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Monolithic silicon carbide metasurfaces for
engineering arbitrary 3D perfect vector
vortex beams

Mingze Liu 1,2,5, Peicheng Lin 1,5, Pengcheng Huo1,2 , Haocun Qi3,
Renchao Jin1, Hui Zhang 1, Yongze Ren1, Maowen Song1,2, Yan-qing Lu 1,2 &
Ting Xu 1,2,4

Perfect vector vortex beams (PVVBs) can precisely control the light’s polar-
ization and phase along tailored intensity profiles, offering significant poten-
tial for advanced applications such as optical trapping and optical encryption.
Extending PVVBs from 2D to 3D configurations would provide an additional
spatial control dimension and enhance their information capacity. However, a
compact and low-loss solution to generating 3D PVVBs remains unresolved.
Here, we propose and demonstrate the use of monolithic silicon carbide
metasurfaces with polarization-dependent phase-onlymodulation to engineer
arbitrary PVVBs in 3D space. We reconstruct the 3D intensity and polarization
distributions of PVVBs along customized trajectories, showing their indepen-
dence from polarization orders and spherical coordinates on the Poincaré
sphere. Additionally, we demonstrate a monolithic metasurface that encodes
parallel-channel 3D PVVBs for information encryption. The 3D PVVBs gener-
ated from minimalist metasurfaces hold great promise for multidimensional
micromanipulation and laser micromachining, high-security information
processing and high-dimensional quantum entanglement.

Structured light beams featuring multiple degrees of freedoms, such
as wavelength, amplitude, phase and polarization, are widely
exploited1. By engineering on-demand spatial structures, various
complex structured lights, including optical vortex beams (or
Laguerre–Gaussian beams), Hermite–Gaussian beams, non-
diffracting beams and vectorial beams, have been generated2,
advancing modern optical science and engineering3. A typical
example of vectorial beams is vector vortex beam (VVB), which car-
ries the total angular momentum of light. The VVB is usually a
superposition of two vortices with opposite spin-angularmomentum
and orbital-angular momentum (OAM) of lћ, where l is the topolo-
gical charge4.

VVBs have been extensively studied and applied in advanced areas
such as enhanced imaging, optical tweezers and trapping, optical
communications, optical encryption, laser material processing, and
quantum information processing5. As a significant enhancement, per-
fect VVBs (PVVBs)6, as the superposition of two orthogonal circularly
polarized perfect vortices, are recently proposed to break the fixed
positive correlation of traditional VVBs between their transverse beam
size and carrying OAM values. Nevertheless, most of the manipulation
of characteristic structures of VVBs are always confined to 2D space,
which severely limits concurrent optimization of dimensionality,
capacity, and security thresholds in optical encryption7 and 3D con-
finement and motion control of particles in optical trapping8.
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Extending PVVBs from 2D to 3D space would provide an extra spatial
control dimension and higher information capacity to advance further
science and applications7–11.

Recently, shaping of optical perfect vortices12,13 and PVVBs14 in 3D
space has been achieved by computer-generated holography with
spatial light modulators (SLMs). However, since SLMs can only handle
one fixed incident polarization, this approach requires additional
bulky optical components, such as Fourier lenses and other polariza-
tion optics, to generate orthogonally polarized optical vortices in
separate spatial channels, followed by their coaxial superposition via a
grating. These setups complicate the generationprocess and areprone
to optical aberrations caused by misalignment of the cascaded optical
elements. In addition, due to large sampling pixels of SLMs used for
wavefront control, the generated 3DPVVBs have a relatively low spatial
density.

Metasurfaces composed of sub-wavelength structures have been
demonstrated to offer a compact and versatile platform for control of
multi-dimensional light fields and implementation of novel ultrathin
optical components15–22. As a powerful advantage, metasurfaces could
flexibly tailor the phase or complex-amplitude of different polarization
states of incident lights by elaborately designing the arrangement or
morphology of micro-nano structures23, which enables a variety of
amazing optical applications via single flat devices24–33. Particularly,
PVVBs have been achieved in 2D space via variousmetasurfaces34–36. In
spite of huge achievements formetasurface-based spatially-structured
light, a compact and low-loss solution to generating 3D PVVBs still
remains unresolved.

