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ABSTRACT

Perfect vortex (PV) beams possess a radial intensity profile independent of their topological charges, overcoming the defects of the regular
vortex beams. However, the bulky optical elements used in conventional methods for generation of PV beams limit their potential
applications. Metasurfaces are ultra-thin version of metamaterials with the flexible ability of controlling electromagnetic waves, promising
great potential applications in many optical fields. Here, an all-dielectric metasurface based on a geometrical phase is demonstrated, featuring
broadband and high efficiency in manipulation of circularly polarized light. We numerically simulate the performance of the unit-cell and
metasurface for generating PV beams carrying integer and fractional topological charges. We hope the designed metasurface will provide an
ultra-compact way for generation of high-quality PV beams.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0094549

A vortex beam is a special type of light beam with a helical phase
profile and a rotating wave front along the optical axis. It can be quan-
titatively defined by the phase factor eilh, where l and h denote the
topological charge and azimuthal angle, respectively. As a result, a
vortex beam has the ability of carrying orbital angular momentum
l�h per photon with a doughnut-shaped intensity profile.1,2 Due to these
unique features, vortex beams have been adopted for various kinds of
applications, such as optical communication,3 optical manipulation,4

and quantum information processing.5 However, the diameter of the
annular intensity profile of vortex beams is highly related to their topo-
logical charges, which greatly limit their applications. To overcome this
problem, Ostrovsky et al. introduced a novel concept of a “perfect” vor-
tex (PV) beam, which has constant intensity profile with the diameter
independent of the topological charge.6 In order to obtain PVs, many
schemes have been reported, such as using axicons,7 spatial light mod-
ulators,8 or a combination of the two.9 However, these methods all
require bulky optical elements, increasing the complexity and hinder-
ing the application of PV beams in multi-element photonic systems.

Metasurfaces, which are two-dimensional version of metamateri-
als, have been widely studied. Benefiting from their ultra-thin profiles

and the ability to flexibly manipulate amplitudes, phases, and polariza-
tion states of incident electromagnetic waves at a subwavelength
scale,10 metasurfaces have great potential for many optical applica-
tions, such as meta-lens,11 holograms,12 vortex beams,13–15 and vector
beams.16 These devices may pave the way for microscopy14 or optical
encryption with high-efficiency and compact features.15 Metasurfaces
have also been used for generating PV beams.17–23 However, some of
these methods faced with restricted efficiencies caused by metal
loss17,18 or simultaneous phase and amplitude modulation in the
design process.19 The pure phase method based on phase superposi-
tion with relatively high efficiency is then applicable for PV beams
generation.20–23 Usage of a propagation phase20 may bring problem of
selecting unit-cells with different dimensions. The method demon-
strated in Refs. 21–23 based on the geometrical phase has solved this
problem, obtaining high-quality PV beams at the visible and ultravio-
let band. Nevertheless, all these works mentioned above just discussed
the generation of PV beams with integer topological charges.
Fractional vortex beams with fractional topological charges rather
than integer ones, possessing unique low-intensity gaps on their inten-
sity profile, have attracted increasing attention.24 In the field of optical
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manipulation, their unique properties can be used in some novel appli-
cations like cell sorting and precise control of cell orientation.25,26

They can also expand the communication capacity in optical commu-
nication systems.27

In this Letter, we demonstrate the efficiency up to 80% and
broadband generation of PV beams using dielectric silicon metasurfa-
ces with the geometrical phase in the near-infrared band. We design
and simulate metasurfaces generating PV beams with integer and frac-
tional topological charges with circular ring and ellipse ring intensity
profiles. Our work provides a potential compact scheme with high effi-
ciency and wide operation bandwidth, which can be utilized for many
applications like high-capacity optical communication and optical
manipulation.

