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Abstract

Perfect vortices, recognized for their distinct ring profile that remains independent of the topological charge, present
significant challenges in generation due to the precise control needed over both phase and polarization. In this work,
we introduce and validate a new approach for generating these beams, allowing the selection of different azimuthally-
variant phase gradients and vector states, thereby enabling full control over the phase and polarization patterns of
perfect vortices. Using dual-functional silicon metaoptics, we achieve the compact generation of a novel class of
perfect vortices, termed azimuthally-variant perfect vector beams. The optical characterization of the generated
beams, performed through a filtering method, confirms their intrinsic azimuthally-variant vectorial nature. These
beams exhibit unique properties that promise valuable applications in optical tweezing, the manipulation of low-
refractive-index particles, the trapping of cold atoms, and high-capacity communications.

Introduction

Since Coullet et al. introduced the concept of optical
vortices in 1989, the domain of structured light® has
enhanced the understanding of various optical phenom-
ena and prompted significant advancements in numerous
fields, in addition to the increased versatility and inte-
gration in light manipulation technologies®.

Actually, the capability to engineer optical beams has
progressed along two complementary directions. On the
one side, the development of sophisticated tools and
theoretical models aimed at precisely controlling the
spatial configuration of various degrees of freedom within
the beam, including amplitude, phase, polarization, and
orbital angular momentum (OAM)®. In parallel, research
has focused on the advancement of cutting-edge optical
elements, characterized by progressively higher levels of
integration and increased functional density, designed to
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leverage the properties of complex light and pursue
integration into existing optical and photonic platforms”.

Over the past few decades, beams carrying orbital
angular momentum have emerged as a paradigmatic
example of this synergy, exemplifying the profound
interplay between our advancing understanding of light
fundamental properties and the concurrent development
of innovative optical technologies.

Indeed, despite marking disruptive advancements in
multiple disciplines, from life science to information and
communication technology®"", the intensity distributions
of standard OAM beams, such as Bessel'”, Kummer'?,
and Laguerre-Gaussian'* were intrinsically related to their
twisting phase structure, limiting the full exploitation in
trapping and spatial division multiplexing">'®.

To address this challenge, Ostrovsky et al.'” first
introduced the concept of perfect vortices, showing the
possibility of encoding any azimuthal phase onto a fixed
intensity ring having the desired radius and width, via the
Fourier transform of axicon and spiral phase plate con-
tributions'®, Concurrently, the control over polarization
ignited further the field, showing the potentiality of its

. . . . 1 .
combination with orbital angular momentum'”*° in
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imaging™, lithography,”, rotation-invariant systems>’,
and high-dimensional quantum communications”**°,

Although the concept of vectoriality is theoretically
applicable to any structured beam®, achieving a non-
separable combination of spin and orbital angular
momenta presented significant challenges when using
conventional optics. Such combinations typically required
complex setups involving multiple optical elements or
interferometric architectures®’, limiting their practical
implementation and widespread adoption. Introducing
unprecedented manipulation of light at the sub-
wavelength scale, metasurfaces enabled the combined
control of phase and polarization into the same platform,
providing a key enabling technology for the compact
generation of vector beams in many areas such as optical
communications, quantum optics, and biomedical ima-
ging. Moreover, this accelerated further the progress in
OAM-beam shaping and applications. While the possi-
bility to generate multiple rings with different vorticity®
extended the applications to information technology”~**
and trapping of low refractive index particles®*”, a first
attempt to go beyond the standard azimuthal phase was
done by uploading multiple topological charges via graf-
ted phase design®®*®. Nevertheless, the approach does
not allow for complete control point-by-point of the
phase and polarization along the ring.

In this work, we demonstrate for the first time the
generation of a new class of beams offering complete
control over both phase and polarization through
arbitrary azimuthal functions. These beams called
azimuthally-variant perfect vector beams (AV-PVBs),
enable compression or stretching of phase and polar-
ization based on predefined functions embedded dur-
ing design. Dual-functional metasurfaces become
essential to provide the polarization-sensitive phase
shaping required for the spin-decoupled manipulation
of an input linearly polarized beam, encoding distinct
phase patterns onto circularly polarized components®”.
This approach generates non-separable combinations
of spin and orbital angular momentum using a single
optical element, while simultaneously imparting the
polarization-insensitive phase pattern for the desired
vortex beam following any azimuthally variant phase
distribution. The designed optical elements are rea-
lized using optimized nanofabrication techniques on a
silicon substrate, enabling precise replication of the
meta-atoms at the nanoscale and accurate generation
of the phase map profile. Optical characterizations
confirm the capability to generate rings with
continuously-variant arbitrary phase profiles and
polarization patterns, suggesting novel and smart
optical elements for beam shaping and light control
with unprecedented levels of compactness and
integrability.
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Results
Theory

In recent years, the focus of Orbital Angular Momen-
tum (OAM) beam generation has shifted towards perfect
vortices, which offers the advantage of a customizable ring
structure that remains independent of the OAM they
carry. These perfect vortices can be generated by illumi-
nating a spiral axicon with a Gaussian beam, effectively
representing the Fourier transform of a high-order Bessel-
Gaussian beam, as detailed in studies like'”"*.

