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Abstract

:

We propose a sub-wavelength range-based dual-band tunable ideal terahertz metamaterial perfect absorber. The absorber structure consists of three main layers, with the absorber layer consisting of a metal I-shaped structure. By simulating the incident wave absorbance of the structure, we found that the structure has more than 99% absorption peaks in both bands. In addition, we have investigated the relationship between structural absorbance and the structural geometrical parameters. We have studied the relationship between the thickness of the metal absorber layer    h b    and the absorbance of the metamaterial structure in the 4–14 THz band. Secondly, we have studied the relationship between the thickness of the SiO2 dielectric layer and structural absorbance. Afterwards, we have studied the relationship between the incident angle of the incident electromagnetic wave and structural absorbance. Finally, we have studied the relationship between the length of the metal structure and structural absorbance. The structure can be effectively used for detectors, thermal emitters, terahertz imaging and detection.
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1. Introduction


The metamaterial absorber is a device that effectively absorbs incident radiation at operating wavelengths and converts it into other forms of energy, such as heat. Conventional absorbers are made of those whose absorptivity is innate, but metamaterial absorbers are mainly made of noble metals. With advances in metamaterial research, new opportunities for the development of absorption materials have opened up for wider applications in solar energy absorption [1,2], detectors [3,4], thermal emitters [5,6], terahertz imaging [7,8] and detection.



The first experimental realization of a metamaterial was made by Landy in 2008, in which they used a whole row of periodically arranged metallic structures as an absorber layer, with a metallic structure at the bottom and a dielectric layer in the middle [9]. They, experimentally, obtained an absorption rate of over 88% at 11.5 GHz and an operating frequency of 4% in the absorption band for this structure. Since then, researchers have researched metamaterials in various aspects, gradually extending the operating wavelengths of metamaterial-based absorbers to terahertz, visible, infrared and microwave [10,11,12,13,14,15,16], and gradually achieving multi-wavelength and broadband absorption. Wei et al. achieved perfect absorption through a grating structure covered by tungsten, which limits reflectivity through regional dipole resonance and surface plasma propagation patterns, creating two discrete absorption peaks at 670 nm and 957 nm, with absorption over 90% [17]. Perfect absorption was achieved by Wang, B.X. et al., using a three-layer base structure that allows two narrow-band absorption peaks at short discrete distances. The absorption peaks are, respectively, at 2.06 THz, 2.27 THz and 2.51 THz, with absorption about 100% [18]. Princy et al. used a double-concentric hexagonal split-ring structure, as a resonant cavity structure, to achieve five discrete narrow band absorption peaks in the terahertz band. The absorption peaks are, respectively, at 0.078 THz, 0.142 THz, 0.39 THz and 0.47 THz, with absorption about 100% [19]. Barzegar-Parizi proposed a dual-band absorber consisting of two types of single-unit periodic arrays. The absorption peaks are, respectively, at 1.2 THz and 2.7 THz, with absorption about 100% [20]. Huang, L. et al. designed a perfect absorber with a parallel I-shaped structure as its mental absorber layer, which is similar to the one we designed. Different from the structure in the paper, we used a thinner mental layer and a vertical arrangement. We can achieve more absorption in the direction of the magnetic field, to get multi-wavelength absorption. Besides what is mentioned above, there is some similar research presented in Table 1 [21,22,23,24,25]. In these studies, the structure of the absorber layer is relatively complex, such as a grating structure covered by tungsten, a double-concentric hexagonal split-ring structure, two types of single-unit periodic arrays, etc. Compared with these studies, the design of our structure is relatively simple for machining and production. In the meantime, this structure achieves dual-band absorption and a wider gap between absorption peaks.



As a branch of metamaterials, photonic crystals can also achieve perfect absorption. Wang, X. et al. proposed an effective method to achieve multi-channel perfect absorption in a visible light band, based on a 1D-topological-photonic-crystal heterostructure with graphene [26]. Kassa-Baghdouche, L. et al. present, in 2015, a novel design for a high quality (Q)-factor, nonlinear planar photonic crystal nanocavity, incorporating a silicon/polymer material that is well suited to ultrafast all-optical switching. In 2019, they proposed a liquid sensor based on the elliptical-hole planar photonic crystal nanocavities. Different from the metamaterial absorption structure introduced in this paper, the structure size of photonic crystals is, usually, approximate to their working wavelength [27,28]. The size of structure we designed in this paper is of a subwavelength scale.



