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Abstract: Traditionally, optical vortices (OVs) were generated with diffractive optical
elements (DOEs) such as spiral phase plate (SPP), fork grating, spatial light modulator
(SLM), and liquid crystal display (LCD). Here, a method was proposed for generating OVs
by employing all-dielectric polarization-insensitive metasurfaces with cylinder arrays, which
have high transmission efficiency. The polarization insensitivity of the metasurfaces was
illustrated with the incidence of two pairs of orthogonal polarization, both the phase and
transmission efficiency were consistent for the cylinder unit cell, and similar OVs were
generated with the cylinder array. The topological charges of the generated OVs can be
adjusted through the design of the metasurfaces. OVs with additional characteristics as
vector beams, focused beams and Bessel beams were further generated. This work has
potential applications in beam shaping, optical tweezers, and optical communication.

Index Terms: Optical vortex, metasurfaces, non-diffraction beam.

1. Introduction

Optical vortex (OV) is a light field with a helical wavefront possessing orbital angular momentum
(OAM) [1]. The helical phase distribution of OV is determined by its phase factor exp(il) [2], where
I and 6 are topological charge and azimuthal angle, respectively. Because of phase singularity,
the phase value at the centre is uncertain, the central intensity of the OV tends to be zero. The
applications of OV mainly rely on two distinct characteristics, the OAM related the spiral phase and
the central darkness. OAM is associated with the topological charge /, which has unlimited number
of eigenmodes (1, 2, 3...), thus offers additional freedom besides wavelength, amplitude and po-
larization, provides much more information capacity, and finds optical communication applications
in both classical and quantum optics [3], [4]. The central darkness of the intensity distribution of OV
has been proved to be more suitable for trapping non-transparent or low-refractive-index objects
[5], [6]- As a result, the generation, modulation, and application of OV have been widely concerned.

Several diffractive optical elements (DOEs) have been used to generate OVs, for instance, spiral
phase plate (SPP) [7], fork grating [8], spatial light modulator (SLM) [9], and liquid crystal display
(LCD) [10]. However, these OV generators suffer from a lot of disadvantages, such as bulky size,
low efficiency, and narrow working band. In recent years, the use of metasurfaces, a kind of efficient
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and compact 2D metamaterials, has been a promising solution to the above-mentioned problems
[11], [12]. Metasurface generally consist of a set of subwavelength structure arrays distributed on
a planar surface, which can be designed to manipulate the phase, amplitude, polarization and an-
gular momentum of the incident light in a flexible way [13], [14]. Metasurfaces have enriched many
frontier fields including beam shaping [12], [15], [16], optical tweezers [17], and optical communi-
cation [18], [19]. In 2011, Yu et al. arranged the V-shaped antennas in metasurfaces to generate
OV [13], opening a new prelude to the development of generating OVs. Generally, there are two
typical ways to make 0 ~ 27 phase change for designing an OV generator through metasurfaces:
(i) varying TE and TM resonance parameters [18]; (ii) rotating the orientation of the dipoles [20].

However, these two methods both require the incident light to be in specific polarization states,
and the metadevices that have been realized only provide functionality for several defined circular
or linear polarized incident light. On the other hand, OVs with different polarization states have
attracted widespread attention. Linearly polarized OV has been used to excite surface plasmons
for near-field manipulation purposes [21], [22]. Circular polarized OV has been used to prove that
light transforms its partial spin angular momentum (SAM) to OAM in a highly focused process
[23]. Radially polarized OV has been used to generate plasmonic vortex (PV) for manipulating
particles [24], [25]. Azimuthally polarized vortex beam has been used to obtain sub-diffraction-
limited focusing [26]. Recently, polarization-insensitive metasurfaces have been proposed and used
to make multiwavelength lenses [27], beam splitters [28], broadband metalenses [29], and terahertz
devices [30]. Based on varying effective index of each metasurface unit cell [31], the polarization-
insensitive metasurfaces have been demonstrated to effectively control wavefront of light [32]-[35].
Therefore, this could provide a way to obtain OVs independently with polarization.

