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Abstract

:

In this paper, we present an easy-to-implement metamaterial absorber based on bulk Dirac semimetal (BDS). The proposed device not only obtains an ultrahigh quality factor (Q-factor) of 4133 and dynamic adjustability at high absorption, but also exhibits an excellent sensing performance with a figure of merit (FOM) of 4125. These outstanding properties are explained by the surface lattice resonance, which allows us to improve the quality factor significantly and control resonance wavelength precisely by tuning the unit cell periods, Fermi energy of the BDS, and structural parameters. Our findings can provide high-performance applications in terahertz filtering, detection, and biochemical sensing.
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1. Introduction


Metamaterials are artificial materials with sub-wavelength structures and special electromagnetic properties that cannot be obtained from nature. In 2008, Landy et al. first demonstrated the concept of metamaterial absorber (MA) [1]. Since then, MAs have attracted a great deal of attention from researchers. The diverse MAs have been proposed according to the operating band range of the devices, including microwave [2], terahertz [3], infrared [4], visible range [5], etc. Moreover, the absorption spectra are divided into broadband and narrowband absorbers, classified by their width. Typically, broadband absorptions are commonly used in photovoltaic and solar collections [6]. However, narrowband absorptions have been exceptionally widely used in photodetectors [7], filters [8], and sensors [9]. In particular, due to the low photon energy and non-ionizing properties of terahertz (THz) waves, terahertz narrowband absorption devices based on metamaterials have received increasing attention and have been widely used in filtering, detection, and biochemical sensing [10,11]. For an absorber, the high quality factor (Q-factor) resonance indicates low loss and supports a strong interaction between electromagnetic waves and analytes, showing sensitivity to minute quantities of analytes and weak environment changes [12]. Regrettably, the Q-factor of the reported terahertz absorbers based on metamaterials is significantly tiny due to the weak radiation effects and absorption loss [13,14]. In 2017, Wang et al. proposed an ultra-narrow terahertz perfect absorber based on a metal-dielectric-metal structure, demonstrating surface lattice resonance [15]. It has a unique resonant mode and high sensitivity different from the general electromagnetic mode, providing a critical sensing platform. However, to achieve tunability of the resonance spectroscopy properties, it is necessary to change the geometrical parameters of the MA. The resonance performance of the MA using this kind of design method increases the cost due to the reconfiguration of the structure in practical applications.



Recently, dynamically tunable absorption materials based on three-dimensional bulk Dirac semimetal (BDS) have shown well sensing performance in the terahertz region [16,17]. This passive cost-increasing approach was refined by replacing conventional materials with BDS. 3D BDS, a quantum material state that can be considered “3D graphene”, has recently attracted in-depth research due to its remarkable properties for manipulating electromagnetic waves [18]. Similar to graphene, the permittivity functions of BDS can also be dynamically adjusted by changing Fermi energy through chemical doping and application of a gate voltage, which saves cost and increases work efficiency [16,19,20]. However, compared to graphene, BDS has substantial nonlinear plasmonic properties while retaining the structural advantages of bulk metals, reduced passive plasmonic losses, and easier handling in fabrication facilities [21,22]. Timusk et al. verified the Dirac properties of AlCuFe quasicrystals [23]. Kharzeev et al. found a strong and narrow plasmon excitation in bulk Dirac semimetal [24]. Yang et al. [25] reported that the highly crystalline Dirac semimetal with tunable morphology and thickness could be controllably synthesized by chemical vapor deposition (CVD) growth on the Au substrate. Moreover, they further demonstrated the feasibility of realistic utilization of the high-performance photodetection system at the terahertz band based on the BDS material. Recently, Luo et al. proposed a multi-band tunable perfect absorber with BDS to realize an ultrasensitive tunable sensor [26]. Due to the excellent performance of BDS, it can be used as a promising device for biochemical sensing.



