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In this paper, we propose an efficient approach to generate cylindrical vector vortex beams by cascading the three 

all-dielectric metasurfaces. The cascaded metasurfaces are composed of 21×21 array units, operate at 1550 nm and are 

capable of generating the cylindrical vector vortex beams with topological charges of ±1 and polarization orders of ±1 

under the incidence of circularly polarized light. Mode purity of the cylindrical vector vortex beam is 81.71% calculated by 

numerical simulation. Our design has characteristics of high purity, compact and easy-fabrication and may be a potential 

candidate in integrated optical system in future. 
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1. Introduction 

 

Vortex beam[1] characterized by spiral phase 

wavefront, doughnut-like intensity distribution has 

attracted a great deal of interests in many field, such as 

optical manipulation, optical communication, 

super-resolution and quantum information etc.[2-4] 

Cylindrical vector beam has characteristics of 

symmetrical polarization distribution on the cross section 

along the propagation axis[5]. For example, the radially 

polarized beam can be focused more sharply and give 

rise to a centered longitudinal field while the azimuthally 

polarized beam can achieve a significantly smaller size 

spot than the radially polarized beam in high NA 

condition. So the unique polarization state makes them 

have important applications in optical manipulation, 

high-resolution imaging and optical information 

processing etc.[6, 7] Cylindrical vector vortex (CVV) 

beam characterized by inhomogeneous polarization 

distribution and helical wavefront has been widely 

investigated as a new promising resource due to extra 

degree of freedom of light manipulation[8-10]. The 

metasurfaces can be used for controlling the amplitude, 

polarization and phase of beam in sub-wavelength 

resolution and have characteristics of allowing abrupt 

changes of phase, eliminating the higher order diffraction 

and facilitating strong light-matter interaction on a 

sub-wavelength scale etc.[11-13] while traditional optical 

elements (such as lens, waveplate etc.) have not. The 

metasurfaces have been widely investigated in many 

exotic research areas, including abnormal refraction, 

photonic spin hall effect, super lens and holography 

etc.[14-16] Meanwhile, The advanced nano-fabrication 

technology enable metasurfaces very promising available 

for integrated photonic devices[17]. 

Compared to the characteristics of broadband, 

indispersion of plasmonic metasurfaces[18-24], 

all-dielectric metasurfaces have advantages of low 

absorption loss and high transmission efficiency in the 

near-infrared band, and soon these advantages have made 

all-dielectric metasurfaces become a hot spot[25-28]. 

Some researchers can generate CVV beams by cascading 

some metasurfaces and traditional optical elements (such 

as waveplate, spatial light modulator and q-plate 

etc.)[29-31]. However, the equipment composed of the 

metasurfaces and bulk optical elements undoubtedly 

brings more difficulty in applying for the integrated 

optical system. Compared with the reflective type 

metasurfaces of generating CVV beams[32], the 

transmission type of our design has a wider application 
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space.  

In this paper, we propose a scheme to generate CVV 

beams with fixed topological charges and polarization 

orders based on the three cascaded all-dielectric 

metasurfaces. The three metasurfaces are all composed of 

silicon nanopillars and SiO2 rectangle as the emitter and 

substrates respectively. The nanopillars in the first and 

third metasurfaces are distributed with 21×21 array based 

on the geometric phase[33], and the nanopillars in the 

second metasurface have the same array distribution but 

are all rotated by 45° to the x axis. The designed 

cascaded metasurfaces can be employed to transfer the 

circularly polarized light to the azimuthally polarized 

beam or the radially polarized beam with topological 

charge value of ±1. The transmittance of the cascaded 

metasurfaces is 88.54%, and the mode purity of the CVV 

beam reaches 81.71% The designed metasurfaces work at 

1550 nm that can be used as a scheme for generating 

CVV beam in the integrated photonic devices. 

 

 

2. Theoretical analysis 

 

For all-dielectric metasurfaces, the unit composed of 

high refractive index materials such as silicon, 

germanium, tellurium, etc. can support electric and 

magnetic dipole responses based on Mie resonances[34]. 

