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1. Introduction

Optical metasurfaces[1–4] composed of artificially structured 
planar subwavelength nanostructures have inspired increasing 
significant research works due to their extraordinary capability 
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for novel manipulation on optical fields. 
Conventional optical devices are based on 
the propagation of light in natural mate-
rials, which are often bulky and hard to be 
integrated into modern nanophotonics. In 
contrast, metasurfaces can manipulate the 
wavefront of light by designing periodic/
aperiodic subwavelength nanostructures 
with extreme anisotropy. Moreover, the 
planar characteristics of metasurfaces make 
them easier to design, integrate multiple 
functions, and fabricate. Recently, plenty of 
functional metasurface devices have been 
reported, including metagratings,[5–8] high 
quality factor devices,[9,10] spontaneous 
emission control,[11–13] magnetic mirrors,[14] 
cloaking,[15–20] optical vortex beam genera-
tors,[21–25] and so on.[26–39]

In order to achieve the desired functionality with high effi-
ciency, the materials used to fabricate metasurfaces should 
not only strongly interact with light but also have low intrinsic 
losses. Metal-based plasmonic metasurfaces[40–42] and dielec-
tric-based Mie metasurfaces[43–45] are the predominantly two 
class strategies for enhancing the light and matter interactions 
with resonant subwavelength structures. In the plasmonic 
metasurfaces, the interaction between the incident photons 
and the free electrons in the metal is generally accompa-
nied by a mutual transformation of energy and momentum. 
In the dielectric metasurfaces, the dielectric nanoparticles 
are designed to further localize light in a subwavelength 
volume.[46,47] However, the plasmonic metasurfaces show 
high inherent non-radiative ohmic losses at optical frequen-
cies which inevitably hinder their promising applications.[48,49] 
For improving the efficiency, reflective metasurfaces[50] and 
all-dielectric metasurfaces[51] are exploited to decrease the 
propagation loss. Reflective metasurfaces are limited in the 
application of optical devices due to the reflection configura-
tion. All-dielectric metasurfaces can avoid the strong absorp-
tion losses by an elaborate arrangement of high-index and 
low-loss dielectric nanostructures.[52,53] Dielectric metasur-
faces exploiting the Pancharatnam–Berry phase (PB phase) 
can achieve full range (2π) phase control by rotating the ori-
entation angle of high aspect ratio anisotropic nanostructures 
with identical geometry.[53,54] There are many transmissive 
dielectric metasurfaces based on the PB phase[55–57] that have 
been reported, but these metasurfaces are limited for manipu-
lating circularly polarized light, while seldom works have been 
reported for the independent manipulation of two orthogonal 
linearly polarized light.
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Here, we show a multiplexed metasurface platform that 
provides polarization-dependent functionality based on an 
elaborate arrangement of silicon rectangular nanobricks with 
high transmission efficiency. Compared with other proposed 
multifunctional metasurface,[58–61] the polarization-multi-
plexed metasurface we proposed enable to realize independent 
manipulation of orthogonal linearly polarized light beams 
in: i)  polarization-dependent beam deflectors that can refract 
x-linear polarized (XLP) and y-linear polarized (YLP) incident 
lights into opposite directions with designed angles; ii) vortex 
beam generators that convert Gaussian beams into opposite 
charged and different ordered orbital angular momentum 
(OAM) light beams. Such multi-channel polarization-multi-
plexed metadevices enable the realization of unique extensi-
bility and flexibility in versatile photonic devices, which may 
provide an increasing possibility for next-generation ultrahigh-
speed and high-capacity optical communications.

2. Results and Discussion

The schematic of the metasurface platform is shown in 
Figure  1a, which is composed of a single-layer high refrac-
tive index polysilicon nanobricks standing on a fused silica 
substrate. The pitches of the nanobrick array along the x and 
y directions are identical and denoted as P. The height of the 
silicon nanobrick h is 340 nm on the 500 µm thick fused silica. 
And the length of nanobrick along the x and y directions are Px 
and Py. For achieving the polarization-dependent response of 
the metasurface, we assume that the electric field component 
of the incident linearly plane wave normally is along the x- or 
y-axis. In this way, the cross-polarization electromagnetic waves 
can be ignored because of their low transmittance. However, 
it will not hinder the accumulation of different phases for 
co-polarized electromagnetic waves along the x and y direc-
tions, respectively.