In this paper, we demonstrate a metamaterial absorber with ultrahigh Q-factor based on a BDS cross and an opaque gold layer in the terahertz region. The physical mechanism of narrowband absorption is attributed to the surface lattice resonance by analyzing the electric field distribution. The absorption performance of the device can be manipulated in multiple ways, including changing the period, width, and thickness. Interestingly, active modulation of the incident wave can be achieved by changing the Fermi energy of the BDS. Moreover, the Q-factor of the device can be significantly improved by reducing the thickness of the BDS. At a certain small thickness, the Q-factor of the proposed device up to 4133 can be obtained. In addition, the absorber has an outstanding biochemical sensing performance with a figure of merit (FOM) of up to 4125 at this specific thickness. These results may provide a new guideline for designing ultra-narrowband absorbers and sensors in the future.




2. Structures and Methods


The sketches of the metamaterial absorber that we propose are shown in Figure 1a,b. The proposed device consists of a BDS cross-shaped patch on the topside and a continuous gold film at the bottom. The absorber is placed on the silicon dioxide (SiO2) substrate. To ensure that the structure works in reflection mode, we make the thickness t2 of gold (Au) equal to 4 μm over the skin depth. The Drude model describes Au with a plasma frequency fp = 2181 THz and a damping constant fτ = 6.5 THz [27]. The proposed structure is simulated using periodic boundary conditions in the x and y directions with Px = Py = P. The length, width, and thickness of BDS are set to l, w, t1. The conductivity σ of BDS can be derived by the random-phase approximation theory [28]:


  Re { σ ( Ω ) } =    e 2   ℏ    q  k F    24 π   Ω G ( Ω / 2 )  
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where G(E) = n(−E) − n(E) with n(E) is the Fermi distribution function, q is the degeneracy factor. kF = EF/ħvF is the Fermi momentum, vF = 106 m/s means Fermi velocity, and EF is the Fermi energy. ε = E/EF, Ω = ħω/EF + iħτ−1/EF, εc = Ec/EF, (Ec is the cutoff energy). Correspondingly, the permittivity of BDS can be expressed as [18]:


  ε   ( ω )   B D S   =  ε b  + i σ ( ω ) / ω  ε 0   



(3)




where ε0 is the permittivity of the vacuum. In our model, we set εb = 1, q = 40 for AlCuFe quasicrystals [23].Figure 2a,b shows the variation of the real and imaginary parts of the permittivity with the wavelength at different Fermi energies of the BDS. In this paper, the 3D finite-difference time-domain (FDTD) is employed to obtain the simulation results. A plane beam polarized along the x-direction is vertically incident on the absorber, as shown in Figure 1b. Periodic boundary conditions are used in the x and y directions, while the perfectly matched layer (PML) is used in the z-direction. In addition, the electric field distribution is displayed in near-field conditions to indicate resonance patterns. At the same time, transmission and reflection are calculated in far-field conditions to reveal the physical mechanisms.




3. Results and Discussion


To understand the physical mechanisms and performances of the absorber, as shown in Figure 1a, the geometric parameters are set as follows: P = 128 μm, l = 105 μm, w = 10 μm, t1 = 9.3 μm, t2 = 4 μm. The Fermi energy (EF) of BDS is 55 meV. Unless otherwise specified, these parameters remain unchanged. The absorptivity (A) of the narrowband near-perfect absorber is calculated using A = 1 − T − R, where T and R are the transmission and reflection of the device, respectively. Since the thickness of the opaque gold layer is greater than the skinning depth, the transmission of the proposed absorber is suppressed (T = 0), which makes absorptivity (A) expressed as 1 − R. Moreover, the reflection R can be suppressed by optimizing the impedance of the absorber. As shown in Figure 3, the absorption and reflection spectra of the absorber are indicated by the red and blue lines, respectively. A prominent resonance absorption peak is obtained at a wavelength of λ0 (128.225 μm) with an absorption rate of 99.48%, achieving a near-perfect narrowband spectrum. The quality factor (Q-factor) is defined as Q = λ0/FWHM, where λ0 is the resonance wavelength, FWHM is the full width at half maximum. Of note, the FWHM of the absorption spectrum (λ0 = 128.225 μm) is only 0.075 μm, and the corresponding Q-factor is as high as 1710. To clarify the characteristics of the resonance mode, Figure 4a,c shows the electric field (|E|) distribution at the resonance wavelength λ0 of the x-y plane and the x-z plane, respectively. The electric field is mainly distributed at the edge of the BDS cross in the x-direction and only supports the dipole resonance, which presents the characteristics of the localized distribution. The electric field distribution shows that the micron structure prepared on the gold film can stimulate strong absorption resonance and produce strong electric field localization at the interface between BDS and air, which is a typical surface lattice resonance (SLR) [15,29,30].