In this work, we designed polarization-insensitive metasurfaces with cylinder arrays to generate
OVs, which are transformed from plane waves or Gaussian beams. We first calculated the cylinder
radii related phase changes by FDTD method and index waveguide theory for the metasurfaces
design. Then the polarization insensitivity of the metasurfaces was examined with the incidence of
two pairs of orthogonally polarized beams. Under these conditions, we made the comparisons of
the response by the cylinder unit cell with varying radius, and the OV generation by the cylinder
array structures. Normal OVs, vector OVs, focused OVs, and Bessel OVs were further obtained on
account of potential applications in beam shaping, optical tweezers, and optical communication.

2. Method and Theory

In our design, we used an all-dielectric metasurface consisting of a cylinder array on a glass
substrate, as shown in Fig. 1(a). The incident light normally illuminates from the beneath of the
substrate, passing through the cylinder array and form an OV. The unit cell shown in Fig. 1 (b)
is fabricated with a TiO. cylinder and a SiO, substrate. The refractive indices of TiO, and SiO,
at working wavelength (532 nm) are 2.43 and 1.46, respectively. The wavelength of 532 nm was
used in all simulations throughout this paper. The reason for choosing TiO, is that it has a large
refractive index and negligible loss in the entire visible region, since the imaginary part in the
complex refractive index of TiO, is small enough to be ignored in the visible wavelengths. We
set the lattice period of the cylinder unit array p = 250 nm and the height of the cylinder unit
h = 600 nm. These two geometric parameters are determined with the constraints described in
[36]. On the one hand, the lattice constant should be less than the wavelength in the substrate
(A/nsio, = 364 nm), according to the Nyquist sampling theorem. On the other hand, it should
be greater than A/2nt0, = 182 nm, according to the diffraction condition. Under this condition,
there exists only zeroth-order diffraction for normal incidence, but it appears there is only feeble
first-order diffraction for the oblique incidence case [37], [38]. The maximum exiting phase is given
by ¢max = 27 (n— 1)d/A, where d is the thickness of a homogeneous film. The height 600 nm
greater than the working wavelength was used to achieve a full 0 ~ 27 phase coverage. Fig. 1(c)
shows a side view of the normalized magnetic energy density of two neighboring nanopillars
with radii of 80 nm. It can be seen that light is mainly confined inside the nanostructures due
to the waveguiding effect [39] and the coupling between them can be ignored. Fig. 1(d) shows the
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Fig. 1. (a) The schematic of an OV generation through a metasurface. (b) A metasurface unit cell
consists of a SiO2 substrate and a TiO2 cylinder. With the incidence of x-polarized plane wave from
bottom, (c) shows a side view of the normalized magnetic energy density for two nanopillars with radii
of 80 nm. The white dotted lines indicate the boundaries of the structures. And (d) shows the phase
change by a nanopillar with radius of 80 nm. The white dotted line indicates the interface between the
TiO2 cylinder and SiO, substrate. The blue dotted line indicates the top surface of the TiO5 cylinder.
(e) The radius dependent theoretical phase curve when p = 250 nm.

process of phase change during propagation when the radius of the nanopillar is 80 nm under
plane wave illumination. We calculated the relationship between the phase changes of the unit
cells and the radii of the cylinders according to the index waveguide theory, as shown in Fig. 1(e).
While the radius varies, it can maintain a 27 phase coverage. Then, the required phase profile of
the metasurface can be realized by mapping the radii of the cylinders.

To imitate the optical elements involved in the conventional refractive system, we can transfer
their phase profiles to the metasurfaces. Egs. (1), (2) and (3) show the phase profiles of SPP,
lens and axicon lens, respectively, which can be used to generate an OV, a focusing beam and
a Bessel beam, respectively. Note that beside axicon lens [40], conical diffraction [41], etc. can
be also used to generate a Bessel beam. “+” in Egs. (2) and (3) indicate the divergence and
convergence, respectively. Eq. (4) shows the superposition of SPP phase profile and convex lens
profile for generating a focused OV. Eq. (5) shows the superposition of SPP phase profile and
converging axicon lens profile for generating a Bessel OV.