In this work, we aim to utilizemonolithic dielectric metasurfaces
to demonstrate the generation of arbitrary 3D PVVBs on the hybrid-
order Poincaré sphere (HyOPS), featuring 3D customized spatial
intensity profiles that are independent of polarization orders and
spherical coordinates. We propose a theoretical model of a 3D per-
fect vortex with a customized curve modulated by the Dirac function
and explore its metasurface-based approximate generation scheme
using a phase-only modulation method. Through composite phase
control, we demonstrate that monolithic silicon carbide (SiC) meta-
surfaces can directly achieve the coaxial superposition of two
orthogonally circularly polarized 3D perfect vortices without the
need for additional optical elements, enabling the creation of arbi-
trary 3D PVVBs with nearly identical spatial trajectories but different
polarization orders. Additionally, by exploiting the multiple degrees
of freedom of a 3D PVVB, we demonstrate an optical information
encryption scheme for enhanced information security, using a
minimalist metasurface to encode a series of 3D PVVBs in spatially
separated parallel channels.

Results
Principle of generating 3D PVVBs via monolithic phase-only
metasurfaces
Figure 1a exhibits the schematic of a monolithic metasurface for the
generation of various 3D PVVBs with customized 3D intensity tra-
jectories and polarization orders in spatially separated parallel
channels. A 3D PVVB represented by a HyPOS can be expressed as the
linear superposition of a pair of orthogonal polarization basis, e.g.,
two orthogonal circular polarization 3D perfect vortices carrying
different topological charges, with varying complex coefficients of
aRe

ibR and aLe
ibL . The complex amplitude of a 3D PVVB can be

expressed by:

jE3D�PVVBi=aRe
ibR jE3DPV�R, lMi+aLe

ibL jE3DPV�L, lNi ð1Þ

where jE3D PV�R, lMi and jE3D PV�L, lNi are the complex amplitudes of
right and left circularly polarized (RCP and LCP) 3D perfect vortices
with topological charges of lM and lN , respectively.aR, aL, bR and bL

are the amplitudes and phases of the RCP and LCP 3D perfect

vortices, respectively. The polarization order lp of the 3D PVVB
equals ðlM + lNÞ=2.

To achieve a 3DPVVB,wefirst consider a theoreticalmodel of a 3D
perfect vortex with the topological charge of l and a customized 3D
intensity trajectory composed of a series of disjoint light points. Here,
the complex amplitude of a RCP or LCP 3D perfect optical vortex,
modulated by the Dirac function, can be defined as:

jE3DPV , li =
X
n

δ ρ� ρ0 tn
� �� �

δ½z � z0 tn
� ��eilφ 1

± i

� �
ð2Þ

where ρ0 tn
� �

and z0 tn
� �

are the parametric coordinates of a 3D’s
closed trajectory, tn =φ, and n is the number of discrete light points.
To generate the light field expressed by Eq. (2), one can use the
Fresnel diffraction integral to calculate the field distribution in the
initial (aperture) plane at z = 0. The complex amplitude of the
required initial scalar field is approximatively derived as: E inðr,θÞ /P

n Jl ½kr0ðtnÞr�e�ik½r2 +ρ0 tnð Þ2 �=½2z0 tnð Þ�eilθ (see details in supplementary
Section S1). k = 2π/λ, and Jl is a l-order Bessel function of the first kind
with a parametric radial wavevector of kr0 tn

� �
= kρ0 tn

� �
=z0 tn

� �
. The

light field expressed by the function Jl can be approximatively cre-
ated by using a deformed axicon phase element with a phase profile
of kr0 tn

