
1 

 

Supplementary Information 

 

Generation of terahertz vector beams using dielectric 

metasurfaces via spin-decoupled phase control 
 

Yuehong Xu1,#, Huifang Zhang1, #, Quan Li2, Xueqian Zhang1,*, Quan Xu1, Wentao Zhang3, Cong 

Hu3, Xixiang Zhang4, Jiaguang Han1,*, and Weili Zhang5,* 

 

1Center for Terahertz waves and College of Precision Instrument and Optoelectronics 

Engineering, Tianjin University and the Key Laboratory of Optoelectronics Information and 

Technology (Ministry of Education), Tianjin 300072, China. 
2School of Electronic Engineering, Tianjin University of Technology and Education, Tianjin 

300222, China. 
3Guangxi Key Laboratory of Automatic Detecting Technology and Instruments, Guilin 

University of Electronic Technology, Guilin 541004, China. 
4Physical Science and Engineering Division, King Abdullah University of Science and 

Technology, Thuwal 23955-6900, Saudi Arabia. 
5School of Electrical and Computer Engineering, Oklahoma State University, Stillwater, 

Oklahoma 74078, USA. 
#These authors contributed equally to this work. 

*Corresponding author: alearn1988@tju.edu.cn; jiaghan@tju.edu.cn; weili.zhang@okstate.edu. 

 

 

  

mailto:alearn1988@tju.edu.cn
mailto:jiaghan@tju.edu.cn
mailto:weili.zhang@okstate.edu


2 

 

1. Polarization conversion property of the eight selected silicon pillars  

 

 

Figure S1: Simulated cross- and co-polarized amplitude transmission of the eight selected 

silicon pillars under the circularly polarized incidences at 1.0 THz. 

It is seen that the majority of the incident circularly polarized waves are converted to their cross-

polarized state with a similar amplitude. Thus, the influence from the weak unconverted parts can 

be negligible in our metasurface CVB generators. 

 

 

2. Simulated vector property of the output beams through the metasurface VBB generator  

 

 

Figure S2: Simulated output VBBs generated by the metasurface VBB generator  

(A) and (B) Simulated normalized intensity distributions of the output beams |E|2 at 1.0 THz under 

the x- and y-polarized incidences, respectively. The insets show the extracted polarization states at 

the green points along a circle of r = 0.375 mm. The polarization distributions along the other 

circles with different r are the same (not shown), indicating a radially and an azimuthally polarized 

output beams. 
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3. Dispersion property of the eigth selected silicon pillars. 

 

The proposed designing method are based on both dynamic phase and geometric phase. The 

geometric phase is dispersionless, since it is only related to the rotation angle of the structure. 

However, the dynamic phase is dispersive, since it is connected to the dimensions of the structure. 

As a result, the responses of the metasurfaces are dispersive. Figures S3A to S3F illustrate the 

simulated broadband transmission phases (φf and φs) and amplitudes (Af and As), as well as their 

differences (As− Af) and (φs − φf), of the eight selected silicon pillars, respectively. It is seen that 

the responses show obvious phase dispersion, especially for the phase difference response. These 

structures can only function as good half-wave plates around 1.0 THz within a very narrow 

bandwidth. Taking the overall half-wave-plate performances of the eight selected silicon pillars 

into account, the effective working bandwidth is only around 0.04 THz. 

 

 
Figure S3: Simulated eigen phase and amplitude distributions of the eight selected silicon 

pillars as a function of frequency. 

(A to C) Simulated transmission phase distributions φf, φs and Δφ = φs – φf of the eight selected 

silicon pillars from 0.8 to 1.2 THz, respectively. (D to F) Simulated transmission amplitude 

distributions Af, As and ΔA = As – Af of the eight selected silicon pillars from 0.8 to 1.2 THz, 

respectively.  

 

 

4. Analyzation of the working frequency shift in the fabricated metasurfaces. 

 

To show that the fabrication error can induce the frequency shift, we carry out additional 

simulations where the lengths and widths of the eight silicon pillars are scaled down with the same 

ratio of f1.0 THz / f1.1 THz = 0.91. The corresponding dimensions are Ds = 93.3, 76.4, 69.2, 75.5, 45.5, 

44.6, 40.5, 30 μm and Df = 45.5, 44.6, 40.5, 30, 93.3, 76.4, 69.2, 75.5 μm, respectively. Figures 
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S4A to S4F illustrate the corresponding simulated results with respect to those in Figure S3. 

Figures S4G and S4I illustrate the extracted phase and phase difference profiles of the eight 

reduced pillars at 1.0 and 1.1 THz, respectively. It is seen that the phase responses of the eight 

reduced pillars φs and φf are in a similar trend with those in Figures S3 and 2B, while the amplitude 

responses are both in a high and similar level in the whole presented frequency range. However, 

the corresponding phase difference responses (φs − φf) strongly deviate from π at 1.0 THz, while 

keep close to π at 1.1 THz. These results indicate that the working wavelength is shifted to 1.1 

THz where the pillars function as good half-wave plates.  

 

 
Figure S4: Simulated eigen phase and amplitude distributions of the eight silicon pillars with 

reduced lengths and widths as a function of frequency. 

(A to C) Simulated transmission phase distributions φf, φs and Δφ = φs – φf of the eight reduced 

silicon pillars from 0.8 to 1.2 THz, respectively. (D to F) Simulated transmission amplitude 

distributions Af, As and ΔA = As – Af of the eight reduced silicon pillars from 0.8 to 1.2 THz, 

respectively. (G) and (I) Extracted φf, φs and Δφ = φs – φf profiles of the eight reduced silicon pillar 

at 1.0 and 1.1 THz, respectively. (H) and (J) Simulated cross- and co-polarized amplitude 

transmission of the eight reduced silicon pillars under the circularly polarized incidences at 1.0 

and 1.1 THz, respectively.  