We employed a finite difference time domain (FDTD)-based 
electromagnetic solver to perform numerical simulation of 
the metasurfaces, the incident electromagnetic field is set as a 
plane wave propagating along negative z-axis with electric and 
magnetic fields along y- and x-axes, respectively. The refractive 

index and extinction coefficient of polysilicon from 400 to 
940  nm are measured by ellipsometer after being deposited 
by ICP-CVD, as shown in Figure  1b. In our calculations, the 
refractive index of the polysilicon is 3.686–0.028i at a wave-
length of 633 nm. And the refractive index of the fused silica is 
1.46. For the given pitch of 270 nm, we first calculated transmis-
sion efficiencies as the functions of the nanobrick dimensions 
along the x- and y-axis, Px and Py, with the range from 50 to 
180  nm, under the XLP and YLP incidences, respectively. For 
the convenience of subsequent design, the diameter and trans-
mission efficiencies were recovered as a function of the phase 
shift by minimizing the following equation.

MSE
1
2

exp exp
2 2

t i t ix x y yφ φ( )( )= − + −



 (1)

where tx/ty and ϕx/ϕy are the complex transmittance and the 
abrupt phase shifts imparted by the two arms of the nanobrick 
with XLP and YLP incident light.[62] According to Equation (1), 
we can obtain the maximum transmittance by minimizing 
the value of mean square error (MSE). Before obtaining the 
proper appropriate geometric size of the nanobricks, we are 
supposed to confirm that the size range of the nanobricks 
from 50 to 180  nm has covered the 0 to 2π variation of the 
phase. In this way, we can realize the polarization multiplex 
by manipulating the wavefront of transmitted XLP and YLP 
light, respectively.

The metasurface we demonstrated can realize 0 to 2π varia-
tion of the phase when the geometric of the size of the nano-
bricks varied from 50 to 180  nm. The nanobrick can achieve 
0 to 2π phase variation by only changing the length of the 
nanobrick along the x direction under the XLP incidence 
when the other length of nanobrick is fixed in the y direction. 
Analogously, due to the symmetry of the nanobricks, phase 
control can also be realized along y direction under YLP inci-
dence. Note that the possibility of varying the dimensions of 
the nanoblocks in both x and y directions will add additional 
degrees of freedom in both directions. Therefore, the method 
of reversal extracting the structure size by phase distribution 
is adopted, and recovered results are shown in Figure 2, every 
phase from −180° to 180° has the corresponding geometric 
size of the nanobrick whether in x or y directions. And it is 
convenient to figure out the transmittance with the different 
phases. So, according to the relationship between ϕx/ϕy and 
Px/Py shown in Figure 2a,b, we are able to accurately find the 
appropriate geometry with the phase shift while ensuring 
the high transmittance of the metasurface. Figure  2c,d, has 
shown the transmittance when ϕx and ϕy are fixed, which are 
corresponding to Figure 2a,b.

For simplifying the process of the design, the non-uniform 
array is typically approximated by the uniform periodic array. 
But the approximate condition is that light must be well con-
fined in the nanobricks and the coupling between adjacent 
nanostructures is weak, which enables independent modula-
tion of phases along the x-axis and y-axis with a single unit cell. 
As shown in Figure  3, the uniform array of nanobricks with 
a geometric size of Px  = Py  = 127  nm was used to verify the 
approximation of the local effect. It is clearly shown that the H 
field is strongly confined in the nanobrick which is surrounded 

Figure 1. a) Schematic diagram of the polysilicon nanobrick arrays on the 
fused silica with refractive index of n = 1.46. The length and width of the 
nanobrick along the x-axis and y-axis are Px and Py, which are varied by the 
difference phases of transmission. The interval of the adjacent unit cell is 
p = 270 nm, and the height of the nanobricks are h = 340 nm. b) The meas-
ured optical constants of polysilicon which are deposited by ICP-CVD.
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by white dash lines, which shows the coupling between the 
nanobricks is weak. At the same time, weak coupling among 
nanobricks makes the approximation valid.

In order to realize complete manipulation of the wave-
front, we choose eight discrete nanobricks with π/4 changes 
to cover the 0–2π phase by seeking the appropriate Px and Py 
along the reverse diagonal in Figure  2a,b. For the realization 
of the separate manipulation of XLP and YLP incident light, 
adjacent nanobricks have opposite phase changes in different 
polarizations. Table  1 shows transmitted light phase variation 

from −180° to 180° and transmittance depending on optimized 
nanobricks dimensions.