@spp = | - arctan (y/x) (1)

e () @
aien = 5 (42 sin ) @)
@sppriens = | - arctan (y/x) — ZTN (,/ f24+x2 4 y2 — f) (4)
Psppraxicon = | - arctan (y /x) — 2771 (,/x2 + y2sin ,3) (5)

where A is the design wavelength, x and y are the coordinates of each cylinder, fis the focal
length, 8 is the base angle of axicon. According to the axicon non-diffraction theory, the maximum
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Fig. 2. (a) The relationships between phase changes and radii of the unit cells, and (b) the relationships
between transmission efficiency and radii of the unit cells, with the incidence of x-polarized, y-polarized,
left-handed circularly polarized and right-handed circularly polarized beams, respectively.

non-diffraction distance of the transmitted beam is proportional to the radius of the surface of axicon
and inversely proportional to g [42]. Combining the phase distribution with the relationship between
phase and radius, we can obtain exact radius of each cylinder located on the two-dimensional
substrate for the design of metasurface.

3. Results and Discussions
3.1 The Polarization Insensitivity of the Metasurfaces

For high-contrast dielectric metasurfaces, the scattering of the cylinders is a local effect and
the coupling among them is weak. Thus, the individual response of each unit cell makes sense
for the whole metasurface. Owing to the symmetrical geometry of the cylinders, the coefficients
(phase and transmission efficiency) should be polarization-independent. To verify the polarization
insensitivity of the metasurface unit cells, we calculated the phase changes of the unit cells through
FDTD simulations using a commercial software Lumerical (FDTD solutions). Periodic boundary
conditions are used in the x- and y- directions while perfect matching layer (PML) boundaries
are used in the propagation z-direction. The mesh step was set to 5 nm. The unit cells were
illuminated from the bottom by two pairs of orthogonally polarized plane waves. To achieve full
27 phase coverage, the radii of the cylinders were swept to obtain the corresponding phase and
transmission efficiency. Phase responses were extracted through a point monitor at the transverse
plane of height z = 3 um. Phase values were computed by extracting the transmission electrical
field components and calculating with arctan[Im(E,) /Re(E)]. The phase and transmission efficiency
were measured sequentially with a 5 nm radius step, then we can obtain the phase changes of unit
cells from the fitted phase curve. As shown in Fig. 2(a), all the four cases maintain the same phase
control over the complete 0 ~ 27 range with the cylinder radius varying from 40 nm to 108 nm.
The simulated curve of relationship between phase and radius is close to the theoretical curve. As
shown in Fig. 2(b), all the four cases maintain the same transmission efficiency, which is over 80%
mostly. Therefore, the cylinder unit cell can assure a polarization-independent response.

In order to verify the polarization-insensitivity of the whole metasurface, we used the same
incident sources above to generate OVs. A metasurface with size of 20 um x 20 um was applied
in the simulation. The PML boundary conditions were applied along all three axes. The mesh
step was set to 40 nm. A Gaussian beam with a waist radius of 5 um was used as the incident
source, the corresponding far-field electrical field distribution was obtained through a field monitor
at 10 um away from the metasurface. As shown in Fig. 3, the intensity and phase distributions
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Fig. 3. The (a), (b), (c), (d) intensity and (e), (f), (g), (h) Ex phase distributions in the x-y plane (z= 10
um) of the generated OVs (/ = 1), with the incidence of x-polarized, y-polarized, left-handed circularly
polarized and right-handed circularly polarized beams, respectively.

of the generated OVs are consistent, providing direct evidence that the generated OVs are not
affected by the incident polarization states. Although the rotational symmetry is not existing for
the whole metasurface, the symmetry break of the metasurface does not have a significant
impact on the polarization-independent performance of our metasurface. Based on the above
investigations, we can safely confirm the polarization insensitivity of the metasurface. Based on
the polarization-insensitive metasurfaces, we generated normal OVs, vector OVs, focused OVs
and Bessel OVs, which will be described in the following sections.