� �
r. According to E inðr,θÞ, it is possible to generate a 3D

perfect vortex by utilizing a pure-phase optical element to encode a
superposed phase profile of φtotal =φdfd-axicon +φdfd-lens +φsprial.
These phase profiles are given by:

φdfd-axicon r, tn
� �

=�kρ0 tn
� �

r=z0 tn
� � ð3Þ

φdfd-lens r, tn
� �

=�k½r2 +ρ0 tn
� �2�= 2z0 tn

� �� � ð4Þ

φsprialðθÞ= lθ ð5Þ

Here, the 3D closed rounded polygonal curve in this work are
given by ρ0 tn

� �
= r0ð1� s cosptnÞ and z0 tn

� �
= f 0ð1� u sin vtnÞ. This

curve can be regarded as a 3D stretching deformation of a 2D circle
with a radius of r0 at a distance of f 0 in space. The parameters s and p
control the corner smoothness and the number of sides for the poly-
gonal curve, respectively; the parameters u and v control the long-
itudinal height and the times of fluctuations in the polygonal curve,
respectively. For given an initial light field of eiφtotal at z =0, we
numerically analyze its diffracted light field at a certain propagation
distance by using Fresnel diffraction integral. As a simple example, the
simulated transverse intensity and phase distributions of different
perfect vortices with topological charges of l = 1, 20 and 30 in 3D space
are shown in supplementary Fig. S1. The transverse intensity profiles of
these perfect vortices are nearly identical at the same z propagation
distances, demonstrating their perfect properties that the beam sizes
are nominally independent of their topological charges. Therefore,
thanks to the free adjustment of the light intensity and helical phase
distribution in 3D spatial structure for the perfect vortex, any 3D PVVB
with customized intensity trajectory and arbitrary polarization order
can be constructed on aHyOPS via the linear superposition of RCP and
LCP 3D perfect vortices carrying different topological charges.

To create 3D PVVB in a highly efficient and integrated manner, a
monolithic dielectric metasurface is used to provide two distinct spin-
dependent phase profiles φtotal, RCP and φtotal, LCP (Fig. 1b) of different
topological charges lM and lN , without additional amplitude modula-
tion and other optical elements. This polarization-multiplexed meta-
surface would enable the simultaneous generation and coaxial
superposition of arbitrary RCP and LCP 3D perfect vortices, free of
theoretical energy loss. Based on the synchronous modulation prin-
ciple of propagation and geometric phase, a series of meta-atoms with
varying in-plane dimensions is required to act as subwavelength half-
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wave plates with high transmission efficiencies over a full 2π phase
coverage at the operating wavelength and arranged at specific spatial
rotation angles to construct the metasurface, completely decoupling
the two different phase profiles of incident orthogonal circular polar-
izations. As illustrated in Fig. 1c, the meta-atom of the metasurface is
composed of a rectangular SiC nanopillar with a fixed height H of
1000 nmarranged on a silica substrate with a square lattice period P of
380 nm. Here a group of 6561 SiC nanopillars with varying lengths (L)
and widths (W) ranging from 80nm to 280nm is numerically simu-
lated via the finite-difference time domain algorithm (see details in
Methods). Figure 1d shows the intensity (top) and phase (bottom) of
the simulated complex cross-polarization transmission coefficients for
the above SiC nanopillars. A set of 16 SiCnanopillars (denotedby green
dots) are selected to cover a full 2πphase range and exhibit high cross-
polarization conversion efficiency (PCE) at the operation wavelength
of 630 nm. The average cross-PCE and co-PCE of these selected SiC
nanopillars are 90.82% and 0.09%, respectively, which ensures the
generation efficiency of these vortices. We fabricate two SiC meta-
surface devices for the generation of different 3D PVVBs by using a
method compatible with the semiconductor process. This process

mainly includes theplasmaenhanced chemical vapordepositionof SiC
thin films, the electron beam lithography (EBL) for patterning meta-
surface arrays and the inductively coupled plasma (ICP) reactive ion
etching of SiC nanopillar arrays (see details in Methods). Figure 1e
shows scanning electronmicrographs (SEM) of nanopillar arrays of the
fabricated SiC metasurface.