However, more research is needed to achieve a perfect absorber with a multi-band absorption rate of 99% or more. In this paper, we have achieved a perfect absorber in the terahertz band, by using an absorber layer consisting of a reflective layer, a dielectric layer and a metallic I-shaped structure. By simulating the incident absorption of the structure, we find that the structure has more than 99% absorption peaks in both bands.




2. Unit Structure and Simulation Methods


In this work, we simulate the absorption characteristics of incident electromagnetic waves through the structure, by means of finite element analysis. The software we used to simulate the result is COMSOL. In the simulations, the absorption result of the absorber can be expressed by the equation   A  ( ω )  = 1 − T  ( ω )  − R  ( ω )   , where   T  ( ω )    is the transmittance and   R  ( ω )    is the reflectance. To achieve perfect absorption, both transmittance and reflectance need to be zero. To reduce the transmittance to zero, we placed a metal layer at the bottom. To eliminate transmitted light from the absorbing structures, we make the bottom layer of the absorbent structure thicker than the skin depth. The reflectivity can be expressed as:


   S  11   =   Z −  Z 0    Z +  Z 0     



(1)






  Z =    μ ε     



(2)






   Z 0  =      μ 0     ε 0       



(3)




where  μ  and  ε  denote the permittivity and permeability of the material, respectively, while    μ 0    and    ε 0    are the values in free space [29,30,31,32,33]. Impedance matching can be achieved, when the reflectivity of the structure reduces to zero.



In Equations (1)–(3), we know that when the surface impedance of the designed metamaterial structure matches the impedance of the air, the reflection of the metamaterial structure becomes 0. Therefore, when the impedance of the designed absorber structure meets Z = 1, we can obtain the reflection R = 0 and, finally, achieve the complete absorption of incident light by the designed metamaterial structure.



The coupling of the electric dipole to the magnetic resonance or the surface impedance of the metamaterial structure depends, mainly, on the thickness of the intermediate dielectric layer. Thus, by optimizing the thickness of the dielectric layer, we can achieve nearly 100% absorption of incident light. After calculation through COMSOL, we can, preliminarily, determine the geometric parameters of the result.



To achieve perfect absorption, the equivalent impedance of the structure needs to be equal to 1. Since the dielectric constant of the metal is negative at low frequencies, it is necessary to change the metal to control its dielectric constant. By changing the radius r of the metal wire and the distance between the metal wire, the degree of metal change will be affected, thus affecting the equivalent dielectric constant of the material. The metal absorbing layer acts as inductance. Due to the absorption spectrum obtained by the metal strip absorption layer being too narrow, in this paper we designed the metal absorption layer as I-shaped to achieve wider spectral absorption.



The structure of the metamaterial perfect absorber designed in this paper is shown in Figure 1a. It consists of five layers: the first is the Au, placed at the bottom. The thickness of this layer is    h 1  = 16    μ m   . The side length is    w x  =  w y  = 35    μ m   ; the second layer is the SiO2 dielectric layer, with dielectric constant 2.13. The thickness of this layer is    h 2  = 15.5    μ m   ; the third layer is the Au absorber layer. The thickness of this layer is    h b  = 0.02    μ m   . The geometrical parameters are    l 1  = 18    μ m    and    l 2  = 2    μ m   ; the fourth layer is the vacuum layer, with thickness    h 3  = 30    μ m   , the fifth layer is a perfectly matched layer, with a thickness of    h  p m l   = 35    μ m   .



In order to analyze and ensure the characteristics of the surface plasmons, there are four characteristic lengths: the propagation length of the surface plasmon polariton (SPP)    δ  S P P    ; the wavelength of SPP    λ  S P P    ; the depth of penetration of the electromagnetic field, related to the SPP mode, into the dielectric medium and metal    δ d    and    δ m   . Together, they describe the spatial scale range of surface plasmons, which we use as a basis for a series of studies. It can be derived directly from the dispersion equation.



