Ori1

inal Article

DOI: https://doi.org/10.63174/xdi-AXQK2254

Independent Control of Co-polarized and
Cross-polarized Light Using Metasurface for
Vector Vortex Beam Generation

https://doi.org/10.63174/xdi-AXQK2254

Received: 18 Feb 2025

Accepted: 28 Feb 2025
Published: 8 Mar 2025

Open Access

Shuai Wang', Lei Liu', Zhicheng Zhang™’, Zhen Liu’, Xingting Zhang"*

Abstract: We present a metasurface design for generating multi-channel vector vortex beams through
simultaneous control of phase and polarization states. The metasurface consists of nested silicon nanopillars
on a SiO, substrate, designed to operate at 800 nm wavelength. By implementing independent control of
deflection phase, lens phase, and vortex phase for each channel, we achieve the generation of dual-channel
vector vortex beams with different topological charges. Numerical simulations demonstrate successful
generation of vector vortex beams in separate channels, with both identical (/ = 1) and different (/ = 1 and
[ = 2) topological charges. The simulation results show well-defined doughnut-shaped intensity profiles
and precise polarization control for each channel at the focal plane, confirming our design’s capability for
complex beam manipulation in multiple channels.

1. Introduction

Optical metasurfaces, artificially engineered two-dimensional structures with
subwavelength thickness, have revolutionized the field of optics through their
extraordinary capabilities in manipulating electromagnetic waves " . These
ultrathin structures provide unique advantages of compact size and flexible
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wavefront control through carefully designed subwavelength units
developments in phase control mechanisms, especially the combination of
geometric and propagation phases, have opened new avenues for generating
complex structured light fields, where precise control of polarization and phase
distributions is crucial * .

Among various applications, the manipulation of light’s angular momentum
through metasurfaces has attracted particular attention "', Light waves in-
herently possess both spin and orbital angular momentum (SAM and OAM),
representing two distinct degrees of freedom for optical manipulation *'>'%.

While SAM is associated with circular polarization states, OAM arises from
helical phase fronts characterized by a phase factor ¢’ , where 1 represents

the topological charge "*'”'"", Vortex beams, carrying OAM with a phase sin-
gularity at the center, have become particularly attractive for applications in
high-capacity optical communications and quantum information processing
[19,20]

The combination of polarization control and OAM has led to growing interest
in vector vortex beams (VVBs), which feature spatially varying polarization
states across their transverse plane **?. Unlike conventional scalar-polarized
light, vector beams exhibit unique focusing properties and polarization distri-
butions, including radially and azimuthally polarized beams™**. The high-
er-order Poincaré sphere provides an elegant framework for describing these
complex light states. Despite these advances, existing methods face challenges

in achieving simultaneous control of multiple channels while maintaining in-

dependent manipulation of phase and polarization states >,

In this work, we propose a novel metasurface design for generating
multi-channel VVBs through independent control of phase and polarization
states. Based on Jones calculus analysis, we demonstrate a metasurface con-
sisting of silicon nanopillars on a SiO, substrate, operating at 800 nm wave-
length. Through optimization of geometric parameters and rotation angles, we
achieve independent control of the deflection phase, lens phase, and vortex
phase for each channel. Our theoretical analysis and simulations validate the
design’s capability to generate dual-channel VVBs with different topological
charges, offering new possibilities for advanced optical applications in com-

munications and quantum information processing.

2. Theory and Methods

The theoretical foundation of our design is based on the fundamental proper-
ties of light as a transverse wave, where oscillations occur perpendicular to the
propagation direction. For a comprehensive understanding of polarization con-
trol in metasurfaces, we first established the mathematical framework using
Jones calculus.

For a monochromatic polarized light, its polarization state can be represented

by a two-dimensional Jones vector:

s

where E; ,E, represent the amplitude components and 0.0, denote the
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phases along x and y directions, respectively. When light passes through a
polarization-altering device, the transformation can be described by a Jones

matrix:
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where T;; are complex transmission coefficients. The output field can then be

expressedas E,, =T -E,

in >

where E;, and E_, represent the polarization states

ut

of incident and transmitted light, respectively.
For a birefringent unit structure exhibiting different responses along its princi-
pal axes, the Jones matrix without rotation is:
i,
te 0

J= o (3)
0 lyeq’

where f ¢ represent the transmission coefficients, and ®.>®, are the phase

delays along the x and y axes, respectively. When the unit structure rotates by
an angle 0, the Jones matrix transforms according to:

J, =R(-0)JR(O) 4
where R(0) is the rotation matrix:
RO) = { co.sé’ sin 9} "
—sin@ cos@

For circularly polarized incident light (£, / £, = (e, Tie,)/ V2 ), the output

field becomes:

ip, ip, i, ip,
te” +te” te™—te” .
X y .L/R x y 61210 ER/L (6)
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This equation reveals two crucial components: the co-polarized light main-

_ LIR _
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taining the original polarization state and the cross-polarized light with an
additional geometric phase (+26). The geometric phase can be continuously
modulated from 0 to 2z by rotating the structure from 0 to .

