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Dual‑functional metalenses 
for the polarization‑controlled 
generation of focalized vector 
beams in the telecom infrared
Andrea Vogliardi 1,2,4, Gianluca Ruffato  1,2,4*, Simone Dal Zilio 3, Daniele Bonaldo 1 & 
Filippo Romanato  1,2,3

The availability of static tiny optical devices is mandatory to reduce the complexity of optical paths 
that typically use dynamic optical components and/or many standard elements for the generation 
of complex states of light, leading to unprecedented levels of miniaturization and compactness of 
optical systems. In particular, the design of flat and integrated optical elements capable of multiple 
vector beams generation with high resolution in the visible and infrared range is very attractive in 
many fields, from life science to information and communication technology. In this regard, we 
propose dual-functional transmission dielectric metalenses that act simultaneously on the dynamic 
and geometric phases in order to manipulate independently right-handed and left-handed circularly 
polarized states of light and generate focused vector beams in a compact and versatile way. In the 
specific, starting from the mathematical fundamentals for the compact generation of vector beams 
using dual-functional optical elements, we provide the numerical algorithms for the computation of 
metaoptics and apply those techniques to the design and fabrication of silicon metalenses which are 
able to generate and focus different vector beams in the telecom infrared, depending on the linear 
polarization state in input. This approach provides new integrated optics for applications in the fields 
of high-resolution microscopy, optical manipulation, and optical communications, both in the classical 
and single-photon regimes.

Since the seminal paper of Allen and co-workers in 19921, beams carrying orbital angular momentum (OAM) 
have ignited a flourishing research area and inspired disruptive applications in a wide range of fields from life 
science to information and communication technology2–4. As a matter of fact, the peculiar intensity and phase 
distributions of OAM beams provide new optical tools for particle trapping and tweezing5,6, high-resolution 
imaging7, and lithography8, while leveraging OAM to encode information has become the key route to advance 
the capabilities of holographic devices9 and communication networks10, both at the classical and single-photon 
regimes, also in combination with other degrees of freedom, such as polarization. Non-separable combina-
tions of well-defined spin and angular momentum states with opposite helicity, the so-called vector beams11, 
define 4-dimensional subspaces with intriguing properties and applications. Such families of beams constitute 
well-isolated mode groups for spatial division multiplexing in axially-symmetric optical fibres with step-index 
profiles12,13, and suggest an effective solution to expand the standard quantum-key distribution (QKD) proto-
cols based on polarization. In fact, separable and non-separable combinations of spin and OAM define the two 
mutually-unbiased bases of a 4D QKD protocol with increased key rate and improved robustness and tolerance to 
noise, as demonstrated both in free-space14,15 and optical fiber16 applications. However, the technological transfer 
of such applications into real scenarios demands the combined control over the degrees of freedom of light to 
generate the required states using optical elements which are compact, versatile, and efficient, and furthermore 
foster the integration with today’s technology.

During the last 30 years, the ability to manipulate optical angular momentum has improved dramatically 
together with the capability to structure matter at the nanoscale and develop novel photonic devices17–19. The 
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characteristic helical wavefronts of OAM beams inspired optical elements with a 3D staircase profile, i.e., spiral 
phase plates (SPPs)20,21, or their diffractive equivalent, the so-called fork holograms22. Such optical elements have 
been realized with liquid–crystal devices or high-resolution lithographic techniques23, proving the generation 
of OAM beams with high purity, while additional radial discontinuities24,25 enabled the control also of the radial 
number for the generation of higher-order OAM modes. The metasurface paradigm26 inflamed the evolution of 
SPPs from 3D surface relief structures to their 2D counterparts, the so-called q-plates. Instead of modulating the 
optical path with a spatially-variant thickness, q-plates implement an artificial material with fixed thickness and 
spatially-variant form birefringence, by exploiting the inherent anisotropy of liquid crystals27–30 or structuring 
matter in the form of 2D nano-resonators31,32 or subwavelength gratings33 using the well-established techniques of 
semiconductor manufacturing. The imparted phase is equal to twice the local angle formed by the extraordinary 
axis, while its sign depends on the handedness of the circular-polarization state in input34. The phase-conjugation 
mechanism opened to the generation of vector beams in a compact manner, by illuminating the optical element 
using linear polarization35. As a matter of fact, the two constituent circularly polarized states carry away OAM 
contributions of opposite signs, resulting into a vector beam with a polarization configuration which depends 
on the input polarization angle. However, the geometric phase approach limits the range of possible phase pat-
terns which can be implemented. For instance, only beams with opposite OAM can be generated, while a lens 
term is not efficient, since only one of the two circular polarizations would experience focusing. Therefore, it 
would be extremely useful to decouple spin from phase reshaping in order to effectively extend the capabilities 
of geometric-phase optics.

The solution is given by the combination of both geometric and dynamic phase manipulation, by using 
anisotropic nano-resonators with both different rotations and shapes, respectively. Tailoring the cross-section 
it is possible to adjust the dynamic phases along the ordinary and extraordinary axes and therefore include a 
polarization-insensitive phase term. The proper combination with the polarization-dependent geometric phase 
enables one to encode two totally different optical operations for the two circular polarization states and design 
dual-functional metaoptics36–38.

In this work, we consider for the first time the design, fabrication, and test of dual-functional silicon meta-
surfaces for the generation of focalized vector beams in the telecom infrared. In particular, after providing a 
numerical recipe for the engineering of any dual-functional metaoptics, we apply that method to the design of 
silicon metasurfaces enabling the spin-controlled generation of focalized OAM beams at 1310 nm. The func-
tionality of such devices extends straightforwardly to the generation of complex vector beams when illuminated 
under linear polarization. This study further enriches the portfolio of optical elements for complex beams gen-
eration, providing passive silicon optics with high efficiency and minimal footprint, for advanced applications 
in microscopy, optical micromanipulation, and classical and quantum information, with unprecedented levels 
of compactness, miniaturization, and integrability.

Theory
Vector beams bases.  In this work, we suggest metaoptics which are able to generate different types of 
focused vector beams (VBs). VBs are solutions of Maxwell’s wave equation1,39 that can be represented as non-
separable combinations of polarization states and spatial modes. Mathematically, this non-separable combina-
tion is described by introducing a 4-dimensional basis defined by the Cartesian product between the spatial 
mode basis and the polarization basis40.

We introduce the two-element basis {|R�, |L�} of the polarization space, where |R� =
[

1 i
]T  and 

|L� =
[

1 −i
]T represent a right-handed and left-handed circular polarization state, respectively (the normaliza-

tion factor 1/
√
2 has been omitted), and the basis 

{
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0

}

 for the spatial mode space representing first-
order Laguerre–Gaussian modes, carrying an azimuthal phase term exp(±iϕ) . Then, the first order VBs are 
defined as linear combinations of the elements of the 4D basis:

Moreover, this 4D space can be represented as the direct sum of two 2D subspaces called Hybrid Poincaré 
Spheres (HPSs). These two HPSs include the vortex states (defined by the basis 
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 ), respectively40:

The general state of a first order vector beam can be described in terms of LG beams and circular polariza-
tion basis as:

where the two angles θ and χ refer to the coordinates of the corresponding point on the HPS41. Equation (3) 
suggests the generation of vector beams from the controlled superposition of two circularly-polarized beams 
with opposite spin and different spatial configurations using for instance a two-arm interferometric setup. By 
adding a half-wave plate in cascade, it is possible to switch the handedness of the circularly-polarized contribu-
tions and bounce between the two HPSs.

Dual functional metalenses (DFML).  Here we propose a compact tool to generate vector beams by 
means of a single dielectric dual-functional metalens (DFML). A DFML is constituted of subwavelength units, 
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the so-called metaatoms (MAs), arranged over a periodic lattice and acting locally as half-wave plates, in order 
to maximize the polarization conversion and, therefore, the optical efficiency42–44. In particular, by properly 
selecting a set of birefringent metaunits with different cross-sections, it is possible to enable the exploitation of 
both the Pancharatnam–Berry (geometric) phase and the dynamic one and allow a complex manipulation of the 
input beam as required for VB generation.