Metasurfaces consolidate the functions of several bulky
optical elements into a single, flat optic, offering an advanced
design strategy by discretizing and layering distinct phase
profiles onto one metasurface. The design of a metalens that
enables the generation of perfect vortices with opposite
orbital angular momentum at a designated focal plane is
determined by a single phase map, which can be represented
as the sum of multiple contributions, as follows™:

q)i - q)if + (Duxicon + (Dlens (1)

Here, ®.,= t{p represents the Orbital Angular
Momentum (OAM) which, with a staircase phase profile,
transfers +/¢ units of A per photon“. Dicon = —ar
describes the phase profile associated with the axicon,

while @y, = —/<<\/ (r2 + ) —f> providing the geo-

metrically aberration-free focusing phase profile, where f
is the focal length and k = 277/) is the wavenumber*>*’.

In the focal plane of the metalens, an OAM beam is
produced, characterized by a ring-shaped intensity profile
whose radius and width depend on the waist of the input
beam (wg), the wavenumber (k), and the lens and axicon
parameters (a and f)*.

To enable the generation of azimuthally-variant phase
delays, allowing precise control over phase and polariza-
tion patterns along the ring, the momentum-dependent
term @, is extended to a new phase term ®,, , ¢,, which
governs the azimuthally-variant phase gradient:

LTVEDY (162 (to + Hgh) = (~1)"(ts — Lo)B0m - plp (2)
=

where j2Z < < (j —1)2 Vj = 1,...,m, B(-) is the function
that imparts the azimuthally variant phase gradient, m
represents how many parts of the ring we decide to encode
this variation, €, is the background topological charge, ¢; is a
parameter that is responsible for both the amplitude of the
phase gradient along one of the m sectors and of the overall
topological charge of the beam. In this equation, we have to
satisfy the condition ¢, < £;. The two Heaviside functions Hg
and Hc enable, respectively, the inversion of the azimuthal
gradient sign and the inversion of the topological charge sign
in each j-th sector.
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Fig. 1 Schematic representation of the AV-PVB generation. \When the designed metasurface is illuminated by a linearly polarized Gaussian beam, an
AV-PVB is formed at the focal plane, with its phase and polarization characteristics determined by the metasurface design. The perfect vortex is generated by
leveraging the bifunctionality of the metaoptics, which imparts distinct phase patterns based on the spin of the circularly polarized light in input. By adjusting
the polarization angle of the incoming linearly polarized Gaussian beam using a half-wave plate, the polarization pattern at the focal plane can be modified,
as shown by the variations in the blue and green patterns (representing the x- and y-components of the electric field, respectively). Introducing a rotating
linear polarizer after the metasurface (whose principal axis is directed along the direction of the white arrows in the second row) enables the creation of a

multi-spot configuration, with spot sizes and rotation velocities or directions that vary according to the polarization pattern

The generated beams have an overall topological charge
arising from the azimuthally-variant phase gradient that
can be exploited also for the design and generation of
vector beams distribution as a result of non-separable
combinations of polarization states and spatial modes
(refs. '7**) (see Supplementary Material).

Dual-functional metalenses (DFMLs), capable of inde-
pendently manipulating orthogonal circularly polarized
beams, are well-suited for generating vector beams (see
Supplementary Material) when illuminated by a linearly
polarized beam. The relative Jones vector is given by:

eiﬁeid) |L> +e—ieei®‘ |R>
V2

where u(r) is the amplitude term unrelated to the topological
charge and polarization handedness, |L) and |R) represent
the Jones vector of left-handed and right-handed circularly
polarized components, 8 is the angle of the illuminating
linearly polarized beam, and ®* are the phase delays
imparted to the two orthogonal circular components. By
substituting the phase pattern of Egs. (1, 2) in the DFMLs
paradigm (Eq. 3), it turns out that the output beam is
endowed with a spatially variable polarization pattern 6 =
0 — |®,. .4, | over the intensity distribution u(r) which is
purely modulated by the

@

J16) = u(r) (3)

impinging beam, @, ;co,, and @y,,;. At the focal length

=gy
)

u(ry=-e" where p, = % and dp, = %040‘ If the phase

pattern @, , were flipped in the design, the resulting
polarization pattern would be symmetric 6 = 6+
|, 40| but the intensity distribution would remain
unchanged”®. By expanding |, .0, > the distribution of
the polarization pattern along the intensity can be split
into two distinct components: one that remains constant
with respect to the azimuthal angle (§/¢) and another that
varies azimuthally (6';):

g — 9/0 + 0/¢

—<9—,

+<, (—1)"e[+(~1) " (4 —€o)/>’(m-¢)]>

(4)

In general, when illuminated with linearly polarized

light, it is possible to generate a non-separable combina-

tion of polarization and spatial modes, leading to a non-
uniform polarization pattern (see Fig. 1).
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An extension of the paradigm can be the generation of
multiple non-overlapping azimuthally-variant perfect
vector beams with equalized intensities but with different
characteristics, i.e., number of rings, polarization states,
and topological charges, by introducing the multiple-
axicon equation for the phase patterns ®***:

N
®* =arg (Z Ay ei®;'> (5)

nr=1

where nr=1,..., N (being N is the number of rings), A,
are the different weights for each perfect vortex, and ®*,,
is the azimuthally variant phase for each ring. Thus, by
imposing the same focal length but different spatial
frequencies for the N axicon terms a,, the distance
between the intensity rings can be tuned, allowing the
generation of multiple concentric rings, each with their
proper polarization and topological variant distribution.
To determine the orbital angular momentum of our
vortex beams, we calculated the topological charge (Q) by
integrating the beam’s phase along a closed path around
the central singularity™’:

1 1
Qzﬂgsmzﬂcﬁds'vq)“’“ (6)

where ®,,, , is the only term contributing to the
topological charge, as the axicon and lens terms have
circular symmetry and do not affect the result. In the
simplest scenario of a simple perfect vortex, where m =1,
Hc' = Hg' =0, and B(m-p) = C (a constant), the topolo-
gical charge reduces to Q= C(£; —¢€,) — €y, and corre-
sponds to the number of 0-to-27 phase steps, while the
helicity is determined by the direction of the phase
gradient. When S(m - ¢) is a function of ¢ and m > 1, the
solution becomes not trivial and leads to interesting cases
such as generating vector beams from two beams in
orthogonal polarization states having null topological
charge as reported below and more detailed in Supple-
mentary Material.

Metaoptics encoding linear phase gradients

In order to validate our design approach, we initially
designed five distinct optical elements with varying con-
figurations, all encoding linear phase gradients based on
the simplest phase gradient function, that is () = 5=

The first optical element in this set generates two rings
(Fig. 2), both exhibiting the same phase gradient over a
single sector, transitioning from €,=0 to ¢;=7. The
dynamic and geometric phases were designed to create
opposite vortex states, which display inverse phase gra-
dients and phases when illuminated by Gaussian beams
with left- and right-handed circular polarizations. The
topological charges of circular components are +7, which
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are appreciable from the seven phase jumps in Fig. 2c, d,
resulting in a vector beam of order 7. The vectorial nature
of the beams is revealed through a rotating linear polar-
izer, producing azimuthally distributed spots that rotate in
opposite directions depending on the polarization hand-
edness. The |2¢;| spots vary in size, proportional to the
phase gradient.

Three additional optical elements were designed and
fabricated to explore other configurations (Supplementary
Material), changing the number of sectors, topological
charges, and vectorial states once at a time. In particular,
we elucidated how to generate vectorial states from a
beam that has no overall topological charge by tuning the
design parameters. Moreover, we showed how to produce
hybrid-order vector beams using the same paradigm
(Supplementary Material).

In the fifth optics, the vortex and antivortex states were
alternately encoded in the inner and outer rings, with
gradient inversions applied across four sectors of the
double rings, and topological charges set to £, =5 and
€1 =10 in both rings (Fig. 3). The observed phase gradient
and sign inversions under circularly polarized illumina-
tion, together with the polarization pattern generated in
the vertically polarized light simulation, show that the
circular components do not carry an overall topological
charge, but the vector beam of order ¢; is correctly gen-
erated. The experimental results closely match the theo-
retical predictions, as shown by the azimuthal intensity
profile after filtering. Experimental videos also demon-
strate the evolution of the vector beam as the analyzer
rotates.

Lastly, the behavior of a metaoptic designed to generate
three concentric rings (N=3), each featuring distinct
azimuthally-varying linear phase gradients divided into
different sectors with unique intrinsic vectorial states, is
discussed in Supplementary Material. The structured
beam was also generated under horizontally polarized
light, confirming the inversion of the vectorial state in
each sector.

Non-linear phase gradient functions

This section investigates the topological vector beam
distribution generated by a non-linear phase gradient
function, presenting two additional metaoptics. For sim-
plicity, the design consists of a single ring and a single
sector without phase gradient inversion and topological
charge inversion.

The first metasurface employs an exponential azimuthal

AL .
ezz;( Az;) where A is a constant that

controls the variation of the exponential gradient and

m is a normalization factor. Selecting £, =0 and £; = 3,

phase gradient, (-) =

the two generated orthogonal circularly polarized

LSA
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Fig. 2 Metaoptics generating two rings having a single gradient sector but opposite vortex states. Encoded dynamic (a) and geometric (b)
phases of the metaoptics. Simulation of the optical response of the metaoptics under the illumination of a Gaussian beam left-handed (c) and right-handed (d)
circularly polarized. Simulated (e) and measured (f) intensity of the vector beam before (e1, f1) and after linear polarization filtering (e2-e5, f2-f5). The azimuthal
phase gradient generates an azimuthal variation of the electric field's amplitude components (£, and £,) along the ring (e1). Inserting a rotating linear polarizer at
different angles, the measured spot size variation (f2-f5) is compared to the simulation (€2-e5). The vortex (antivortex) state of the inner (outer) ring generates
an anticlockwise (clockwise) rotation. Comparison between theory and simulations of the azimuthal intensity profile after filtering for both rings (g) when 9 = 71/2
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(see figure on previous page)