The designed metasurface unit is depicted in Fig.1. The 

unit is composed of two parts, one is the elliptical Si 

nanopillar, the other is SiO2 substrate. The designed 

nanopillar works as a Fabry-Perot resonator, and the 

effective refraction index of the waveguide depends on 

the shape of cross section of the nanopillar[35]. The 

optimized geometrical parameters of the metasurface unit 

1 are set: major radius of r1=200 nm, minor radius of 

r2=100 nm, nanopillar thickness of h1=1.8 μm, substrate 

thickness of h2=1.0 μm and unit constant of d1=800 

nm[36]. The numerical simulations were performed 

based on the finite difference time domain method. The 

model with the optimized parameters was built and the 

incident light ranged from 1.5~1.6 μm illuminated the 

unit vertically. Periodic boundary conditions were 

employed along the x and y directions and perfectly 

matched layer boundary conditions along the z direction. 

When the linearly polarized (LP) light with polarization 

direction parallel to r1 or r2 respectively was vertically 

incident on the metasurface unit along the z axis 

direction, the normalized amplitude and phase shift of the 

transmitted light are depicted in Fig. 2 (a). Here, tij 

represents the tranmittance and its subscripts denote the 

component i of the transmitted light under the component 

j of the incident light, and ∆ϕ denote the phase shift 

between the orthogonal components of the transmitted 

light. It can be seen that tr1r1 and tr2r2 both keep high 

values as close as 1 and ∆ϕ gets to π approximately (∆ϕ 

=π at 1550 nm) in the whole band. Thus the designed 

metasurface unit can be used as half-wave plate at 1550 

nm. 

 

 

 

Fig. 1.  Schematic of the all-dielectric metasurface unit. (a) Top view of the metasurface unit. (b) 3D view of the metasurface unit 

(color online) 
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Fig. 2. (a) The normalized amplitude and phase shift of the transmitted light under the LP incident light. (b) The normalized  

intensity and Ratio of the transmitted light under the LCP incident light (color online) 

 

Generally, Jones matrix acts as a tool for theoretical 

calculation to represent the function of the optical 

devices, so the Jones matrix of the metasurface unit can 

be expressed as 
1 0

0
hw i

T
e

 
  
 

, and left circularly 

polarized (LCP) light and right circularly polarized (RCP) 

light are denoted as 
1

i

 
 
 

 and 
1

i

 
 
 

 respectively. 

Consequently, under the incidence of the circularly 

polarized light on the metasurface unit, the Jones 

expression of the transmitted light is written by: 

 

1 0

0

1 0

1 1

1 1
.

0

LCP

out hw LCP i

RCP

out hw RCP i

E T E
e

E T
i i

E
e

i i



 
   

 

 

   
   

   

 
  

 
   
  


 

       (1) 

 

We used LCP light as the incident light for 

validating the performance of the designed metasurface 

unit and set the wavelength from 1.5 μm to 1.6 μm, the 

normalized intensity and intensity ratio of the transmitted 

light are shown in Fig. 2(b). Here, Ii denotes the 

transmitted intensity of i component and Ratio is defined 

as the ratio of the transmitted cross-component intensity 

to the transmitted intensity. It is obvious that IRCP is 

greater than 0.9 and ILCP is approximately equal to 0, and 

Ratio is above 95% at 1550 nm. As a result, the designed 

metasurface unit can work as half-wave plate with high 

performance at 1550 nm. 

Next, the metasurface unit 2 composed of the elliptic 

Si nanopillar and the rectangle SiO2 substrate was 

designed. The thickness and constant parameters (h3, h4, 

d2 ) of the unit 2 are the same as those of the metasurface 

unit 1 except for minor radius of r3=90 nm and major 

radius of r4=179 nm, as shown in Fig. 3(a). The 

simulation was also employed based on the same 

incident and boundary conditions. It should be noted that 

tr3r3 and tr4r4 both keep high values as close as 1 while ∆φ 

gets to π/2 approximately (∆ϕ =π/2 at 1550 nm) in the 

whole band from Fig. 3(b). So the designed metasurface 

unit 2 can be used as quarter-wave plate at 1550 nm.
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Fig. 3. (a) 3D views of the metasurface unit 2: r3=90 nm, r4=179 nm, h3=1.8 µm, h4=1 µm, d2=800 nm. (b)The normalized amplitude  

and the phase shift of the transmitted light as function of the incident wavelength. 