Experimental demonstration of 3D PVVBs
We design and fabricate two monolithic polarization-multiplexed SiC
metasurfaces to create two 3D PVVBs (PVVB1 and PVVB2) along a
customized 3D curve with the parameters of s = 1/20, p = 2, u = 7.5 and
v = 1. PVVB1, withpolarizationorder lp = +5, is the superpositionofRCP
perfect vortex 1 with l1 = +15 and LCP perfect vortex 2 with l2 = +5;
while PVVB2, with polarization order lp = �15:5, is the superposition of
RCP perfect vortex 3 with l3 = �23 and LCP perfect vortex 4 with
l4 = +8. Bothmetasurfaces share the same parameters: r0 =60μm and
f 0 = 300 μm.

We first characterize two pairs of RCP and LCP 3D perfect vortices
generated by the two SiCmetasurfaces by using an experimental setup
shown in supplementary Fig. S2. We capture 201 transverse intensity

Fig. 1 | Design principle of the metasurface-based arbitrary 3D perfect vector
vortex beams (PVVBs). a Schematic of the generation of 3D PVVBs with custo-
mized 3D intensity trajectories and arbitrary polarization orders in spatially sepa-
rated parallel channels via a monolithic metasurface. b The two spin-dependent
phase profiles imparted by the metasurface for generating two RCP and LCP 3D

perfect vortices with different topological charges. c Schematic of the meta-atom
of the metasurface. d The intensity (top) and phase (bottom) of the simulated
complex cross-polarization transmission coefficients for the 6561 SiC nanopillars.
The green dots indicate the location of 16 selected SiC nanopillars. e The SEM
images of nanopillar arrays of a fabricated SiC metasurface.
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images of each 3D perfect vortex at 2 μm intervals along the z direc-
tion, ranging from z = 0 μm (i.e., the surface of the metasurface) to
z = 400 μm. The 3D light fields of the four 3D perfect vortices recon-
structed from these image sequences are shown in Fig. 2a. The 3D
contours of these perfect vortices appear very similar. Additionally, we
quantitatively compare the sizes of the x-yplane intensity distributions
(Fig. 2b) of the four 3D perfect vortices at z = 300μm and the cross
sections of these in-plane intensity images along thewhite dashed lines
are shown in Fig. 2c. A size growth factor η of two orthogonally
polarized perfect vortices with topological charges of lM and lN is
defined as: η = (dlM

� dlN
)/dlN

, where jlN j<jlM j, and d is the distance
between the two points with the highest intensity on the white dashed
line path, representing the size of optical beams along a certain
direction. The distance d in the y direction is measured as, for SiC
metasurface 1: 134.51μm for perfect vortex 1 with l1 = +15, 132.63 μm
for perfect vortex 2 with l2 = +5; for SiC metasurface 2: 134.95μm for

perfect vortex 3 with l3 = −23, and 133.85μm for perfect vortex 4 with
l4 = +8, respectively. The size growth factor η is calculated as: 1.42% for
perfect vortex 1 and perfect vortex 2, and 0.82% for perfect vortex 3
and perfect vortex 4. To determine their topological charge numbers,
wemeasure the 3D light fields of the interference patterns for the four
generated 3D perfect vortices by using a setup shown in supplemen-
tary Fig. S3. The corresponding 3D views of these reconstructed
interference patterns and their projections on the x-y plane (labelled
XY view) are presented in Fig. 2d. The numbers of petals of the four
interference patterns are 15 for perfect vortex 1, 5 for perfect vortex 2,
23 for perfect vortex 3, and8 for perfect vortex 4, corresponding to the
absolute values of their topological charges l of 15, 5, 23, and 8,
respectively. The petal arrangement direction of perfect vortex 3 is
opposite to that of the other three perfect vortices, indicating that its
topological charge has the opposite sign compared to the others.
These experimental results show that the sizes of the 3D perfect