when 8 =7/2

Fig. 3 Metaoptics generating two rings divided in four sectors and having null topological charges but arising azimuthally variant
polarization pattern. Encoded dynamic (a) and geometric (b) phases of metaoptics generating two rings in opposite vector states having four
gradient sectors with alternating gradient inversion. Simulated optical response of the metaoptics under the illumination of a Gaussian beam left-
handed (c) and right-handed (d) circularly polarized. Simulated (e) and measured (f) intensity of the vector beam before (e1, f1) and after linear
polarization filtering (e2-e5, f2-f5). The azimuthal phase gradient generates an azimuthal variation of the electric field's amplitude components (£,
and £)) along the ring (e1). Inserting a rotating linear polarizer at different angles shows the measured variation of the vector beam spot sizes (f2-f5)
after the filtering to compare with the simulation (e2-e5). In each of the four sectors, the inner and the outer rings are in opposite vector states,
leading to opposite spot rotation. Comparison between theory and simulations of the azimuthal intensity profile after filtering for both rings (g)

components have topological charge equal to £,
resulting in an exponential distribution of third-order
vector beams, as illustrated by the azimuthal electric field
profile (Fig. 4). As expected, after filtering, the |2¢,| spots
rotate in the same direction as the analyzer and increase
exponentially simultaneously with the variation in the
azimuthal coordinate.

A sinusoidal gradient function, 5(-) = s;?—;’, with £, =1
and ¢, =3, was implemented in a second metaoptics
(Fig. 4¢, d) that results in an oscillatory asymmetric vector
beam. Being sin(-) the gradient function, we had an
intrinsic oscillation in terms of £ local contribution lead-
ing to a consecutive inversion of the gradient and sign
arising a total topological charge of +2 for the circular
components but a vector beam order of £; =3. Thus,
periodic functions allow the introduction of different
gradient sub-behaviors, complicating the phase and
polarization pattern even more.

Discussion

The reported findings showcase the transformative
potential of metasurfaces for generating complex struc-
tured light fields, specifically a novel class termed
azimuthally-variant perfect vector beams (AV-PVBs).
Through meticulous design and nanofabrication, arbi-
trary and analytical azimuthal functions can be encoded
for the first time into compact metaoptics, enabling
unprecedented control over the phase and polarization
patterns of perfect vortex beams and overcoming the
limitations of prior designs based on the combination of
discrete values or grafted combinations of topological
charges.

A key advantage stems from the dual-functional nature
of these metaoptics, enabling parallel operations onto
polarization and phase in combination with independent
manipulation of orthogonal and circularly polarized
components. This capability enables the creation of
complex vector beams with customizable polarization
distributions along the ring structures, ranging from
purely scalar to purely vector, as well as any hybrid
combination by adjusting the degree of non-separability
(or concurrence that we showed can span the full range™)
(See Supplementary Material).

A significant outcome is the novel utilization of the
input polarization as a dynamic control mechanism for
the output beam. In particular, two distinct moving
configurations exploit polarization rotation. In one setup,
a rotating analyzer placed after the metaoptics selects
different polarization states along the ring pattern,
resulting in a series of bright spots with varying sizes that
simultaneously rotate azimuthally around the ring. The
rotation direction and speed depend on the encoded
azimuthal phase gradient function and on the analyzer’s
rotational speed (see Supplementary Movies). Alter-
natively, varying the polarization of the illuminating light
instead of rotating the analyzer allows for generating
different multi-spot patterns in the output.

The compact generation of such polarization-tunable
arbitrary complex beams can suggest promising applica-
tions in many fields, from life sciences®™*® to informa-
tion®” and communication technology™.

This versatility in generating customizable structured
light fields opens avenues for multiplexing and encoding
information, potentially enhancing data transmission
rates and channel capacities for high-capacity commu-
nication systems”'. Different patterns with complex azi-
muthal vector basis configurations and switching between
two configurations controlled by the incoming polarized
light can represent a method for data signal encoding and
transmission. In quantum information systems, generat-
ing complex spatial modes with higher-dimensional
quantum encoding holds promise for improving the
fidelity and capacity of quantum communication
networks””,

Notably, the ability to generate multiple concentric
perfect vortices with azimuthally variant gradients of
phase and polarization is interesting for optical trapping.
Indeed, the dynamic control in the position and extent of
these light regions emerges as an enabling platform for
customizable trapping and manipulating of molecules and
micro- and nano-particles, enabling precise and dynamic
control of the trapped targets movements by acting on the
energy flow configuration over time’>**. In addition,
while the generation of multi-ring patterns can extend the
trapping mechanism to low refractive-index targets, the
encoding of opposite vectorial nature, i.e., vortex and

Light Sci Appl | 2025 | Vol 14 | Issue 7 | 1917 LSA
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(see figure on previous page)
Fig. 4 Metaoptics generating AV-PVBs with exponential and sinusoidal phase gradients. Simulated and measured optical response of

