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Benefiting from the unprecedented capability of metasurface in the manipulation of light 

propagation, metalenses can provide novel functions that are very challenging or impossible 

to achieve with conventional lenses. Here, we propose and experimentally demonstrate an 

approach to realizing multi-foci metalenses with polarization-rotated focal points based on 

geometric metasurfaces. Multi-foci metalenses with various polarization rotation directions 

are developed using silicon pillars with spatially variant orientations. The focusing 

characteristic and longitudinal polarization-dependent imaging capability are demonstrated 

upon the illumination of a linearly-polarized light beam. The uniqueness of multi-foci 

metalens with polarization-rotated focal points may open a new avenue for imaging, sensing, 

and information processing. 
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1. Introduction 

Optical metasurfaces, two-dimensional counterparts of metamaterials, have provided 

unprecedented capabilities in the modification of light wavefront, enabling a plethora of novel 

applications such as generalized Snell’s law of refraction1-4, light beam shaping5-8, Spin-Hall 

effects9-12, holograms13-19, polarization control and analysis20-22, and nonlinear dynamics24-27. 

In comparison with traditional bulk lenses that rely on the required gradual phase change 

accomplished by controlling surface profile of the optical material, metalenses are ultrathin 

and ultraflat, which is desirable for device miniaturization and system integration. As 

fundamental optical elements, metalenses29-33 have shown promising applications in imaging, 

lithography, spectroscopy and laser fabrication due to the ultrathin configuration and ease of 

fabrication. In addition, metalenses can provide novel functions that are very challenging or 

impossible to achieve with conventional lenses, which can extend the imaging capability of 

the current optical systems. Benefiting from the exotic properties of metasurfaces, various 

types of metalenses with unusual functionalities have been developed.  Examples include 

dual-polarity plasmonic metalens34, broadband/multispectral achromatic metalens35-38, 

metalens array39, light-sword lens40, multi-foci lens41, multifunctional metalens42 and 

polarization-dependent metalens43. An optical element with polarization manipulation 

functionality, i.e., polarization rotator, has been used in many research areas ranging from 

optical isolators44 to sophisticated organic structure analysis45. Thus far, the multi-foci 

metalens with polarization-controllable functionality has not been demonstrated yet. Unlike 

previously demonstrated multi-foci lenses41, we propose and demonstrate a multi-foci 

metalens with polarization-rotated functionality. Furthermore, although our novel metalens is 

realized based on the geometric metasurfaces, which are typically spin-dependent (only works 

for circularly polarized light beams), it can work for linearly-polarized light. The approach is 

utilized to design terahertz multi-foci lenses with multiple polarization-rotated focal points. 

As a novel terahertz lens with unusual functionality, the longitudinal polarization-dependent 
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imaging is experimentally demonstrated. The flexible and robust generation of the 

polarization-rotated multiple focal spots may find new applications such as polarization-

dependent imaging, information detection and displaying. 

 
2. Operating Principle 

Figure 1 shows the schematic of a multi-foci metalens with polarization-rotated focal points. 

Upon the illumination of a linearly-polarized THz beam, the metalens have two focal points, 

whose polarization directions are rotated in comparison with that of the incident light. Each 

focal spot with linear polarization can be considered as the superposition of both LCP and 

RCP components. Therefore, the key to realizing such multi-foci metalens mainly lies in the 

capability of a single metasuface to simultaneously focus linearly-polarized incident beam and 

rotate the polarization direction of each focal spot. For simplicity, let us start with a metalens 

with a single polarization-rotated focal point, which will be extended multiple focal points 

later. To rotate polarization direction with an angle φ , the required transmitted THz fields can 

be written as 

 ( ) ( )
1 12 2 2exp exp ,

2 2 2
i i

i i
φ φ

     − +    −     
                                                   (1) 

where the incident x-polarized THz beam can be considered as 
1 1 12 2 2

20 2 2i i
       = +      −       

. 

To design a metalens without polarization-rotated functionality, the desired phase profile is  

governed by                                                

2 2 22( , ) ( ),x y x y f fπϕ
λ

= + + −                                                             (2) 

in which λ  is the working wavelength and f is the focal length. To combine the polarization 

rotation and focusing on the metalens, the corresponding Jones vector of transmitted beam 

can be expressed as follows: 
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i i x y i i x y
i i

i i x y i i x y
i i

φ ϕ φ ϕ

φ ϕ φ ϕ

    
− + −    −    

    
+ − − +    −    

              (3) 

Since a linearly-polarized light beam can be decomposed into LCP light beam and RCP 

light beam with same components, a metalens with polarization-rotated functionality can be 

achieved under the illumination of a linearly-polarized THz beam.  

The required phase distribution for metalens is governed by: 

( ) ( ){ }Φ( , ) arg exp ( , ) exp ( , ) .x y i x y i x yφ ϕ φ ϕ= + + −                                    (4) 

It should be noticed that the performance of metalens with the target phase profile shown in 

Eq.4 is implemented purely by geometric phase nanostructures. The target phase in Eq.4 

consists of the phase profile of a convex lens (leading to focusing) and a concave lens 

(resulting in divergent beam). Therefore, under the illumination of LCP THz waves, only half 

of the transmitted waves will be converted to RCP light (for focusing) with an additional 

phase delay of φ . In contrast, for the RCP incidence, half of the transmitted waves will be 

converted to LCP light (for focusing) with an additional phase delay of φ− . Under the 

illumination of linear-polarized light, a linear-polarized focal point with polarization-rotated 

functionality (with rotating angle of φ± ) can be realized. The rotation angle of φ± can be 

realized by rotating all nanostructures with an angle / 2φ± , resulting in the impart phase 

delays of φ± and φm to RCP and LCP components, respectively. Here, only half of the 

transmitted THz waves converted to RCP/LCP light is attributed to the phase profile of a 

convex lens exp(ϕ ) and a concave lens exp( ϕ− ) in Eq.4. Therefore, for the linearly-polarized 

incidence, the focusing efficiency cannot exceed 50% in theory. 

Accordingly, the total phase requirement for a metalens with polarization-rotated focal 

spots (see schematic of Fig.1) can be described as: 
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( ) ( ){
( ) ( ) }

1 1 1 1

2 2 2 2

Φ ( , ) arg exp ( , ) exp ( , )

exp ( , ) exp ( , ) ,

L x y i x y i x y

i x y i x y

φ ϕ φ ϕ

φ ϕ φ ϕ

= + + −      

+ + + −      
                          (5) 

where 1ϕ , 2ϕ are the two phase profiles for the generation of two separate focal points, whose 

corresponding rotation angles of polarization are represented by  1φ  and 2φ , respectively. 