Each nanopillar belongs to a library of nanostructures with different cross sections and orientations but the 
same height (Fig. 1a,b). Due to the subwavelength size of the metaunit, the input light experiences an effective 
medium with dynamic phase delays δx and δy, referring to TM and TE linear polarizations, respectively. A rota-
tion by θ of the anisotropic metaunit introduces a spin-dependent geometric phase equal to ± 2θ, depending 
on the handedness of the circular polarization state in input. By properly combining the control of both the 
geometric and dynamic phase, acting on the pillar orientation and varying its cross-section, respectively, the 
metalens is able to behave in two different ways depending on whether the input beam is right-handed (RCP) 
or left-handed circularly polarized (LCP) (Fig. 2a,b). As described in detail in45, the two different phase patterns 
ϕ+ and ϕ− imparted to right-handed and left-handed circularly polarized beams are related to the dynamic and 
geometric phases by the following constitutive relations:

Figure 1.   (a) Schematic representation of the metaatoms matrix composing a metalens. (b) 3D view of a 
metaatom. In this study, we impose Px = Py = 600 nm, and H = 850 nm.

Figure 2.   Dual Functional Metalenses paradigm for vector beams generation: using an impinging circularly 
polarized light (a,b), it is possible to generate focalized OAM beams with flipped helicity and opposite spin. 
Thus, for impinging linearly polarized light (c,d), it is possible to generate vector beams, such as the azimuthally 
polarized vector beam (Az-VB, c) or the radially polarized vector beam (Rad-VB, d).
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As a matter of fact, while the dynamic phase has the same effect both on LCP or RCP input beams, a change 
in the input polarization implies the transfer of symmetrical (opposite) geometric phases for the two circularly 
polarized states, that is:

being J the Jones matrix of the anisotropic metaunit. Therefore, it is possible to obtain completely different behav-
iors under LCP or RCP impinging illumination by properly combining the two types of phases, that is, by control-
ling concurrently the shape of the pillars and their rotation point by point on the whole metasurface area45–47.

In this work, we exploit those properties to design and test DFMLs which are able to generate and focus dif-
ferent vector beams, depending on the linearly polarized state in input (Fig. 2c,d).

Vector beams generation with DFML.  As well known, it is possible to describe a linearly polarized beam 
as the linear combination of a left-handed circularly polarized state ( |L� ) and a right-handed circularly polar-
ized one ( |R� ). More precisely, being |H� =

[

1 0
]T and |V� =

[

0 1
]T horizontal and vertical polarized states, 

respectively, and |θ� =
[

cos (θ) sin (θ)
]T a general linearly polarized state, the relationships between a linearly 

polarized state and its constituent circularly polarized contributions are: |θ� = |R�eiθ + |L�e−iθ,|H� = |R� + |L� 
and |V� = i(|R� − |L�) , where the normalization factor 1/

√
2  has been omitted.

For the sake of simplicity, we start considering a horizontally polarized beam in input, and we exploit the 
linearity of the Jones formalism. Therefore, for each metaatom we obtain:

being J the Jones matrix of the DFML metaatom, ϕ+ and ϕ− the phase patterns carried away by the right-handed 
and left-handed circularly polarized terms, respectively. As we are interested in generating focalized vector beams, 
we need to encode in the metasurface a phase profile which is able to transfer two focalized LG modes (with 
the same focal length but opposite OAM), corresponding to the basis of the spatial modes. To this purpose, we 
suggest a converging lens profile ϕ, being able to generate a focused beam carrying OAM at a desired position. 
In detail:

where ℓ is the amount of OAM per photon transferred to the impinging beam (or topological charge), in units 
of � , � is the working wavelength, f  is the focal length, and ρ = (x0,y0 ) are the focus coordinates on the focal plane 
perpendicular to the propagation axis (z) and placed at a distance f. The first part of the equation, i.e., ℓϕ , is the 
azimuthal phase that is necessary to generate an optical vortex with topological charge equal to ℓ47,48, while the 

second part, i.e., −2π/�

(

√

f 2 + |r · ρ|2 −
∣

∣f
∣

∣

)

 , is a hyperboloid focusing profile φf ,ρ , without spherical aber-

ration under plane-wave incidence49,50, which is mandatory to focus the optical vortex onto a desired point in 
space. After imposing in Eq. (9)

we obtain:

Recalling Eq. (3), it is worth noting that the second member is expected to generate, after free-space propaga-
tion, a radially-polarized vector beam defined as W0,π/4 = LG+1

0 |L� + LG−1
0 |R� (the normalization factor 1/

√
2 

has been omitted). The polarization-independent phase term exp(iφf ,ρ) provides the required focusing in order 
to form the vector beam at the desired position in space.

Using the same designed DFML, but changing the impinging polarization from horizontal to vertical, i.e., 
|V� , it is possible to generate another type of vortex vector beam focalized at the same point of the previous one. 
It is straightforward to prove that:
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which after propagation is expected to produce the VB with azimuthal polarization, focalized at a distance f and 
at a certain point ρ = (x0, y0) after the metasurface.

Applying the same mathematical approach, but switching the phase profiles carried by the two circular 
polarizations, it is possible to generate also the associated anti-vortex vector beams. As a matter of fact, given 
the designed phase profiles φ± = φ∓1

LG + φf ,ρ it is straightforward to show that:

That proves the generation of focalized anti-vortex states associated with either a radial vortex state or an 
azimuthal vortex state, respectively, depending on the orientation of the impinging linear polarization.

It is worth noting that the same result can be achieved alternatively by flipping the chirality of the output 
polarization states, using for instance a half-wave plate in cascade, instead of changing the whole metasurface 
design.

With this design formalism, DFMLs do not work only under either vertically or horizontally polarized beams, 
but with any linear polarization state in input. In fact, imposing a general linear polarization state impinging on 
a DFML designed using Eqs. (12)–(13) (or Eq. (14)–(15)), it is straightforward to obtain the general formula:

As shown in the Supplementary Information file, section S1, the same approach can be extended to the 
design of dual-functional metalenses for the generation of more complex beams with higher OAM values and 
non-null radial index. Under the illumination with linear polarization states in input, high-order vector beams 
can be generated.

Results
Metalens design.  To implement the wavefront engineering it is mandatory to find the set of optimized 
metaunits filling the whole metalens area. We performed custom finite element method (FEM) simulations 
(see “Methods”) to extrapolate the geometric features of each metaunit. Simulations were performed fixing the 
period of the metaatoms matrix at 600 nm along x-axis and y-axis (Fig. 1), and sweeping the sizes of the metaunit 
cross-section (Lx, Ly) (Fig. 3), considering fabrication constraints and the subwavelength regime, at the working 
wavelength of 1310 nm. Moreover, due to fabrication limitations, we imposed a fixed height H of 850 nm. Thus, 
for a fixed phase delay δx along the fast axis of the pillars, we selected the cross sections satisfying the condition 
� = π , being � = δy − δx . In particular, to ensure the HWP behavior of each metaunit, we selected metaatoms 
having a maximum phase difference of 0.03 rad from the HWP condition, i.e., |�simulated −�| ≤ 0.03 rad . At the 
same time, to ensure the polarization conversion under circularly polarized light, we imposed strict conditions 
on the transmissions for TE and TM polarizations. More precisely, we fixed 

∣

∣Tx,i − Ty,i

∣

∣ ≤ 0.05 , being Tx,i and Ty,i 
the transmittance of the i-th metaatom for TM and TE polarizations, respectively. Concurrently, to guarantee a 
homogeneous transmittance over the whole metalens, we impose a maximum difference of 0.1 in transmittance 
among the N different metaatoms 

∣

∣Tavg ,i − Tavg ,j

∣

∣ ≤ 0.1 , i, j = 1, 2, ...,N , being Tavg ,k =
(

Tx,k + Ty,k

)

/2.
As a consequence, the previous requirements limit significantly the choice of possible cross-sections for 

the given thickness and shape. Therefore, in order to increase the degrees of freedom to find an adequate set 
of nanostructures covering the whole 2π range, different shapes have to be considered, such as rectangular, 
elliptical, and pairs of inscribed rectangular silicon pillars. A meta-library of 13 different nanopillars has been 
extrapolated from the simulations, which permits to have a well distributed 13-level discretization of the phase 
over the whole range 0–2π (Fig. 3). Conversely, we assumed no discretization on the geometric phase. In such 
a way, for predetermined phase patterns φ+ and φ− , we were able to calculate the corresponding maps for the 
dynamic and geometric phases, which provide the tool to compute the metaatoms pattern of the desired DFML. 
While the geometric phase map gives the local orientation of the metaatom, the required dynamic phase delays 
allow one to select the corresponding cross-section referring to the lookup table in Fig. 3d45.