At the metal–dielectric interface, the surface plasma dispersion relation can be written as follows:


   k  S P P    ( ω )  =  k 0       ε d   ε m   ( ω )     ε d  +  ε m   ( ω )       



(4)






   λ  S P P   =   2 π    k  S P P  ′    =  λ 0       ε d  +  ε m ′     ε d   ε m ′       



(5)




where,    k  S P P  ′    and    ε m ′    represent the real parts of    k  S P P     and    ε m  ,   respectively. It can be seen from the above equation that    λ  S P P     is always less than the wavelength of light    λ 0   , when in a vacuum. If a variety of periodic modulation structures are machined on a metal surface to control SPP, the period of the structure must be of the same order as    λ  S P P    , and the transmission wavelength determines the size of the surface plasmon optical device.



The propagation length of SPP depends, mainly, on the imaginary part of the SPP wave vector, since the imaginary part of the dielectric constant corresponds to the loss of the metal (Equation (4)).



When the intensity of SPP along the transmission direction attenuates to 1/e, the transmission distance is (Equation (5)).



   λ  S P P     determines the maximum-size upper limit of the SPP components and loops.



Metamaterials can be thought of as an infinite plane, formed by the metal/medium interface, and the depth of penetration through the medium can be calculated using the dispersion relationship. The depth of penetration of the electromagnetic field, related to the metamaterials mode into dielectric medium    δ d   , can be expressed as


   δ d  =  1   k 0       |       (   ε m ′   )   2     ε d  +  ε m ′     |     



(6)







The depth of penetration of the electromagnetic field, related to the metamaterials mode into metal    δ m   , can be expressed as


   δ m  =  1   k 0       |     ε d  +  ε m ′       (   ε d   )   2     |     



(7)







If the thickness of the metal film is less than    δ m   , the surface plasmon energy is not only confined to the metal surface, but also penetrates to the other side.



In the course of our study, we study the relationship between absorption performance and system structural parameters. In the course of our research, we make the structure extend wirelessly in the xy-plane, by setting periodic boundary conditions.




3. Results and Discussion


3.1. Absorptivity of Electric and Magnetic Field


Figure 2a,b shows the absorption spectra of the TE-polarized and TM-polarized states, respectively. TE mode refers to a propagation mode, in which the longitudinal component of the electric field is zero, and the longitudinal component of the magnetic field is not zero. Similarly, TM mode refers to a propagation mode, in which the longitudinal component of the magnetic field is zero, and the longitudinal component of the electric field is not zero. In this simulation, the incident electromagnetic wave propagates along the z-axis, and the thickness of the metal absorber layer is    h b  = 0.03    μ m   . We can find two absorption peaks for the two polarization states, with resonance frequencies of 6.35 THz and 8.05 THz, where the electric and magnetic fields have absorption peaks in excess of 99% at 6.35 THz, and the magnetic field has a weaker absorption peak at 8.05 THz. This is due to the fact that few materials exist in nature with negative magnetic permeability. Especially when the frequency exceeds terahertz, the magnetic response of materials in nature becomes weak. This is, mainly, because the magnetic polarization of magnetic materials is derived from either orbital spin or electron spin, but both of these are only responsive to electromagnetic waves in the low-frequency range. At high frequencies, the vast majority of materials have a magnetic permeability of 1 and show no response to the magnetic field component of the electromagnetic wave [34,35,36,37]. With the metamaterial structure, we achieve a strong magnetic response at 6.35 THz and a weaker magnetic response at 8.05 THz, due to the higher frequency, resulting in a weaker magnetic field absorption at 8.05 THz.



