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Metasurfaces supply a planar approach for flexible wavefront manipulation, thus facilitating the integration and minimization of optical elements, especially in the terahertz (THz) range. High efficient THz metadevices are highly pursued at present. Here, we propose a bilayer design to improve the efficiency of metadevice. Two silicon pillar arrays with distinguishing geometries are integrated on single silicon substrate. On one side, elliptical silicon pillars, with geometry optimized for the target frequency, are spatially orientated to realize the desired Pancharatnam-Berry phase. On the other side, uniform circular silicon pillars are set to suppress the reflection. With this design, versatile metadevices such as lens, lens array, polarization fork grating, Bessel vortex generator, and Airy beam generator are demonstrated. Maximum efficiency up to 95% for the target frequency and excellent design flexibility are verified. It provides a practical strategy for the generation of compact and high-efficiency THz metadevices, which suit for high-performance THz imaging and communication apparatuses.
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INTRODUCTION

Terahertz (THz) wave occupies a broad range of the electromagnetic spectrum between the microwave and infrared (typically 0.1−10 THz), thus bridges electronics and photonics. THz wave exhibits many unique properties. Its low photon energy facilitates non-destructive detection and human body security check. Its higher frequency compared to the microwave benefits high-capacity wireless communication [1–5]. During the past two decades, THz technology has made significant progress. Compared with the rapid developments in THz sources and detectors, modulating components, which are indispensable in THz imaging and communication apparatuses, still require comprehensive investigations. Traditional refractive and reflective THz elements are too bulky for integrated systems [6]. Newly developed metasurfaces can freely modulate the THz wavefront by predesigning the geometry of artificial electromagnetic microstructures in a planar manner [7–10]. On the basis of these plasmonic or dielectric metasurfaces, various functions such as sensing, filtering, absorbing and beam splitting have been demonstrated [11–16]. However, they still suffer from low efficiency, which hinders their practical applications.

Ohmic loss significantly reduces the efficiency of metallic resonator based metasurfaces. Compared to the single-layer metallic metasurface with only electric response, the bi-layer metallic metasurfaces in suggested literatures introduce both electric and magnetic responses, thus increasing the efficiency to 70~80%, but resulting in design and fabrication complexities [17–21]. All-dielectric metasurfaces overcome the intrinsic limitation of plasmonic metasurfaces. It can be divided into two different forms: one works on the phase modulation induced by the waveguide resonance, i.e., the resonant phase [22]; another is Pancharatnam-Berry (PB) phase, originated from the in-plane orientation of anisotropic meta-resonator [23]. The design of PB phase is arbitrary. Corresponding elements exhibit a non-dispersive phase shift and can achieve unit efficiency with an optimized geometry. To obtain high performance, dielectrics with large refractive indices are usually adopted, which lead to a significant reflection loss of metadevices. For instance, 30% incident energy will be reflected at the interface of intrinsic silicon. It is an urgent task to reduce the reflection loss of THz metadevices. Various antireflection strategies have been developed to overcome this issue. Metal grids, graphene and metallic films of certain thickness are introduced to match the impedance of metasurfaces, thus reducing the reflection accordingly [24–26]. For above approaches, heterogeneous micro-fabrication processes are unavoidable, making them costly and inefficient. Recently, Zi et al. designed a transmissive all-dielectric metamaterial half waveplate with a double-working-layer structure and significantly increased the polarization conversion efficiency [27]. It accomplishes antireflection function with the same material in a same micro-fabrication process, thus suggesting a practical and versatile platform for high-efficient metadevices available for arbitrary THz beam shaping.

In this paper, we propose an integrated antireflection strategy for transmissive THz metadevices and exploit their utilizations in various THz elements. Micro-fabrications are carried out on both surfaces of single silicon wafer separately. Circular silicon pillars are fabricated on the front side to play as the antireflection layer. The PB phase, i.e., the function of metasurface, is realized by spatially arranging the orientation of elliptical silicon pillars with same geometries optimized for 1.20 THz. With this design, metalens and its array, specific beam generators such as polarization fork grating, spiral axicon and polarization Airy mask are demonstrated and characterized. The experiments are consistent with simulations well. This work provides a practical approach for high-efficiency THz metadevices.