3.2 Generation of Normal OVs

Firstly, we generated OVs with the incidence of a Gaussian beam with a waist radius of 5 um.
The spiral phase profiles of metasurfaces were designed with topological charges 2 and 5 (prime
numbers) according to Eq. (1), as shown in the right-bottom inserts of Fig. 4(b) and (e). Clear
doughnuts can be seen in Fig. 4(a) and (d), the radii of the maximum intensity rings are about 2.8
um and 3.7 um, respectively, as the larger the topological charge the larger the size of the OV
ring. The nonuniform efficiency of the metasurfaces prevent the formation of perfect doughnut
shape. There are 2 and 5 dark spots inside the rings of the generated OVs with topological
charges 2 and 5, respectively. These may be caused by the destructive interferences due to the
discontinuous spiral phase. As shown in Fig. 4(b) and (e), the obtained phase distributions are
basically consistent with the designed phase distributions. The phases experience 2 and 5 periods
of 27 in the circular directions, respectively, indicating the topological charges of the generated
OVs are 2 and 5, respectively, which agree with the designed topological charges. As shown in
Fig. 4(c) and (f), the measured polarization distributions of the transmitted fields maintain mainly
along x-direction, indicating the polarization-insensitive metasurface has almost no effect on the
polarization. These results demonstrate that OVs of arbitrary topological charges can be generated
by the metasurfaces with cylinder arrays.

3.3 Generation of Vector OVs

Secondly, we generated two most typical vector OVs, radially and azimuthally polarized OVs, by
using the metasurface with the topological charge / = 2 spiral phase profile above. User-defined
electric and magnetic field distributions were used as incident sources. As shown in Fig. 5(a) and
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Fig. 4. The (a)(d) intensity, (b), () Ex phase distributions in the x-y plane (z = 10 um), and
(c), (f) polarization distribution in the x-y plane (z = 1 um) of the generated OVs with topological
charges I = 2 and | = 5, respectively. The inserts at the right-bottom corners of (b), (e) represent the
phase distributions of the designed metasurfaces.
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Fig. 5. The (a), (d) intensity, (b), (e) E, phase distributions in the x-y plane (z = 10 um), and (c), (f)
polarization distribution in the x-y plane (z =1 um) of the generated OVs (/ = 2) with the incidence of
radially and azimuthally polarized beams, respectively. The inserts at the right-bottom corners of (b),
(e) represent the phase distributions of the designed metasurfaces.

(d), the incidence of cylindrical vector beams will not prevent the formation of doughnut beams.
Compared to previous method using Pancharatnam-Berry (PB) phase metasurface, our method
does not rely on the incident polarization. As shown in Fig. 5(b) and (e), the phases experience
2 periods of 27 in the circular directions, indicating the topological charge of the generated OVs
is 2, which agrees with the designed topological charge. The generated OVs have similar intensity
and phase distributions, confirming the polarization insensitivity of the metasurface. As shown in
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Fig. 6. Simulation results of focused OVs (/= 1) with different focal lengths by the incident plane waves.
(a), (d) The phase distributions in the x-y planes at z= 1 um, (b), (e) the intensity distributions in the
propagating y-z planes, and (c), (f) the intensity distributions in the focal x-y planes, for focal lengths
f=20 um and f = 60 um, respectively. The inserts at the right-bottom corners of (a), (d) represent
the corresponding designed phase profiles. The white dotted lines in (b), (e) denote the focal planes.
The inserts at the right-bottom corners of (c), (f) indicate the corresponding phase distributions at the
central 5 um x 5 um area.