Although both 1ϕ  and 2ϕ are designed based on Eq. (2), the two focal lengths f1 and f2 are 

different. The rotation angles of these two longitudinally distributed focal spots can be same 

( 1φ = 2φ ≠0) or different ( 1φ ≠ 2φ ). As a consequence, the polarization rotation and focal lengths 

of the multi-foci metalens can be flexibly modulated with various combinations of 1φ , 2φ  and 

1ϕ , 2ϕ . The design details of the proposed multi-foci metalens with polarization rotated focal 

spots are given in Supplementary Materials Section 1. The numerical simulation of 

polarization-independent focusing is provided in Supplementary Materials Section 2. 

 

3. Results 

The dielectric metasurface consisting of anisotropic silicon micro-pillars with spatially 

variant orientations sitting the silicon substrate is used to simultaneously realize lens focusing 

and polarization rotation, as shown in Fig. 2(a). Each micro-pillar in the metasurface can be 

considered as a half-wave plate, which can rotate the polarization or focusing by an abrupt 

phase (Pancharatnam-Berry phase) delay of ±2θ, where θ is the angle between the long side of 

micro-pillar and x-axis, and the sign of the phase is determined by the helicity of the incident 

light beam(LCP or RCP). The length, width, and height of each micro-pillar are optimized as 

L=85 μm, W=40 μm, and H=500 μm, respectively, and the pixel size is P=110 μm along both 

x-axis and y-axis (The design of the silicon pillars is shown in Supplementary Materials 

Section 3). Figures 2(b)～2(d) show the optical images of the fabricated metalens to generate 

single focal spot, longitudinal multiple focal spots, and transversal multiple focal spots, 

respectively. To characterize the performance of these unusual THz metalenses and 
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polarization-dependent imaging, near-field scanning terahertz microscopy (NSTM) is utilized 

to detect the corresponding field distributions (see schematic of the experimental setup in Fig. 

2(e)). A laser beam with λ=780 nm is splitted into two parts: one part of the beam is coupled 

onto the THz tip for detecting the field distributions, while the other part is shined on the 

photoconductive antenna to generate the THz waves. The THz tip is located in front of the 

sample to record the electric field distributions of focal points and imaging, while the position 

of the metalens is fixed. The measurement method is also shown in Experimental Section. 

As a feasibility study, a metalens with a single polarization-rotated focal point is initially 

demonstrated. Such a metalens (see Fig. 2(b)) consists of 100×100 micro-pillars (with the 

corresponding side length of 11.0 mm), and the working frequency is 0.69 THz. The structure 

parameters in Eq. (4) are as follows: f=6mm (focal length) and 090φ = (polarization rotating 

angle). Figure 3 shows the numerical simulation and experimental results of this metalens. 

The finite difference time domain method is used to calculate the field distribution after the 

incident light passes through such metalens at normal incidence. For a linearly-polarized 

incident THz beam with polarization along x-axis (x-polarized), one focal spot is clearly 

observed at z=6mm away from the surface of metalens, as shown in Fig. 3(a). It should be 

noted that the polarization axis of the incident light is rotated by 900 at the focal point. The x-

polarized electric field distribution ( 2
xE ) of such metalens is also calculated, as shown in Fig. 

3(b). It can be seen that none of the x-polarized electric field contributes to the focal spot, 

unambiguously demonstrating the polarization rotation of the converted THz beam (focal 

spot). The numerical calculations agree well with the theoretical design parameters of f=6mm 

and 090φ = . The experimental results are shown in Figs. 3(c) and 3(d). A linearly-polarized 

(LP) THz beam along the x-axis is focused into a focal spot away from the sample surface 

(nearby z=6mm), and the polarization axis is rotated by an angle of 900, generating a y-

polarized focal spot. Both the experimental results and numerical simulations agree well with 
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each other, except for a slight discrepancy, which can be attributed to the sample imperfection 

and the limited number of micro-pillars in metalens. The electric field distributions in x-y 

plane ( 2
xE and 

2

yE ) are also given in Figs. 3(e)～3(h). At the real focal plane z=6mm, a 

focal spot with polarization rotation of 
2
π  is observed, as shown in Figs. 3(e) and 3(g), 

respectively, while none of the x-polarized focal spot is observed (see Figs. 3(f) and 3(h)). 

The schematic that represents the characteristic of such metalens and the corresponding 

electric field distributions in y-z plane are given in Supplementary Materials Section 4. 

Nevertheless, a single device with more functions, i.e., multiple focal spots with 

functionality of polarization rotation (see Fig.4), is desirable for device miniaturization and 

system integration. Inspired by this, we further design a longitudinal polarization-rotatable 

multi-foci metalens (see schematic of Fig.1 and sample of Fig. 2(c)). According to Eq. (5), we 

design such a metalens with structure parameters of f1=3mm (focal length of the first focal 

spot), f2=6mm (focal length of the second focal spot), 0
1 90φ = ( rotation angle of polarization 

for left focal spot) and 0
2 0φ = ( non-polarization-rotation for the right focal spot). Under the 

illumination of x-polarized THz waves at 0.69 THz, a focal spot located at z=3mm with 

polarization along y-axis is achieved, as shown in Fig. 4(a). In contrast, an x-polarized focal 

spot is observed at z=6mm (see Fig. 4(b)). Figures 4(c) and 4(d) show the measured results, in 

which there are also two linearly-polarized focal spots with orthogonal polarizations at 

z=3mm and z=6mm, respectively. Good agreement between the experimental results and 

theoretical prediction is observed, confirming the properties of multiple focal spots and 

polarization rotation. Figures 4(e)～4(h) show the corresponding electric distributions in x-y 

plane. The two-dimensional field distributions also demonstrate the above characteristics. The 

calculations and measurements of the field distributions in y-z and x-y planes are also supplied 

in Supplementary Materials Section 5.  
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Our design principle can not only steer THz beam to form multiple focal spots in 

longitudinal direction, but also enable the ability to harness the THz waves in transverse 

direction, leading to the transversal multiple focal points (see the principle of transversal 

multiple focal spots given in Supplementary Materials Section 1.). Figure 5(a) shows the 

schematic of proposed metalens that can split a linearly-polarized THz beam into two LP 

focal spots in ±x-axis without polarization rotation. The required phase distribution for such 

metalens is expressed as: 

( ) ( ){
( ) ( ) }

( , ) arg exp ( , ) exp ( , )

exp ( , ) exp ( , ) ,

T x x

x x

x y i x y i x y

i x y i x y

φ ϕ δ φ ϕ δ

φ ϕ δ φ ϕ δ

Φ = + + + + −      

+ − + + − −      
                       (6) 

where ( / 7)xδ π=  is the phase gradient in x-axis, and the polarization rotating angle is 0 

( 0φ = , non-polarization rotation). Figures 5(b) and 5(c) show the numerical results for the 

transversal multiple focal spots. Under the illumination of x-polarized THz waves, it is 

splitted and focused into two spots in transverse direction (±x-axis), and the polarization of 

each spot is parallel to the incident THz waves. The experimental demonstrations of beam 

splitters with functionality of focusing are given in Figs. 5(d) and 5(e), respectively. As 

illustrated in Fig. 5(f)～5(i), the electric field distributions in x-y plane  also reveal the 

function of our designed metalens. In addition, the transversal polarization-rotated multi-foci 

metalens is demonstrated in Supplementary Materials Section 6. 