To implement a first-order vector beams basis and prove the above-described design theory, we recall Eqs. 
(10) and (11), and we impose the phase pattern to the metalens under the choice ℓ = 1, x0 = y0 = 0, and f = 500 µm.

Metalens fabrication.  Electron Beam Lithography (EBL) is the ideal technique to convert the optimized 
computational pattern into the physical sample23,51. The metalens patterning was achieved using an EBL system 
(Carl Zeiss Sigma 300, 30 keV beam voltage) on 〈100〉 silicon substrates, spin coated with a 100-nm PMMA (AR-
P-671.02, 950 kg/mol, Allresist GmbH) resist film and baked for 5 min on a hot plate at 180 °C. The exposure 
dose with an average value of 314 µC/cm2 was finely optimized taking into account the proximity dose effect, 
by applying a homemade developed software for dose correction. Samples were developed in a 3:1 solution of 
isopropanol (IPA) and methyl isobutyl ketone (MIBK) for 30 s and then rinsed with IPA.

A thin Al2O3 film (12 nm) to be used as mask for the subsequent dry etching pattern transfer, was deposited by 
standard e-gun evaporation. Prior to deposition, the samples were treated by a controlled oxygen plasma cleaning 
process, to remove polymer residues on the exposed silicon region. After the lift-off of the PMMA resist in hot 
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acetone (65 °C, 2 min in sonication), the pattern was transferred onto the underlying silicon substrate through 
Inductively Coupled Plasma Reactive Ion Etching (ICP-RIE). ICP-RIE was performed in a STS Multiplex ASE 
using a mixture of SF6:C4F8:Ar (3:6:1). Final characterization of the nanostructures (size, morphology, quality) 
was accomplished by scanning electron microscopy (SEM). In Fig. 4 some SEM images of the fabricated silicon 
metalens are shown.

Optical simulations and characterization.  We start reporting the phase maps (Fig. 5a,b) of the fabri-
cated metalens and the orientation of each metaunit (Fig. 5c) for the whole structure. Using a custom code (see 
“Methods”—“Optical simulations”), we simulated the optical response of the designed metaoptics to initially 
prove the ability to generate two structured beams with opposite OAM depending on the circular polarization 
state in input. The phase profiles experienced by the two circular polarization states are depicted in Fig. 5d,g and 
the simulated intensity and phase profiles of the structured beams at the focal plane are shown in Fig. 5e,h. As 
expected from the theory, two OAM beams are generated independently with opposite helicity, depending on the 
spin of the impinging beam. After that, using a custom characterization optical setup (see “Methods”—"Optical 
characterization”), we measured the intensity profiles and the interferograms of the generated beams (Fig. 5f,i). 
Two OAM beams with opposite helicity are clearly generated on the focal plane under either left-handed or 
right-handed circular polarization. From the interferograms, it is clearly observable that the two beams carry 
the same OAM with opposite helicity. In particular, a first-order OAM beam with a left-handed helicity is gen-
erated under RCP illumination, while under LCP illumination a first-order OAM with right-handed helicity is 
produced, which are the key elements to generate a focused vector beam.

Figure 3.   Library of different silicon nanopillars working at 1310 nm providing the recipe to build up a dual-
functional metalens. (a) Phase delays for TE (y-delay) and TM (x-delay) polarizations, (b) Transmittance of each 
nanopillar under TE (Ty) and TM (Tx) polarization compared with the average transmittance (Tavg) calculated 
among all the transmittance values. (c) Different types of pillars composing the meta-library. Rectangular and 
elliptical pillars (A–B) are the more common, with respect to the other two types (C–D) made of two paired 
pillars, with a rectangular base inscribed within a concentric circumference of radius 250 nm and placed at a 
distance of 300 nm between the two centers. (d) Complete list of the metaatoms library showing the type of 
pillars and the corresponding size.
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After that, we verified the generation of vector beams using linearly polarized light in input. At first, we 
simulated the optical response of the metalens under either horizontal or vertical input linear polarization. Fig-
ure 6a,e exhibits the intensity profiles and the polarization states of the structured beams generated under the 
abovementioned conditions. It is clearly observable that under horizontal input polarization a radial vector beam 
is generated, rather than an azimuthal one when the impinging light is vertically polarized. Then, the intensity 
profile of the structured beam generated with our metasurface has been detected (Fig. 6b,f).

One of the easiest way to characterize the polarization pattern of a vector beam is to analyze it using a rotat-
ing linear polarizer. Filtering a first-order VB, a two-petal intensity structure (showing the constituent linearly-
polarized Hermite–Gaussian beam) appears, with an orientation which depends on the type of vector beam. We 
started simulating the theoretical intensity profiles of a vector beam passing through an analyzer. The simulated 
profiles are shown in Fig. 6c,g and, as expected, associated with a counter-clockwise rotation of the analyzer there 
is a counter-clockwise rotation of the intensity profiles. Thus, we proved the goodness of the vortex state VBs 
generated by our metaoptics performing the same analysis experimentally. In particular, it can be noticed that 
the measured intensity profiles after the analyzer are in very good accordance with the simulated ones (Fig. 6d,h).

In addition, we used the same designed metaoptics to generate focalized anti-vortex vector beams. By insert-
ing a half-wave plate (HWP) after the DFML, we managed to flip the polarization handedness of the output 
beams moving from Eqs. (12), (13) to Eqs. (14), (15) as described in the “Theory” section. We performed the 
same simulations and characterizations described for the vortex states and we obtained the opposite behavior, as 
expected. In particular, it can be noticed that associated with a counter-clockwise rotation of the analyzer there 
is a clockwise rotation of the intensity profiles of the analyzed anti-vortex VB (Fig. 7).

Discussion and conclusions
We have here presented the design of dual-functional silicon metalenses for the polarization-controlled genera-
tion of focused vector beams in the telecom infrared. The designed optical elements have been engineered to 
generate different vector beams depending on the polarization state of the impinging light. That is achieved by 
exploiting the intrinsic property of dual functional-metalenses to act both on the dynamic and geometric phases 
imparted to the input beam in order to induce spin-decoupled functionalities. In particular, we proved that 
imposing accurately optimized sub-wavelength patterns, judiciously designed for the decoupled functionalities 
of the metalens, it is possible to generate different vector beam bases, focalized at the same fixed point in space, 
using the polarization state of the impinging light as control parameter. We performed FEM simulations to define 

Figure 4.   SEM images of the fabricated metalens. (a) Overall top-view of the entire metasurface. (b) Top view 
detail. (c,d) Details of the metasurface at higher magnification. The detailed images depict the high quality of the 
micromachined optics, confirming the correctness of pillars distribution and height size.



8

Vol:.(1234567890)

Scientific Reports |        (2023) 13:10327  | https://doi.org/10.1038/s41598-023-36865-z

www.nature.com/scientificreports/

a library of silicon metaatoms, acting as half-wave plates with different phase delays along two orthogonal optical 
axes at 1310 nm, which has been used as a look-up table for the phase pattern generation of the proposed metas-
urface. The metalens has been fabricated using a two-step process: nanofabrication of the resist mask with EBL, 
and pattern transfer to the silicon substrate using inductively coupled plasma–reactive ion etching. In particular, 
the plasma conditions and etching time had to be properly optimized in order to reach the optimal thickness. 
However, as shown in the Supplementary Information file, section S2, the simulated optical response exhibits 
a good tolerance to deviations from the optimal thickness, exhibiting high values of efficiency conversion and 
transmission over a thickness range between 800 and 900 nm, that is, for a deviation from the design thickness 
up to 50 nm, which is far greater than the accuracy of the etching technique. In principle, the average transmit-
tance around 75% can be improved further by using a low refractive index substrate, e.g., a glass slide, instead of 
silicon. For instance, a thin layer of amorphous silicon (a-Si) could be sputtered and patterned using the same 
two-step protocol (EBL + RIE). However, due to the different refractive index, a new run of FEM simulations must 
be conducted in order to find the new library of a-Si pillars satisfying the design constraints at 1310 nm. With 
respect to the usage of a c-Si substrate, the lower refractive index change at the different interfaces is expected to 
reduce the back reflection and therefore improve the overall transmittance. In addition, a proper anti-reflection 
coating could be deposited on the last substrate/air interface (not considered in this study).