&
metaoptics imposing £, = 0, £; = 3 and the phase gradient function B(-)= e:;(,/(x;;,) with A= 2.5. Simulated (a1) and experimental (b1) measure of the

generated beam under vertically polarized light. |2¢;] variations between £, and £, confirm the vectorial nature of the beam. The variation of
polarization is weak in the first area of the ring but increases a lot following exponential behavior. Simulated (a2-5) and experimental (b2-5) results of
beam characterization after filtering. The spots rotate in the same direction as the analyzer, as the ring is in the vortex state. Simulated (c) and

measured (d) optical response of metaoptics imposing £, = 1, £; = 3, and the phase gradient function () = %A |2¢4] variations between £, and £,
confirm the vectorial nature of the beam. The variation of polarization is asymmetrical due to the m periodicity of the sin() function and the
contribution of the background charge ¢,. Moreover, because of the periodicity mentioned above, the ring is intrinsically divided into two sub-
sectors in opposite states as the gradient of the function changes sign every 7. Simulated (€2-5) and experimental (d2-5) results of beam
characterization after filtering. The spots rotate in the same direction as the analyzer, from —7/2 to 71/2 as the gradient is positive; otherwise, they

rotate in the opposite direction. The experimental azimuthal profile fits well with the theoretical one. Comparison between theory and simulations of

the azimuthal intensity profile after filtering for both samples (e) when 9=0

antivortex, into two concentric rings offers a sophisticated
approach to manipulating the spatial relationships
between trapped particles. This novel technique provides
unprecedented control, allowing the separation between
particles to be increased or, conversely, their interaction
to be promoted in a spatially dependent manner, together
with the customization of the intensity distribution along
the rings™. Such versatility opens up new avenues for
precise particle manipulation, potentially revolutionizing
fields ranging from microfluidics to nanoscale assembly.

Trapping and addressing of atoms and ions for gen-
erating entangled qubits on a quantum chip is also an
emerging possibility®, crucial for realizing integrated
quantum computing architectures®®”’. While cold-
controlled interactions among atomic qubits have been
observed in microfabricated solid-state devices, this plat-
form lacks efficient and versatile qubit addressability and
precise manipulation needed for quantum state engi-
neering. The designed metasurfaces can provide a pro-
mising solution to overcome the limitations of the present
schemes®®™°!, offering an optical platform compatible
with atom trapping devices and providing arbitrary and
integrated optical addressing with high precision in
polarization, phase, and intensity manipulation, which are
essential for qubit excitation, measure, and entanglement
control®”,

For the above reasons, the consolidation of the outlined
optical functionalities into compact, flat metaoptics
enables an integrated approach that is well-suited for
miniaturized beam shaping and light manipulation solu-
tions. Their simplicity, efficiency, and potential for min-
iaturization position these metaoptics as integral
components of next-generation devices, transcending
traditional optical systems by providing highly customiz-
able and diverse solutions. The transformative potential
demonstrated in this work offers flexible manipulation
over a vast set of degrees of freedom for generating
complex perfect vortex vector beams, making these
metaoptics attractive across a wide range of applications

in burgeoning areas of quantum optics, biophotonics,
materials science, communication systems, and beyond.

Methods
Simulations

Firstly, computational simulations using a tailored finite
element method in COMSOL Multiphysics were con-
ducted at a specified operational wavelength of 1310 nm
to infer the geometric features of each metaunit. Main-
taining the metaatoms matrix periodicity at 600 nm was
crucial to comply with the subwavelength regime.
Meanwhile, variations in the cross-sectional dimensions
of the metaunit were explored within a fixed height of
850 nm. Consequently, metaunit cross sections aligning
with the half-wave plate (HWP) condition, represented by
A = 71, were meticulously chosen, where A =6, — 6, sig-
nifies the disparity between phase delays for linear
polarizations along the x— and y— axes, respectively.
Rigorous criteria were enforced to ensure comprehensive
polarization conversion and uniform transmittance across
the entire metalens.

Specifically, metaatoms satisfying criteria encompassing
a maximum deviation of 0.3 rad from the HWP condition,
a transmission difference Ar= T, — T, below 0.05, and
adhering to a maximum deviation of 0.1 concerning
average transmission (T4yg= (T, + T,)/2) among the
simulated metaatoms were selected®’. Consequently, a
library comprising 13 distinct nanopillars, each exhibiting
an average transmission of 75%, was established in com-
pliance with the specified prerequisites. Subsequently,
given specific phase patterns ®*, the computation of
corresponding dynamic and geometric phase maps leads
to the required metaatoms configuration for the desired
metaoptics. Optical response simulations were conducted
using a customized MatLab® code that implements the
Fresnel propagator® within a square computational
window measuring 600 um per side, with a pixel size of
600 nm. These simulations were performed on metalenses
with a radius of 300 um, designed for an operational

Light Sci Appl | 2025 | Vol 14 | Issue 7 | 1919 LSA
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wavelength of 1310 nm, featuring a 13-level discretization
of dynamic phase, and illuminated by a Gaussian beam
with a 150 um waist radius.