X(um) um

Fig. 5(c) and (f), the measured polarization distributions of the transmitted fields maintain mainly
along radial and azimuthal directions, respectively. The slight changes of polarization distributions
indicate slight polarization effect for vector beams. Therefore, the phase changes for vector beams
and the intensity distributions of vector OVs have slight differences. However, they are still distin-
guished from normal OVs shown in Fig. 4. This is a direct wavefront control of vector beams by
polarization-insensitive metasurfaces, which adds new possibility to the application of structured
light.

3.4 Generation of Focused OVs

Thirdly, we generated focused OVs with different focal lengths. In order to verify the function of
phase modulation through the second half of Eq. (4), the metasurfaces were designed with the
same topological charge /= 1 but different focal lengths 20 xm and 60 «m. A plane wave was used
as the incident source in the simulation. Fig. 6(a) and (d) show the measured phase distribution
above the metasurfaces, which are consistent with the designed phase profiles shown in the right-
bottom inserts. Fig. 5(b) and (e) show the electrical fields in the propagation direction, and the focal
points are located at about z = 18 um and z = 50 um, respectively, which are slightly different
than the designed focal lengths. Fig. 6(c) and (f) show tiny OVs at the focal plane with the same
topological charge / = 1, which can be estimated in the enlarged phase distributions. It can be
concluded that the focal length and topological charge of the focused OV can be independently
controlled, which lays the basis for three-dimensional optical tweezers application.

3.5 Generation of Bessel OVs

Lastly, we generated Bessel OVs with different non-diffraction distances. In order to verify the
function of phase modulation through the second half of Eq. (5), the metasurfaces were designed
with the same topological charge 1 but different base angles 10° and 15°. A plane wave was used
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Fig. 7. Simulation results of Bessel OVs (/ = 1) with different base angles by the incident plane waves.
(a), (d) The phase distributions in the x-y planes at z= 10 um, (b), (e) the intensity distributions in the
propagating y-z planes, and (c), (f) the intensity distributions in the x-y planes at z= 10 um, for base
angles g = 10° and B = 15°, respectively. The inserts at the right-bottom corners of (a), (d) indicate
the corresponding designed phase profiles. The inserts at the right-bottom corners of (c), (f) indicate
the corresponding phase distributions at the central 5 um x 5 um area.

as the incident source in the simulation. Fig. 7(a) and (d) show the measured phase distributions
just above the metasurfaces, which are consistent with the designed phase profiles shown in
the right-bottom inserts. As can be seen from Fig. 7(b) and (e), the generated Bessel OV is
capable of concentrating energy over a distance in the direction of propagation. The enlargement
of the beam radius resulting from the diffraction is then overcome, this is of importance for the
application in optical communication. The non-diffraction distance is a key indicator of the quality
of a non-diffracting beam. The non-diffraction distances are 90A and 624, respectively, which are
inversely proportional to the designed base angles, this is consistent with the axicon non-diffraction
theory. Damped intensity rings can be clearly seen in Fig. 7(c) and (f), both the enlarged phase
distributions indicate the topological charge of the generated Bessel OVs is 1, which are consistent
with the design. Therefore, a Bessel OV with non-diffraction characteristics can be generated by the
polarization-insensitive metasurface, and its non-diffraction distance and topological charge can be
adjusted.

4. Conclusion

In summary, we proposed a method that uses polarization-insensitive metasurfaces to generate
OVs. The polarization insensitivity of the cylinder unit array structures has been verified. OVs with
different topological charges were generated for demonstrating the feasibility of this method. Our
proposed method gets rid of the limitation that the incident light has to be specific polarization in
previous methods such as using PB phase metasurfaces. In addition, this method works for any
input polarization of the incident light, as a result, it can be used with arbitrary light sources without
the need for preconditioning of the polarization state of the input, which typically results in a loss
of 50% of the light intensity for an unpolarized light input. Vector OVs can be generated directly
with the vector beams input. By means of phase superposition, we generated focused OVs and
Bessel OVs, which have potential applications in optical trapping and manipulation, and optical
communication. The unique method of imprinting the superposed phase profiles into a single flat
surface can dramatically reduce the occupying volume of the system. It can be easily combined
into a chip to form composite devices with extended functionalities.
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