MATERIALS AND METHODS

The antireflection-layer-integrated metasurface is made by intrinsic silicon, which possesses low absorption and large refractive index in THz range. As shown in Figure 1A, both sides of the metadevice are covered with micro-pillars. Circular silicon pillars (Figure 1C) are used as an antireflection layer. For THz wave propagates along z-axis, the pillar array is considered as an effective waveguide [28]. Thanks to the symmetric structure of each pillar, the phase is equally shifted for both Ex and Ey incidences, resulting in the polarization independency. The design of the antireflection-layer is borrowed from the well-developed λ/4 antireflection coating in visible range [29]. The circular pillars ~λ/7 in height mimic a thin layer of low refractive index, inducing destructive interference to suppress the THz reflection. The geometry of the resonance unit can be optimized to acquire certain effective refractive index neff. If neff h = λ/4, the reflection at λ will be totally suppressed. We fix p2 = 50 μm and the working frequency at 1.20 THz and simulate the transmittance at different h2 and d (Figure 1D). h2 = 34 μm and d = 42 μm are selected for the maximum transmittance. As shown in Figure 1E, the antireflection layer is a uniform tetragonal circular pillar array. Frequency dependent transmittances of metasurfaces with and without antireflection layer are simulated and measured. As shown in Figure 1F, bare silicon wafer exhibits a transmittance of 50%. With the antireflection layer, the transmittance is improved to 75%, indicating a remarkable antireflection effect.


[image: Figure 1]
FIGURE 1. Geometric designs and THz properties of the antireflection-layer-integrated metasurface. Schematic illustrations of (A) metasurface, (B) elliptical, and (C) circular silicon pillars, respectively. (D) Dependency of transmittance on d and h2 at 1.20 THz. (E) SEM image of circular silicon pillars. (F) Frequency dependent transmittances of metasurfaces with (red) and without (blue) the antireflection layer. The insets show the corresponding metasurfaces. (G) Dependency of circular polarization conversion ratio on la and lb at 1.20 THz. (H) SEM image of elliptical silicon pillars. (I) Frequency dependent resonant phase of the pillar with la = 60 μm and lb = 40 μm under x- (red solid) and y- (red dot) incident polarizations and corresponding circular polarization conversion ratio (blue solid). All scale bars indicate 50 μm.


Elliptical pillars are spatially arranged on the other side to introduce the desired PB phase (Figure 1B). The phase retardation of each anisotropic unit can be calculated by Jones matrix as:

[image: image]

where α is the orientation angle, I is the identity matrix, R is the rotation matrix, ζ = πδnd/λ is half of the phase retardation, δn, d and λ are unit birefringence, height and incident wavelength, respectively. The latter term in Equation (1) can be ignored at half-wave condition. For circular polarization incidences Ein = χ(±) = (1, ±i)T/21/2, where + for left circular polarization (LCP) and—for right circular polarization (RCP), the output wave is depicted as:
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After passing through such a meta-unit, LCP is converted to RCP and the wave is encoded with a phase of exp(i2α). The 0°–180° rotation of the meta-unit induces a full phase modulation. Meanwhile, RCP is converted to LCP and a conjugated phase is encoded.

We optimize the geometry of elliptical pillars to reach the half-wave condition. The refractive index of intrinsic silicon at 1.20 THz is 3.45. We fix p1 = 70 μm, h1 = 275 μm and change the major axis la and minor axis lb of the elliptical pillar in the range of 4–62 μm, separately. The obtained circular polarization conversion ratio (CPCR) is recorded (Figure 1G). We select la = 60 μm and lb = 40 μm to achieve the maximum CPCR. Figure 1H reveals the metasurface composed of elliptical silicon pillars with uniform geometries and different orientations. Figure 1I presents the simulated phases for Ex and Ey incidences and corresponding CPCR, respectively. The phase increases linearly with frequency due to the high-order waveguide resonances excited inside the dielectric pillars. The phase retardation reaches almost π at 1.20 THz, and a maximum CPCR of 97% is obtained accordingly. The deviation from 1.20 THz leads to a reduction of CPCR.