Figure 3a–d shows the electric and magnetic field distributions at 6.35 THz and 8.05 THz. The entire metal absorber structure produces electromagnetic resonances in the TE and TM polarization directions, respectively. For the electrical resonance, all metal-tuned structures produce a current in the direction of the electric field. For the magnetic resonance, the entire structure generates a toroidal loop current [38]. The isotropic currents generated in these metal band structures, with the direction of the electric field, affect the surrounding metal bands, thus generating additional coupling capacitance and, in this way, absorbing [39,40,41,42]. With two positive electric field resonances in the TE polarization direction, the TM polarization direction has approximately the same field distribution as the TE polarization direction. From the simulation results, the weak resonation of the electromagnetic field at 8.05 THz can be observed. When the incident light enters the metamaterial structure, the electromagnetic field is completely absorbed, based on the fact that the electromagnetic field is reflected and transmitted many times on the dividing surface of the metamaterial as well as, finally, superimposed many times within the incident surface. If the superimposed result is zero or very small, it means that the electromagnetic field forms an interference phase extinction within the incident surface, after passing through the metamaterial, i.e., no reflection or very small reflection, since the back side is metal, and the electromagnetic field cannot pass through. In addition, when the frequency is higher, the wavelength is shorter, the length of propagation above the partition interface is shorter and the amount of superposition is less, thus, the tutor absorption is weaker. Therefore, the absorption peak at 8.05 THz is much narrower than the peak at 6.35 THz. In conclusion, this I-shaped absorber structure allows for multi-band absorption, and the periodic arrangement of this structure allows for a multi-band absorber to be realized.




3.2. Absorptivity with the Impact of Thickness of Absorber Layer


Next, we have studied the pattern of influence between the absorbance of the material and the metal absorbing layer, since the thickness of the metal absorber significantly affects the interaction between the near fields. Therefore, in order to obtain a high absorption rate, we adjust the nature of resonant absorption, by modifying the thickness of the metal absorber layer    h b    and choosing the absorber-layer thickness that corresponds to the highest absorption rate. As shown in Figure 4, we started with a metal-absorber-layer thickness of 0.02    μ m    and ramped it up to 0.06 μm, in steps of 0.01    μ m   . We can tell that there are two peaks in this absorption structure. The absorption peak at 6.35 THz is significantly redshifted, as the thickness of the metal absorber layer    h b    increases. However, the absorption remains high in this band, while remaining largely unchanged at 8.05 THz. At    h b    = 0.03    μ m   , the absorption reaches a maximum of 99.73%. The reason for the significant redshift at 6.35 THz is that the air cavity mode between the metal layers can be seen as a FP resonant cavity:


    2 π    λ m    ∗ 2 h ∗ R e  (   n  e f f    )  +  φ r  = 2 π m  



(8)




where    λ m    is the resonant wavelength,    φ r    is the phase shift produced by the reflected sections at the ends of the rectangular cavity and m is a positive integer indicating the number of resonance levels [43,44,45,46,47]. The incident electromagnetic field is partly absorbed by the metal wires at the ends of the gas cavity and partly enters the dielectric layer. However, the electromagnetic field entering the dielectric layer cannot be scattered along the interface or through the metal layer, so the resonant peaks are, also, absorbed well.




3.3. Absorptivity with the Impact of Thickness of Dielectric Layer


Next, we researched the relationship between the thickness of the SiO2 layer and the absorption effect of the structure. As shown in Figure 5, the dielectric-layer thickness increased from 5.33    μ m   , in steps of 0.1    μ m   , to 5.73    μ m   . It can be seen the absorption peaks at 6.35 THz are above 99% for different thicknesses of the structure. The absorption peak at 8.05 THz only reaches 99% at dielectric thicknesses of 5.33    μ m    and 5.53    μ m   , with a significant red shift. The redshift phenomenon can be explained by the propagation phase equation as follows [47,48,49,50,51]:


  α =   4 h    ε r  − s i  n 2  θ    λ   



(9)




where α is the propagation phase, h is the height of the SiO2 and    ε r    is the real part of the dielectric constant of this absorbing structure. θ is the angle of incidence and λ is the terahertz wavelength. In the equation,    ε r    and θ are known values, so, if we assume that α is also a known value, we can conclude that h/λ is known, which means that h is negatively related to the resonant frequency. Thus, as the thickness of SiO2 increases, the peak shifts towards lower frequencies.