Fabrication

The metaoptics under examination were fabricated
employing a two-stage fabrication procedure. Electron beam
lithography (EBL) was initially used to transpose the opti-
mized computational blueprint onto the physical sample®
This process entailed patterning a thin PMMA resist layer on
(100) silicon substrates through an EBL system (Carl Zeiss
Sigma 300, 30 keV beam voltage). Subsequently, an alumina
mask was applied via electron gun evaporation of an A,O3
target within high vacuum conditions. Following the devel-
opment stage, an alumina layer remained on the previously
exposed regions after a lift-off process conducted through
sonication in hot acetone. Ultimately, the pattern was
transferred onto the underlying silicon substrate via Induc-
tively Coupled Plasma Reactive Ion Etching (ICP-RIE). All
fabricated metasurfaces maintained a consistent diameter of
600 um. Figure 5a—c depicts the morphological character-
ization of a sample.
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Optical setup

The optical performance assessment of the metaoptics
was conducted using the experimental arrangement
detailed in Fig. 5d. The output from a DFB laser
(A =1310 nm, 1310LD34 1-2-2-1 CCSI, AeroDiode) was
collimated at the termination of a single mode fiber using
an aspheric lens with a focal length of fr=7.5mm
(A375TM-C, Thorlabs). Initially linearly polarized, the
beam underwent expansion via an initial telescope system
(fi=3.5cm, f, =10.0 cm) before illuminating the display
of an LCoS (Liquid Crystal on Silicon) spatial light
modulator (X13267-08, Hamamatsu, pixel pitch 12.5 um).
We generated the desired input Gaussian beam employ-
ing a phase and amplitude modulation technique®®. Uti-
lizing a 4-f system (f3 = 20.0 cm, f;, = 12.5 cm) featuring an
aperture in the Fourier plane facilitated both the isolation
of the first-order encoded mode and the adjustment of the
beam waist to W= 150 um. A 50:50 beam-splitter posi-
tioned before the SLM directed the reflected beam along
the desired optical pathway. Within this path, a quarter-
wave plate (QWP;) (WPQ10M1310, Thorlabs) or a half-
wave plate (HWP; in Fig. 5d) (WPHO05M-1310, Thorlabs)
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were employed to establish the desired polarization state.
Specifically, the QWP transformed the beam from hor-
izontally polarized to circularly polarized states. At the
same time, the HWP alternatively rotated the polarization
plane to generate the desired vector beam upon exiting
the SLM (see Supplementary Material). The polarized
beam was resized accordingly to illuminate the patterned
zone of the optics fixed on a 6-axis kinematic mount
(K6XS, Thorlabs). The collection of the output beam
involved a long working distance 20x Objective (MY20X-
824 - Plan Apochromat Objective, 480—1800 nm, 0.40
NA, 20.0 mm WD, Mitutoyo) mounted on a micrometric
translator stage (LX20/M, Thorlabs). Employing remo-
vable additional linear polarizer (P,) and quarter-wave
plate (QWP,) enabled the analysis of the VB configuration
and the generation of the Stokes polarimetric projections,
respectively. Image capture of the collected beam was
made by using a camera (WiDy SWIR 640U-S, pixel pitch
15 um). The discrepancies in scale bars between simula-
tions and experimental acquisitions in the figures were
due to the introduced magnification factor. Proper
extraction and magnification of generated beams neces-
sitated a microscope objective, as the 1.5 mm focal length
was inadequate for direct collection on the CCD camera.
Moreover, optimal appreciation of the beam exploited the
entire sensitive area of the camera. Finally, the experi-
mental efficiency of the metaoptics was quantified,
yielding an average transmission value of 72%, closely
approximating the anticipated theoretical value of 75%.

Acknowledgements

The research was supported by the project STRADA (Italian Presidency of the
Council of Ministers). The work was also partially supported by the European
Union under the ltalian National Recovery and Resilience Plan (NRRP) of
NextGenerationEU, partnership on “Telecommunications of the Future”
(PEO00000T—program “RESTART") and project CNO0000013—Italian Research
Center on HPC, Big Data, and Quantum Computing (ICSC).

Author details

'Department of Physics and Astronomy ‘G. Galilei’, University of Padova,
Padova, Italy. Padua Quantum Technology Research Center ‘QTech’, University
of Padova, Padova, Italy. *Department of Information Engineering, University of
Padova, Padova, Italy. “Istituto Officina dei Materiali, CNR, Trieste, Italy

Author contributions

AV. conceived the idea, designed and optimized the phase pattern, performed
numerical simulations, and conducted optical characterization. GR. gave
suggestions in numerical simulations and contributed to the algorithms for
beam propagation and metasurface computation, as well as the design and
assembly of the optical characterization setup. D.B. and S.D.Z. performed EBL
fabrication and both optical microscopy and SEM. F.R. addressed the project’s
aims, discussed and suggested the details of design optics and their
fabrication and characterization, supervised the full workflow, and managed
the team and laboratory. All authors discussed and contributed to the writing
of the manuscript. All authors have accepted responsibility for the entire
content of this manuscript and approved its submission.

Data availability
The datasets generated during and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Page 11 of 12

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/541377-025-01859-1.

Received: 18 December 2024 Revised: 25 March 2025 Accepted: 2 April
2025
Published online: 06 May 2025

References

1. Coullet, P, Gil, L. & Rocca, F. Optical vortices. Opt. Commun. 73, 403-408 (1989).

2. Forbes, A, de Oliveira, M. & Dennis, M. R. Structured light. Nat. Photonics 15,
253-262 (2021).

3. Shen, Y. J. et al. Optical vortices 30 years on: OAM manipulation from topo-
logical charge to multiple singularities. Light Sci. Appl. 8, 90 (2019).