 

Similarly, the Jones matrix of the metasurface unit 2 

can be expressed as 
2

1 0

0
qw i

T

e


 
 
 
 

, and under the 

incidence of circularly polarized light, the Jones 

expression of the transmitted light is written by: 

 

2

2
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1

1 1
.

10

LCP

out qw LCP i

RCP

out qw RCP i

E T E
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 

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

 
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       (2) 

   

We equally used LCP light as the incident light for 

validating the performance of the designed metasurface 

unit 2, the normalized intensity and intensity ratio of the 

transmitted light are depicted in Fig. 4 (a). It is obvious 

that I135° is greater than 0.95 and I45° is approximately 

equal to 0, and Ratio is almost 100% at 1550 nm. 

Meanwhile, the phase shift between the transmitted 

components along the 135° and 45° directions reaches 

zero degree at 1550 nm, as shown in Fig. 4 (b). Therefore 

the designed metasurface unit 2 can work as 

quarter-wave plate with high performance at 1550 nm. 

 

 

Fig. 4. (a) The normalized intensity and Ratio of the transmitted light under the LCP incident light. (b) The phase shift between the transmitted 

components along the 135° and 45° directions as function of the incident wavelength (color online) 
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3. Results and discussions 

 

Firstly, we used the metasurface unit 1 as cell unit 

and arranged it into 21×21 arrays, then the designed 

all-dielectric metasurfaces 1 have a size of 17×17 μm, as 

shown in Fig. 5(a). And, the rotation angle (α) and the 

azimuthal angle (φ) of every nanopillar satisfies the 

relation of α=q×φ+α0, q is a constant specifying the 

topological charge of the vortex beam and α0 is a constant 

angle specifying the initial rotation angle for φ=0, here 

q=0.5, α0=90°. Thus, the Jones matrix of the new 

metasurfaces 1 can be expressed as: 
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sin cos

sin cos 2 sin 2

sin cos sin 2 cos 2

cos sin
,

cos 1 0

0

cos

sin cos

r r

hw r hw r

r r

r r r r

r

i

r r r

T T M
e

 
 

 

   

   

 

 

  
  
 

   
  

 
 
 

 
    

 
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(3) 

 

where, 
cos sin

( )
sin cos

r r

r

r r

M
 


 

 
  
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 is unit rotation matrix. 

When the circularly polarized (CP) light is vertically incident 

on the metasurfaces 1, neglecting the constant phase, the Jones 

expression of the transmitted light can be expressed as: 
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    (4) 

 

We can know that the designed metasurfaces 1 can 

convert the CP light into the cross-polarized with an 

additional phase (±φ) on the basis of Eq. (4). This 

additional phase results from space-variant polarization 

manipulation and is called the geometrical phase[37, 38]. 

It introduces the spiral wave front distribution which is a 

direct indication of optical vortex presence and the sign of 

the topological charge depends on the polarization 

chirality of the incident CP light. 

 

 

 

 

Fig. 5. (a) Schematic of the designed all-dielectric metasurface 1, Inset in (a) shows the relation of the rotation angle (α) and 

the azimuth angle (φ) of nanopillar. The intensity profile and phase pattern of (b) the RCP component and (c) the LCP 

component under the LCP incident light. The intensity profile and phase pattern of (d) the RCP component and (e) the LCP 

component under the RCP incident light  

(color online) 

 

We used the CP light at 1550 nm as incident light for 

validating the performance of the metasurfaces 1, the 

normalized intensity distribution and phase pattern of the 

transmitted light are shown in Fig. 5(b)~(e). Obviously 

for the LCP incident light, the RCP component of the 

transmitted light has characteristics of the helical phase 
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pattern and the concentric ring in intensity profile just 

like ‘donut’ etc. as shown in Fig. 5(b). Transmittance (T) 

=94.05% and 98.42%RCP

out

I

I
 was obtained by the 

numerical calculation. The phase interval from –π to +π 

and the single petal indicate that the RCP component 

become the vortex beam with topological charge of +1. 