It has been proved that a PV beam can be generated by the
Fourier transform of a Bessel beam,28 and in practice, a Bessel–
Gaussian beam generated by an axicon is used because the realization
of an ideal Bessel beam is not possible. Then the electric field at the
rear focal plane of the Fourier lens (i.e., the Fourier transform of the
incident Bessel–Gaussian beam) can be written as28

E r; hð Þ ¼ il�1
wg

w0
exp ilhð Þexp � r2 þ R2

w2
0

 !
Il

2Rr
w2
0

� �
; (1)

where wg is the waist of the incident Gaussian beam, w0 is the
Gaussian beam waist at the focus. R is the ring radius of the PV beam
and equals to krf/k, where kr is the radial wavevector [related to the
numerical aperture (NA) of the axicon], and f is the focal length of the
lens. Il is the modified Bessel function of the first kind. From Eq. (1),
we can find that the intensity profile of the PV beam is shaped by the
Gaussian function and the modified Bessel function. This result indi-
cates that a Gaussian beam passing through an axicon, a spiral phase
plate, and a Fourier lens can generate a PV beam carrying topological
charge matches with the topological charge according to the spiral
phase plate, and its profile can be controlled by changing the parame-
ters of the axicon. Here, we realize all these functions of these elements
mentioned above by combining their phase profiles via a metasurface
[shown in Fig. 1(a)]. The phase distribution umeta on the metasurface
can be expressed as

umeta ¼ uspiral þ uaxicon þ ulens; (2)

uspiral ¼ larctan
ey
x

� �
; (3)
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2pNA

k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ e2y2

p
; (4)

ulens ¼ �p
x2 þ y2

kf
; (5)

where l is the topological charge of the vortex beam, e defines the ellip-
ticity of the PV beam, and k is the working wavelength of the lens.
Figure 1(b) shows the schematic diagram of the designed metasurface
with the phase profile defined above. The unit-cell of the metasurface
is rectangular c-silicon nanopillar with height H¼ 600nm and in-
plane dimensions Dx and Dy, arranged on the sapphire substrate. The
period P of the unit-cell is 400 nm. Due to the fact that c-silicon has
low loss and high refractive index at the infrared band, we choose it as
a building block of the metasurface. For metasurface processing the
geometrical phase [or Pancharatnam–Berry (PB) phase], the unit-cell,
with similar function of the half-wave plate, can yield a 2h phase shift
of the incident circularly polarized wave, where h represents the rota-
tion angle of the nanopillar. Thus, the unit-cell can realize a full 2p
phase shift continuously by changing its rotation angle.

Because the metasurface based on the geometrical phase can con-
vert the circularly polarized wave into the cross-polarized wave and
only add the additional phase shift on the cross-polarized component,
we need to optimize the geometrical parameters of the nanopillar to
maximize the cross-polarized component. The polarization conversion
efficiency (PCE) is defined as the proportion of the cross-polarized
component in the total transmitted wave. Figure 2(a) shows the simu-
lated PCE vs nanopillar geometrical parameters Dx and Dy at 780nm
near-infrared incidence. The simulation is implemented using the
finite-difference time-domain (FDTD) method based on the periodic
boundary condition. Based on the simulated result, we set Dx and Dy

as 186 and 122nm, respectively, to obtain the highest PCE [red point
in Fig. 2(a)]. As shown in Fig. 2(b), the nanopillar behaves as a
half-wave plate and exhibits a nearly p phase retardance between the
p- and s-polarized incidence. In order to study the broadband

FIG. 1. (a) Generation of the phase profile
of the designed metasurface by superpo-
sition of three phase profiles of the spiral
phase plate, axicon, and focusing lens. (b)
Schematic diagram of the designed meta-
surface and the unit-cell. The metasurface
can convert the right-hand circularly polar-
ized light (RCP) into left-hand circularly
polarized light (LCP) with designed phase
shift, that is, convert the incident RCP
Gaussian beam into the LCP PV beam.
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performance of the designed unit-cell, we calculate the PCE and phase
retardance between the p- and s-polarized waves of the unit-cell with
the geometrical parameters determined within a range of 600–900nm
incidence. The results are shown in Figs. 2(c) and 2(d). From the simu-
lated results, we can find that the transmittance of the cross-polarized
component is above 50% and PCE maintains above 80% at the
730–880nm band, and the phase retardance between the p- and s-
polarized incidence maintains close to p. Due to the fact that unit-cells
of the geometrical phase-based metasurface have the same dimensions
and only the rotation angle differs, these results reveal the potential
high performance of the designed metasurface based on this unit-cell
at the 730–880nm band.