In order to verify the performance of the metasurface, 
we experimentally demonstrated high-efficiency full-phase 
manipulation with the multi-channel metasurface at visible 
wavelength enabling two practical functionalities: optical beam 
deflector and vortex beam generator.

The optical beam deflector consists of the periodically 
arranged supercells which contain eight nanobricks from 
Table 1, whose radius is increased from 80 to 180 nm in steps 

Figure 2. Simulated result of a) Px, b) Py and transmittance c) |tx|2, d) |ty|2 as functions of varied phase for x and y polarized incident light.

Figure 3. The distribution of the H field in the polysilicon nanobrick at cross-section of a) xoy plane and b) xoz plane, respectively.
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of 1 nm. In the x/y direction, adjacent nanobricks have phase 
shifts with π/4 increments/decrements. Certainly, the number 
of nanobricks in supercell can change as long as it covers the 
2π phase. Therefore, polarization-dependent optical beam 
deflectors are able to realize by reverse extracting the phase 
with an arbitrarily fixed difference. In this way, a polarization-
multiplexed beam deflector that can manipulate XLP and YLP 
light separately has been designed.

The refraction angle of incident light can be calculated by 

the generalized Snell’s law: sin( ) sin
2

0n n
d

dx
t t i iθ θ λ

π
ϕ− = ,[63] 

where the θt and θi are the refracted angle and incident angle 
of transmitted light, respectively, nt and ni are the refractive 
indexes of the media in the both sides of the interface, respec-
tively, λ0 is the wavelength of light in vacuum and dφ/dx = 2π/L 
is the phase gradient. Figure 4a,e shows two metasurfaces that 
can deflect optical beams with a difference angle by changing 
the geometric size of nanobricks. Figure  4b,f shows scanning 
electron microscopy (SEM) images for a fabricated polarization-
dependent beam deflecting metasurface with 324 × 324  µm 
total size. As shown in the top panel of Figure  4a, the super-
cell A can realize the 2π phase transition whether in the x or y 
direction. The simulated results in Figure 4c show the normal 
incidence of a light beam will be deflected by 17° when the 
period of the supercell L = 2.16 µm. Compared to supercell A, 
supercell B realizes 4π phase transition in y direction while 2π 
phase transition in the x direction. So, metasurface which con-
sists of supercell B is able to deflect XLP and YLP lights with 
difference angles, as shown in Figure  4g. In y direction, the 
angle of deflection is 34° due to supercell B can realize the full-
phase manipulation at the length of L/2.

Note that the angles of the deflection can be arbitrarily con-
trolled by changing the periodical length L of the supercell. The 
periodical length of the supercell is expressed as L = p × N, where 
p is the length of the unit cell, and N is the number of nano-
bricks in one supercell. Since the length of the unit cell is fixed, 
the way we modulate the desired refracted angles is by adjusting 
the number of the used nanobricks N. With the decrement of 
the periodical length L of the supercell, the angle of the deflec-
tion will increase. To ensure the correction of the phase distribu-
tion, the relation between the nanobrick dimensions and phases 
should be recalculated and reselected. Compared to the angle 
of deflection of XLP and YLP incident light in Figure  4g, it is 
clear that the coupling effect between adjacent nanobricks has 
been enhanced with decreasing of the length L. So, the designed 
metasurface can manipulate the XLP and YLP lights to the arbi-
trary angle of deflection with high transmission efficiency. In 
the experiment, camera images of input and output beams with 

measured transmission power to desired order normalized on 
input power to be around 54.7%/58.6% and 57.3%/46.9% for XLP 
and YLP 633  nm laser incident light as shown in Figure  4d,h. 
Interestingly, whatever simulated normalized transmitted curve 
or experimental date show, the transmittance will decrease with 
the increase of the deflected angle. The efficiency of the beam 
deflector is determined by the average transmittance of all the 
unit cells in the supercell, since the beam deflector is composed 
of periodic supercells. In this way, it is clearly shown that the 
relatively high efficiency of the beam deflector could be realized 
as long as the transmittance of each unit cell that composes the 
supercell is guaranteed, while the efficiency of deflected beam 
inevitably decreases with the increase of the deflected angle.[64]

To further demonstrate the flexibility of designed polari-
zation-multiplexed silicon metasurface, we have fabricated a 
vortex converter that is able to convert a Gaussian beam into a 
vortex beam possessed helical wavefront with arbitrary topolog-
ical charges by appropriate arrangement of nanobricks. In addi-
tion, the vortex converter we designed can realize OAM beams 
with different topological charge by controlling the polarization 
of incident light. There is no doubt that the function will greatly 
increase the capacity of the communication channel.