The transmission phase accumulation through the structure can be calculated
as:

27
9= 7 ne.ﬁ'H @)

where 1, is the effective refractive index, 7, is the surrounding medium’s re-

fractive index, H is the structure height, and A is the wavelength. By adjusting
the geometric parameters of the unit structure, we can control the transmission
phase while maintaining stable amplitude characteristics.

The theoretical foundation of our design stems from the fundamental prop-
erties of light as a transverse wave, where oscillations occur perpendicular to
the propagation direction. This characteristic leads to light polarization, which
can be precisely controlled through carefully designed optical elements. Our
comprehensive theoretical framework enables independent control of both
transmission phase and geometric phase, which is essential for generating
high-quality VVBs. Most notably, the transmission coefficients depend only
on the geometric parameters of the unit structure, ensuring amplitude stability
regardless of rotation angle. Through careful design of the structural parame-
ters and rotation angles of the metasurface elements, this framework allows for
precise and independent control of both co-polarized and cross-polarized com-
ponents, providing a robust platform for advanced wavefront manipulation.
The mechanism of optical metasurfaces is essentially based on the superposi-
tion of light fields. When incident light passes through the metasurface, it un-
dergoes diffraction and subsequently interferes at the observation plane to form
the desired image. To generate VVBs, we need to calculate the metasurface’s
effect on light using diffraction formulas, based on the phase and amplitude
parameters of the target beam. The Rayleigh-Sommerfeld diffraction formula,
which is a solution to the Helmholtz equation, is employed here:

ikr

1 5% e
U(x,y,d)zaj IUO(xO,yO,O)Tcosﬂdxodyo (8)

where ; = \/fz + (x—xo)z + (y—y0)2 represents the distance between
the object and image points, f is the distance between the object and image

planes, and @ is the angle between the radius vector r from point(xo, Voo O)

to (x,y,d) and the normal n at point (x,, y,, 0). Through this diffraction

formula, each unit structure on the metasurface contributes to the generation
of the desired light field through Rayleigh-Sommerfeld diffraction and inter-
ference at the image plane. The collective behavior of these unit structures,
with their specific arrangements, geometric dimensions, and rotation angles,
enables precise control over both the phase and amplitude of the output light
field.

From our previous theoretical analysis, we can deduce that a rotating bire-
fringent unit structure can convert incident circularly polarized light into its
orthogonal state while introducing a geometric phase. The output light consists
of two components: the cross-polarized light carrying both geometric and
transmission phases, and the co-polarized light maintaining its original polar-
ization state with only transmission phase. In conventional geometric phase
optical elements, the unconverted co-polarized light acts as noise, degrading
the image contrast. To enhance the overall efficiency, we analyze the relation-
ship between these two polarization states and develop a unit structure model
capable of simultaneously controlling both components.

For a left-handed circularly polarized light incident on the birefringent struc-

ture, the Jones matrix can be expressed as”":

ei(/’u. ei(WLR+29} eiwu eiq;LR,
= . . 9
i(¢r,~20) o e pitm (€

J=
e

where @;, and @, represent the transmission phases for co-polarized light,
while @,, and @, denote the cross-polarized components with geometric

phase. Due to symmetry, we have @, = @,, and @, = @, . Through FDTD

simulations, we investigated how the phase and amplitude of both polarization
components vary with the rotation angle of the unit structure.

The general expression for simultaneous control of co-polarized and cross-po-
larized components can be derived as:

Ptpy L PPy R
=0 i . PP T g
E, =E +E, =cos——2e 2 ERysin——2e 2 [EL
2 2
(10)

where ¢, and @, represent the transmission phase delays in the x and y direc-
tions, respectively. The amplitudes of co-polarized and cross-polarized com-

cross

ponents are 7, = cos(Agp/ 2) and 7= sin(A(p/ 2), respectively, with

their intensity ratio defined as 7 =7, /T,

cross co

To achieve equal output power

in both polarization channels, the phase difference A@ is set to 7/2.