A standard photolithography and reactive ion etching process are carried out on a 1,000-μm-thick double-polished intrinsic silicon wafer to fabricate both circular and elliptical pillars. The wafer is ultrasonically bathed and O-plasma treated (IoN Wave 10, PVA-TePla, USA). A photoresist (AZ4620, Clariant GmbH, Germany) layer is spin-coated onto the cleaned wafer at 3,000 rpm for 45 s and then baked for 10 min at 95°C. The desired pattern is carried out via photolithography process (MJB4, Suss MicroTec Lithography GmbH, Germany). Subsequently, the exposed sample is developed and baked for 1 min at 115°C. Reactive ion etching (HSE200, NAURA Technology Group Co., China) is conducted cyclically, and each cycle includes a 2 s vacuum for removing residual gas, 1 s SF6 etching and 3 s C4F8 passivating. After etching, the residual photoresist is lifted off by acetone. To increase the yield, the thinner antireflection layer is fabricated first and then the elliptical pillars are fabricated in a similar process. Then the sample is observed with a scanning electron microscope (SEM, Quanta200, TSS Microscopy, USA) to check the geometric parameters. Simulations are performed with a commercial software Lumerical FDTD Solutions. Transmissions are characterized with a THz time-domain spectroscopy (THz-TDS, TAS7400SP, Advantest Corporation, Japan).



RESULTS

Via rationally designing the spatial orientation of meta-units, the wavefront of THz beam could be freely manipulated. First, an antireflection-layer-integrated metalens is demonstrated, which is a commonly used element in THz imaging and communications. The phase profile of a lens (Figure 2A) is depicted as [30, 31]:
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where f is the focal length and (x, y) is the position coordinate. Here, f is set as 8 mm. The photograph of fabricated sample (Figure 2B) vividly shows a morphology consistent with the phase diagram. A scanning near-field THz microscope (SNTM, TP800, Terahertz Photonics Co. Ltd., China) is utilized to characterize the performance of the metalens. Figure 2C exhibits the intensity distributions before and after focusing, and a lateral image of the focusing process. It verifies the excellent focusing performance of fabricated metalens. Figure 2D shows the intensity profiles of incident wave and focal spot, respectively. The full wave at half maximum (FWHM) at the focal plane is 1.48λ = 370 μm, which is close to the theoretical diffraction limit λ/2NA = 235 μm. The measured focusing efficiency, which is defined as the intensity at the focal plane divided by total incident power, is shown in Figure 2E. It slightly deviates from the simulation, and the maximum efficiency of 95% is obtained at 1.10 THz, which is attributed to the imperfect manufacturing.


[image: Figure 2]
FIGURE 2. Metalens and metalens array. (A) Designed phase diagram and (B) photograph of a metalens. (C) THz intensity distributions of incident wave in the xy-plane (left), beam propagation in the xz-plane (middle), and focal spot in the xy-plane (right). (D) Intensity profiles of incident wave (blue) and focal spot (red). (E) Simulated (line) and measured (dot) efficiencies of the metalens. (F) Designed phase diagram and (G) photograph of a metalens array. (H) Simulated (left) and measured (right) intensity distributions in the focal plane. All scale bars indicate 2 mm.


Lens array shows superiority in multi-pixel imaging [32, 33] and multi-parameter detection [34], and is a key element in THz cameras and communication systems. Here, we fabricate a 2 × 2 metalens array with an optimized phase distribution to match the size of THz wave spot (Figure 2F). The fabricated metalens array with f = 7 mm is presented in Figure 2G. With a Gaussian incidence, measured focal points are consistent with the simulation (Figure 2H). The efficiency reaches 81% at 1.15 THz, indicating an excellent antireflection performance.

Polarization fork grating can encode a designed orbital angular momentum (OAM) to diffraction orders. Such beams play important roles in mode division multiplexing communication [35] and multi-photon quantum computing [36]. The phase of a polarization fork grating is expressed as:

[image: image]

where θ is the deflection angle, and m denotes the topological charge. Here, a polarization fork grating with θ = 15° and m = 1 at 1.20 THz is fabricated. Its theoretical phase diagram is shown in Figure 3A. The fabricated sample is coincident with the diagram (Figure 3B). For linear polarized incidence, the wave is deflected to two diffraction orders and forms two vortices (Figures 3C,D). The measured phase distribution indicates m of two generated vortices are ± 1, respectively (Figure 3E). The residual energy at 0th order is due to the small coverage of incident wave on the sample. The measured transmittance of the polarization fork grating is 81% at 1.10 THz.


