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Abstract

:

Multifunctional terahertz beam manipulations have attracted much attention because of the potential for wide-scale applications in terahertz imaging, communications, etc. In this work, a grating-like terahertz reflective-type metasurface is designed for terahertz beam manipulations on the basis of a frequency-scanning mechanism. The theoretical calculation based on the grating principle has predicted that the metasurface grating can steer the deflected beam from 59.5° to 47.3° as the frequency of the perpendicularly incident terahertz wave changes between 0.87 and 1.02 THz. The large-deflection-angle frequency-scanning performance is validated by both numerical simulations and experimental tests. The metasurface grating developed in this work possesses the potential for applications in terahertz beam steering and beam-splitting devices.
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1. Introduction


The terahertz band refers to the electromagnetic wave between microwave and far-infrared waves, which is commonly defined from 0.1 to 10 THz [1]. Over the past few decades, the promising application prospects of terahertz technology in wireless communication [2], remote sensing [3], imaging [4,5], biomedicine [6], and moving-target detection [7] have drawn increased research interest. As the essential components, terahertz electromagnetic devices such as beam-steering antennas [8], polarization converters [9], and high-Q resonators [10] have been widely reported. Among these, multifunctional beam manipulations, especially beam steering, have received much interest [11,12]. Beam-steering technologies usually include mechanical scanning, phased array, frequency scanning, and multi-feed technologies [11]. In the terahertz band, frequency-scanning technology may have the advantages of high response speed, low power consumption, and a simple system compared with the other three mechanisms.



Recently, a frequency-scanning antenna was designed for the W band for real-time imaging. The imaging system operating at 79 GHz was composed of a frequency-scanning array, a parabolic reflector, and a post-processing module, which proved its feasibility for low-cost imaging applications [13]. A frequency-sweep reflector antenna working at 235–330 GHz was proposed based on the direction-of-arrival estimation mechanism [14]. The diffraction enhancement method is applied to design the antenna structure to attain high gain and directivity, and the measured results show that the diffraction beam steers from −36.6° to −11.03° during the designed operating frequency. A two-dimensional frequency-scanning planar-integrated array based on the leaky wave principle and true-time-delay phase-shifting feeding network was designed and manufactured, and consequently, a scanning range of 22.7° × 60° is achieved by sweeping the frequency between 325 and 400 GHz [15].



Moreover, metasurfaces, especially reconfigurable and programmable metasurfaces, have provided considerable freedom for manipulating terahertz beams [16,17,18,19,20,21]. Phase-change materials and electrically tunable materials were extensively exploited for developing dynamically controlled metasurface elements. For instance, by varying the temperature, a frequency-tunable metasurface filter and ultra-wideband absorber based on the phase-change material vanadium dioxide were designed, respectively [22,23]. A dual-band terahertz absorber has been designed using a graphene-based metamaterial resonator, and tunable absorption performances can be attained by changing the chemical potential of graphene [24]. Nematic liquid crystal (LC) with a birefringence effect has also drawn a lot of attention. The LC-based metal–dielectric–metal structure has been designed and fabricated to modulate the reflection phase of electromagnetic waves fully electronically in millimeter frequencies [25]. A transmissive terahertz amplitude modulator working at 421.2 GHz was implemented based on an LC-loaded plasmonic metamaterial, and a large modulation depth of up to 96% can be obtained by applying different bias voltages to the LC layer [26]. Tunable terahertz beam-steering was realized by using LC-coupled reconfigurable metasurfaces [27]. In terms of programmable metasurfaces, LC-based dynamically programmable reflective and transmissive metasurfaces were achieved at 672 GHz and 408 GHz, respectively [28,29], and the programmable modulation of terahertz beams can be performed. Furthermore, a wide-angle beam scanning device using a 1-bit field programmable terahertz metasurface was developed with a working frequency covering 630–650 GHz and a scanning beam ranging from 20° to 60° [30]. However, terahertz frequency-scanning metasurfaces have not been widely investigated, especially for large-deflection-angle beam control.



In this paper, a reflective grating-like metasurface is developed to realize frequency-controlled beam-steering. By designing the metasurface elements, we obtain a reflective frequency-scanning metasurface operating in the optimized frequency range of 0.87–1.02 THz. The measured diffraction angles are in good agreement with the theoretical calculations and simulations.