 

4. Discussion 

To simultaneously characterize the lens imaging functionality and polarization rotation 

capability, a polarization-dependent sample is designed, as shown in Fig. 6(a). As a proof-of-

concept, we utilize longitudinal multi-foci metalens to realize THz polarization-dependent 

imaging. Although terahertz imaging46,47 and tomography48, that are scanning imaging, have 

been successfully applied in the areas of nondestructive testing, such as pattern recognition 
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and bio-imaging, the polarization-dependent imaging (for the polarization-dependent pattern) 

has not been demonstrated yet. Here, a Chinese character of “Sun” consisting of two 

symmetrically placed capital letters “E” is fabricated. Each capital letter is composed of 

periodic arranged metal slits coating on the PI (polyimide) film, in which the slit for the left 

“E” is parallel to y-axis while it is perpendicular to y-axis for the right “∃ ”, as shown in Fig. 

6(b). The numerical simulations of transmitting characteristics for the metal slit are shown in 

the Supplementary Materials Section 7. The calculations for polarization-dependent imaging 

are shown in Figs. 6(c) and 6(d). For the illumination of y-polarized THz waves, the left 

pattern of “E” is revealed, and the right “∃ ” is not observed (see Fig. 6(c)). In this case, the 

incident THz waves is almost fully reflected on the left “E”, and nearly perfectly transmitted 

on the right “∃ ” and surroundings, resulting in the pattern of “E”. In contrast, for the x-

polarized illumination, the right “ ∃ ” is observed. In our experiment, the location of the 

detector (THz tip) and metalens is fixed while the polarization-sensitive sample (embedded in 

the left or right focal spot) is scanning/shifting to reveal the desired pattern. As shown in Figs. 

6(e) and 6(f), we observe two symmetrically placed capital letters “E” revealed from two 

polarization-orthogonal focal spots, demonstrating the properties of the multi-foci metalens 

with polarization-rotated focal points. 

High temperature gas-cooled reactor (HTGR), as the next generation nuclear plant (NGNP), 

is entirely dependent on the large graphite core [49]. Irradiation creep, one crucial property of 

the nuclear graphite, is the tendency of graphite to deform permanently (or slowly move) due 

to the influence of radiation and temperature [502]. The irradiation creep of graphite may 

become very large, and inevitably degrades its function under certain reactor conditions. 

Therefore, how to monitor the irradiation creep of graphite is critical important for HTGR. 

Terahertz polarization-dependent imaging of nuclear graphite is one of the most advanced 

approaches to detect the irradiation creep, since it is a non-destructive evaluation technique to 

monitor mechanical properties of graphite [51]. Our approach can be extended to design 
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multiple focal spots (more than two focal points) with arbitrary polarization rotation 

directions. Therefore, it can be practically applied into the polarization-dependent imaging of 

nuclear graphite for detecting the irradiation creep of graphite. 

Polarization conversion efficiency plays an important role in the evaluation of device 

performance. In this work, the polarization conversion efficiency is defined as the ratio 

between the power of desired polarization rotation and incident power, similar to that in Ref 

[52]. The polarization conversion efficiency for the micro-pillars with same orientations at 

0.69 THz is 97% in the simulation. The detailed discussion of the simulated and measured 

polarization conversion efficiency and focusing efficiency (for simulations) are provided in 

Supplementary Materials Section 8. 

The approach can be used to design geometric metasurface with simultaneous control of the 

phase and polarization in all spatial dimensions, which can enable the capability to realize 

efficient functional THz multi-foci metalens with applications in polarization-dependent 

imaging. Inspired by device miniaturization and system integration, the longitudinal and 

transversal multi-focal metalens with functionality of polarization-manipulation are designed 

and experimentally demonstrated. In our work, the uniqueness of the proposed THz metalens 

is the integration of different functionalities, i.e., longitudinal multiple focal spots with 

different polarizations, leading to the simultaneous multiplexing of focusing and polarization 

rotation in a single device. On the other hand, such polarization-rotated multi-foci metalens is 

directly applied for THz polarization-dependent imaging, which has not been demonstrated 

yet. Unlike the traditional metalens that were applied in diverse types of imaging such as 

magnified and demagnified imaging, achromatic imaging, and full-color light-field imaging, 

the polarization-dependent multi-foci metalens were designed for realizing multiple images 

that were revealed depending on the polarization. Our unique design will enable the metalens 

with unusual functions that are very difficult or impossible to achieve with conventional 

lenses. 
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5. Conclusion 

In summary, we have proposed and demonstrated an approach to develop metalens with 

multiple polarization-rotated focal spots. The polarization axis of the incident linearly 

polarized light beam is rotated at each focal point. The longitudinal and transversal multiple 

focal spots with predesigned polarization rotation are experimentally demonstrated. 

Benefiting from unique property of the metalens, THz polarization-dependent imaging is 

demonstrated. The simplicity and robustness of our design not only provide a platform for 

simultaneous multiplexing of focusing and polarization rotation, but also open a novel avenue 

for polarization-dependent imaging. 

 

6. Experimental section 

Sample fabrication: We use a 1000-μm-thick intrinsic silicon wafer (<100>, Ω=10000 ohm) 

for the fabrication of the metalens. The AZP4620 photoresist (with thickness of 7～8 μm) is 

spun (with spin speed of 6000 RPM) onto the silicon wafers cleaned in ultrasonic bath. Then, 

the photoresist film is baked at 100oC on a hotplate for 1 minute. A mask aligner (IMP SF-

100) is used for the exposure of the resist film. After the development process, the resist film 

with micro-pillars is baked at 100oC for 2 minutes and then etched using the DRIE (Bosch) 

process with SF6 and C4F8  for 95 minutes. Finally, the silicon micro-pillars are obtained after 

the photoresist is removed by using acetone. For the imaging sample, the photoresist is spin-

coated on one side of the PI film, and the mask is utilized for exposure processing. The gold 

array (imaging sample) is formed after metal coating and ultrasonic stripping. 

Experimental setup:The near-field scanning terahertz microscopy (NSTM)53,54, as illustrated 

in Fig. 2(e), is built up to perform the characterization of the fabricated samples. A 

femtosecond laser is used to generate a laser beam with a wavelength of 780 nm, which is 

splitted into two parts. One part of the light is guided into the photoconductive antenna 

emitter to generate THz waves, and the THz beam impinges on the metalens (and imaging 

sample). The other part is coupled into a single-mode fiber with length of 10 cm, and then 

shines on the THz tip/detector for detecting the electric field distributions. The THz tip is 

mounted on a three-dimensional translation stage, enabling the capability of 3D field scanning. 