3.4. Absorptivity with the Impact of Incident Angle


Afterwards, we investigated the law of influence, between the angle of incidence and the absorbance of the structure. Absorption spectral lines and scanning absorption patterns were plotted at 4–14 THz, as shown in Figure 6a,b. With the analysis of the patterns, it is obvious that the effect on the change in angle of reception is much bigger. When the angle of incidence is less than 20°, the absorption can exceed 90% of the absorption peak at 6.35 THz. In addition, the absorption effect decreases with an increasing angle. At the beginning, there is an increase in absorption with an increasing angle. Later, as the incidence angle increases, the magnetic dipole oscillations are efficiently excited throughout the absorber. This characteristic maintains acceptable absorptivity at large angles [52,53]. Overall, the absorption is still good at angles of less than 40°.




3.5. Absorptivity with the Impact of Length of Metal Structure


Finally, we investigated the relationship between the length of the metal structure in the metal-absorber layer and the absorption rate of the structure. In Figure 7, when the transverse length of the type I structure is less than 8 μm, the absorbing structure has almost no absorption at 6.35 THz and just under 10% absorption at 8.05 THz. This is due to the large spacing between the two sides of the metal structure, which does not enable effective binding of the electromagnetic waves [54,55]. As the metal structure increases, when it increases to 7–9    μ m   , the absorbing structure produces a significant absorption peak at two locations, and the absorption rate exceeds 99% This is because, as the length of the metal structure increases, the distance between the different structures draws closer, and the air between them strongly resonates, resulting in two significant absorption peaks.





4. Conclusions


In summary, the structure of perfect absorber has been investigated in the THz region, in consideration of the thickness of the absorber layer, dielectric layer, angle of the incident waves and length of the metal structure. The results indicate that the absorber structure can realize high-level absorption at 6.35 THz and 8.05 THz. By changing the thickness and length of the structure, a perfect absorber has been designed, with 99% absorption at 6.35 THz and 8.05 THz. Therefore, the structure can be effectively used for detectors, thermal emitters, terahertz imaging and detection.
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Figure 1. (a) Absorber simulation structure. (b) Schematic diagram of the main structure of the absorber. (c) Cross-sectional structure of the absorber layer. 
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Figure 2. Electric and magnetic field distributions in (a) TE and (b) TM modes. 
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Figure 3. (a) Electric field distribution at 6.35 THz in TE polarization mode. (b) Magnetic field distribution at 6.35 THz in TM polarization mode. (c) Electric field distribution at 8.05 THz in TE polarization mode. (d) Magnetic field distribution at 8.05 THz in TM polarization mode. 
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Figure 4. (a) Absorption curves corresponding to different metal-absorber-layer thicknesses. (b) Absorption rate trends with absorber-layer height, corresponding to different metal-absorber-layer thicknesses. 
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Figure 5. (a) Absorbance curves corresponding to different dielectric-layer thicknesses. (b) Trend of absorbance with dielectric layer height corresponding to different dielectric-layer thicknesses. 
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Figure 6. (a) Absorption rate curves corresponding to different angles. (b) Trend of absorption rate corresponding to different angles. 
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Figure 7. (a) Absorbance curves for different metal-structure lengths. (b) Absorption rate trend for different metal-structure lengths. 
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Table 1. Related research overview.
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	Manuscript Author
	Absorption Peak
	Absorption





	Wei et al.
	670 nm, 957 nm
	Over 90%



	Wang, B.X. et al.
	2.06 THz, 2.27 THz, 2.51 THz
	About 100%



	Princy et al.
	0.078 THz, 0.142 THz, 0.39 THz, 0.47 THz
	About 100%



	Barzegar-Parizi
	1.2 THz, 2.7 THz
	About 100%



	Huang, L. et al.
	0.905 THz, 0.956 THz
	99.9%



	Mou, N.L. et al.
	0.398~1.356 THz
	Over 90%



	Huang, M.H. et al.
	8.62~10 THz
	Over 97%



	Kong, X.R. et al.
	7.12~8.39 THz, 10.29~13.59 THz, 15.1~18.12 THz
	Over 90%



	Liu, Y.
	1.61~2.42 THz
	Average 94.2%
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