Fig. 2 | Experimental generation of RCP and LCP 3D perfect vortices based on
monolithic SiCmetasurfaces. aThemeasured and reconstructed 3D light fields of
two pairs of generated 3D perfect vortices including RCP 3D perfect vortex 1 with l
of +15, LCP 3D perfect vortex 2 with l of +5, RCP 3D perfect vortex 3 with l of −23,
LCP 3D perfect vortex 4 with l of +8, respectively. For simplicity, perfect vortex 1 to

perfect 4 in the figure are labeled as “PV1” to “PV4”. b, c The measured transverse
intensity images of four 3D perfect vortices at z = 300μm and their cross sections
along the white dashed lines. d The measured 3D interference patterns corre-
sponding to the four 3D perfect vortices in (a).
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vortices generated by our method exhibit minimal change with
increasing topological charge, suggesting that the customized inten-
sity trajectories are largely independent of the vortices’ topological
charges.

By adjusting the polarization state of the light incident on the
fabricated metasurfaces, we can achieve controlled generation of
various states of the 3D PVVBs. Here, six incident polarization states,
including RCP, LCP and four linearly polarized states, are selected, and
their corresponding coordinates (denoted by green dots) are dis-
playedon theHyOPS in supplementary Fig. S4. To exhibit their 3D light
fields, we experimentally capture a series of transverse intensity dis-
tributions of various states for the generated 3D PVVBs at 2μm inter-
vals along the light propagation direction. Figure 3a, b show the
reconstructed 3D intensity profiles of the states I to VI after filtering
through a horizontal linear polarizer (denoted by green arrows) for
PVVB1 and PVVB2, respectively. As expected, the measured intensities
of the states II to V exhibit 3D petal-like patterns with 2|lp| lobes, i.e., 10
lobes for PVVB1 (lp = +5) and 31 lobes for PVVB2 (lp = -15.5), which arises
from the azimuth distributions of their spatially anisotropic linear
polarization along the customized 3D trajectories. Furthermore, the
3D light fields of the state II of PVVB1 and PVVB2 are reconstructed
from the corresponding image sequences captured without any
polarization analyzers, as shown in Fig. 3c, f. The XY views of recon-
structed 3D intensity profiles for PVVB1 and PVVB2 are also presented
in Fig. 3d, g.Weobserve that the slanted, continuous elliptical intensity
profiles of the generated 3D PVVBs with different polarization orders

exhibit highly similar contours. The x-y plane intensity profiles at
z = 300 μm and their cross sections along the y direction are shown in
Fig. S5, with the measured distances d being 134.4μm for PVVB1 and
134.4μm for PVVB2, which are close to theoretical values of 133.0μm.

Moreover, the 3D spatial distributions of the polarization azimuth
for state II of both PVVB1 and PVVB2 are quantitativelymeasured using
Stokes polarimetry, as shown in Fig. 3e, h. It can be seen that the linear
polarization orientations rotate by rotate +10π and -31π per round trip
in the clockwise direction for PVVB1 and PVVB2, respectively. The
average cross-polarization conversion efficiencies of the two
polarization-multiplexedmetasurfaces aremeasured as65.91% forRCP
to LCP, and 65.37% for LCP to RCP, respectively (see details
in Methods). These results demonstrate that the proposed monolithic
SiC metasurfaces can generate arbitrary PVVBs with 3D intensity tra-
jectories, independent of their topological charges or polarization
orders.

