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Abstract—Integrating multiple functionalities into a single 

device is a striking field in metasurfaces. Here, we experimentally 

demonstrate several efficiently multifunctional dielectric 

metasurfaces in the terahertz regime using a spin-decoupled phase 

control method allowed by simultaneous control of dynamic phase 

and geometric phase. The designing strategy shows an impressive 

robustness and a great flexibility in designing metasurface-based 

multifunctional devices, and opens new avenues toward the 

applications in beam steering and polarization multiplexing. 

I. INTRODUCTION  

RADITIONAL terahertz components are very bulky with 

single function, which are not compatible with the future 

integrated terahertz systems. It is required to explore high-

efficiency ultrathin devices with multiple functionalities. Being 

free of Ohmic loss, dielectric metasurfaces have been 

demonstrated to be able to more efficiently manipulate the 

wavefront compared to their plasmonic counterparts and 

provide an effective way to replace the traditional devices.[1] In 

order to integrate multiple functionalities into a single device, 

one promising aspect is to endow the meta-device with 

polarization-dependent feature by employing the simultaneous 

phase control capability of the unit cells over two orthogonally 

polarized waves. Recently, Pancharatnam-Berry (PB) 

metasurfaces have drawn enormous interest owing to their 

natural and robust phase control ability over the circularly 

polarized (CP) waves.[1] However, the PB phase responses for 

different CP waves are locked to be opposite with each other, 

resulting in interrelated functionalities under the CP incidences. 

Here, a generic designing method which breaks this limitation, 

namely, a spin-decoupled phase control method, is proposed by 

further incorporating dynamic phase control into the design. We 

demonstrate this method by designing and characterizing 

several efficient transmission-type multifunctional dielectric 

terahertz meta-devices made from subwavelength silicon pillar 

structures, including meta-gratings and cylindrical vector 

beams (CVBs) generators.  

II. RESULTS 

The basic unit cell of the designed dielectric metasurfaces is 

illustrated in Fig. 1(a), which is a rectangular-shape silicon 

pillar patterned on a silicon substrate. The pillar can be regarded 

as a truncated waveguide which confines the field inside or 

around it. Theoretical study shows that the PB phase and 

dynamic phase can be separately controlled by rotating the unit 

cell and changing its geometric parameters, respectively. Here, 

we directly adopt the structure database developed in our 

previous study, which achieves complete control of 

polarization-dependent dynamic phases and allows high-

efficiency polarization-dependent wavefront control in linear 

polarization basis.[2] Through clever selection and placement of 

these unit cells, we have successfully designed a number of 

multi-functional terahertz meta-devices, which are fabricated 

using conventional lithography together with deep reactive ion 

etching technique on a high-resistivity silicon wafer. 

Firstly, two kinds of novel terahertz meta-gratings based on 

the spin-decoupled phase control method are designed at 1.0 

THz.[3] One meta-grating can deflect different CP incidences 

toward asymmetric angles under normal incidence, which is 

denoted as an asymmetric spin-decoupled meta-grating (ASM). 

The designed phase and amplitude profiles of the ASM are 

shown in Fig. 1(b). It is seen that the phase gradients for the 

right-handed CP (RCP) and the left-handed CP (LCP) outputs 

under LCP and RCP normal incidences are different in both the 
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Fig. 1. (a) Schematic of a basic unit cell. (b) Designed phase and amplitude 
profiles of the ASM for deflecting the RCP and LCP outputs towards 

different angles under the LCP and RCP incidences at 1.0 THz. (c-f) 

Measured broadband angle-resolved transmittances Tll, Trl, Tlr and Trr of 
the sole structured surface of the ASM under normal incidences. (Tpq 

represents the p-polarized transmittance under q-polarized incidence. ‘l’ 

represents LCP and ‘r’ represents RCP) 



absolute values and signs. According to the generalized Snell’s 

law,[4] they will be deflected towards two asymmetric angles. A 

broadband, fiber-based, angle-resolved terahertz time-domain 

spectroscopy (THz-TDS) system is used to experimentally 

characterize the performance of the ASM. Figures 1(c) to (f) 

illustrate the angle-resolved transmittances of Tll, Trl, Tlr and Trr, 

respectively. It is seen that the measured results are agreeing 

well with the design. 