[image: Figure 3]
FIGURE 3. Polarization fork grating. (A) Phase profile and (B) photograph of a polarization fork grating. The scale bar indicates 2 mm. Measured intensity distributions in the (C) xz-plane and (D) xy-plane at z = 11 mm. (E) Measured phase distribution at z = 11 mm.


High-order Bessel beam is a Bessel beam carrying OAM, which exhibits unique non-diffractive vortex, making it useful in wireless communications [37] and micro-manipulations [38, 39]. It can be generated by a spiral axicon, the phase of which is depicted as:

[image: image]

where θ is the radial deflection angle. Here, the designed θ is 15° at 1.20 THz and m = 1. The phase diagram and photograph of the spiral axicon are shown in Figure 4A. The far-field phase diagram of generated Bessel vortex reveals a spiral distribution (Figure 4B). The simulated and measured intensity distributions match very well (Figure 4C). For LCP incidence, the intensity distribution in the xy-plane is a series of concentric rings with exponentially decayed intensity. Its non-diffraction property is verified in a focal depth of 8 mm. The measured efficiency reaches 68% at 1.30 THz.


[image: Figure 4]
FIGURE 4. Spiral axicon and polarization Airy mask. (A) Phase diagram and photograph of a Bessel vortex generator. (B) Far-field phase diagram of the generated Bessel vortex beam. (C) Simulated and measured intensity distributions of the generated Bessel vortex beam in the xz- and xy-planes. (D) Phase diagram and photograph of a polarization Airy mask. (E) Far-field phase diagram of the generated Airy beam. (F) Simulated and measured intensity distributions of the generated Airy beam in the xz- and xy-planes. All scale bars indicate 2 mm.


Airy beam is another kind of specific beam with great potentials in particle manipulation [40] and light-sheet microscopy [41]. It exhibits unique properties such as non-diffraction, transverse acceleration and self-healing. The phase of a 2D Airy mask is expressed as:

[image: image]

where a = 2 × 10−10 is a positive parameter. The phase diagram and photograph of the polarization Airy mask are shown in Figure 4D. The far-field phase diagram of generated Airy beam is presented in Figure 4E. The simulated and measured intensity distributions match very well (Figure 4F). For LCP incidence, the main lobe of Airy beam with small curvature appears at 6 mm behind the sample, and a series of side lobes coexist with the main lobe. The xy-plane image at z = 11 mm vividly reveals the THz intensity distribution of the generated Airy beam. The measured transmittance reaches 95% at 1.10 THz.



DISCUSSION

The bi-layer design, which consists of micro-pillar arrays on both sides of the wafer, is conducted in a same micro-fabrication process on the same silicon wafer. It provides a practical strategy for arbitrary THz phase modulation with merits of compactness and high efficiency. The antireflection performance for the target frequency can be optimized via properly designing the geometry. PB phase modulation is accomplished by spatially arranging the orientations of inhomogeneous dielectric pillars. The subwavelength meta-unit enables high resolution and pronounced flexibility of wavefront control. The efficiency of these metadevices can be improved via optimizing the half-wave condition at the target frequency. With the combination of two micro-pillar arrays with distinguishing functions on both sides, a compact method for high-efficiency metadevices available for arbitrary THz beam shaping is proposed.



CONCLUSION

In summary, we propose an integrated antireflection strategy for transmissive THz metadevices. Different THz PB phase metadevices including metalens, metalens array, polarization fork grating, spiral axicon and polarization Airy mask are demonstrated. With an optimized circular-pillar antireflection layer, the reflection loss of above metadevices are significantly suppressed. High efficiency and excellent design flexibility of this strategy are verified. It provides a practical platform for planar THz elements which suit for high-performance THz imaging and communication.
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