Finally, we have proved the effectiveness of the metaoptics by characterizing the optical response under 
different impinging polarization states of light. The experimental results are in good agreement with the simu-
lations, proving the correctness of both the design and the optimization of the fabrication protocols. While in 
the present paper we limited the study to the generation of the first-order vector modes, the method can be 
extended straightforwardly to the design of dual-functional metaoptics for the generation of high-order vec-
tor beams (see Supplementary Information file, section S1). In particular, the optimized set of pillars in Fig. 3 

Figure 5.   Design, simulation, and experimental output of DFML implementing Eq. (11). (a–c) ML design 
phase maps for δx (a), δy (b), and θ (c)45. (d,g) Show ϕ+ and ϕ− phase maps, respectively, at 1310 nm. (e) 
Simulated intensity and phase of the propagated field under RCP polarization at z = 500 μm. (h) Simulated 
intensity and phase of the propagated field under LCP polarization at z = 500 μm. Brightness and colors refer 
to intensity and phase, respectively. (f,i) Measured intensity profiles of the generated structured beams with 
their associated interferograms. It is appreciable the different helicity in the OAM generation depending on the 
handedness of the circular polarization in input, since the two interferograms have opposite phase dislocations.
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and the abovementioned design and fabrication techniques can be extended to the realization of any type of 
dual-functional metaoptics aimed to impart two different given phase patterns to left-handed and right-handed 
circular polarizations. The library of silicon metaatoms has been calculated and optimized for the wavelength 
of 1310 nm, then it is expected to work perfectly at the design wavelength. However, as shown with numerical 
simulations in the Supplementary Information file, section S3, the designed metalens exhibits high values of 
efficiency conversion and transmission over the whole telecom O-band from 1260 to 1360 nm, centered at the 
design wavelength. By further engineering the design of the metaatoms, it could be possible to control also the 
group delay and group delay dispersion52 and compensate for chromatic aberration, achieving the same focal 
length independently of the input wavelength over a wide band.

The ability to generate vector beams in different configurations using a single metasurface and the combina-
tion with passive optical elements (polarizer and wave-plate) permits both to simplify dramatically the optical 
path complexity and to ease significantly the alignment compared to other solutions53–58. Moreover, the fabricated 
metaoptics provide an upgrade in terms of both quality of the output vector beams and capability to focalize the 
generated structured light, in comparison with the metasurfaces previously reported in the literature59,60. The 
possibility to overcome the limits of geometric-phase conjugation and include a polarization-insensitive focusing 
term enables the generation and focalization of complex states of light with high efficiency and minimal foot-
print, suggesting compact and integrated optical architectures for high-order modes coupling in optical fibres, 
advanced microscopy, optical micromanipulation, and light-matter interaction.

Methods
FEM simulations.  We set up custom-made Finite-Element Method (FEM) numerical simulations in the 
wavelength domain (using COMSOL Multiphysics®) to find the best set of metaatoms satisfying the DFMLs 
requirements described above (Fig. 8). Each subunit has been defined as a silicon nanopillar (nSi = 3.5030) sur-

Figure 6.   Generation of a vortex state basis following the design criteria of Eqs. (10) and (11), and analysis 
using a rotating linear polarizer (LP) in cascade. (a–d) Horizontally polarized light in input. (a) Simulated 
intensity profile and polarization plot of the generated radial VB. (b) Measured intensity profile of the generated 
radial VB. Simulated (c) and measured (d) intensity profiles of the radial vector beam analyzed with a rotating 
LP. (e–h) Vertically polarized light in input. (e) Simulated intensity profile and polarization plot of the generated 
azimuthal VB. (f) Measured intensity profile of the generated azimuthal VB. Simulated (g) and measured (h) 
intensity profiles of the azimuthal vector beam analyzed with a rotating LP.
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Figure 7.   Generation of anti-vortex state basis and analysis using a rotating linear polarizer (LP). (a–d) 
Horizontally polarized light in input. (a) Simulated intensity profile and polarization plot of the generated 
anti-radial VB. (b) Measured intensity profile of the generated anti-radial VB. Simulated (c) and measured (d) 
intensity profiles of the anti-radial vector beam analyzed with a rotating LP. (e–h) Vertically polarized light in 
input. (e) Simulated intensity profile and polarization plot of the generated anti-azimuthal VB. (f) Measured 
intensity profile of the generated anti-azimuthal VB. Simulated (g) and measured (h) intensity profiles of the 
anti-azimuthal vector beam analyzed with a rotating LP.

Figure 8.   Example of FEM simulations of a metaunit (Px = Py = 600 nm) made of silicon nanopillars 
(Lx = 150 nm, Ly = 300 nm, and H = 850 nm, i.e., pillar #9 in Fig. 3) over a silicon substrate. (a) Boundary 
conditions imposed to properly simulate the nanostructure. PBC periodic boundary conditions. PML perfectly 
matched layers. (b–d) Electric field under TE polarization in input impinging from the air side. Lateral cross-
sections at y = 0 (b), x = 0 (c), and top-view cross-section at z = H/4 (d). Input wavelength λ = 1310 nm. Colors 
refer to the intensity of the electric field (a.u.).
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rounded by air (nAir = 1) placed on the top of a silicon substrate (nSi = 3.5030). All the materials were considered 
as non-absorbing (n = Re(n), Im(n) = 0). Thus, we imposed some conditions to simulate properly the nanostruc-
tures: Periodic Port conditions were set in the substrate at a distance equal to � from the nanopillar and at a 
distance greater than � over the pillar, both to collect the scattering parameters of the structure and simultane-
ously ensure the far-field regime61; Perfectly Matched Layer (PML) conditions have been imposed outside the 
ports at a distance greater than � to visualize the transmitted and reflected fields, and to absorb the field over a 
certain distance to avoid unwanted multiple reflections. Finally, Periodic Boundary conditions (PBC) were set 
(along the xz and yz planes) to permit the correct simulation of the interaction between the various metaunits 
of the metalens (Fig. 8a)62. Among all the possible solutions, a subset of 13 pillars is selected covering the whole 
2π range of dynamic phase and satisfying the conditions of half-wave plate and equal transmissions for TE and 
TM polarizations within the tolerance described above. Using custom scripts in MatLab, the maps of dynamic 
and geometric phases are converted into a GDSII file encoding the cross-sections of the metaatom, i.e., type 
1–13 and orientation, in each cell of the metasurface 2D array with period of 600 nm in the x- and y-directions. 
Finally, then the CAD file is uploaded on the software of the electron-beam lithographic system and the design 
is materialized after exposure and development on the resist layer.

Electron beam lithography.  The metalens lithographic design was patterned using an Electron Beam 
Lithography system at 30  keV beam voltage on 〈100〉 silicon substrates, spin coated with a 100-nm PMMA 
(AllResist-P-671.02, 950 kg/mol) resist layer and baked for 5 min on a hot plate at 180 °C. The exposure dose at 
an average value of 314 µC/cm was finely optimized in order to compensate the proximity dose effect using a 
custom developed software. Samples were developed in a 3:1 solution of isopropanol (IPA) and methyl isobu-
tyl ketone (MIBK) for 30 s and then rinsed with IPA. Then, the pattern was transferred from the resist to the 
underlying silicon through Inductively Coupled Plasma Reactive Ion Etching (ICP-RIE). An aluminum oxide 
hard mask has been deposited beforehand by e-gun evaporation and subsequent lift-off in hot acetone and soni-
cation. ICP-RIE was performed in a STS Multiplex ASE with a plasma composition of 3 SF6: 6 C4F8: 1 Ar. Prior 
to deposition and etching, and following etching, oxygen plasma cleanings were executed in order to remove 
polymer residues and impurities. The quality and morphology of the nanostructures were assessed using scan-
ning electron microscopy.

Optical simulations.  To simulate the optical response a custom MatLab® code was used implementing the 
Fresnel propagator for a squared simulation window with a side of 400 µm and pixel size of 600 nm63. The simu-
lations considered metalenses of radius 200 µm, designed at the working wavelength of 1310 nm with a phase 
discretization of 13 levels (Fig. 3) and illuminated by a Gaussian beam as given by ( exp(−(x2 + y2)/w2

0) ), with 
a beam waist ( w0 ) of 100 µm in order to cover adequately the metasurface area and avoid boundary effects. The 
intensity of the simulated electric field has been normalized to unity.