According to the discussion of the unit-cell properties above, the
silicon nanopillars with selected size are used for arranging the whole
metasurface. By controlling the rotation angle h of each unit-cell, we
can map the phase profile umeta for generating a PV beam to the physi-
cal structure of the metasurface (h¼umeta/2 according to the geometri-
cal phase). Next, we perform numerical simulation [the FDTD method

based on perfectly matched layer (PML) boundary conditions at all
dimensions] to test the potential performance of the designed metasur-
face. We first design three metasurfaces for generating PV beams with
topological charge l¼ 1, 2, and 3, respectively. Here, the ellipticity e of
the PV beam is set to 1 (i.e., a PV beam with a circular ring intensity
profile), the NA of axicon is 0.2, and the focal length of the lens is
15lm. First, we use circularly polarized Gaussian beam incidence with
780nm wavelength for testing the single wavelength point performance
of the metasurface. For balancing the result accuracy and computational
load, we use a metasurface array consisting of 2828 unit-cells in the sim-
ulation. Figures 3(a)–3(c) show the simulated intensity profile of the
generated PV beams at the focal plane with topological charges l¼ 1, 2,
and 3, respectively. We can find that the sizes of the PV beams are
nearly the same, and the diameters of the PV beams with topological
charge l¼ 1, 2, and 3 are 7.5, 7.8, and 8.3lm, respectively. The differ-
ence is mainly caused by the down sampling of the continuous phase
profile in the numerical simulation and can be further improved in
experiments by increasing the quantity of the unit-cells. Figures

FIG. 2. (a) Simulated PCE vs nanopillar geometrical parameters Dx and Dy at 780 nm near-infrared incidence. The red point represents the selected dimensions of the unit-
cell. (b) Simulated normalized electric field distribution of the p- and s-polarized incidence, respectively, which shows the phase retardance between p- and s-polarized waves.
The black dashed rectangles represent the region of the nanopillar. (c) Simulated efficiency of co-, cross-polarized transmitted wave and PCE at the 600–900 nm band. (d)
Simulated phase shift between p- and s-polarized incidence and the transmitted wave, and the phase difference between the p- and s-polarized incidence.
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3(d)–3(f) show the real parts of the electric fields of generated PV beams
at the focal plane, which indicate the different topological charges of the
generated PV beams, and they are equivalent to the designed topological
charges. The intensity distributions in the x–z plane are shown in Figs.
3(g)–3(i). Here, we can observe the evolution of the Gaussian beams
after transmitted from the metasurface. The Gaussian beam is first con-
verted into the Bessel-like hollow beam carrying certain topological
charge with low divergence angle away from the focal plane and then
converted into the diverging doughnut-shaped hollow beam near the
focal plane and propagating with a fixed profile after the focal plane.
We can find that the intensity profile behind the focal plane is irrelevant
to the topological charge, indicating the generation of the PV beam. The
simulated generation efficiencies (defined by the power ratio of the gen-
erated cross-polarized PV beams at the focal plane and the incident
beam) of the metasurfaces generating PVs with l¼ 1, 2, and 3, are
80.0%, 77.7%, and 76.3%, respectively.

To explore the broadband performance of the designed metasur-
face, we use the incident circularly polarized Gaussian beam at other
three different wavelengths, 730, 830, and 880nm, to simulate the

output of the metasurface. The topological charge l is set as 1 in these
simulations. Figures 4(a)–4(c) show the simulated intensity profile at
the focal plane. Note that although the metasurface features broadband
property, the focal length still varies with the incident wavelength
due to the dispersion according to Eq. (5), so the intensity profiles in
Figs. 4(a)–4(c) are collected at z¼ 16, 14, and 13lm. The diameters of
the PV beams for 730, 830, and 880nm incidence are 8.1, 8, and
8.2lm, respectively. The simulated generation efficiencies of the meta-
surface are 27.5% at 730nm, 76.9% at 830nm, and 58.2% at 880nm.
Note that the simulated efficiency of the whole metasurface is lower
than the results of unit-cells simulation mentioned above. The differ-
ence is mainly caused by the near-field coupling of adjacent nanopillars
with different orientations. Due to the simulation of the unit-cell based
on periodic boundary condition, which assumes a uniform array and
without this problem, the simulated efficiency of the unit-cell is higher
than the whole metasurface.