Optical information encryption using 3D PVVBs
The metasurface-based 3D PVVB can offer a compact, low-loss and
high-capacity platform to advance optical information security
technology. A variety of distinct 3D PVVBs featuring multiple para-
meters could be used as different information carriers for optical
encoding. As a simple example of demonstration, a series of 3D
PVVBs, characterized by three geometrical parameters v, r0, p and a
polarization order lp, are chosen to encode different 8-digit binary
numerals. Specially, the four parameters—v with 2 values, r0 with 2

Fig. 3 | Experimental demonstration of 3D PVVBs with customized intensity
trajectories. a, b The measured and reconstructed 3D spatial intensity distribu-
tions of 6 states for the two 3D PVVBs (namely PVVB1 and PVVB2) with polarization
orders lp of +5 and �15.5 after filtering through a horizontal linear polarizer
(denoted by green arrows). These output states, I to VI, are generated by illumi-
nating metasurfaces with RCP, four linearly polarized, and LCP states of lights

(denoted by white arrows). c, f The measured and reconstructed 3D spatial inten-
sity distributions of the state II for the PVVB1 and PVVB2 without any polarization
analyzer.d, g The projections of the 3D spatial intensity distributions in (c, f) on the
x-y plane. e, h The measured and reconstructed 3D distributions of polarization
azimuth of the state II for the PVVB1 and PVVB2. The polarization orientation par-
allel to the x-axis is defined as 0 or π rad.
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values, p with 4 values, and lp with 16 values—are set to denote the
first digit, the second digit, the third to fourth digits, and the fifth to
eighth digits of an 8-digit binary numeral, respectively. As such, the
binary numerals from 00000000 to 11111111 (corresponding to the
hexadecimal numerals from 00 to FF) can be represented by 256
different kinds of 3D PVVBs (Fig. 4a). The value ranges and the
number of possible values for the four parameters are also shown in
Fig. 4a. A code chart related to the hexadecimal serial numbers of 3D

PVVBs and corresponding beam parameters is constructed and
shown in supplementary Table S1. For instance, Fig. 4b shows the
intensity and polarization distribution of a 3D PVVB with v = 1,
r0 = 16μm, p = 5 and lp = 8.0. It features a 3D rounded pentagon
intensity trajectory with a smaller outer profile and its linear polar-
ization orientations rotate 16π rad per round trip in the clockwise
direction. We can know that it denotes a binary numeral “00111111”
(or a hexadecimal numeral “BF”) according to the code chart.

Fig. 4 | Deign principle and experimental demonstration of optical encoding
and image encryption using a metasurface-based 3D PVVB array. a A series of
3D PVVBs, characterized by four parameters v, r0, p, and lp, represent a group of
8-digit binary numerals, from 00000000 to 11111111 (corresponding to the hex-
adecimal numerals from 00 to FF). v, r0, p and lp denote the first digit (blue), the
second digit (green), the third to fourth digits (yellow), and the fifth to eighth digits
(red) of an 8-digit binary numeral, respectively.b shows an example of the intensity
and polarization distribution of a 3D PVVB with v = 1, r0 = 16 μm, p = 5 and lp = 8.0,
denoting a binary numeral “00111111” (or a hexadecimal numeral “BF”). cThe image

of the generated QR code with 24 ⨯ 24 black and white blocks. d A 24-by-3 binary
matrix transformed from theQR code. eAn8-by-9 binarymatrix reshaped from (d).
fAn 8-by-9 array of hexadecimal serial numbers of required 3DPVVBs. g The values
of four parameters for the 3D PVVB array. h The SEM image of a portion of the
fabricated metasurface ciphertext. i, j The two measured and reconstructed 3D
light fields (namely State 1 and State 2) of the 3D PVVB array by using RCP and x-
polarized states of incident lights. k The identified values of v, r0, p, and lp for the
generated 3DPVVBarray. v, r0,p and lp of each PVVBare labeledby the squareblue,
green, yellow and red background. l The decrypted image of the QR code.
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As a proof of concept, we demonstrate an information encryption
scheme for optical anti-counterfeiting byusingmetasurface-generated
3D PVVBs. QR code is a widely used two-dimensional matrix barcode
that stores data information. As an encrypted image, a 2D QR code
with 24 ⨯ 24 black and white blocks (Fig. 4c) is transformed into a
24 ⨯ 24 binarymatrix where each element, based on the block color, is
either 0 or 1. Grouping every eight elements from each row into 8-digit
binary numbers, the 24 ⨯ 24 matrix is condensed into a 24 ⨯ 3 binary
matrix (Fig. 4d), and reshaped into an 8 ⨯ 9 binary matrix (Fig. 4e) for
facilitating subsequent metasurface fabrication and characterization.
This matrix is then converted into a hexadecimal matrix, where each
2-digit numeral represents the serial numbers of the required 3D
PVVBs (Fig. 4f). By referencing the code chart, the user obtains four
parameters of the 3D PVVB array (Fig. 4g) and calculates the RCP and
LCP phase profiles. A SiC metasurface, termed ciphertext (Fig. 4h), is
designed and fabricated based on these phase profiles, encoding the
QR code image onto this minimalist device.