Optical characterization.  The optical behavior of the fabricated metalens has been tested using the exper-
imental setup depicted in Fig. 9. The input Gaussian beam of the desired waist was generated with a (Liquid 
Crystal on Silicon) LCoS spatial light modulator (SLM) (X13267-08, Hamamatsu, pixel pitch 12.5 μm) using 

Figure 9.   Layout of the experimental setup. The output of a DFB laser at 1310 nm is collimated (aspheric 
lens LF), linearly polarized (polarizer P1), and expanded (lenses L1, L2) before illuminating a LCoS SLM for 
beam shaping. A 50:50 beam-splitter (BS) is used to separate the input and reflected beam and create an 
interferometric arm (mirrors M, diaphragm D2, focusing lens L6). The resized Gaussian beam is filtered using 
a 4f setup (L3, L4, D1) and illuminates the sample (DFML) placed on a 6-axis kinematic mount. The input 
polarization state is controlled using either a quarter-wave plate (QWP) or a half-wave plate (HWP1). The 
output beam is expanded using a 10 × objective and an imaging lens (L5) and detected with a camera. A second 
half-wave plate can be inserted or removed to generated anti-vortex states. A rotating polarizer (P2) is used for 
vector beams analysis.



12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:10327  | https://doi.org/10.1038/s41598-023-36865-z

www.nature.com/scientificreports/

a phase and amplitude modulation technique64. The output of a DFB laser (λ = 1310  nm, 1310LD-1-2-2-1 
CCSI, AeroDiode) was collimated at the end of a single mode fiber using an aspheric lens with focal length 
fF = 7.5 mm (A375TM-C, Thorlabs), linearly polarized (LPIREA100-C, Thorlabs) and expanded by a first tel-
escope (f1 = 3.5 cm, f2 = 10.0 cm) before illuminating the display of the SLM. Then, a 4-f system (f3 = 20.0 cm, 
f4 = 12.5 cm) with an aperture in the Fourier plane was used to isolate the first-order encoded mode. This optical 
architecture is ideal for amplitude/phase reshaping of the input beam and can be extended to further studies65. 
A 50:50 beam-splitter was placed before the SLM display to split the beam and use it in an interferometric arm. 
In between, a quarter-wave plate (QWP) (WPQ10M-1310, Thorlabs) or a half-wave plate (HWP1 in Fig.  9) 
(WPH05M-1310, Thorlabs) were used in order to set the desired polarization state. In the specific, the quarter-
wave plate was exploited to generate circularly polarized states from the original horizontally polarized one, 
while the half-wave plate was used, alternatively, to rotate the polarization plane of the beam exiting the SLM 
and generate the desired vector beam.

The polarized Gaussian beam with the desired size illuminated the patterned zone of the DFML, mounted 
on a 6-axis kinematic mount (K6XS, Thorlabs). A 10 × Objective (CFI E Plan Achromat 10X, Nikon) mounted 
on a micrometric translator stage (LX20/M, Thorlabs) was used to both collect and focalize the generated beam. 
The removable sequence of a half-waveplate and a linear polarizer was used to select on demand the VB basis 
(HWP2 in Fig. 9) and to analyze the VB polarization configuration (P2), respectively. A relay lens (f5 = 7.5 cm) was 
used to image the collimated light after the objective into a camera (WiDy SWIR 640U-S, pixel pitch 12.5 µm). 
The different scale is related to the magnification factor introduced in the experimental setup. The presence of 
microscope objective and lens are necessary to extract and magnify properly the generated beams. As a matter 
of fact, the focal length of 500 μm is too short to collect the beam directly on the CCD camera. Moreover, the 
focused beam would be hardly appreciable due to the pixel size of the same order of the waist of the focused beam 
(see Fig. 5e,h). This explains the different scale bars between simulations and experimental acquisitions in Fig. 5. 
A second 50:50 beam-splitter was used to enable the interferometric arm on-demand (using an aperture) able 
to focalize (f6 = 12.5 cm) the input beam into the camera to detect the interferograms for the dual-functionality 
characterization (Fig. 5f,i).

Data availability
The original contributions presented in the study are included in the article, further inquiries can be directed 
to the corresponding author.

Received: 2 January 2023; Accepted: 13 June 2023

References
	 1.	 Allen, L., Beijersbergen, M. W., Spreeuw, R. J. C. & Woerdman, J. P. Orbital angular momentum of light and the transformation 

of Laguerre–Gaussian laser modes. Phys. Rev. A 45, 8185–8189 (1992).
	 2.	 Rubinsztein-Dunlop, H. et al. Roadmap on structured light. J. Opt. 19, 013001 (2016).
	 3.	 Padgett, M. J. Orbital angular momentum 25 years on [Invited]. Opt. Express 25(10), 11265–11274 (2017).
	 4.	 Shen, Y. et al. Optical vortices 30 years on: OAM manipulation from topological charge to multiple singularities. Light Sci. Appl. 

8, 90 (2019).
	 5.	 Padgett, M. & Bowman, R. Tweezing with a twist. Nat. Photon. 5, 343–348 (2011).
	 6.	 MacDonald, M. P. et al. Creation and manipulation of three-dimensional optically trapped structures. Science 296, 1101–1103 

(2002).
	 7.	 Willig, K. I., Harke, B., Medda, R. & Hell, S. W. STED microscopy with continuous wave beams. Nat. Methods 4(11), 915–918 

(2007).
	 8.	 Li, X. et al. Optical vortex beam direct-writing photolithography. Appl. Phys. Express 11, 036503 (2018).
	 9.	 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, 1–13 (2017).
	10.	 Wang, J. Twisted optical communications using orbital angular momentum. China Phys. Mech. Astron. 62(3), 34201 (2019).
	11.	 Rosales-Guzman, C., Ndagano, B. & Forbes, A. A review of complex vector light fields and their applications. J. Opt. 20, 123001 

(2018).
	12.	 Zhu, L. et al. 18 km low-crosstalk OAM + WDM transmission with 224 individual channels enabled by a ring-core fiber with large 

high-order mode group separation. Opt. Lett. 43, 1890–1893 (2018).
	13.	 Ingerslev, K. et al. 12 mode, WDM, MIMO-free orbital angular momentum transmission. Opt. Express 26, 20225–20232 (2018).
	14.	 Sit, A. et al. High-dimensional intracity quantum cryptography with structured photons. Optica 4(9), 1006–1010 (2017).
	15.	 De Oliveira, M., Nape, I., Pinnell, J., TabeBordbar, N. & Forbes, A. Experimental high-dimensional quantum secret sharing with 

spin-orbit-structured photons. Phys. Rev. A 101(4), 042303 (2020).
	16.	 Wang, J., Wang, Q., Liu, J. & Lyu, D. Quantum orbital angular momentum in fibers: A review. AVS Quantum Sci. 4, 031701 (2022).
	17.	 Fatkhiev, D. M. et al. Recent advances in generation and detection of orbital angular momentum optical beams—A review. Sensors 

21(15), 4988 (2021).
	18.	 Lian, Y. et al. OAM beam generation in space and its applications: A review. Opt. Lasers Eng. 151, 106923 (2022).
	19.	 Wan, C., Rui, G., Chen, J. & Zhan, Q. Detection of photonic orbital angular momentum with micro- and nano-optical structures. 

Front. Optoelectron. 12, 88–96 (2019).
	20.	 Khonina, S. N., Kotlyar, V. V., Shinkaryev, M. V., Soifer, V. A. & Uspleniev, G. V. The phase rotor filter. J. Mod. Opt. 39, 1147–1154 

(1992).
	21.	 Turnbull, G. A., Robertson, D. A., Smith, G. M., Allen, L. & Padgett, M. J. The generation of free-space Laguerre–Gaussian modes 

at millimetre-wave frequencies by use of a spiral phaseplate. Opt. Commun. 127, 183–188 (1996).
	22.	 Wei, B.-Y. et al. Generating switchable and reconfigurable optical vortices via photopatterning of liquid crystals. Adv. Mater. 26, 

1590–1595 (2014).
	23.	 Massari, M., Ruffato, G., Gintoli, M., Ricci, F. & Romanato, F. Fabrication and characterization of high-quality spiral phase plates 

for optical applications. Appl. Opt. 54(13), 4077–4083 (2015).
	24.	 Matsumoto, N. et al. Generation of high-quality higher-order Laguerre–Gaussian beams using liquid-crystal-on-silicon spatial 

light modulators. J. Opt. Soc. Am. A 25, 1642 (2008).



13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:10327  | https://doi.org/10.1038/s41598-023-36865-z

www.nature.com/scientificreports/

	25.	 Ruffato, G., Massari, M., Carli, M. & Romanato, F. Spiral phase plates with radial discontinuities for the generation of multiring 
orbital angular momentum beams: Fabrication, characterization, and application. Opt. Eng. 54(11), 111307 (2015).