As described above, the near-perfect absorption occurs in the SLR band. Therefore, the resonance wavelength can be adjusted by the unit period of the device. In the BDS cross arrays, diffraction will lead to a strong interaction when the grating order changes from evanescent to radiative. The resonance wavelength can be obtained by the following formula [30,31,32,33,34]:


   λ  ( i , j )   =  n       i 2    P  x 2    +    j 2    P  y 2         



(4)




where n is the refractive index around the resonant device, (i,j) represents the grating diffraction order, and Px and Py are the unit period in the x and y directions, respectively. In our simulation, n = 1 (the device is located in the air), Px = Py = P. According to formula (4), the first grating order in the air changes from evanescent to radiative when λ(0,1) = P = 128 μm. Remarkably, the resonance wavelength of the ultra-narrow absorber device is about 128.225 μm, which is very close to the period P (128 μm). The above result shows that the resonance wavelength is mainly determined by the diffraction mode, and the physical origin of the metamaterial absorber is caused by SLR. A slight displacement of 0.225 μm between the simulated formant position and the theoretical value is due to the resonance displacement caused by the plasmonic coupling between adjacent BDS crosses. Moreover, the absorption spectrum of the resonant device based on SLR can be described by the following Lorentz line shape in the frequency domain [30,31,35]:


  L ( f ) =  L 0  +   2 A  π   m  4    (  f −  f 0   )   2  +  m 2     



(5)




where f is the frequency, f0 is the resonance frequency, and m is the FWHM in frequency. As shown in Figure 4b, the Lorentz fitting results under period P = 128 μm shown by the blue dotted line are well matched to the simulation results in the red curve. It provides additional evidence that the physical mechanism of the proposed device is SLR.



To better understand the mechanism of narrowband absorption, the effects of device parameters changes are investigated. Simulation absorption of the designed device with changes in the unit period P is illustrated in Figure 5a,b. Due to the resonance mechanism of the proposed device which is based on SLR, the resonance wavelength is mainly determined by the period P according to formula 4. As shown in Figure 5a, when the period P varies from 120 to 136 μm with an interval of 4 μm, the resonant wavelength is very close to the size of the corresponding period P, while maintaining an absorption of more than 99%. By properly adjusting the period P, the absorption spectra of the device can achieve resonance at the specified position, which makes the device have great potential applications in filtering and detection. At the same time, we find that as period P increases, the Q-factor of the absorber increases from 1588 to 2186 due to the decrease of FWHM, as shown in Figure 5b. Based on the above result, the absorption performance can be improved by appropriately increasing period P.



In previous works, most of the absorbing materials were designed with fixed resonance characteristics. When the material’s performance needs to be changed, the shapes or the geometric parameters of the absorbing material must be carefully re-optimized. Next, we will study the active tunability of the resonance wavelength and FWHM of the proposed absorber. The simulation results in Figure 5c show that the resonance wavelength changes from 128.35 to 128.075 μm when the Fermi energy EF of the BDS is changed from 35 to 95 meV, while the absorptivity is maintained at a level greater than 90%. For a larger EF value, the resonance wavelength is blue-shifted, the incident fields can be coupled to the plasma wave more effectively that the absorptive capacity of BDS has been improved, and the corresponding FWHM narrows, as shown in Figure 5d. When the EF is 95 meV, the bandwidth of the absorption spectrum is only 0.051 μm, resulting in a Q-factor as high as 2511.