This formulation reveals the relationship between transmission phases in dif-
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Figure 1 The phase distributions for topological charges of 1 (a) and 2 (b).

ferent polarization states and provides a theoretical foundation for independent
control of both co-polarized and cross-polarized components through careful
design of the nanoscale unit structure’s geometric parameters and rotation an-
gle.

3. Results and Discussion

To demonstrate the effectiveness of our design, we chose silicon (Si) as the
material for nanopillars due to its high refractive index and low loss at the
operating wavelength of 800 nm. The unit cell consists of a rectangular Si
nanopillar on a square SiO, substrate. The phase delays in different directions
were achieved by adjusting the length (L) and width (W) of the nanopillars.

The structural parameters were optimized with a substrate period P of 380 nm
and a nanopillar height A/ of 480 nm.

To validate our design, we implemented the metasurface using MATLAB for
generating single-channel VVBs. The metasurface was designed with a square
area of 76 pm x 76 pm, discretized into unit cells with dimensions of 0.38 pm
% 0.38 um. Under left-handed circularly polarized (LCP) light illumination at
800 nm wavelength, the metasurface was designed to impart both focusing and
vortex phases, with a focal length of 60 um and a topological charge of +1.
According to the principle of independent control of co-polarized and
cross-polarized components derived in Equation (10), when LCP light |L;,)
passes through the metasurface, it generates both co-polarized (|L,,)) and

Figure 2 The intensity distribution of |E *+| E, P |EJ* and |E),\2 of the VVB with the topological charge /=1 (a) and / =2 (b).

cross-polarized (|R,,)) components. The co-polarized LCP component carries

the transmission phase ¢, ., while the cross-polarized RCP component carries

both the transmission phase ¢, . and the geometric phase ¢, .. The geomet-

ric phase introduced by the unit structure rotation is given by:

0o, =20 (1n

where 6 is the rotation angle of the unit structure. To generate VVBs, we re-

quire orthogonal circular polarizations with opposite topological charges. The

phase for |Lout> is designed as:
Prow =Prr = Procus T Pror_1=11 (12)

where @,,,. represents the focusing phase and ¢,,,, [ = +1 represents the vor-

tex phase with topological charge +1. Similarly, the phase for | Rout> is:

¢R,om = ¢R,V + ¢9,r = (pR/ + 29

=@ ocus T Pror_1=-1

13)
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Figure 3 Phase of the metasurface for generating dual-channel VVBs whose topological charge is 1 with different deflection phase.

The geometric parameters and rotation angles of the metasurface unit struc-
tures were modulated according to Equations (12) and (13). The total phase
distribution on the metasurface can be expressed as:

P = Prons + Pror 14
The total phase of the vortex beam generated by the metasurface consists of
lens phase and vortex phase, as shown in Figure 1(a) and (b) which display the
phase distribution diagrams of vortex beams with topological charges of 1 and
2. This design enables simultaneous control of focusing and orbital angular
momentum, which is essential for generating high-quality VVBs with specific
topological charges.
We implemented the metasurface design using MATLAB, configuring both
phase distribution and geometric parameters to generate VVBs. The metasur-

face was designed with dimensions M x N (where M = N) at the micrometer
scale, with a focal length f= 100 um. By incorporating both vortex and fo-
cusing phases, the metasurface functions as a quarter-wave plate to generate
co-polarized and cross-polarized light components.

The simulation results for the first-order vector vortex beam (topological
charge / = 1) at the focal plane are shown in Fig. 2(al-a3). The total amplitude
distribution (Fig. 2(al)) reveals a characteristic doughnut-shaped intensity
profile, while the x- and y- amplitude distributions (Fig. 2(a2-a3)) display
complementary two-lobe patterns rotated 90° relative to each other. For the
second-order vector vortex beam (topological charge / = 2), shown in Fig.
2(b1-b3), the total amplitude distribution exhibits a larger central dark core
(Fig. 2(bl)), and the x- and y- components demonstrate four-lobe patterns (Fig.
2(b2-b3)) consistent with the higher topological charge.

Figure 4 (a) Phase of the deflecting metasurface for generating vortex beam with topological charge 1 (a) and topological charge 2 (b).

The simulation results demonstrate the successful generation of VVBs through
our metasurface design. The clear doughnut-shaped intensity profiles, well-de-
fined polarization distributions, and symmetric patterns observed in both first
and second-order beams confirm precise phase control and efficient polariza-
tion conversion at the focal plane.