2. Principle and Design


The working principle of the grating-like beam-sweeping metasurface will be discussed in detail. As shown in Figure 1, the metasurface grating is a kind of multilayer structure, among which the key functional layers are the metallic structural layer, which is composed of periodic metasurface elements and slits, the LC layer, and the ground layer. It is noted that the metasurface element is designed with a typical subwavelength structure of a complementary split-ring resonator (CSRR). There is a slit between every two elements whose width is much smaller than the length of the metasurface element, and hence the metasurface exhibits the grating effect. In the geometry of Figure 1, the plane parallel to the metasurface is set as the XOY plane. The period of metasurface grating was described by the grating constant Dx. As the plane electromagnetic wave with an x polarization is incident onto the metasurface grating, the diffraction waves of different orders will be generated, which can be described by the following diffraction equation:


  sin θ ± sin  θ 0  = m  λ   D x       (  m = 0 , ± 1 , ± 2 , ± 3 …  )   



(1)




where    θ 0    and  θ  represent the orientation angles of the incident wave and the diffraction wave, respectively,  λ  is the free-space wavelength, Dx represents the grating constant, and m denotes the diffraction order, which is an integer. Since the incident wave is perpendicular to the metasurface grating in this scheme,    θ 0    is equal to zero, then Equation (1) can be rewritten as [31]


  θ =   sin   − 1   (   m λ    D x    )    (  m = 0 , ± 1 , ± 2 , ± 3 …  )   



(2)







Equation (2) is the simplified expression of Equation (1) under the case of normal incidence. As the diffraction order m is equal to zero, we can obtain the 0th diffraction beam at θ = 0°. For m = ±1, the ±1st diffraction beams can be obtained, and the diffraction angle is frequency (or wavelength) dependent, which reflects the dispersion characteristic of the grating. Moreover, for a fixed working frequency, the diffraction beams of different orders (0th, ±1st, ±2nd, etc.) can also be determined by Equation (2). Additionally, hence, Equation (2) describes the diffraction behavior of a one-dimensional grating under normal incidence. As observed in Figure 1, a series of diffraction waves will be generated at the XOZ plane by the metasurface grating, and the diffraction angle is frequency-dependent.



It is interesting to note that the metasurface designed in this work is a multifunctional beam-manipulating device. In our previous work [30], terahertz beam scanning was achieved based on the electrically controlled programmable metasurface. Specifically, the digital coding states of the LC-loaded metasurface elements can be rapidly switched by tuning the bias voltage applied to the LC molecules, and then the coding pattern can be modulated in real-time, which leads to programmable beam manipulation. Nevertheless, herein, it functions as a frequency-scanning device, and no bias voltage is required.



According to Equation (2), the diffraction angles for terahertz waves of different frequencies and orders can be calculated. The grating constant is 400 μm. Due to the weak intensity of high-order diffraction waves, we only consider the first-order diffraction case. Moreover, the optimized working frequency range was determined to be 0.87–1.02 THz according to the subsequent numerical simulation and experimental results. Table 1 presents the incident frequencies and the corresponding diffraction angles calculated based on Equation (2). It can be observed that the diffraction angle can reach up to 59.5° as the incident frequency is equal to 0.87 THz, and it ranges from 59.5° to 47.3° as the frequency increases. The large beam-deflection angle is mainly owing to the subwavelength metasurface element and the resultant large values of the ratio of working wavelength to the grating constant.




3. Results and Discussion


Full-wave simulation of the metasurface grating is performed in the commercial software, CST Microwave Studio, to verify our theoretical calculations. As an example, we present the three-dimensional (3D) and one-dimensional (1D) far-field radiation patterns at 0.87 THz. As can be seen in Figure 2a,b, in addition to the zero-order diffraction beam, two first-order diffraction beams are generated at ±59.2° for the perpendicularly incident terahertz plane wave. The normalized amplitude of the first-order diffraction waves to that of the zero-order diffraction beam is −9.49 dB. As for comparison, the far-field radiation patterns of the grating constructed by metallic strips with the same grating constant and slit width were also shown (see Figure 2c,d). Obviously, the CSRR-based grating has a higher intensity for the first-order diffraction beams, and hence CSRR structure is employed to construct the metasurface grating to obtain a high diffraction efficiency. The data for the diffraction angles at various operating frequencies can be extracted from the simulated far-field scattering patterns of the grating.



The metasurface grating sample is fabricated using lithography technology, and the size of the grating is 12.8 mm × 12.8 mm (32 lines). Figure 3a presents the optical micrograph of the fabricated metasurface grating. It can be found that the measured grating constant is around 404.2 μm, close to the design value. The far-field radiation patterns of the reflective metasurface grating are measured on a terahertz time-domain spectroscopy measurement system. More details of the fabrication and experiments can be found in Ref. [30]. Figure 3b,c show the relationship between the reflection angle and terahertz amplitude under different frequencies (B-spline curves for the measured points). It can be obviously observed that the diffraction angle varies with the working frequency. Specifically, when the scanning frequency ranges from 0.87 to 1.02 THz, the corresponding scanning angle will be steered from 58.7° to 48.0° for the +1st order diffraction wave and from −56.7° to −46.2° for the −1st order diffraction wave, respectively. The two diffraction beams at the same frequencies are not strictly symmetric, which can probably be ascribed to the error of orientation angle between the incident terahertz beam and the metasurface sample, as well as the measurement error of the diffraction angle induced by beam broadening.