Next, we will discuss the effects of the structural parameters on the Q-factor and FWHM. The absorption at different widths w is shown in Figure 6a,b. The results show that the resonance peak has a blue shift, and the absorption rate remains above 80% when the width w decreases from 12 to 8 μm. The absorption spectrum has ultra-narrow FWHM (0.054 μm) when the smaller width w is 8 μm, the Q-factor of the absorber is up to 2372. Moreover, the effects of the thickness t1 of the BDS on the absorption performance are shown in Figure 6c,d. With the decrease of thickness t1 (from 11.3 to 7.3 μm), the absorption peak tended to blueshift, and the absorption rate remained above 88%. Moreover, we find that an ultra-narrow FWHM of 0.031 μm can be obtained at a relatively small thickness t1 (7.3 μm), corresponding to an ultra-high Q-factor of 4133. Significantly, the changes in the above absorption characteristics of the thickness t1 are similar to the width w. With a smaller width w or thickness t1, the FWHM of the absorption spectrum becomes significantly narrower due to the enhanced electromagnetic confinement [36] of the BDS and more efficient coupling of the incident field to the plasma wave. Moreover, it should be noted here that the Q-factor of the devices in other regions may be several times larger than the terahertz. However, the devices in the terahertz region have considerably stronger and broader applications.



The top surface field concentration and extension into the surrounding medium for the narrowband absorber based on SLR are desirable for biosensing applications due to the easy accessibility of the field [37]. For determining the sensing performance of the proposed absorber, the sensitivity S can be defined according to the following formulas:


  S =   Δ λ   Δ n    



(6)




where ∆λ is the change in resonance wavelength caused by varying the refractive indexes (∆n) of the environment. In contrast to sensitivity S, the figure of merit (FOM) is a more meaningful way to characterize the sensing quality of a sensor, allowing the direct comparison of sensing capabilities between different sensors. FOM is defined as:


  F O M =  S  F W H M    



(7)




where FWHM is the full width at half maximum. Since the device obtains an ultra-high Q-factor of 4125 at a thickness t1 = 7.3 μm, we will discuss the sensing capability of the device at this thickness. As shown in Figure 7a,b, we simulate the absorption of the absorber (t1 = 7.3 μm) under different surrounding refractive indexes n. When the environment refractive index n ranges from 1.000 to 1.009 with an interval of 0.003, the resonant wavelength gradually redshifts, as shown in Figure 7a. The results in Figure 7b show that the changes in resonance wavelength and refractive index n are approximately linear, and the slope of the fitted line is the sensing sensitivity of the proposed absorber. The sensitivity is 127.88 μm/RIU (micron per refractive index unit) under the thickness t1 = 7.3 μm, combined with an ultra-narrow FWHM of 0.031 μm, obtains an ultrahigh FOM of 4125. In general, a terahertz metamaterial structure with ultrahigh FOM is very favorable for detection and biochemical sensing, and the sensing performance of our device is also increasingly better than proposed in the previous works (see Table 1).