	26.	 Capasso, F. The future and promise of flat optics: A personal perspective. Nanophotonics 7(6), 953–957 (2018).
	27.	 Marrucci, L., Manzo, C. & Paparo, D. Optical spin-to-orbital angular momentum conversion in inhomogeneous anisotropic media. 

Phys. Rev. Lett. 96, 163905 (2006).
	28.	 Brasselet, E. Tunable high-resolution macroscopic self-engineered geometric phase optical elements. Phys. Rev. Lett. 121(3), 033901 

(2018).
	29.	 Sephton, B. et al. A versatile quantum walk resonator with bright classical light. PLoS One 14(4), e0214891 (2019).
	30.	 Ruffato, G., Brasselet, E., Massari, M. & Romanato, F. Electrically activated spin-controlled orbital angular momentum multiplexer. 

Appl. Phys. Lett. 113(1), 011109 (2018).
	31.	 Devlin, R. C. et al. Spin-to-orbital angular momentum conversion in dielectric metasurfaces. Opt. Express 25(1), 377–393 (2017).
	32.	 Genevet, P., Capasso, F., Aieta, F., Khorasaninejad, M. & Devlin, R. Recent advances in planar optics: From plasmonic to dielectric 

metasurfaces. Optica 4, 139–152 (2017).
	33.	 Ruffato, G. & Romanato, F. Design of continuously variant metasurfaces for conformal transformation optics. Opt. Express 28(23), 

34201–34218 (2020).
	34.	 Desiatov, B., Mazurski, N., Fainman, Y. & Levy, U. Polarization selective beam shaping using nanoscale dielectric metasurfaces. 

Opt. Express 23(17), 22611–22618 (2015).
	35.	 Yue, F. et al. Vector vortex beam generation with a single plasmonic metasurface. ACS Photonics 3(9), 1558–1563 (2016).
	36.	 Devlin, R. C., Ambrosio, A., Rubin, N. A., Mueller, J. P. B. & Capasso, F. Arbitrary spin-to-orbital angular momentum conversion 

of light. Science 358(6365), 896–901 (2017).
	37.	 Huo, P. et al. Photonic spin-multiplexing metasurface for switchable spiral phase contrast imaging. Nano Lett. 20(4), 2791–2798 

(2020).
	38.	 Guo, Y. et al. Spin-decoupled metasurface for simultaneous detection of spin and orbital angular momenta via momentum trans-

formation. Light Sci. Appl. 10(1), 1–12 (2021).
	39.	 Hall, D. G. Vector-beam solutions of Maxwell’s wave equation. Opt. Lett. 21(1), 9–11 (1996).
	40.	 Holleczek, A., Aiello, A., Gabriel, C., Marquardt, C. & Leuchs, G. Classical and quantum properties of cylindrically polarized states 

of light. Opt. Express 19(10), 9714–9736 (2011).
	41.	 Born, M. & Wolf, E. Principles of Optics: Electromagnetic Theory of Propagation, Interference and Diffraction of Light (Elsevier, 

2013).
	42.	 Lin, D., Fan, P., Hasman, E. & Brongersma, M. L. Dielectric gradient metasurface optical elements. Science 345(6194), 298–302 

(2014).
	43.	 Khorasaninejad, M. & Crozier, K. B. Silicon nanofin grating as a miniature chirality-distinguishing beam-splitter. Nat. Commun. 

5(1), 1–6 (2014).
	44.	 Zheng, G. et al. Metasurface holograms reaching 80% efficiency. Nat. Nanotechnol. 10(4), 308–312 (2015).
	45.	 Vogliardi, A., Romanato, F. & Ruffato, G. Design of dual-functional metaoptics for the spin-controlled generation of orbital angular 

momentum beams. Front. Phys. 586 (2022).
	46.	 Zhang, K. et al. High-efficiency metalenses with switchable functionalities in microwave region. ACS Appl. Mater. Interfaces 11(31), 

28423–28430 (2019).
	47.	 Ruffato, G., Massari, M. & Romanato, F. Generation of high-order Laguerre–Gaussian modes by means of spiral phase plates. Opt. 

Lett. 39(17), 5094–5097 (2014).
	48.	 Andrews, D. L. & Babiker, M. The Angular Momentum of Light (Cambridge University Press, 2012).
	49.	 Aieta, F., Genevet, P., Kats, M. & Capasso, F. Aberrations of flat lenses and aplanatic metasurfaces. Opt. Express 21(25), 31530–31539 

(2013).
	50.	 Aieta, F. et al. Aberration-free ultrathin flat lenses and axicons at telecom wavelengths based on plasmonic metasurfaces. Nano 

Lett. 12(9), 4932–4936 (2012).
	51.	 Ruffato, G., Capaldo, P., Massari, M., Mafakheri, E. & Romanato, F. Total angular momentum sorting in the telecom infrared with 

silicon Pancharatnam–Berry transformation optics. Opt. Express 27(11), 15750–15764 (2019).
	52.	 Chen, W. T. et al. A broadband achromatic metalens for focusing and imaging in the visible. Nat. Nanotechnol. 13, 220–226 (2018).
	53.	 Zhan, Q. Cylindrical vector beams: From mathematical concepts to applications. Adv. Opt. Photonics 1(1), 1–57 (2009).
	54.	 Spilman, A. K. & Brown, T. G. Stress birefringent, space-variant wave plates for vortex illumination. Appl. Opt. 46(1), 61–66 (2007).
	55.	 McEldowney, S. C., Shemo, D. M. & Chipman, R. A. Vortex retarders produced from photo-aligned liquid crystal polymers. Opt. 

Express 16(10), 7295–7308 (2008).
	56.	 Ahmed, M. A., Voss, A., Vogel, M. M. & Graf, T. Multilayer polarizing grating mirror used for the generation of radial polarization 

in Yb:YAG thin-disk lasers. Opt. Lett. 32(22), 3272–3274 (2007).
	57.	 Cardano, F. et al. Polarization pattern of vector vortex beams generated by q-plates with different topological charges. Appl. Opt. 

51(10), C1–C6 (2012).
	58.	 Chen, S. et al. Generation of arbitrary cylindrical vector beams on the higher order Poincaré sphere. Opt. Lett. 39(18), 5274–5276 

(2014).
	59.	 Xu, Y. et al. Generation of terahertz vector beams using dielectric metasurfaces via spin-decoupled phase control. Nanophotonics 

9(10), 3393–3402 (2020).
	60.	 Liu, D. et al. Generation of vector beams with different polarization singularities based on metasurfaces. N. J. Phys. 24(4), 043022 

(2022).
	61.	 Goodman, J. W. Introduction to Fourier Optics (Roberts & Co., 2005).
	62.	 Jin, J. M. The Finite Element Method in Electromagnetics (Wiley, 2015).
	63.	 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).
	64.	 Rosales-Guzmán, C. & Forbes, A. How to Shape Light With Spatial Light Modulators (SPIE Press, 2017).
	65.	 Ruffato, G. et al. Non-paraxial design and fabrication of a compact OAM sorter in the telecom infrared. Opt. Express 27(17), 

24123–24134 (2019).

Acknowledgements
This work was partially supported by the European Union under the Italian National Recovery and Resilience 
Plan (NRRP) of NextGenerationEU, partnership on “Telecommunications of the Future” (PE0000001 - program 
“RESTART”).

Author contributions
A.V. performed FEM numerical analyses, metasurfaces design, optical simulations and optical characterizations. 
G.R. gave suggestions in numerical simulations and contributed to the algorithms for beam propagation and 
metasurface computation, and to the design and assembling of the optical characterization setup. S.D.Z. and 



14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:10327  | https://doi.org/10.1038/s41598-023-36865-z

www.nature.com/scientificreports/

D.B. performed nanofabrication of the designed metalenses. D.B. took part in the simulation, design, and optical 
characterization of the samples. F.R. addressed the aim of the project and defined the design target specs of the 
optics. All authors discussed the results and the optimization configurations, contributed to the writing of the 
manuscript, and approved the final version.

Funding
The work was supported by the project STRADA (Italian Presidency of the Council of Ministers).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​36865-z.