 

Figures S4H and S4J illustrate the simulated cross- and co-polarized amplitude transmission 

of the eight reduced pillars under the circularly polarized incidences at 1.0 and 1.1 THz, 

respectively. It is clear to see that the unconverted co-polarized output is enhanced at 1.0 THz 

while maintained in a very small level at 1.1 THz. In this case, the strong co-polarized output at 

1.0 THz will distort the polarization responses under the linearly polarized incidences. Figures 

S5A to S5D and S5E to S5H illustrate the simulated results of the first metasurface composed by 
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these pillars with reduced dimensions under the linearly polarized incidences at 1.0 THz and 1.1 

THz, respectively. It is seen that the intensity patterns of Exx and Eyy are not in good “s” shapes at 

1.0 THz. However, the performances are consistent with the predictions at 1.1 THz.  

 

 

Figure S5: Simulated performance of the metasurface VVB generator composed of the eight 

reduced silicon pillars under the linearly polarized incidences.  

(A to D) Simulated normalized intensity distributions of Exx, Eyx, Exy and Eyy at 1.0 THz, 

respectively. (E to H) Simulated normalized intensity distributions of Exx, Eyx, Exy and Eyy at 1.1 

THz, respectively. The former and latter inset arrows in the bottom-left corners indicate the input 

and detect polarizations, respectively. 

 

Above all, it can be obtained that the working frequency of the metasurface is possible to be 

shifted to 1.1 THz by fabrication errors. As for the deviation of the refraction index, it can bring 

similar responses as the fabrication error according to the effective medium theory. 

 

5. Possible factors for inducing two phase singularities in the phase distribution in Figure 

4B.  

Under the LCP incidence, the metasurface VVB generator will generate a vortex beam 

carrying OAM of |l| = 2. However, in our measured and simulated phase distributions of the vortex 

beam, two phase singularities are observed. Such phenomena can be also found in some previous 

studies [S1-S3]. To qualitatively explore the origin of the two phase singularities, we carried out 

numerical method to calculate the far-field phase distributions of metasurfaces for generating 

vortex beams with OAM of |l| = 2 using diffraction theory by considering each structure as a point 

source with particular radiation response at 1.0 THz. We found that the single phase singularity 
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could only occur when the phase distribution of the metasurface is continuously changed, and 

meanwhile, there is no co-propagating Gaussian beam component (corresponding to the direct 

output component which is not controlled by the metasurface). Figure S6A illustrates the 

calculated phase distribution with q = 0, p = 50 μm, and N = 32 as an example, where q represents 

the proportion of the amplitude of the co-propagating Gaussian beam to that of the vortex beam 

(larger q indicates lower controlling efficiency of the metasurface), p is the size of the point source 

pixel (corresponding to the size of the metasurface unit cell), and N is the number of the angle 

regions divided in the azimuth direction. It is seen that the two singularities almost coincide with 

each other in this case. Here, through comparing the calculated phase distributions with different 

parameters to those in Figure S6A, three factors are analyzed for demonstrating the above point.  

 

 

Figure S6: Numerically calculated far-field distributions of vortex beams carrying OAM of 

|l| = 2 generated by different metasurface parameters.  

(A) Numerically calculated phase distribution with q = 0, p = 50 μm, and N = 32. (B to D) 

Numerically calculated phase distributions with q = 0.05, 0.1, and 0.2, respectively, where p = 50 

μm and N = 32. (E to G) Numerically calculated phase distributions with p = 150, 200, and 300 

μm, respectively, where q = 0 and N = 32. (H to J) Numerically calculated phase distributions with 

N = 24, 12, and 8, respectively, where q = 0 and p = 50 μm. All the results are plotted in the xy 

plane with an area of 6 × 6 mm2 and a distance of 5 mm above the metasurfaces at 1.0 THz. 

 

The first factor is the existence of the co-propagating Gaussian beam. Though these two 

components are in orthogonal circular polarization states in our case, however, we choose to 
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measure the x-polarized output components to illustrate the performance, thus there is still 

interference effect in the measured results if the polarization conversion is incomplete. Figures 

S6A to S6D illustrate the calculated phase distributions with q = 0, 0.05, 0.1, and 0.2, respectively. 

It is seen that the distance between the two phase singularities gradually increases as q increases. 

The second factor is the size of the point source pixel. Figures S6A, and S6E to S6G illustrate the 

calculated phase distributions with p = 50, 150, 200, and 300 μm, respectively, where the distance 

between the two phase singularities also gradually increases as p increases. The third factor is the 

number of the angle regions divided in the azimuth direction. Figures S6A, and S6H to S6J 

illustrate the calculated phase distributions with N = 32, 24, 12, and 8, respectively, where the 

distance between the two phase singularities gradually increases as N decreases. In the above 

calculations, when one factor is altered, the other two factors are kept unchanged. These results 

indicate that two phase singularities can be observed as long as the phase distribution of the 

metasurface is discontinuous even at q = 0 (corresponding to 100% polarization conversion 

efficiency). In our metasurface VVB generator, we make p = 150 μm and N = 8, so there will be 

two phase singularities. Owing to the fabrication error induced working frequency shift, the actual 

performance of the structures’ half-wave plate property reduces, so the two phase singularities are 

more obvious in the measured results. 
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