The position of the metalens is fixed and the THz tip is inside the focusing region to scan the 
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field distribution. The electric field is detected with a step size of 25 μm along both x-

direction and y-direction and 100 μm step size along z-direction. For the polarization-

dependent imaging, the position of the metalens and THz tip is fixed while the imaging 

sample is moved step-by-step for imaging with a step size of 200 μm along both x-direction 

and y-direction. 
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Fig.1. Schematic of the multi-foci metalens with polarization-rotated focal points. Under 

the illumination of linearly-polarized THz waves, two longitudinally distributed focal spots. 

The polarization axis of the incident linearly-polarized light beam is rotated at each focal 

point. The two polarization rotated angles are 1θ  and 2θ , respectively.  
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Fig.2. Design and fabrication of the metasurface and schematic of the experimental 

setup. a Schematic of the designed metasurface with silicon-based micro-pillars sitting on a 

silicon substrate. b ～ d The optical images of the fabricated metalenses to generate 

polarization-rotated single focal point, longitudinal multiple focal points, and transversal 

multiple focal points, respectively. The scale bar in the figures is 200μm. e Schematic of the 

experimental setup to characterize the properties of the metalens and polarization-dependent 

imaging. All of the designed metalenses consists of 100×100 micro-pillars, meaning that they 

are square, not circular. The side length of the square is 11.0mm. 
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Fig.3. Electric field distributions for the metalens with a single polarization-rotated focal 

point. a and b The simulated y- and x-polarized electric field distributions for the transmitted 

THz waves at x-z plane under the illumination of x-polarized THz waves.  c and d The 

corresponding experimental results. e and f The simulated electric field distributions for the 

designed metalens at x-y plane and z=6mm. g and h The corresponding measurements for the 

designed metalens at x-y plane and z=6mm. 
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Fig.4. Electric field distributions for the metalens with polarization-rotated longitudinal 

multi-foci metalens. a and b The simulated y- and x-polarized electric field distributions for 

the transmitted THz waves at x-z plane under the illumination of x-polarized THz waves.   c 

and d The corresponding measurments. e and f The simulated electric field distributions for 

the designed metalens at x-y plane and z=3mm, z=6mm, respectively. g and h The 

corresponding measurments for the designed metalens at x-y plane and z=3mm, z=6mm, 

respectively. 
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Fig.5. Schematic and electric field distributions for the transverse multi-foci metalens. a 

The schematic for the transverse dual-foci metalens under the illumination of x-polarized THz 

waves. b and c The  simulated x- and y-polarized electric field distributions for the transmitted 

THz waves at x-z plane.  d and e The corresponding measurements for the metalens with 

polarization-rotated transverse dual-foci metalens. f and g The simulated electric field 

distributions for the designed metalens at x-y plane and z=5mm, respectively. h and i The 

corresponding measurments for the designed metalens at x-y plane and z=5mm, respectively. 
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Fig.6. Polarization-dependent imaging. a and b The  schematic and optical image of the 

designed sample “Sun” for polarization-dependent imaging. c and d The simulated electric 

field distributions for the designed imaging sample with the shinning of x- and y-polarized 

THz waves, respectively. e and f The measured images with the designed imaging sample 

inside the left and right focal spots, respectively.  Here, when the designed sample “Sun” is 

placed in the left spot, the left “E” can be revealed by scanning the sample (the sample is 

continuously moved while the THz tip is fixed to record the electric field distributions), while 

the right “ ∃ ” can be reconstructed by the right focal spot, resulting in the polarization-

dependent imaging. The red scale bar in (b) is 2mm. 
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A novel approach is proposed to simultaneous control of the phase and polarization in all 
spatial dimensions, which can enable the unprecedented capability to realize THz multi-foci 
metalens with polarization-rotated focal points. The simplicity and robustness of our design 
not only provide a platform for multiplexing of focusing and polarization rotation, but also 
open a novel avenue for polarization-dependent imaging. 
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Supplementary Section 1. The principle of linearly-polarized multi-foci lens with 

functionality of polarization rotation. 

The principle of linearly-polarized multi-foci lens with polarization-rotated functionality can 

be decomposed into five steps, as shown in the schematic of Figs. S1 and S2. Figure S1(a) 

shows a transmission-type of the dielectric metasurface consisting of periodic micro-pillars, in 

which the long axis of each anisotropic pillar is parallel to x-axis. For the normal illumination 

of a linearly-polarized (x-polarized) THz beam, the polarization of the transmitted beam is the 

same as incident THz waves. The Jones vector of the transmitted beam can be written as: 

                                         
1 1 11 1 1 .
0 2 2 2i i

      
= +      −      

                                                 (1) 

When each micro-pillar is counter-clockwise rotated with an angle of / 2φ , as shown in 

Fig. S1(b), the transmitted beam can be divided into two parts: one part is the co-polarized 

(non-converted) beam (the corresponding polarization is the same as the incident waves), and 

the other part is the polarization-rotated (converted) beam in which the corresponding 

polarization is modulated with a rotation angle (φ ) with respect to the incident THz waves. 

Here, the polarization rotation for a linearly-polarized THz beam can be understood as 

follows. 

The corresponding Jones matrix of a dielectric micro-pillar with rotating angle / 2φ  can be 

written asR1: 
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1 0( ) R( ) R( )

( ) 0cos( / 2) sin( / 2) cos( / 2) sin( / 2)
sin( / 2) cos( / 2) sin( / 2) cos( / 2)0 ( )

cos( ) sin( )
( ) ,

sin( ) cos( )

T T

i

i

i

ϕ φ φ

ξ λφ φ φ φ
φ φ φ φξ λ

φ φ
ξ λ

φ φ

= −

 −   
=     −−     

 
=  − 

                     (2) 

where T0 and ( )R φ are the Jones matrix and rotator operator of the micro-pillar, respectively. 

ξ(λ) is the conversion efficiency that can be defined as the ratio between the power with 

desired polarization rotation and the incident power. A linearly-polarized THz beam along the 

horizontal direction (x-axis) can be devided into two parts (LCP beam and RCP beam) with 

equal intensities and the same initial phase. Upon the illumination of such linearly-polarized 

THz beam, the LCP component is partially converted into RCP THz beam with an abrupt 

phase delay of φ  that is Pancharatnam-Berry phase, while the incident RCP component is 

partially converted into its opposite helicity with an additional phase delay -φ . The electric 

field of the converted beams can be described asR2: 

/

1
( ) / 2 i

LCP RCPE i e
i

φξ λ
 

=  ± 
                                                 (3) 

It should be noticed that the intensities of these two converted components are the same and 

have the opposite helicity. Therefore, both of the converted components can be combined into 

a linearly-polarized light beam with a polarization rotation of φ . The corresponding electric 

field is expressed as follows: 

1 1 cos
( ) / 2 ( ) / 2 ( ) / 2

sin
i i

conE i e i e i
i i

φ φ φ
ξ λ ξ λ ξ λ

φ
−      

= + =     −     
                  (4) 

As a consequence, the polarization of converted THz beam is rotated with an angle of φ .  