To decode the message, RCP and x-polarized light are incident
onto the metasurface ciphertext, and two 3D optical fields, corre-
sponding to two states of the 3D PVVB array (State 1 and State 2), are
captured after filtering through an LCP analyzer and a y-direction
linear polarizer, as reconstructed in Fig. 4i, j. Projections of these
states onto the x-y plane are also shown in supplementary Fig. S6.
From State 1, by analyzing the height along the z-direction, the
maximum outer ring size, and the annular shape on the x-y plane,
the values of v, r0, and p can be identified. For State 2, by counting
the number of lobes, N, in the petal-like intensity pattern, the value
of lp can be determined as N/2. For instance, a 3D PVVB in the first
row and ninth column of State 1 has a height of ~18 μm in the z-
direction, a maximum outer diameter of ~42 μm, and a rounded
triangular ring shape, with the corresponding values of v, r0, and p
recognized as 1, 21 μm, and 3, respectively. The intensity pattern of
the 3D PVVB at the same position in State 2 has eight petals, indi-
cating lp = 4.0. In this way, the four parameters of the entire 3D PVVB
array are determined and displayed in Fig. 4k, where v, r0, p, and lp
of each PVVB are labeled with blue, green, yellow, and red back-
grounds, respectively. The hexadecimal serial number of the 3D
PVVB in the first row and ninth column of the array is recognized as
“57” by querying the code chart, and the decoded number of the
entire 3D PVVB array is shown in supplementary Fig. S7. By
sequentially converting this hexadecimal matrix into a binary
matrix, reshaping it into a 24 ⨯ 3 matrix, and splitting each 8-digit
binary numeral into single-digit elements, a 24 ⨯ 24 binary matrix is
decrypted. Finally, this matrix can be transformed into the original
2D QR code (Fig. 4l).

Discussion
In thiswork,wehave experimentallydemonstrated a compact and low-
loss platform for achieving generalized 3D PVVBs by utilizing mono-
lithic SiC metasurfaces with phase-only modulation. This minimalist
platform enables the customization of annular intensity trajectories in
3D space for PVVBs, including their heights, shapes, and sizes, which
remain nominally independent of topological charges andpolarization
orders, respectively. Leveraging this “perfect” property, we experi-
mentally implement an image encryption scheme for optical anti-
counterfeiting by using a metasurface-encoded 3D PVVB array to
represent different numerical symbols. This work extends the engi-
neering of beam characteristics for the metasurface-based perfect
vortices and PVVBs from a 2D plane to 3D space, providing an addi-
tional dimension of spatial control and higher information capacity for
applications, such as 3Dmanipulation of micro-nano particles, higher-
security information processing and high-dimensional quantum
entanglement.

Compared with some OAM/VVB-based encryptions37–39, the 3D
PVVB allows for high-dimensional encoding and the additional degree

of freedom in the 3D structure (e.g., height, shape, and polarization
distribution along the z-axis) provides an extra layer of complexity,
making it more challenging to decode or replicate the beam without
precise knowledge of its parameters. The 3D PVVB-based encryption
uses a non-interferometric system, whichmakes the decoding process
simple and less susceptible to environmental perturbations and
mechanical vibrations. Additionally, the 3D PVVB holds significant
promise for 3D optical trapping applications7,40. It would enable pre-
cise regulation of particle speed and facilitates advanced control
mechanisms, such as halting or reversing their motion at will, along
customizable 3D trajectories.