Correspondence and requests for materials should be addressed to G.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-36865-z
https://doi.org/10.1038/s41598-023-36865-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/


  

SUPPLEMENTARY MATERIAL 

Dual-functional metalenses for the polarization-controlled 

generation of focalized vector beams in the telecom infrared 

 1 

Andrea Vogliardi1,2,†, Gianluca Ruffato1,2, †,*, Simone Dal Zilio3, Daniele Bonaldo1, and Filippo 2 

Romanato1,2,3 3 

1 Department of Physics and Astronomy ‘G. Galilei’, University of Padova, via Marzolo 8, 35131 4 

Padova, Italy 5 

2 Padua Quantum Technologies Research Center, University of Padova, via Gradenigo 6, 35127 6 

Padova, Italy 7 

3 CNR-IOM Istituto Officina dei Materiali, S.S. 14 - Km. 163,5 - 34149 Trieste (TS), Italy 8 

†The two authors contributed equally 9 

*Correspondence: gianluca.ruffato@unipd.it 10 

Keywords: vector beams, metalens, dual function, metasurface, infrared, silicon 11 

 12 

 13 

  14 



   

 
2 

S1. GENERATION OF HIGH ORDER VECTOR BEAMS 15 

For the benefit of the reader, we provide here some examples to prove that our approach can be used 16 

for generation of different kinds of complex vector beams. In particular, we apply the same library of 17 

13 silicon pillars shown in Fig. 3 of the main manuscript, optimized for the working wavelength of 18 

1310 nm, to design dual-functional metasurface for the generation of high-order OAM beams. 19 

First of all, we show the generation of 5th order vector beams with azimuthal index ℓ=±5 and radial 20 

index p=0, using the design formula 
5

LG f   = + , where 
5 5LG i  =   and f  is a polarization-21 

insensitive spherical term for focusing on the optical axis at a distance f from the optical element. 22 

From the theory we obtain the spin-decoupled scalar basis generation for impinging circularly 23 

polarized states (Figure S1): 24 

 
( )5

LG fi
J L e R

 + +
=  (1) 25 

 
( )5

LG fi
J R e L

 − +
=  (2) 26 

and the vector beams generation by the illumination with arbitrary linearly-polarized light: 27 

 ( )
5 5

f LG LG
i i ii iJ e e e L e e R
   

+ −
− += +  (3) 28 

It must be considered that either switching the phase profiles carried by the two circular polarizations 29 

or flipping the chirality of the output polarization state, e.g., using a half-wave plate, it is possible to 30 

generate the complementary vector bases (anti-vortices): 31 

 ( )
5 5

f LG LG
i i ii iJ e e e R e e L
   

+ −
− += +  (4) 32 

As depicted in Figure S2, the simulated intensity and phase profiles are consistent with the theoretical 33 

behaviour expected by Eq. (3) and (4), under the filtering action of a rotating linear polarizer. 34 
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Then, we show the possibility to generate vector beams which have also radial discontinuities, i.e., a 35 

radial index p>1.  From the literature, it is suggested that the phase function of a phase-only element 36 

able to generate high-order LG beams is: 37 

 
2

2

0

2
( , ) i

p p

r
U r e sign L

w


  

=    
  

 (5) 38 

being ℓ and p the azimuthal and radial indices, respectively, pL  the associated Laguerre polynomial, 39 

and 
0w  the input beam waist [1] . For the sake of simplicity, we define ( )2 2

02 /p pc sign L r w =
 

, 40 

then Eq. (1)-(3) can be generalized as: 41 

 
( )LG fi

pJ L c e R
 + +

=  (6) 42 

 
( )LG fi

pJ R c e L
 − +

=  (7) 43 

 ( )f LG LG
i i ii i

pJ c e e e L e e R
   

+ −
− += +  (8) 44 

obtaining a set of equations describing the generation of high-order scalar and vector beams with 45 

non-null radial index.  Again, it is worth noting that it is possible to generate also the complementary 46 

basis: 47 

 ( )f LG LG
i i ii i

pJ c e e e R e e L
   

+ −
− += +  (9) 48 

 49 

using the abovementioned techniques. In Figure S3 and Figure S4, the spin-decoupled generation of 50 

scalar beams using circularly polarized input beams and the production of the corresponding vector 51 

beams under linearly polarized illumination are shown, respectively. 52 

 53 

 54 
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 55 

Figure S1: Generation of 5th order scalar OAM beams using spin-decoupled metasurface with the 56 
design formulas in Eqs. (1) and (2), for λ = 1310 nm, using the silicon metaunits in Fig. 3 of the main 57 
manuscript. (a) Simulated intensity and phase of the propagated field under RCP polarization at z = 500 58 
μm. (b) Simulated intensity and phase of the propagated field under LCP polarization at z = 500 μm. 59 
Brightness and colors refer to intensity and phase, respectively. It can be noticed that the generated 60 
OAM beams exhibit the same intensity distributions but opposite azimuthal helicity (i.e., ℓ = ±5). 61 

 62 
Figure S2: Generation of 5th order vector beams following the design criteria of Eqs. (3) and (4) and 63 
analysis using a rotating linear polarizer (LP). (a-d) Simulations referring to the design recipe using Eq. 64 
(3) for vortex states. (a) Simulated intensity profile and polarization plot of the generated VB using 65 
impinging horizontally polarized light. (b) Simulated intensity profile and polarization plot of the 66 
generated VB using impinging vertically polarized light. (c)-(d) Intensity profiles of the vector beam 67 
analyzed with a rotating LP. (e-h) Simulations referring to the design recipe using Eq. (4) for anti-68 
vortex states. (e) Simulated intensity profile and polarization plot of the generated VB using impinging 69 
horizontally polarized light. (f) Simulated intensity profile and polarization plot of the generated VB 70 
using impinging vertically polarized light.  (g)-(h) Intensity profiles of the anti-vortex vector beams 71 
analyzed with a rotating LP. 72 
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 73 

Figure S3: Generation of scalar OAM beams (ℓ=±1) with non-null radial index (p=1) using the design 74 
formulas in Eqs. (6) and (7), for λ = 1310 nm, using the silicon metaunits in Fig. 3 of the main 75 
manuscript. (a) Simulated intensity and phase of the propagated field under RCP polarization at z = 500 76 
μm. (b) Simulated intensity and phase of the propagated field under LCP polarization at z = 500 μm. 77 
Brightness and colors refer to intensity and phase, respectively. It can be noticed that the generated 78 
OAM beams exhibit the same intensity profile but opposite azimuthal helicity.  79 

 80 
Figure S4: Generation of vector beams with non-null radial index following the design criteria of Eqs. 81 
(8) and (9) and analysis using a rotating linear polarizer (LP). (a-d) Simulations referring to the design 82 
recipe using Eq. (8). (a) Simulated intensity profile and polarization plot of the generated VB using 83 
impinging horizontally polarized light. (b) Simulated intensity profile and polarization plot of the 84 
generated VB using impinging vertically polarized light.  (c)-(d) Intensity profiles of the vector beams 85 
analyzed with a rotating LP. (e-h) Simulations referring to the design criteria using Eq. (9) for anti-86 
vortex states. (e) Simulated intensity profile and polarization plot of the generated VB using impinging 87 
horizontally polarized light. (f) Simulated intensity profile and polarization plot of the generated VB 88 
using impinging vertically polarized light.  (g)-(h) Intensity profiles of the anti-vortex vector beams 89 
analyzed with a rotating LP. 90 
 91 
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S2. METAOPTICS ROBUSTNESS FOR METAATOMS HEIGHT DEVIATION 92 

For the benefit of the reader, we recall the Jones matrix of each metaatom (omitting the spatial 93 

dependance to simplify the notation): 94 

 
( ) ( )

( ) ( )
2 2

cos 2 sin 21 0
cos sin

sin 2 cos 20 12 2

x y x y
i i

J e ie

     

 

+ +
      

= −       −      
 (10) 95 

being   the local orientation of the metaatom fast-axis and y x  = −  the phase retardation between 96 

the two axes of the metaunit. 97 

Under the choice  =  the optical behaviour of the metaunit is that of a rotated half-wave plate, 98 

therefore, for circularly-polarized light in input, each metaatom behaves as a polarization converter, 99 

as assumed in Eqs (1)-(2) and Eqs. (6)-(7). On the contrary, a deviation from the half-wave plate 100 

condition is expected to introduce a component which has the same circular polarization of the 101 

incident light, the so-called zero-order contribution. Moreover, it must be considered that all these 102 

conditions are valid if each metaatom has similar transmissions for TE and TM polarizations [2]  [3] . 103 