  If such metasurface (see as Fig. S1(b)) is introduced with an additional position dependent 

phase as 2 2 22( , ) ( )R x y x y f fπϕ ϕ
λ

= = + + −  shown in Fig. S1(c), it can focus the RCP 
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beam with an additional phase of φ− , but defocus for the LCP beam. The Jones vector of the 

converted beam under the illumination of a linearly-polarized THz beam is given as  

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1 11 1 exp exp ( , ) exp exp ( , )

1 11 1 1exp exp ( , ) exp exp ( , )

( ) / 2

.

/ 2
2 2

2 2 2

R R

R R

i i x y i i x y
i i

i i x y i
i i

i

i x y

φ ϕ φ ϕ

φ ϕ φ ϕ

ξ λ
    

− + −    −    
    

∝ − + −    −        

(5) 

  In contrast, if we add an opposite position-dependent phase as 

2 2 22' ( , ) ( , ) ( )R Lx y x y x y f fπϕ ϕ ϕ
λ

= − = = − + + − (f is the focal length) into the 

metasurface (also see as Fig. S1(b)), as depicted in Fig. S1(d), such position-dependent phase 

can focus the LCP THz beam with an additional phase of φ  and defocus the component of the 

opposite helicity. For the illumination of the linearly-polarized THz beam, the corresponding 

Jones vector of the converted beam is described as 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1 11 1 exp exp ( , ) exp exp ( , )

1 11 1 1exp exp ( , ) exp exp ( , )

( ) / 2

.

/ 2
2 2

2 2 2

L L

L L

i i x y i i x y
i i

i i x y i
i i

i

i x y

φ ϕ φ ϕ

φ ϕ φ ϕ

ξ λ
    

− + −    −    
    

∝ − + −    −    

      (6) 

In order to obtain a linearly-polarized focal spot with polarization-rotated functionaliy(see 

schematic of Fig. S1(e)), a dual position-dependent phase (both ( , )L x yϕ and ( , )R x yϕ ) should 

be introduced, and the Jones vector is the superposition of Equations (5) and (6): 

          

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1 11 1 1 exp exp ( , ) exp exp ( , )
2 2 2

1 11 1 1exp exp ( , ) exp exp ( , ) .
2 2 2

i i x y i i x y
i i

i i x y i i x y
i i

φ ϕ φ ϕ

φ ϕ φ ϕ

    
− + −    −    

    
+ − − +    −    

                  (7) 

  The above equation can also be written as  

                                        
cos cos

exp( ) exp( )
sin sin

i i
φ φ

ϕ ϕ
φ φ

   
+ −   

   
                                                   (8) 

Therefore, the required phase distribution for our proposed metalens is governed by: 
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( ) ( ){ }Φ( , ) arg exp ( , ) exp ( , ) .x y i x y i x yφ ϕ φ ϕ= + + −                                  (9) 

Accordingly, the total phase requirement for a metalens with polarization-rotated focal 

spots (see schematic of Fig.1 in the main text) can be described as:  

( ) ( ){
( ) ( ) }

1 1 1 1

2 2 2 2

Φ ( , ) arg exp ( , ) exp ( , )

exp ( , ) exp ( , ) ,

L x y i x y i x y

i x y i x y

φ ϕ φ ϕ

φ ϕ φ ϕ

= + + −      

+ + + −           

                       (10) 

where 1ϕ , 2ϕ are the two phase profiles for the generation of two separate focal points, whose 

corresponding (polarization) rotation angles are represented by  1φ  and 2φ , respectively. 

Although both 1ϕ  and 2ϕ are designed based on the position-dependent phase, the two focal 

lengths f1 and f2 are different. 

  For the transversal polarization-rotatable multi-foci metalens, the design method is 

slightly different from the above case. In addition to the manipulation of polarization rotation 

and focusing, off-axis designR3 (see the schematic of Fig.S2) should be implemented to realize 

the transversal multiple focal spots. When a ( / 7)xδ π=  phase gradient is introduced into ±x 

directions, the converted (focusing and polarization rotation) linearly-polarizaed THz focal 

spot are divided into two oblique transmitted modes with the corresponding Jones vector of 

( ) ( ) ( ) ( ) ( )
1 11 1 1  exp exp ( , ) exp exp ( , ) exp

2 2 2 xi i x y i i x y i
i i

φ ϕ φ ϕ δ
    

− + − −    
    

 (in the right side) 

and ( ) ( ) ( ) ( ) ( )
1 11 1 1exp exp ( , ) exp exp ( , ) exp

2 2 2 xi i x y i i x y i
i i

φ ϕ φ ϕ δ
    

− + −    − −    
 (in the left side), 

respectively (see Fig. S2(a)). 

The corresponding Jones vector by combining the phase gradient is given as follows: 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

1 11 1 1 exp exp ( , ) exp exp ( , ) exp
2 2 2

1 11 1 1exp exp ( , ) exp exp ( , ) exp
2 2 2

x

x

i i x y i i x y i
i i

i i x y i i x y i
i i

φ ϕ φ ϕ δ

φ ϕ φ ϕ δ

    
− + − −    

    
    

+ − + −    − −    

      (11) 
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For the ( / 7)xδ π− = −  phase gradient  (added in ±x directions), the converted linearly-

polarized THz waves is also divided into two oblique transmitted modes, and the Jones vector 

is expressed as 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

1 11 1 1 exp exp ( , ) exp exp ( , ) exp
2 2 2

1 11 1 1exp exp ( , ) exp exp ( , ) exp
2 2 2

x

x

i i x y i i x y i
i i

i i x y i i x y i
i i

φ ϕ φ ϕ δ

φ ϕ φ ϕ δ

    
− + − − −    

    
    

+ − +    − −    

          (12) 

In order to obtain the linearly-polarized focusing with functionality of polarization rotation 

in each off-axis transmitted channel (two transversal distributed focal spots, as shown in Fig. 