To generate an elliptical PV beam, we set ellipticity e as 0.7 and
use 830nm incidence in the simulation. Figures 4(d)–4(f) show the sim-
ulated intensity profile of the elliptical PV beams at the focal plane

FIG. 3. Simulated results of metasurfaces
for generating PV beams with different
topological charges. (a)–(c) Normalized
intensity profile at the focal plane for PV
beams with l¼ 1, 2, and 3. (d)–(f)
Normalized real part of the electric field at
the focal plane for PV beams with l¼ 1, 2,
and 3. (g)–(i) Normalized intensity profile
at the x–z plane for PV beams with l¼ 1,
2, and 3. The yellow dashed line repre-
sents the focal length (15lm). Scale bar:
4lm.
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(z¼ 14lm) with l¼ 1, 2, and 3. Figures 4(g)–4(i) show the simulated
real parts of the electric fields at the focal plane, which indicate the
different topological charges of the elliptical PV beams. The simu-
lated ellipticities of the elliptical PVs are 0.67, 0.69, and 0.71, which
match well with our design. The simulated generation efficiencies
are 77.2%, 76.2%, and 74.6% for elliptical PV beams with l¼ 1, 2,
and 3.

Next, we simulate the metasurface for generation of fractional ellip-
tical PVs. The ellipticity e is set as 1.1. Figure 5(a) shows the spiral phase
patterns [uspiral in Eq. (3)] of the fraction vortex with l¼ 0.5 and l¼ 1.5
in Figs. 5(b) and 5(c). Figures 5(d)–5(f) show the theoretical calculated
far-field intensity profile corresponding to the conditions in Figs.
5(a)–5(c) using the scalar diffraction theory, and Figs. 5(g)–5(i) show the
FDTD simulation results of metasurfaces at the focal plane (z¼ 14lm)
corresponding to Figs. 5(d)–5(f). Theoretically, the phase varies in the
range of 0–p and 0–3p for l¼ 0.5 and 1.5, and they both have one
0–p gap in the phase pattern [circles in Figs. 5(a) and 5(b)], which
will generate one intensity gap in the intensity profile of the PV
beams [dashed circles in Figs. 5(d), 5(e), 5(g), and 5(h)]. However,
we can reorganize the phase distribution to make more 0–p gaps
and generate more intensity gaps in PV beams [shown in Figs. 5(f)
and 5(i)]. The phase profile for generating multiple intensity gaps in
Fig. 5(c) can be expressed as29

u ¼
u; m� 1ð Þ2p < u < 2m� 1ð Þp
u� 2m� 1ð Þp; 2m� 1ð Þp < u < 2mp;

(

m ¼ 1; 2; … floor lð Þ; (6)

where floor(l) means the integer part of topological charge l. The mul-
tiple intensity gaps can be used for guiding and transporting particles
in optical manipulation application. The simulated generation efficien-
cies are 75.2%, 74.6%, and 71.0% for elliptical PV beams with l¼ 0.5,
1.5 (single gap), and 1.5 (three gaps).

In conclusion, we have designed and simulated the perfor-
mance of the all-dielectric silicon metasurfaces and their building
blocks. With the help of the selected half-waveplate-like nanopil-
lars, we can obtain a high-performance metasurface based on the
geometrical phase, featuring broadband and high PCE properties in
the near infrared range. We designed different metasurfaces for
generating PVs with different topological charges l and incident
wavelengths, and elliptical PVs with different topological charge l.
Moreover, we designed metasurfaces for generating elliptical frac-
tion PVs and studied the effect of the phase gap on the intensity
profile. The generation efficiency of the metasurface can reach up
to 80% and maintain above 50% at a relatively wide wavelength
range (780–880 nm). This work may provide a flexible and compact

FIG. 4. (a)–(c) Simulated intensity profile
at 730, 830, and 880 nm, respectively;
here, the topological charge l is set as 1.
(d)–(f) Simulated intensity profile of ellipti-
cal PVs with different l, ellipticity e¼ 0.7.
(g)–(i) Simulated real part of the electric
field corresponding to (d)–(f). Scale bar:
4lm.
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platform for optical manipulation, high-resolution microscopy, and
on-chip optical communication.
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