Unlike, the LCP component has no characteristics of 

vortex beam as shown in Fig. 5(c). In contrast, for the 

RCP incident light, the LCP component has become the 

vortex beam with topological charge of -1 while the RCP 

component not. The simulated results prove that the 

designed metasurfaces 1 is capable of generating vortex 

beam with charges of ±1 with high efficiency, the 

transmitted light is circularly polarized state and the sign 

of the topological charge is dependent on the handedness 

of incident CP light, which coincide with the Eq. (4).  

Afterwards, we used the metasurface unit 2 as cell 

unit and arranged it into 21×21 arrays, the designed 

all-dielectric metasurfaces 2 have a size of 17×17 μm too, 

as shown in Fig. 6(a). The rotation angle (α) of every 

nanopillar is set to 45°. So the Jones matrix of the new 

metasurfaces 2 is written by: 

 

1

2

'
45 -sin45

=M (45 ) (45 )
sin 45 cos45

45 sin45 2 2 2 2

1 0cos
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 (5) 

 

Then, we cascaded the metasurfaces 1 and the 

metasurfaces 2, and set the distant between the two 

metasufaces to L (L=5 μm), as shown in Fig. 6(a). When 

the CP light pass through the two metasurfaces in 

sequence, neglecting the constant phase, the Jones 

expression of the transmitted light can be expressed as: 
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   (6) 

 

We can know that the cascaded two metasurfaces 

can convert the CP light into y linearly polarized (YLP) 

light with topological charge of +1or x linearly polarized 

(XLP) light with topological charge of -1 from the Eq. 

(6), the sign of the topological charge depends on the 

polarization chirality of the incident CP light. 

Next, we used the CP light at 1550 nm as incident 

light for validating the performance of the two cascaded 

metasurfaces, the normalized intensity distribution and 

phase pattern of the transmitted light are shown in Fig. 

6(b)~(e). Obviously for the LCP incident light, the YLP 

component of the transmitted light has become the vortex 

beam with topological charge of +1 while the XLP 

component not. Parallel results, for the RCP incident 

light, the XLP component has become the vortex beam 

with topological charge of -1 while the YLP component 

not. T=93.53% and 97.57%YLP

out

I

I
 was obtained by the 

numerical calculation. The simulated results prove that 

the two cascaded metasurfaces are capable of generating 

vortex beam with charges of ±1 with high efficiency, 

the transmitted light is linearly polarized state and the 

sign of charge is dependent on the handedness of incident 

CP light, which coincide with the Eq. (6).  
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Fig. 6. (a) Schematic of the cascaded all-dielectric metasurface 1 and all-dielectric metasurface 2, Inset in (a) shows the 

angle of the rotation angle (α) of nanopillar equals to 45°. The intensity profile and phase pattern of (b) the YLP component 

and (c) the XLP component under the LCP incident light. The intensity profile and phase pattern of (d) the YLP component 

and (e) the XLP component under the RCP incident light (color online) 

 

Last, we added the metasurfaces 1 after the two 

cascaded metasurfaces to form the three cascaded 

metasurfaces, the distant between the metasurfaces 1 and 

the metasurfaces 2 both was set to L, as shown in Fig. 

7(a). When the CP light pass through the three 

metasurfaces in sequence, neglecting the constant phase, 

the Jones expression of the transmitted light can be 

expressed as: 
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 (7) 

 

As a result, we can know that the three cascaded 

metasurfaces can convert the CP light into the 

azimuthally polarized (AP) light with topological charge 

of +1or the radially polarized (RP) light with topological 

charge of -1 from the Eq.(7), the sign of the topological 

charge depends on the polarization chirality of the 

incident CP light equally. 

We still used the CP light at 1550 nm as incident 

light for validating the performance of the three cascaded 

metasurfaces, the normalized intensity distribution and 

phase pattern of the transmitted light are shown in Fig. 

7(b)~(d). Obviously for the LCP incident light, the 

transmitted light has become the azimuthally polarized 

beam with topological charge of +1. To verify the 

azimuthally polarized property of the output beam, the 

linear polarizers in different polarization directions were 

mounted after the cascaded metasurfaces, as shown in 

Fig. 7(c)~(g). The yellow arrows denote linear 
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polarizer’s directions (0º, 90º, 135º). The transmitted 

light through the linear polarizers is decomposed into 

two parts distributed symmetrically at the center of beam. 