S2(c)), a dual phase-gradient ( xδ± ) should be introduced, and thus the corresponding Jones 

vector is the superposition of Equations (11) and (12): 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1 11 1 1 exp exp ( , ) exp exp ( , ) exp
2 2 2

1 11 1 1exp exp ( , ) exp exp ( , ) exp
2 2 2

1 11 1 1 exp exp ( , ) exp exp ( , )
2 2 2

x

x

i i x y i i x y i
i i

i i x y i i x y i
i i

i i x y i i x y
i i

φ ϕ φ ϕ δ

φ ϕ φ ϕ δ

φ ϕ φ ϕ

    
− + − −    

    
    

+ − + −    − −    
    

+ − + − −    
   

( )

( ) ( ) ( ) ( ) ( )

( ){ } ( )
( ) ( ){ } ( )

( )

( ){ } ( )
( ) ( ){ } ( )

( )

exp

1 11 1 1exp exp ( , ) exp exp ( , ) exp
2 2 2

cos cos
= exp ( , ) exp ( , )

sin sin

cos cos
exp ( , ) exp ( , ) .

sin sin

x

x

x x

x x

i

i i x y i i x y i
i i

i x y i x y

i x y i x y

δ

φ ϕ φ ϕ δ

φ φ
ϕ δ ϕ δ

φ φ

φ φ
ϕ δ ϕ δ

φ φ


−


    

+ − +    − −    
   

+ + −   
   
   

+ − + + − +   
           

(13) 

Therefore, the phase requirement for the two transversal polarization-modulated focal spots 

(see schematic of Fig.1 in the main text), can be written as: 

( ) ( ){
( ) ( ) }

( , ) arg exp ( , ) exp ( , )

exp ( , ) exp ( , ) .

T x x

x x

x y i x y i x y

i x y i x y

φ ϕ δ φ ϕ δ

φ ϕ δ φ ϕ δ

Φ = + + + + −      

+ − + + − −      
                       (14) 

Supplementary Section 2. Circular-polarization insensitive metalens. 
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  As deduced by the Equations (5) and (6), our proposed geometric metalens is insensitive of 

the circular-polarized THz beam, meaning that it can focus both LCP and RCP incident light 

beams. The numerical demonstration of such property is shown in Fig. S3. Here, the structure 

parameters are selected as f=6mm (focal length) and 00φ = (polarization rotating angle) for 

circular-polarization insensitive of the single focal spot. Figure S3(a) shows the electric field 

distribution in x-z plane of such metalens under the illumination of a LCP THz beam. One 

focal spot is clearly visible at z=6mm away from the surface of metalens. The corresponding 

electric field distribution in x-y plane at z=6mm is shown in Fig. S3(b). The polarization of the 

focal spot is calculated from the ellipticity that is determinated by the Stokes parameters as 

22
0

22
1

2

3

,

2 cos( )

2 sin( )

x y

x y

x y d

x y d

S t t

S t t

S t t

S t t

ϕ

ϕ

= +

= −

=

=

                                                        (15) 

where xt and yt  are the transmission coefficients for x-polarized and y-polarized components. 

S0 is the field intensity of output THz waves, S1 is the linearly-polarized component along x-

axis, S2 is a linearly-polarized component in the direction of 45°, and S3 is circularly polarized 

component. dϕ  is the phase difference between the two orthogonal components 

(
y xd E Eϕ ϕ ϕ= − and yE  and xE  are the two vertical components along y- and x-axis, 

respectively). The ellipticity of focal spot is defined as 3 0/S Sχ = . As shown in Fig. S3(c), 

the ellipticity of focus at z=6mm is 1χ = − , corresponding to a RCP focal point. Similarly, 

under the illumination of a RCP THz beam, there is also a focal spot located at z=6mm (see 

Figs. S3(d) and S3(e)). In contrast, the ellipticity of such focus is 1χ = (Fig. S3(f)), resulting 

in a LCP focal spot. Compared with Figs. S3(a) and S3(d), it can be concluded that our 

designed metalenses enable the functionality of focusing that is insensitive to the incidence of 

both LCP and RCP THz beams. Therefore, upon the illuminate of a linearly-polarized (LP) 
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THz beam, a LP THz focal spot, which can be considered as the combination of both LCP and 

RCP components, can be realized (as demonstrated in Fig. 3 in the main text).  

Supplementary Section 3. The design of the silicon pillars. 

In our design of the terahertz (THz) metalens, each of the anisotropic silicon-based pillars 

should be optimized as a quasi-perfect half-wave plate to manipulate the wavefront of THz 

waves (to realize the multiple focal spots). Figure S4 shows the numerical simulation for 

designing such a half-wave plate (the optimized length and width of the pillar are L=85 μm, 

and W=40 μm while the thickness of the pillar and substrate is H=500 μm). Figure S4(a1) 

shows the transmission spectrum of the anisotropic silicon-based pillars under the 

illumination of the TM (x-polarized) and TE (y-polarized) THz waves. The transmittance for 

both TM and TE waves are equal (T≈97%) to each other at f=0.69 THz. The phase difference 

between two transmitted waves is nearly π (1850), as shown in Fig. S4(a2). Therefore, the 

anisotropic silicon pillar has the functionality of a quasi-perfect half-wave plate at f=0.69 THz. 

Although the transmittance for both TM and TE waves are equal at other frequencies, i.e., 

0.35, 0.43, 0.52, 0.6 THz, the phase differences are largely deflected from π, leading to a non-

perfect half-wave plate. We further demonstrate the function (half-wave plate) of silicon 

pillars at f=0.69 THz, as shown in Figs. S4(b) and S4(c). For the incidence of LCP THz waves, 

the numerical value of the phase shift (Pancharatnam-Berry phase) for the transmitted RCP 

(cross-polarized) waves is equal to twice the rotation angle of the unit cell and the 

transmittance for each rotation angle is nearly equal, leading to a quasi-perfect half-wave 

plate (Fig. S4(b)). In addition, the transmitted THz wave with the inverse spin has a tilted 

wavefront as shown in Figs. S4(c1) and S4(c2), demonstrating a gradient phase shifting by the 

silicon pillars. 

Supplementary Section 4. Electric field distributions for metalens with one focal spot   
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Figure S5 shows the numerical calculation and experimental demonstration of the 

characteristics for the linearly-polarized and polarization-rotatable metalens (also see the 

schematic of Fig. S5(a)). Under the illumination of x-polarized THz waves, a focal spot is 

formed at z=6mm. Compared with Figs. S5(b) and S5(c), it can be found that the x-polarized 

THz waves is converted into a y-polarized focal spot with polarization rotation of 900. Figures 

S5(d) and S5(e) also show the measured electric field distributions in the y-z plane. It is 

experimentally demonstrated that the incident THz waves is focused into a focal spot nearly at 

z=6mm with polarization rotation of 900 as illustrated in Fig. S5(d), and none of the x-

polarized electric field contributes to the focal spot (see Fig. S5(e)).  

Supplementary Section 5. Electric field distributions for longitudinal multi-foci metalens 

and focusing properties (amplitude information) 

Longitudinal multi-foci metalens with polarization rotation is shown in Fig. S6. For the 

incidence of x-polarized THz beam, there are two longitudinal distributed focal spots 

observed at z=3mm and z=6mm, respectively (see y-z plane of the electric field distributions 

in Fig. S6(a) and S6(b)). The polarizations of these two focal spots are orthogonal with each 

other that are polarized along y-axis for the left spot and x-axis for the right one. The 

experimental demonstrations of the above properties are illustrated in Figs. S6(c) and S5(d). 