Nowadays, point-of-care (POC) diagnostics is a promising sensing application for health monitoring and early detection of many diseases [40,41]. Various POC detection methods that have gained practical use for diagnosing infectious diseases include colorimetric biosensors [42], chemiluminescent biosensors, surface plasmon resonance (SPR)-based biosensors, and magnetic biosensors, etc. Experimentally, integrating sensor devices into microfluidic systems is crucial for POC diagnostic applications. In this work, the experimental realizability of fabricating the proposed terahertz resonator is also worth considering. As demonstrated in previous works, BDS was obtained through experiment [43], consistent with the first principles calculations [44,45]. The proposed design can be integrated with the microfluidic system to lead the system from merely optoelectronic to fluidic (biosensing) application. The microfluidic channel can be formed by reactive ion etching, and the unit structure on gold can be fabricated by lithography and liftoff, where the inlet and outlet can be fabricated by laser drilling. Subsequently, the metasurface structure is encapsulated, and the analyte is injected with a syringe [14,46]. In references [47,48,49], the numerical simulations and experimental results are in high agreement. In particular, in [49], the differences between simulated and experimental data are too small, leading to an identical FOM obtained from simulations and experiments. However, in [42], since the pattern of the resonator is litter complicated and the lithography method used by the experimental group has a large error in the preparation of the sample, it has not been matched with the simulated result. Overall, the practical implementation of the terahertz resonator requires a simple design, as well as experimental conditions and methods. On this basis, the simulated calculations and experiments are well matched.




4. Conclusions


In conclusion, we present a metamaterial absorber based on BDS and the opaque gold reflective layer with ultra-high Q-factor and active tunability advantages. The proposed structure achieves a near-perfect absorption spectrum with narrow bandwidth. The underlying cause of narrow band absorption can be explained by the surface lattice resonance. The absorption performances of the device can be flexibly tuned by employing different periods, widths, and thicknesses. Remarkably, the Q-factor of the device can be markedly improved by reducing the BDS layer thickness. As a noteworthy example, at a BDS cross thickness of 7.3 μm, the Q-factor increases significantly to 4133 due to the rapid decrease in FWHM. Herein, we demonstrate that the ultra-narrow absorption spectrum is highly sensitive to the surrounding refractive index. In addition, the sensing sensitivity S and FOM of the device can be up to 127.88 μm/RIU and 4125, respectively. The proposed designs and developed approaches can advance practical applications of terahertz filtering, detection, and sensing in the future.
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Figure 1. (a) Perspective view showing the relevant structural parameters. (b) The absorber with the upper layer of BDS and the underlying layer of Au rested on the SiO2 substrate. The polarization direction of the incident wave is along the x-axis. 
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Figure 2. The real (a) and imaginary (b) parts of the permittivity of the BDS material. 
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Figure 3. Simulated spectra of reflection (R) and absorption (A) of the presented structure. 
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Figure 4. The electric field (|E|) distribution of the absorber in the x-y plane (a) and x-z plane (c) at the resonant wavelength. (b) Simulated (red curve) and fitted (blue dots) absorption spectra of the proposed absorber. In (a,c), the outline of the absorber is indicated by the white lines, and the polarization direction of the incident wave is along the x-axis. 
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Figure 5. Absorption spectra at different periods P (a) and Fermi energy EF (c), respectively. Q-factor and FWHM of the absorption spectra with varying periods P (b) and Fermi energy EF (d), respectively. 






Figure 5. Absorption spectra at different periods P (a) and Fermi energy EF (c), respectively. Q-factor and FWHM of the absorption spectra with varying periods P (b) and Fermi energy EF (d), respectively.



[image: Photonics 09 00022 g005]







[image: Photonics 09 00022 g006 550] 





Figure 6. Absorption spectra at different widths w (a) and thicknesses t1 (c), respectively. Q-factor and FWHM of the absorption spectra with varying widths w (b) and thicknesses t1 (d), respectively. 
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Figure 7. (a) Absorption spectra of the absorber in different environment refractive indexes n. (b) Function relationship of resonance wavelength in different environment refractive indexes n. 
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Table 1. Comparisons of Q-factor and FOM among designs in previous works.
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	References
	Resonant Frequency (THz)
	Q-Factor
	FOM





	[14]
	2.990
	48
	25



	[38]
	1.533
	161
	93



	[15]
	2.958
	442
	385



	[39]
	0.991
	1879
	692



	[26]
	1.187
	920
	813



	This paper
	2.338
	4133
	4125
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