And the line between the two spots keeps vertical to the 

polarization direction of the linear polarizer. It also 

indicates the polarization order of the azimuthally 

polarized beam is +1. T=88.54% and 94.51%AP

out

I

I
 was 

obtained by the numerical calculation. The optical field 

images and the results indicates that the cascaded 

metasurfaces are capable of generating the high-quality 

azimuthally polarized beam. Parallel results, for the RCP 

incident light, we can also know that the transmitted light 

has become the high-quality radially polarized beam with 

topological charge of -1 and polarization order of -1 

according to the results and the optical field images in 

Fig. 7(h)~(m).  

 

 

 

Fig. 7. (a) Schematic of the cascaded metasurface 1, metasurface 2 and metasurface 1. (b) The intensity profile and (c) phase 

pattern of the AP component, (d) the intensity profile of the RP component, (e)~(g) the intensity profiles of the transmitted 

light through the linear polarizer under the LCP incident light. (h) The intensity profile and (i) phase pattern of the RP 

component, (j) the intensity profile of the AP component, (k)~(m) the intensity profiles of the transmitted light through the 

linear polarizer under the RCP incident light. The yellow arrow denotes the direction of linear polarization (color online) 

 

Moreover, we calculated the weight spectra of the 

desired topological charge, LCP light was used as incident 

light at 1550 nm. Vortex field distribution E(x, y, z) 

obtained by simulation can be projected into the spiral 

harmonics exp(inφ)[39, 40], where, n is topological 

charge, φ is azimuth angle. Vortex beam with spiral phase 

can be expressed as follow 

1
( , , ) ( , )exp( )

2

n

n

n

E z a z in   






  ,       (8) 

 

where 
2

1/2

0
1/ (2 ) ( , , )exp( )na E z in d



      ,
 

E(ρ,φ,z) is 

the complex electric field in polar coordinates. Here, we 

define 
2

0
( , )

r

n nC a z d     as the weight coefficient of 
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the nth topological charge and 

1010 log ( / )n n q

q

P C C




   as weight spectra of topological 

charge. We calculated the weight spectra of topological 

charge (±1) respectively according to Eq. (8), the results 

are depicted in Fig. 8. Clearly, the weight spectra of 

topological charges (±1) are all larger than 0.97. We 

defined Mode purity of vortex beam as 

vortex

out

I
T Weight spectra

I
  , and got the value of 81.17%. 

The result indicates that the cascaded metasurfaces are 

capable of generating the high-quality vortex beam with 

topological charge of ±1.  

 

 

 

 

 

Fig. 8. Weight spectra of topological charge (a) L=+1, (b) L= -1 (color online) 

 

Finally, the simulated results prove that the three 

cascaded metasurfaces are capable of generating CVV 

beam with high purity. The polarized state of the 

transmitted light is azimuthally polarized or radially 

polarized, the topological charge of that is ±1 and the 

sign of charge is dependent on the handedness of incident 

CP light, which agree well with the Eq. (7). The cascaded 

metasurfaces has characteristics of compact, high purity, 

easy-fabrication which are suit for integrated photonic 

devices. However, it should be noted that the designed 

cascaded metasurfaces are capable of generating CVV 

beam with just fixed topological charge of ±1 and 

polarization order of ±1. The CVV beam with more 

topological charges and polarization orders could be 

achieved by inserting more metasurfaces or optimizing 

the design for enlarging application in integrated optics 

in future. 

 

 

4. Conclusions 

 

In conclusion, we propose a efficient approach to 

generate high-quality cylindrical vector vortex beams by 

cascading the three all-dielectric metasurfaces under the 

incidence of circularly polarized light. They operate at 

1550 nm and mode purity of the CVV beam get the value 

of 81.71%. Simulation results agree well with theoretical 

derivation and validate our design. The cascaded 

metasurfaces have characteristics of easy-fabrication, 

compact, high purity without inserting any bulk optical 

element. Multiple topological charges and polarization 

orders of the transmitted beam make the designed 

cascaded metasurfaces suitable for the development of 

integrated optical system. 
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