In addition, the x-y plane of electric field distributions are also calculated and measured in 

Figs S6(e)～S6(h). It can be concluded that none of the x-polarized and y-polarized electric 

fields is detected from the left and right focal spots.  

The focusing properties (amplitude information) of the longitudinal multiple focal spots are 

shown in Fig. S7. Fig S7(a) shows the numerical and experimental intensity curves (|Ey|2) of 

the left focus spot at z=3mm and y=0mm, while the corresponding intensity distributions of 

|Ex|2 are illustrated in Fig. S7(b). In comparison with Figs. S7(a) and S7(b), only y-polarized 

focal spot is formed at  z=3mm. In contrast, the focal spot at z=6mm is x-polarized, as shown 
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in Figs. S7(c) and S7(d). In addition, as shown in Fig. 7, the metalens has the capability of 

focusing (with longitudinal dual-focal spots) close to the numerical excepted values except for 

a slight discrepancy, which can be attributed to the sample imperfection and the limited 

number of micro-pillars in metalens. 

Supplementary Section 6. Electric field distributions for transversal multi-foci metalens 

  The schematic of the transversal multi-foci metalens with functionality of polarization 

rotation is shown in Fig. S8(a). Here, the basic principle for such metalens is depicted in 

section 1 and the polarization rotating angle is selected as 090φ = . As shown in Figs. S8(b) 

and S8(c), the x-polarizaed incidence of THz waves is focused and splitted into two 

transversal distributed focal spots located at (±2mm, 0, 5mm). The polarizations of both spots 

are rotated with 90 degree with respect to the incident THz waves, and only y-polarized focal 

spots are detected (see Figs. S8(d) and S8(e)). Figures S8(f)～S8(i) show the measured results 

of such metalens, and they also demonstrated the properties of two transversal distributed 

focal points with the polarization rotation. The characteristics of focusing and polarization 

rotating for the designed metalens are also demonstrated with x-y plane of electric 

distributions, as shown in Figs. S8(f)～S8(i), respectively.  

Supplementary Section 7. Transmission spectra of the metal-based slits  

  To simultaneously characterize the lens imaging functionality and polarization-rotated 

capability, a polarization-dependent sample, named Chinese character “Sun” with bilateral 

symmetry, is designed for imaging (see Fig 9(a) in main text). The proposed design consists 

of periodic arranged metal-based slits coating on the PI (polyimide) substrate (also see Fig 

9(b) in main text). There are four types of the slits are required to design the sample, as shown 

in Fig.S9. It can be seen that the transmission of all metal-slits is over than 93% (at 0.69 THz) 

when the polarization of the incident THz waves is perpendicular to the long-axis of the slits. 
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However, it is lower than 8% (nearly blocked) when the polarization of the incident THz 

waves is parallel to the long-axis of the slits. Therefore, for the two orthogonal arranged slit 

arrays, it is hypersensitive to the polarization of the incident THz waves, which can be applied 

for the polarization-dependent imaging. 

Supplementary Section 8. Polarization conversion efficiency and focusing efficiency of 

the designed metalens 

  Polarization conversion efficiency is one of the key aspect in the performance of designed 

metalens. Here, the polarization conversion efficiency is defined as the ratio between the 

power of desired polarization rotation and incident power, similar to that in Ref [R4] (each 

micro-pillar is considered as a half wave plate that rotates the polarization of linearly-

polarized light with rotating angle of 2θ, where θ is the angle between the long side of micro-

pillar and the plane of polarization). In theory, the polarization rotated (or converted) 

component is directly related to the focal spots, as shown in Eqs (4)～(14). In the meantime, it 

is difficult to measure the efficiency of the focal spots with the NSTM (near-field scanning 

terahertz microscopy). Therefore, the polarization conversion efficiency of the polarization 

rotated/converted component can reveal the performance of the designed metalens. To 

achieve the polarization conversion efficiency of the anistropic pillar, uniform array of micro-

pillars are fabricated and the orientation of each pillar is rotated counter-clockwise with an 

angle of 450. Consequently, the incidence of x-polarized THz beam is partially converted into 

the beam with polarization along y-direction. The polarization conversion efficiency of the 

micro-pillar array is the ratio between the power of y-polarized beam and incident power. As 

shown in Fig. S9, the polarization conversion efficiency are 97% (Fig. S10(a)) for numerical 

calculation and nearly 45% (Fig. S10(b)) for the measurement at 0.69 THz. The strong 

oscillations in efficiency can be qualitatively explained as the Fabry-Perot resonance, like in 
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Ref [R5]. The polarization conversion efficiency for measurement is lower than that for the 

numerical simulation which can be due to the fabrication errors.  

Figure S11(a) shows the polarization conversion efficiency under the influence of height of 

the anisotropic  silicon pillar. When the height of the silicon pillar changed from 450μm to 

550μm (the length and width of the pillar are 85μm and 40μm, respectively), the resonance 

frequencies and the corresponding polarization conversion efficiencies are variable with 

diferent heights of the pillar. For example, the polarization conversion efficiencies at 0.69 

THz are 56%, 98% and 44% for H=450μm, 500μm, and 550μm, respectively. The influence 

of the length for the polarization conversion efficiency (the height and width of the pillar is 

500μm and 40μm, respectively) is illustrated in Fig. S11(b). When the length of the silicon 

pillar is varied from 80 to 90μm, the primary influence is on the polarization conversion 

efficiencies while the resonance frequencies are almost unaffected. For changing of the width 

of the silicon pillar, both the resonance frequencies and the corresponding polarization 

conversion efficiencies are almost unaffected, as shown in Fig.S11(c). From the above 

discussion, we can conclude that the height and the length of the silicon pillar are main factors 

that determinate the resonance frequency and polarization conversion efficiency. Therefore, 

the measured polarization conversion efficiency only half of the theoretically predicted value 

can be attributed to the fabrication tolerances/errors (especially the height tolerances of the 

silicon pillar).  Furthermore, the different period of this oscillation different between the 

simulation and the experiment can also be attributed to the fabrication tolerances/errors. 