The other meta-grating can realize controllable asymmetric 

polarization generation by further applying a multiplexed 

method and leveraging the interference effect between the two 

CP transmission components, which is denoted as a multiplexed 

ASM (MASM). The MASM consists of two groups of ASMs 

that are designed with interchanged phase gradients and 

different relative output phases. Under the linearly polarized 

(LP) incidence, the MASM can convert it into two LP waves 

with nearly equal strength but different orientation angles, and 

deflect them towards different angles. One representative 

MASM which generates two orthogonally LP waves under 

arbitrary LP incidence is experimentally demonstrated, which 

can be useful in novel polarizing beam splitting applications. 

Secondly, two kinds of novel multifunctional terahertz 

metasurfaces are further demonstrated to illustrate the 

controlling flexibility of the proposed spin-decoupled phase 

control method, which can efficiently generate polarization-

dependent terahertz CVBs.[5] Both metasurfaces are composed 

by spatial-variant dielectric unit cells, with one capable of 

generating polarization-dependent terahertz vector vortex 

beams (VVBs) and the other capable of generating vector 

Bessel beams (VBBs). Figure 2 exemplarily illustrate the 

design sketch of the VVB generator. It generates RCP vortex 

beam with a topological charge of l = +2 under LCP Gauss 

beam incidence, while solely functions as a perfect half-wave 

plate under RCP incidence. Under LP incidence, the output 

response is the superposition result of the two output CP beams. 

By designing the spatial phase difference distributions between 

them, radially and azimuthally polarized VVBs with l = +1 are 

generated under x- and y-polarized incidences, respectively. As 

for the VBB generator, it is designed with a similar way to the 

VVB generator. Under the LCP and RCP incidences, it 

generates RCP and LCP Bessel beams with l = +1 and l = −1, 

respectively. Under x- and y-polarized LP incidences, the 

polarization superposition results in a radially and an 

azimuthally polarized Bessel beam, respectively.  

To experimentally evaluate the performances of the proposed 

CVB generators, a broadband scanning terahertz time-domain 

microscopy system is used.[2] Under LCP incidences, the 

measured intensity and phase distributions of the x-polarized 

component of the output electrical field are shown in Fig. 3, 

which are agreeing well with the design. Comparing with a bare 

silicon interface, the relative efficiencies of the VVB and VBB 

generators achieve ~83% and ~86%, respectively. 

III. SUMMARY 

Two meta-gratings and two CVB generators made from 

dielectric metasurfaces are demonstrated using spin-decoupled 

phase control method in the terahertz regime. The ultrathin, 

high-efficiency and multifunctional feature of our meta-devices 

may be applied in beam steering and polarization multiplexing 

systems. The proposed design method opens a new window 

towards achieving multifunctional terahertz devices, and 

provides new capabilities in developing novel, compact, and 

high-performance devices that are applicable to broad 

electromagnetic ranges.  
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Fig. 2. Schematic of VVB and VBB generation. The middle column illustrates 

the incident polarization states. The left and right columns illustrate the output 
polarization and phase distributions after passing through the VVB and VBB 

generators, respectively. The number l represents the topological charge.  

Fig. 3. (a, b) and (c, d) Measured performances of the metasurface VVB 

and VBB generator respectively. These results are achieved by detecting 
the x-polarized components of the output electrical fields under LCP 

incidences. The former and latter inset arrows at the bottom-left corners 

represent the input and detect polarizations, respectively. The inset figures 
in the top-right corners are the corresponding simulated performances. 

 