In the following, we studied the different performances of our metaoptics depending on the deviation 104 

from the ideal design in terms of pillars height. In particular, it has been simulated both the 105 

transmission and the phase delay (Figure S5 and S6) under TE and TM polarization for all the types of 106 

pillars sweeping different heights within a range centered on the optimal height, i.e., 850 nm, and a 107 

maximum deviation of 50 nm, which is far greater than the experimental accuracy of the etching 108 

technique. Thus, the ( )2sin / 2  parameter has been calculated and considered in order to estimate 109 

the polarization conversion efficiency of each metaunit in such different conditions. 110 
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 111 

Figure S5: Simulation of the transmittance variation for different pillars height in the range between 112 
800 and 900 nm, step 10 nm. The pillars number (1-13) refers to the set in Fig. 3 of the main manuscript, 113 
showing the set of silicon metaunits optimized for the thickness of 850 nm. (a) Tx transmittance, (b) Ty 114 
transmittance, and (c) difference |Tx-Ty| for each type of metaunit as a function of the pillars height. (d) 115 
Metalens average trasmittances for several pillars heights. 116 

 117 

Figure S5(a-b) shows, as expected, some variations in terms of transmittance in concurrence with the 118 

height change, but it is significant to notice that the difference between Tx and Ty is below 0.075 in 119 

the range from H = 820 nm to H = 880 nm (Figure S5(c)). Moreover, for higher deviations only few 120 

pillars have higher transmission difference between Tx and Ty, while on average the difference is still 121 

limited (Figure S5(d)).  122 

A similar behavior can be observed in terms of phase difference ( ) between TE and TM 123 

polarizations (i.e., y  and x ), in fact, for H in the range between 820 nm and 880 nm,   has a 124 
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variation between 2.9 and 3.4, corresponding to a ( )2sin / 2  higher than 0.98 for all the pillars. 125 

However, analyzing the global ( )2sin / 2 , calculated as the average of all the 13 metaunits, it can be 126 

noticed that the polarization efficiency is above 0.99 within the whole interval from 800 to 900 nm 127 

(Figure S6). In conclusion, it is possible to state that the designed metasurface is robust in terms of 128 

transmission and polarization conversion efficiency in the considered range between 800 and 900 129 

nm. 130 

 131 

Figure S6: (a) Phase difference ( ) between TE and TM polarizations ( y  and x ), and (b) conversion 132 

efficiency ( )2sin / 2  for each type of metaunit with different heights. The pillars number (1-13) refers 133 

to the set in Fig. 3 of the main manuscript, showing the set of silicon metaunits optimized for the 134 

thickness of 850 nm. Working wavelength: 1310 nm. (c) Metalens average ( )2sin / 2  for different 135 

pillars height. 136 

 137 

S3. BROADBAND METAOPTICS PERFORMANCE 138 

In order to test the performance of the designed metaoptics within a broad wavelength range, we used 139 

the same approach described in section S2. Thus, it has been simulated both the transmissions and the 140 

phase delays under TE and TM polarization for all the types of pillars sweeping different wavelengths 141 

within the whole telecom O-band (1260-1360 nm). Then, the ( )2sin / 2  parameter has been 142 

calculated in order to estimate the polarization conversion efficiency of the metaoptics under 143 

impinging wavelengths which are different from the optimal one, i.e., λ = 1310 nm. 144 
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 145 

Figure S7: Simulation of the transmittance variation for different illuminating wavelengths in the range 146 
between 1260 and 1360 nm, step 10 nm. (a) Tx transmittance, (b) Ty transmittance, and (c) difference |Tx-147 
Ty| for each type of metaunit. The pillars number (1-13) refers to the set in Fig. 3 of the main 148 
manuscript, showing the library of silicon metaunits optimized for the wavelength of 1310 nm.  (d) 149 
Metalens average trasmittance as a function of the illuminating wavelength. 150 

 151 

Figure S7(a-b) shows, as expected, some variations in terms of transmission associated to a 152 

wavelength sweeping. Moreover, it is worth noting that the difference between Tx and Ty is under 153 

0.075 in the range from  =1280 nm to  =1330 nm (Figure S7). Unlike the height deviations study, 154 

in this case it can be observed that outside the abovementioned range many pillars exhibit a high 155 

transmission difference between TE and TM polarization. To confirm these considerations, in Figure 156 

S7 it can be noticed that, on average, the overall difference |Tx-Ty| increases more significantly as the 157 

wavelength falls outside the interval 1280-1330 nm. Concurrently, from Figure S8(b) it turns out that 158 

in the band between  = 1290 nm and 1330 nm the metaoptics have locally a polarization conversion 159 
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efficiency higher than 0.98. Then, considering the global polarization conversion parameter, this 160 

band could be extended to the range from  =1280 nm to1350 nm. In the whole 100 nm band 1260 161 

nm and 1360 nm (telecom O-band) the metasurfaces are expected to show a zero-order contribution 162 

lower than 5%.  163 

 164 

 165 

Figure S8: (a) Phase difference ( ) between TE and TM polarizations ( y  and x ), and (b) conversion 166 

efficiency for each type of metaunit with different illuminating wavelengths. (c) Metalens average 167 
conversion efficiency as a function of the illuminating wavelength. 168 

 169 

To confirm the broadband behavior of the metaoptics we simulated the illumination of a metasurface, 170 

designed to generate a first order basis at a focal length of 500 µm, with circularly polarized light in 171 

input at different wavelengths in the telecom O-band ( = 1260-1360 nm). As depicted in Figure S9, 172 

the simulated focal length of the generated beams shifts depending on the input wavelength following 173 

the theoretical trend. Therefore, while the metalens is not achromatic, on the other hand it focuses 174 

light at the expected position and maintaining a high efficiency. As discussed in the main text, by 175 

further engineering the group delay and group delay dispersion of the metaatoms, the phase change 176 

induced by a different wavelength could be compensated in order to make the focusing operation 177 

achromatic.  178 
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 179 

Figure S9: Simulated focal length position as a function of the illuminating wavelengths, and 180 
comparison with the theoretical trend. 181 

 182 

S4. PURITY OF THE GENERATED OAM MODES 183 

The purity of the OAM beams produced by the designed metasurfaces has been estimated 184 

numerically by analysing the OAM spectrum of the generated beam ( ),U    at the focal plane using 185 

the expression [4] : 186 
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where ( ) ( )
1

, exp( )
2

lu U il d





    


+

−

= −  . 188 

In Figure S10 we report the OAM spectrum analysis of a first order vortex state generation by a 189 

linearly polarized light for different height of the metaatoms. The purity of the generated OAM 190 

beams shows no significative difference for the two outgoing circularly polarized beams. It reaches 191 

the maximus at H= 850 nm and it is still higher than 0.99 for a deviation of 20 nm from the optimal 192 

thickness (i.e., for H = 830 nm and H = 870 nm). The purity decreases slightly when the height 193 
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differs by 50 nm from the designed one (0.987 for H=800 nm, and 0.984 for H=900 nm). So, as 194 

previously suggested by the analysis performed in section S2, we verify that the conversion 195 

efficiency is very high for all the different conditions. 196 

 197 

Figure S10: OAM spectrum analysis of a first order vortex state generation by a linearly polarized light 198 
for different metaatoms height: (a) H = 830 nm, (b) H = 850 nm, and (c) H =870nm. In all these cases the 199 
OAM purity is above 0.99. In (d) H = 800 nm and (e) H = 900 nm the OAM purity decreases because of 200 

the increasing of the zero-order contribution due to the condition   . 201 

 202 

In Figure S11 we show the OAM spectrum analysis of a first order vortex state generation by a 203 

horizontally polarized light at different wavelengths. Also in this case the purity of the generated 204 

OAM beams shows no significative difference for the two outgoing circularly polarized beams. The 205 

purity decreases as soon as the illumination wavelength differs from the designed one, in particular, it 206 

decreases from 0.998 at  =1310nm to 0.947 at  = 1260 nm therefore, a purity of the generated 207 

OAM higher than 0.94 over the whole band supports the statements made in section S3, claiming that 208 

the metaoptics exhibits a broadband behaviour between  = 1260 nm and  = 1360nm, i.e., within 209 

the whole telecom O-band.  210 
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 211 

 212 

Figure S11: OAM spectrum analysis of a first order vortex state generation impinged by a linearly 213 

polarized light for different illuminating wavelengths. (a)   = 1290 nm, (b)   = 1310 nm, and (c)  = 214 

1330 nm. In all these cases the OAM purity is above 0.98. In (d)   = 1260 nm and (e)   = 1360 nm the 215 
OAM purity drops down to around 0.94 because of the increasing of the zero-order contribution due to 216 

  . 217 

 218 
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