Figure 4 shows the comparison among the theoretical, simulated, and measured scanning angles of the +1st order diffraction wave covering the frequency range of 0.87–1.02 THz. It can be found that the simulation angles of the diffraction waves are consistent with the theoretical angles in the designed frequency band. The measured diffraction angles also agree well with the theoretical results except for the frequency point at 0.92 THz, where a slight deviation of around 1.2° can be observed. Possible reasons for the deviations between the experimental and theoretical data are as follows: on the one hand, dimensional deviations of metasurface structure induced by the fabrication error will lead to the deviation of diffraction angle; on the other hand, the beam reflected by the sample will be broadened as a result of fabrication error and non-uniform thickness of quartz substrate, which will also contribute to the deviation in the angle measurement. The measured beam scanning range is around 10.7° for the +1st order diffraction mode in the 0.87–1.02 THz band, which is slightly smaller than the theoretical value of 12.2°.



We remark that a liquid-crystal (LC) layer was embedded into the metasurface element as a dielectric spacer. The LC layer contributes to the performance of the large deflection angle of the metasurface grating to some extent, as the loading of LC induces the redshift of the effective working frequency band of the metasurface grating (compared to the air with the same thickness) [32,33], which will lead to the increased deflection angle according to Equation (2). In addition, LC possesses the electrically tunable dielectric constant, and hence the switchable grating effect can be expected in this LC metasurface grating. More importantly, we wish to develop a kind of bifunctional metasurface device, that is, the metasurface behaves as an electrically controlled programmable metasurface in the low-frequency portion of the y-polarized incident wave and functions as a frequency-scanning grating in the high-frequency band for the x-polarized incident wave. Thus, we also utilize the LC-integrated metasurface structure in this work.



According to the aforementioned analyses, the grating-like metasurface can steer the terahertz beams in a large deflection-angle region, which indicates the potential applications in terahertz frequency-scanning antennas. Compared with phased-array antennas, frequency-scanning antennas commonly possess higher response speeds and lower energy consumption. Additionally, the metasurface can also be applied to beam splitting. At optical frequencies, beam-splitting prisms and gratings are usually utilized to design beam splitters based on the dispersion effect, which is widely used in spectrometers. Nevertheless, in the terahertz regime, beam-splitting components are not widely reported. Thus, the grating-like metasurface can be extended to terahertz spectral separation. It is worth noting that the working bandwidth can be further broadened by designing multilayer devices or constructing composite metasurfaces consisting of sub-lattices with different operating frequency bands. Additionally, hence, broadband terahertz spectral separation can probably be achieved based on metasurface grating.




4. Conclusions


A frequency-scanning metasurface grating operating in the terahertz band has been designed and manufactured. The metasurface grating shows a large diffraction angle of up to 59.5° and an angle range of ±(59.5–47.3°) as the working frequency varies in the range of 0.87–1.02 THz. It is also numerically demonstrated that the metasurface grating based on CSRR has higher first-order diffraction intensity compared with metallic strip grating with the same grating constant and slit width. The experimentally measured diffraction angles are in good agreement with the theoretical and simulated results. Moreover, the proposed reflective grating-like metasurface shows the functions of beam scanning and beam splitting and has important applications in the fields of moving target detection, wireless communication, spectral separation, and other fields.
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Figure 1. Schematic configuration of the metasurface grating. The geometric parameters of the unit cell are as follows: a = 160 μm, b = 40 μm, c = 6 μm, g = 16 μm, w = 16 μm, Dx = 400 μm, and Dy = 200 μm. The metasurface consists of seven layers, which from top to bottom, are quartz, complementary split-ring resonator (CSRR), Polyimide (PI), liquid crystal (LC), PI, metal ground, and silicon substrate. The thickness of the metal layer (gold), PI, and LC are 300 nm, 90 nm, and 45 μm, respectively. Silicon substrate and ultrathin quartz (which are not shown in the schematic) are used to support the metal ground and metallic CSRR, respectively, and PI layers engineered with parallel grooves are contributed to the pre-orientation of liquid crystal molecules. 
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Figure 2. The far-field radiation patterns for (a,b) CSRR-based metasurface grating and (c,d) metallic strip-based grating at 0.87 THz. (a,c) 3D far-field patterns; (b,d) 1D far-field patterns. In simulation, both the two 1D gratings have 16 lines. 
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Figure 3. (a) The optical micrograph of the fabricated metasurface grating; the measured results of the diffraction wave. (b) +1st order mode; (c) −1st order mode. 
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Figure 4. The measured results of the diffraction wave (+1st order mode) compared with the theoretical and simulated results. 
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Table 1. Diffraction angles calculated at different incident wave frequencies.
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	Incident Frequency/THz
	Diffraction Angle/Degree
	Incident Frequency/THz
	Diffraction Angle/Degree





	0.87
	±59.5
	0.95
	±52.1



	0.88
	±58.5
	0.96
	±51.4



	0.89
	±57.4
	0.97
	±50.6



	0.90
	±56.4
	0.98
	±49.9



	0.91
	±55.5
	0.99
	±49.3



	0.92
	±54.6
	1.00
	±48.6



	0.93
	±53.8
	1.01
	±48.0



	0.94
	±52.9
	1.02
	±47.3
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