The numerical simulations for the focusing efficiency are shown in Table I. For the single 

focusing with polarization-rotated functionality (rotation angle of 900), the focusing efficiency 

is 31.5%, while it is 32.5% for the longitudinal dual-focal spots. In addition, the focusing 

efficiencies for the transverse focal spots without and with polarization rotating are 32% and 

30%, respectively.  It should be noticed that the performance of metalens with the target phase 

profile shown in Eq.9 is implemented purely by geometric phase nanostructures. The target 
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phase of in Eq.9 consists of the phase profile of a convex lens and a concave lens (resulting in 

diverging beam). Therefore, under the illumination of LCP THz waves, just half of the 

transmitted waves will be converted to RCP light with an additional phase delay of φ . In 

contrast, for the RCP incidence, half of the transmitted waves will be converted to LCP light 

with an additional phase delay of φ− . Here, only half (in theory) of the transmitted THz 

waves converted to RCP/LCP light is attributed to the phase profile of a convex lens exp(ϕ ) 

and a concave lens exp( ϕ− ) (resulting in divergent beam) in Eq.4. Since a linearly-polarized 

light beam can be considered as the superposition of both LCP and RCP components with the 

equal amplitudes, a metalens with the phase profile shown in Eq.4 can generate a linearly-

polarized focal point with polarization-rotated functionality (with rotating angle of φ± ) under 

the illuminate of linearly-polarized light. Therefore, for the linearly-polarized incidence, the 

maximal focusing efficiency cannot exceed 50% in theory. All of the numerical simulations 

for focusing efficiency are nearly by the 31.5%, which is in agreement with the 

theoretical prediction (≤50%). As shown in the main text, Eq.5 and Eq.6 illustrate the target 

phase profiles for the longitudinal and transverse focal spots, respectively. In each equation, 

the first two items show the phase profile for the left (up) focal spot, while the latter two items 

depict the phase profile for the right (down) focal spot. It should be pointed out that the 

amplitude of each item in Eq.10 and Eq.14 is equal, which means that the efficiencies of 

metalens with the two focal spots are equal in theory. However, for the longitudinal multi-foci 

metalens, the efficiency for the left focusing is 17.5%, but 15% for the right one. The slight 

discrepancy may be attributed to finite silicon pillars (100ⅹ100) in numerical simulations, 

different focusing distance and numerical aperture for the focal spots. 
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TABLE I Focusing efficiency of the designed metalenses  
Focusing efficiency 

Single foci with 
polarization rotation 

longitudinal multiple focal 
spots 

Transversely focis without 
polarization rotation 

Transversely focis with 
polarization rotation 

31.5% 32.5% 32% 30%      
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Fig. S1 Schematic of the linearly-polarized and polarization-rotatable focusing: a) for the 

horizontal arranged rod array; b) each rod rotated with an angle of / 2ϕ ; c) for the case of 

adding position dependent phase as 2 2 22( , ) ( )R x y x y f fπϕ ϕ
λ

= = + + − ; d) for the case of 

adding position dependent phase as 2 2 22( , ) ( )R x y x y f fπϕ ϕ
λ

= − = − + + − ; e) the 

metasurface-based linearly-polarized focusing with polarization-rotation. 
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Fig. S2 Schematic of the off-axis for transverse multi-foci metalens: a) for case of adding the 

( / 7)xδ π=  phase gradient in ±x-directions; b) for case of adding the ( / 7)xδ π− = −  phase 

gradient in ±x-directions; c) the metasurface-based transverse dual-foci THz metalens. 
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Fig. S3 Electric field distributions and ellipticity of the circular-polarization insensitive 

metalens: a) the electric field distribution of the meatlens in x-z plane under the illumination 

of left-hand circular-polarized THz waves at 0.69 THz; b) and c) the corresponding electric 

field distribution and ellipticity in x-y plane (at z=6 mm). d) the electric field distribution of 

the meatlens in x-z plane under the illumination of right-hand circular-polarized THz waves at 

0.69 THz; e) and f) the corresponding electric field distribution and ellipticity in x-y plane (at 

z=6 mm). 
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Fig. S4. The design of the silicon pillars. a1) The transmittance of the silicon pillars under 

the illumination of TM (red) and TE (blue) THz waves. a2) The phase difference between the 

transmitted TE and TM waves. b) The transmittance and phase shift of the silicon pillar with 

different rotation angles. c1) and c2) Electric field distributions of the transmitted THz waves 

with LCP (c1) and RCP (c2) incidence through a periodic array with rotation angle varying 

from 0 to 1600 with an equal interval of 200. 
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Fig. S5  Schematic and electric field distributions for the polarization-rotatable of single-foci 

metalens under the illumination of x-polarized THz waves: a) the schematic of the designed 

metalens; b) and c) the  simulated y- and x-polarized electric field distributions for the 

transmitted THz waves at y-z plane; d) and e) the corresponding measurements for the 

polarization-rotatable of single-foci metalens. 
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Fig. S6 Electric field distributions for the polarization-rotatable of longitudinal multi-foci 

metalens under the illumination of x-polarized THz waves: a) and b) the simulated y- and x-

polarized electric field distributions for the transmitted THz waves at y-z plane. c) and d) the 

corresponding measurments for the polarization-rotatable of dual-foci metalens. E) and f) The 

simulated electric field distributions for the designed metalens at x-y plane and z=3mm, 

z=6mm, respectively. g) and h) The corresponding measurments for the designed metalens at 

x-y plane and z=3mm, z=6mm, respectively.  
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Fig. S7 Comparison of the numerical and experimental focusing properties (amplitude 

information) at the focal plane: a) z=3mm, y=0mm for the |Ey|2; b) z=3mm, y=0mm for the 

|Ex|2; c) z=6mm, y=0mm for the |Ex|2; d) z=6mm, y=0mm for the |Ey|2. 
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Fig. S8 Schematic and electric field distributions for the polarization-rotatable of 

transverse multi-foci metalens under the illumination of x-polarized THz waves. a) the 

schematic and fabricated sample for polarization-rotatable of the transverse dual-foci 

metalens. b) and c) the  simulated x- and y-polarized electric field distributions for the 

transmitted THz waves at x-z plane.  d) and e) The corresponding measurments for the 

polarization-rotatable of transverse dual-foci metalens. f) and g) The simulated electric field 

distributions for the designed metalens at x-y plane and z=5mm, respectively. h) and i) the 

corresponding measurments for the designed metalens at x-y plane and z=5mm, respectively. 

The scale bar is 200μm. 
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Fig. S9 Schematics and transmission spectra of the metal-based slits: a1)～d1) the unit 

cell of the four metal-based slits; a2)～d2) the corresponding transmission spectra. 
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Fig. S10 The polarization conversion efficiency for the micro-pillars: a) the simulated 

polarization conversion efficiency; b) the measured polarization conversion efficiency and the 

fabricated sample. The scale bar is 200μm. Inset is the fabricated sample for measuring the 

polarization conversion efficiency.  

 

 

f=0.69THz

Sim.

Exp.

Frequency(THz)

E
ff

ic
ie

nc
y(

%
)

E
ff

ic
ie

nc
y(

%
)

a

b



  

47 
 

 
Fig. S11. The dependence of polarization conversion efficiency of the silicon posts on 

structure parameters.  a)The polarization conversion efficiencies for different height of the 

silicon pillar; b)The polarization conversion efficiencies for different lengths of the silicon 

pillar; c) The polarization conversion efficiencies for different widths of the silicon pillar. 
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