4. Bao,Y.J, Ni, J. C.&Qiu, C. W. A minimalist single-layer metasurface for arbitrary
and full control of vector vortex beams. Adv. Mater. 32, 1905659 (2020).

5. Schulz, S. A. et al. Roadmap on photonic metasurfaces. Appl. Phys. Lett. 124,
260701 (2024).

6. Hell, S. W. & Wichmann, J. Breaking the diffraction resolution limit by stimu-
lated emission: stimulated-emission-depletion fluorescence microscopy. Opt.
Lett. 19, 780-782 (1994).

7. MacDonald, M. P. et al. Creation and manipulation of three-dimensional
optically trapped structures. Science 296, 1101-1103 (2002).

8. Babiker, M, Andrews, D. L. & Lembessis, V. E. Atoms in complex twisted light. J.
Opt. 21, 013001 (2019).

9. Wang, J. Twisted optical communications using orbital angular momentum.
Sci. China Phys. Mech. Astron. 62, 34201 (2019).

10. Ruffato, G. et al. Design, fabrication and characterization of computer-
generated holograms for anti-counterfeiting applications using OAM beams
as light decoders. Sci. Rep. 7, 18011 (2017).

11, Mirhosseini, M. et al. High-dimensional quantum cryptography with twisted
light. N. . Phys. 17, 033033 (2015).

12. Vicente, O. C. & Caloz, C. Bessel beams: a unified and extended perspective.
Optica 8, 451-457 (2021).

13. Anzolin, G. et al. Method to measure off-axis displacements based on the
analysis of the intensity distribution of a vortex beam. Phys. Rev. A 79, 033845
(2009).

14.  Allen, L. et al. Orbital angular momentum of light and the transformation of
Laguerre-Gaussian laser modes. Phys. Rev. A 45, 8185-8189 (1992).

15.  Rojas-Rojas, S. et al. Evaluating the coupling efficiency of OAM beams into
ring-core optical fibers. Opt. Express 29, 23381-23392 (2021).

16.  Chen, M. Z et al. Dynamics of microparticles trapped in a perfect vortex beam.
Opt. Lett. 38, 4919-4922 (2013).

17. Ostrovsky, A. S, Rickenstorff-Parrao, C. & Arrizon, V. Generation of the “perfect”
optical vortex using a liquid-crystal spatial light modulator. Opt. Lett. 38,
534-536 (2013).

18. Vaity, P. & Rusch, L. Perfect vortex beam: Fourier transformation of a Bessel
beam. Opt. Lett. 40, 597-600 (2015).

19. Holleczek, A. et al. Classical and quantum properties of cylindrically polarized
states of light. Opt. Express 19, 9714-9736 (2011).

20.  Vogliardi, A. et al. Helico-conical vector beams for intensity and polarization 3D
light shaping. Optica 11, 1628-1631 (2024).

21, Liu, M. et al. Super-resolution optical microscopy using cylindrical vector
beams. Nanophotonics 11, 3395-3420 (2022).

22. Grosjean, T, Courjon, D. & Bainier, C. Smallest lithographic marks generated by
optical focusing systems. Opt. Lett. 32, 976-978 (2007).

23. Vallone, G. et al. Free-space quantum key distribution by rotation-invariant
twisted photons. Phys. Rev. Lett. 113, 060503 (2014).

24, Sit, A. et al. High-dimensional intracity quantum cryptography with structured
photons. Optica 4, 1006-1010 (2017).

25.  de Oliveira, M. et al. Experimental high-dimensional quantum secret sharing
with spin-orbit-structured photons. Phys. Rev. A 101, 042303 (2020).

26. Liu, M. Z et al. Broadband generation of perfect poincaré beams via dielectric
spin-multiplexed metasurface. Nat. Commun. 12, 2230 (2021).

27. Rosales-Guzman, C, Bhebhe, N. & Forbes, A. Simultaneous generation of
multiple vector beams on a single SLM. Opt. Express 25, 25697-25706 (2017).

Light Sci Appl | 2025 | Vol 14 | Issue 7 | 1921 LSA



Vogliardi et al. Light: Science & Applications (2025)14:183

28.

29.
30.
31

32.

33.
34.
35.
36.
37.
38.

39.

40.
41.

42.

43.

45.

46.

Vogliardi, A. et al. All-dielectric metaoptics for the compact genera-
tion of double-ring perfect vector beams. Nanophotonics 12,
4215-4228 (2023).

Fang, G. J. et al. Propagation of partially coherent double-vortex beams in
turbulent atmosphere. Opt. Laser Technol. 44, 17801785 (2012).

Liu, Y. X. et al. Scintillation index of double vortex beams in turbulent atmo-
sphere. Optik 181, 571-574 (2019).

Ke, X. Z. & Zhang, L. Study on orthogonal superposition generation method of
double-ring vortex beams. Eur. Phys. J. D. 74, 45 (2020).

Nie, Z. Q. et al. Generation of a sub-wavelength focal spot with a long
transversally polarized optical needle using a double-ring-shaped azimuthally
polarized beam. Opt. Lasers Eng. 59, 93-97 (2014).

Bahari, B. et al. Photonic quantum Hall effect and multiplexed light sources of
large orbital angular momenta. Nat. Phys. 17, 700-703 (2021).

