned incident angle from 0° to 40° in (A) TM mode and (B) TE mode, and (C) the variety of polarization angle from 0° to 90° under normal incidence.
[image: Figure 7]FIGURE 7 | In the 1550 nm structure, tuned incident angle from 0° to 40° in (A) TM mode and (B) TE mode, and (C) the variety of polarization angle from 0° to 90° under normal incidence.
Tunable Hybrid Metamaterial Sensor
The reflectance spectrum with different ambient refractive indices at 1310 nm and 1550 nm are illustrated in Figure 8A and Figure 9A, respectively. They are both red-shifted by increasing the refraction index from 1.334 to 1.364, and the reflection intensities is decreasing. Here, we take the high-frequency reflection wavelength (near 1400 nm) in Figure 8A and Figure 9A as an example to obtain the relationship between resonance wavelength and refractive index, as shown in Figure 8B and Figure 9B. The black dots are the resonant wavelengths under different ambient refraction indexes, the red line is obtained by linear fitting, and the fitting degree is close to or equal to 1. And these two images have a common point that the resonance wavelength increases with the increase of refractive index. Moreover, the low-frequency and high-frequency RI sensitivities of the 1310 nm structure are 185.1 nm/RIU, 300.0 nm/RIU, respectively. The low-frequency and high-frequency RI sensitivities of the 1550 nm structure are 168 nm/RIU and 328 nm/RIU, respectively. The results show that the two resonance peaks of the absorber both have high sensitivity and can be used in the field of dual-band sensors.
[image: Figure 8]FIGURE 8 | (A) The reflectance spectra exposed to different ambient refraction indexes, and (B) the relationship between resonance wavelength and refractive index in 1310 nm structure.
[image: Figure 9]FIGURE 9 | (A) The reflectance spectra exposed to different ambient refraction indexes, and (B) the relationship between resonance wavelength and refractive index in 1550 nm structure.
We used figure of merit (FOM*) to measure the sensitivity of the refractive index sensor. The FOM* value means the change in reflectance intensity caused by the diversification in the ambient refractive indices around the perfect absorber. The larger the FOM* value, the higher the sensitivity of the refractive index sensor. The expression is as follows [44]:
[image: image]
where [image: image] is the change of relative reflection intensity caused by the variations of the environmental refractive index at the resonance wavelength, and I(λ) represents reflectivity. Taking ethanol solution as an example, Figures 10A,C show the reflection spectra of 1310 nm and 1550 nm structures with air and ethanol solution as the environmental media, respectively. It can be seen from the figures that the reflection spectrum of the ethanol solution as the medium is blue-shifted compared with the air as the medium. From Figures 10B,D, it can be found that the FOM* value near the reflection valley at 1310 nm and 1550 nm is the largest, the value is 6615 and 168, respectively, which indicates that the absorber can be used as a sensor in the optical communication band.
[image: Figure 10]FIGURE 10 | (A,C) Reflectance spectra and (B,D) FOM* values of 1310 nm and 1550 nm structures with air and ethanol solution as medium.
The system that plasma sensor for detection of chemical solution concentration is shown in Figure 11. The light source firstly weakens the light intensity through optical attenuator, and then enters the plasma sensor by transmission fiber and coupler. The light being modulated by the detection sample in the sensing area is received by the spectrometer, and it performs photoelectric conversion in the spectrometer and records the signal processing unit in real time. Finally, the detection signal can be obtained by normalized spectral processing.
[image: Figure 11]FIGURE 11 | Diagram of system device used for chemical solution concentration detection.
4 CONCLUSION
A metal-dielectric dual-channel metamaterial perfect absorber in the optical communication band was proposed, and a single patterned silicon layer and a bottom gold layer were used for structural design. The simulation of the designed subwavelength structure was carried out using the FDTD method. By designing and optimizing the structure, size, and arrangement of metamaterial artificial units, the effective dielectric constant of the absorbing material is equal to the effective magnetic permeability, the electromagnetic wave of this frequency band completely enters the absorber and is hardly reflected, which will cause perfect absorption of the incident wave, thereby achieving a high absorption rate. The regulation of the resonance absorption position with the structural parameters was studied further. The effective adjustment of the absorption peak position was achieved by changing the arm length, thickness of the dielectric layer. Moreover, the combination of four identical L-shaped and diamond-shaped structures could achieve dual-band perfect absorption, and was polarization independent, wide-angle, incident-angle insensitive. The absorber can be used as a refraction index sensor. The results show that the FOM* values at 1310 nm and 1550 nm are the highest, at 6615 and 168, respectively. The calculated high RI sensitivity further showed that the designed perfect absorber could be used in the field of detectors, sensors and filters, with the potential for application in related fields.
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