To achieve multi-channel vector vortex beam generation, we designed a nested
configuration of two metasurface sets. Each set was engineered with distinct
deflection phases and independent vortex phases, enabling the generation of
dual-channel beams with different topological charges. In each channel, the
generated beams possess equal topological charges but opposite polarization
states, which combine to form vector beams. The phase requirements for each
metasurface set can be expressed as:

P = Prens T Pror 1, T Poer_y,
Py = Prens T Pror 1, T Poer p,

The phase distributions for each metasurface set are illustrated in Fig. 3 and

(15)

Fig. 4. Fig. 3 shows the phase profiles for generating dual-channel VVBs with
identical topological charges (/ = 1), where both (a) and (b) demonstrate the
combination of deflection phase, lens phase, and vortex phase with / = 1. Fig.
4 presents the phase distributions for generating dual-channel VVBs with dif-
ferent topological charges (/=1 and / = 2).

The simulation results at the focal plane for dual-channel VVBs with identical
topological charges (/ = 1) are presented in Fig. 5. The left and right channels
each contain a vector vortex beam formed by the superposition of RCP light
with topological charge / = 1 and LCP light with / = -1. The total amplitude
distribution (Fig. 5(a)) and the corresponding x- (Fig. 5(b)) and y- (Fig. 5(c))
components clearly show two spatially separated vortex beams with character-
istic intensity distributions.

For dual-channel VVBs with different topological charges (/ = 1 and / = 2), the
simulation results are shown in Fig. 6. The distinct doughnut-shaped patterns
in the total amplitude distribution (Fig. 6(a)) and the corresponding polariza-
tion components (Fig. 6(b-c)) demonstrate successful generation of VVBs

X-Disciplinarity



Figure 5 The intensity distribution of |E | +| E, P |E) and |Ey\2 of the dual-channel VVBs with /= 1.

with different topological charges in separate channels. The larger dark core in
the /= 2 channel compared to the / = 1 channel confirms the expected behavior
for higher-order vortex beams.

These results convincingly validate our design’s capability to simultaneously
generate and control multiple VVBs with independent topological charges and
polarization states, demonstrating the versatility of our metasurface design
for complex beam manipulation. Compared to conventional approaches using
spatial light modulators or g-plates, our metasurface-based solution offers sig-
nificant advantages in terms of device miniaturization, integration capability,
and system stability. The demonstrated precise control over multiple channels
makes our design particularly promising for practical applications. For ex-
ample, in optical communication systems, the independent manipulation of
multiple VVBs could enable high-capacity mode-division multiplexing, while
in quantum information processing, it could facilitate the parallel manipulation
of quantum states. Furthermore, our numerical simulations demonstrate that
the design exhibits excellent wavelength adaptability, as it can be effectively

extended to different spectral ranges by appropriately scaling the nanopillar

geometric parameters. However, it should be noted that extending the design
to larger arrays or shorter wavelengths may require careful consideration of
fabrication challenges and potential coupling effects between adjacent struc-

tures.

4. Conclusion

In this work, we have demonstrated a novel metasurface design capable
of generating multi-channel VVBs through the integration of nested phase
control structures. The proposed design utilizes silicon nanopillars on a SiO,
substrate, operating at a wavelength of 800 nm. Through careful optimization
of the geometric parameters and phase distributions, we achieved independent
control of deflection phase, lens phase, and vortex phase for each channel.
The effectiveness of our design was validated through numerical simulations,
successfully demonstrating dual-channel vector vortex beam generation with
both identical and different topological charges. The simulation results showed
well-separated channels with clear doughnut-shaped intensity profiles and
precise polarization control at the focal plane. The distinct characteristics ob-

Figure 6 The intensity distribution of |E |’ +| E, [ |E) and |Ey\2 of the dual-channel VVBs with /=1 and /=2.

served between first-order and second-order vortex beams in different channels
confirm the excellent phase and polarization control capabilities of our design.
Our proposed multi-channel metasurface design not only extends the function-
ality of conventional metasurfaces but also provides a promising platform for
advanced applications in optical communications, multiplexing systems, and
quantum information processing. Specifically, the demonstrated ability to in-
dependently control multiple VVBs can enable high-capacity optical commu-
nication systems through mode-division multiplexing, enhance the security of
quantum key distribution protocols, and facilitate the implementation of quan-
tum computing algorithms requiring multiple quantum states. The flexibility
and precision of our design make it particularly suitable for next-generation
optical information processing systems requiring simultaneous manipulation

of multiple optical channels.
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