Schematics of our designed vortex converter (lx = 1, ly = −1) 
is shown in the top panel of Figure 5a, the plane is divided into 
eight sectors that have contained 2π phase shift. The sign of the 
topological charge represents the direction of the vortex. And it is 
clear that adjacent sectors have π/4 phase increment/decrement 
in XLP/YLP light from the first quadrant to the fourth quadrant 
along the counter-clockwise. In this way, transmitted lights will 
obtain the opposite OAM after XLP and YLP pass through the 
metasurface, as shown in Figure  5c. Simultaneously, we have 
also considered the circumstance that polarization-multiplexed 
OAM beams, as shown in Figure 5d. Furthermore, the polari-
zation-multiplexed metasurface design can realize the lx = 1 and 
ly = −2 by arranging the optimized dimension of the nanobricks 
regularly when the polarization lights with different directions 
incidence. We fabricate the size of the vortex converter with 
324 µm × 324 µm for the convenience of the experiment, and its 
SEM image is shown in Figure 5b,e. We performed numerical 
simulations for a reduced size model with 10 µm × 10 µm size 
to reduce calculation time and memory consumption. Metasur-
face with reconstructed phase as in Figure  5d can realize the 
different modulated effects for YLP and XLP light. Compared to 
the XLP light, it can not only obtain the continuous vortex phase 
but there will be two singularities appearing in the middle of 
the beam. As shown in the experimentally measured interfero-
gram in Figure 5j,i, it is clearly proved that the vortex converter 
we fabricated can transform the linear beams to vortex beams 

Table 1. Parameter setting and the transmission properties for the optimized nanobricks.

Nanobrick 1 2 3 4 5 6 7 8

Tx [|tx|2] 0.81 0.65 0.59 0.4 0.44 0.55 0.62 0.97

Ty [|ty|2] 0.84 0.97 0.62 0.55 0.44 0.4 0.59 0.65

Φx [deg] −180 −135 90 −45 0 45 90 135

Φy [deg] 180 135 90 45 0 −45 −90 −135

Px [nm] 97 152 100 112 127 148 175 50

Py [nm] 97 50 175 148 127 112 100 152

Adv. Funct. Mater. 2022, 2200013
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due to the appearance of interference fringes. In addition, the 
amounts of characteristic fork features in Figure 5j differ from 
Figure 5i, which proves the topological charges of transmitted 
light are polarization dependent. It is worth emphasizing here 
that the second-order interference fringe has transferred to 
two first-order interference fringes due to the split of the light 
with high-order topological charges during transmission. The 
transmitted power normalized to input power is measured to 
be 48.3% by a power meter, which is lower than the numeri-
cally simulated value due to the absorption of substrate and the 
deviation of fabricated samples.

3. Conclusion

In summary, we have experimentally demonstrated a multi-
plexed metasurface platform capable of generating versatile 

wavefronts depending on the polarization of light incidence 
at visible wavelengths. The metasurface platform enables 
arbitrarily manipulation of the XLP and YLP incident light by 
exactly optimizing the long and short axis of the silicon nano-
bricks and 2D plane arrangement order. For verifying the func-
tions of our metadevices, we have designed and fabricated a 
polarization-dependent beam deflector that deflects the XLP 
and YLP light to different angles with high transmittance 
of 58.6%/46.9%, and vortex generator that assigns different 
topological charges to XLP and YLP incident light with high 
transmittance of 56.3%/48.3%. We can not only control the 
refraction angles but also the topological charges of the light 
at will by exploiting the efficient low-loss silicon metasurface 
platform. Considering the high-efficiency and multi-channel 
characteristics of the metasurface designs, it is promising for 
integrated nanophotonics-based applications such as high-
capacity optical communications and information encryption.

Figure 4. a,e) Schematics of the proposed two beam deflector containing eight nanoblocks, which can realize the full 2π phase shift. b,f) Scanning 
electron microscopy image of fabricated metasurfaces with 324 × 324 µm total size. (yellow scale bar: 1 µm) c,g) Difference deflected angle of XLP and 
YLP incident light with metasurface A and metasurface B (inset: numerically simulated phase of plane wave propagate through the different metasur-
faces.) d,h) Beam position with metasurface A and metasurface B; the beam power is refracted to the left side and right side with same distance and 
different distance due to the phase control derive from the different display of the unit cell.
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