Methods
Numerical simulation of meta-atoms
The linearly birefringent meta-atom, composed of a SiC rectangular
nanopillar and a silica square substrate with a lattice period P of
380 nm, are simulated by using the finite-difference time domain
method. Considering the capability of actual micro-nano processing
technology, the heights of SiC nanopillars are set to 1000 nm. The
lengths (L) and widths (W) of SiC nanopillars range from 80nm to
280 nm with a sweep interval of 2.5 nm. Periodic boundary conditions
are applied along the x and y axes, while a perfectly matched layer
boundary condition is used in the z direction. The used complex
refractive index of SiC is shown in supplementary Fig. S8. The plane
wave illumination with x and y polarization are sequentially applied
from the substrate side, and the transmission efficiencies (Tx and Ty)
and phase shifts (Φx and Φy) of 6561 meta-atoms are obtained for x-
and y- polarized light with a wavelength of 630 nm, respectively
(supplementary Fig. S9). The cross- and co- PCE are calculated as:

j0:5ðtxeiΦx � tye
iΦy Þj2 and j0:5ðtxeiΦx + tye

iΦy Þj2, respectively, where

tx=y =
ffiffiffiffiffiffiffiffiffi
Tx=y

q
. The cross-PCE of these meta-atoms are calculated and

shown in the top panel of Fig. 1d.

Fabrication of the SiC metasurfaces
The fabrication process of SiC metasurfaces is summarized as fol-
lows. By using plasma enhanced chemical vapor deposition, a layer of
SiC film with a thickness of 1000 nm is clothed on a 500 μm-thick
fused silica substrate. Then, a layer of hexamethyldisilazane is vapor-
coated on the SiC film to enhance adhesion. A layer of 200 nm-thick
positive electron beam resist and a thin layer of water-soluble con-
ductive adhesive are spin-coated on the samples successively, where
the conductive adhesive is used to mitigate the charging effect
during later electron beam exposure. Next, the nanopatterns are
defined in the resist by using EBL with an accelerating voltage of
125 kV and a beam current of 1 nA, followed by the development in a
solution of o-Xylene. A layer of 30-nm-thick aluminum is than phy-
sically vapor-deposited on the sample by using an electron beam
evaporator. A lift-off process is done by soaking the sample in n-
methyl-pyrrolidone for 10min at 80 °C, coupled with subsequent
gently ultrasonic cleaning. This step leads to patterns reversion from
the resist to the aluminum hard mask. Whereafter, the ICP reactive
ion etching is implemented via an optimized anisotropic etching
recipe, in which the chamber pressure is controlled at 13.5mTorr, the
ICP generator RF power is 500W, the bias RF power is 40W, and the
ratio of C4F8/SF6 is tuned to be 8/3. Finally, the metasurfaces com-
posed of SiC nanopillars are obtained after removing the residual
aluminum with the stripping solution.

Measurement of cross-polarization conversion efficiency of
metasurfaces
We first illuminate the RCP or LCP light on the metasurface samples,
and use an objective lens and visible detector to capture their trans-
mission light intensity distributions of the sample surfaces, marked as
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anm-by-nmatrix Io1 or Io2 through an LCP or RCP analyzer. Second, we
remove the metaurface samples and measure the intensity distribu-

tions of incident RCP or LCP light (marked as anm-by-n matrix Iin1 or

Iin2) directly transmitted through the bare silica substrate without any
analyzer. The cross-PCE of the metasurface is calculated

as: 1
mn

P
i, j

Io1=o2p, q

Iin1=in2p, q

	 

× 100%.

Data availability
All data needed to evaluate the conclusions in the paper are present in
the paper and/or the SupplementaryMaterials. Additional data related
to this paper may be requested from the authors.
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