Liang, Y. S. et al. Rotating of low-refractive-index microparticles with a quasi-
perfect optical vortex. Appl. Opt. 57, 79-84 (2018).

Ladavac, K & Grier, D. G. Colloidal hydrodynamic coupling in concentric
optical vortices. Europhys. Lett. 70, 548-554 (2005).

Ahmed, H. et al. Multichannel superposition of grafted perfect vortex beams.
Adv. Mater. 34, 2203044 (2022).

Ahmed, H. et al. Dynamic control of hybrid grafted perfect vector vortex
beams. Nat. Commun. 14, 3915 (2023).

Wang, G. C. et al. Creating multispectral grafted perfect vector vortex beams in
a queue. Laser Photonics Rev. 18, 2400323 (2024).

Guo, Y. H. et al. Spin-decoupled metasurface for simultaneous detection of
spin and orbital angular momenta via momentum transformation. Light Sci.
Appl. 10, 63 (2021).

Vogliardi, A. et al. Silicon metaoptics for the compact generation of perfect
vector beams in the telecom infrared. Opt. Lett. 48, 4925-4928 (2023).
Andrews, D. L. & Babiker, M. The Angular Momentum of Light (Cambridge
University Press, 2012).

Aieta, F. et al. Aberration-free ultrathin flat lenses and axicons at telecom
wavelengths based on plasmonic metasurfaces. Nano Lett. 12, 4932-4936
(2012).

Aleta, F. et al. Aberrations of flat lenses and aplanatic metasurfaces. Opt. Express
21, 31530-31539 (2013).

Hall, D. G. Vector-beam solutions of Maxwell's wave equation. Opt. Lett. 21,
9-11 (199).

Selyem, A. et al. Basis-independent tomography and nonseparability witnesses
of pure complex vectorial light fields by Stokes projections. Phys. Rev. A 100,
063842 (2019).

Lee, M. et al. Optical trapping with holographically structured light for single-
cell studies. Biophys. Rev. 4, 011302 (2023).

1922 | Light Sci Appl | 2025 | Vol 14 | Issue 7

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

65.

66.

Page 12 of 12

Cheng, K. X. et al. Super-resolution imaging based on radially polarized beam-
induced superoscillation using an all-dielectric metasurface. Opt. Express 30,
2780-2791 (2022).

Geng, J. Structured-light 3D surface imaging: a tutorial. Adv. Opt. Photonics 3,
128-160 (2011).

Wang, J. et al. Terabit free-space data transmission employing orbital angular
momentum multiplexing. Nat. Photonics 6, 488-496 (2012).

Otte, E. et al. High-dimensional cryptography with spatial modes of light:
tutorial. J. Optical Soc. Am. B 37, A309-A323 (2020).

Slussarenko, S. et al. Quantum steering with vector vortex photon states with
the detection loophole closed. npj Quantum Inf. 8, 20 (2022).

Peters, C. et al. Spatially resolving classical and quantum entanglement with
structured photons. Phys. Rev. A 108, 053502 (2023).

Mahdi Shanei, M, Engay, E. & Kall, M. Light-driven transport of microparticles
with phase-gradient metasurfaces. Opt. Lett. 47, 6428-6431 (2022).
Cipparrone, G. et al. Polarization gradient: exploring an original route for
optical trapping and manipulation. Opt. Express 18, 6008-6013 (2010).
Roichman, Y. et al. Optical forces arising from phase gradients. Phys. Rev. Lett.
100, 013602 (2008).

Ropp, C. et al. Integrating planar photonics for multi-beam generation and
atomic clock packaging on chip. Light Sci. Appl. 12, 83 (2023).

McGehee, W. R. et al. Magneto-optical trapping using planar optics. N. J. Phys.
23, 013021 (2021).

Huang, X. Y. et al. Metasurface holographic optical traps for ultracold atoms.
Prog. Quantum Electron. 89, 100470 (2023).

Hu, T. et al. Design of scalable metalens array for optical addressing. Front.
Optoelectron. 15, 32 (2022).

Zeng, Y. et al. Generating controllable optical trap arrays with a polarization-
based metalense. Opt. Lasers Eng. 184, 108577 (2025).

Zeng, Y. et al. Generating dipole trap arrays based on dielectric metasurface at
808 nm. Opt. Laser Technol. 177, 111077 (2024).

Jha, P. K et al. Metasurface-mediated quantum entanglement. ACS Photonics
5, 971-976 (2018).

Vogliardi, A. et al. Dual-functional metalenses for the polarization-controlled
generation of focalized vector beams in the telecom infrared. Sci Rep. 13,
10327 (2023).

Li, J. C, Peng, Z J. & Fu, Y. C. Diffraction transfer function and its calculation of
classic diffraction formula. Opt. Commun. 280, 243-248 (2007).

Ruffato, G. et al. Total angular momentum sorting in the telecom infrared with
silicon  Pancharatnam-Berry  transformation optics. Opt.  Express 27,
15750-15764 (2019).

Rosales-Guzmén, C & Forbes, A. How to Shape Light with Spatial Light-
Modulators (SPIE, 2017).

LSA



