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Ultra-high-capacity full-vectorial meta-holography

Dengji He 3", Yuanjian Wan'?%', Yajuan Dong®?3, Yu Wang®?3, Xiaotong Zhu®?3, Tao Wang¥?3, Jinwei Zeng'?3*

and Jian Wang®%3*

Abstract: Vectorial metasurface holography is a powerful technique that relies on full-dimensional modulation of
optical fields to realize its full potential, laying the foundation for encoding vast amounts of optical information and
enhancing optical encryption. However, current methods for achieving such modulation remain challenging, as they
typically require tuning multiple structural parameters or employing multilayer metasurfaces to provide sufficient
degrees of control. Here, we propose a broadband full-vectorial meta-holography (BFVM) strategy based on a purely
dielectric geometric-phase metasurface, which achieves complete control over the amplitude, phase, inhomoge-
neous polarization, and position of light solely by varying the rotation angles of the meta-units. This approach not
only enables the generation of full-vectorial holographic images with complete Stokes polarization distributions, but
also supports the creation of up to 50 distinct, ultra-high-capacity vectorial holograms, each encoding a designed
polarization structure with spatial variation. These structured polarization states can serve as a previously over-
looked degree of freedom for enhancing holographic storage. This advancement expands the frontier of vectorial
holography, paving the way for next-generation full-vectorial beam shaping, full-color holographic displays, and

immersive AR/VR technologies.
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1 Introduction

Vectorial holography is an advanced optical technique that
enables precise manipulation of amplitude, phase, and inho-
mogeneous polarization in holographic imaging'-. Unlike
conventional scalar holography, which primarily modulates
intensity and phase, vectorial holography fully exploits
light's degrees of freedom, allowing for the generation of
structured light fields with arbitrarily tailored polarization
distributions. It lays a foundational framework for next-
generation optical systems, with transformative implica-
tions for data storage, secure optical encryption, and
advanced display technologies*®. Among various implemen-
tation strategies, metasurfaces!*'*—comprising subwave-
length engineered structural units —have emerged as an
exceptionally powerful platform for precise wavefront
manipulation'>?*. Over the past decade, they have been
successfully applied in a wide range of applications, includ-

ing orbital angular momentum (OAM) detection®, spectro-
polarimetric detection®, broadband 3D holography®, and
structured light generation?”. Their unparalleled capability to
tailor electromagnetic wave properties with subwavelength
precision has also established them as a pivotal enabler of
compact, efficient, and versatile vectorial holography,
commonly known as vectorial metasurface holography?*-*.
Recent progress in metasurface engineering has enabled
the creation of vectorial holograms with tailored optical
responses, paving the way for applications in high-security
optical encryption, multichannel information processing
and high-capacity optical information storage”’*°. For
instance, Yu et al. employed geometric-phase metasurfaces
to realize multi-channel vectorial holography by harnessing
spin-orbit-locked vortex beams*. Furthermore, Zhao et al.
integrated propagation phase into geometric-phase designs
to enable vectorial holographic display across multiple infor-
mation channels*. Moreover, Kim et al. developed bi-layer
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metasurfaces to achieve bidirectional vectorial holography
and demonstrated its effectiveness in secure optical encryp-
tion*2. Despite these advancements, achieving broadband
full-vectorial holography using a single-layer metasurface
based purely on geometric phase remains a significant chal-
lenge, as true full-vectorial holography requires the metasur-
face to independently and flexibly control the amplitude,
phase, and arbitrary polarization states of the optical
field—capabilities that are difficult to achieve solely through
the rotation of units.

In this study, we propose a broadband full-vectorial meta-
holography (BFVM) strategy based on a purely dielectric
geometric-phase metasurface capable of full-dimensional
modulation of the optical field—including amplitude, phase,
polarization, and spatial position. Compared with conven-
tional vectorial holography based on bulk optical compo-
nents, and metasurface-based implementations that rely on
multilayer architectures or multiple structural parameters,
our approach achieves simultaneous and independent
control of all four optical degrees of freedom solely through
rotation-angle encoding on a single-layer metasurface. This
design offers significant advantages in terms of structural
simplicity, device compactness, and broadband functional-
ity. In this work, the term "full vectorial" specifically refers to
the capability of producing arbitrary output polarization
states (including linear, circular, and elliptical polarization)
under fixed input polarization conditions. We validate the
performance of this approach both theoretically and experi-
mentally by demonstrating three distinct vectorial holo-
grams, each featuring spatially tailored polarization charac-
teristics, where the upper and lower regions are encoded
with customized linear or circular polarization states.
Collectively, these holograms span the full Stokes polariza-
tion space, confirming the system's capability for complete
vectorial field control. To further extend the capacity of
vectorial holography, we implement a full-dimensional
modulation metasurface capable of producing up to 50
distinct vectorial holographic patterns, each featuring
spatially variant polarization distributions (e.g., radial or
azimuthal polarization distributions). Notably, our approach
unveils a previously overlooked degree of freedom in holo-
graphic storage, allowing independent control of vectorial
polarization-encoded information while preserving the
reconstructed intensity distribution. This work substantially
enhances the multi-channel information capacity of vecto-
rial optical encryption, improves decryption robustness, and
opens promising new directions for secure encryption and
high-density optical data storage.

2 Results
2.1 Design principle of full-dimensional metasurface
modulation

As illustrated in Fig. 1, we propose a novel full-dimensional

modulation metasurface capable of simultaneously, arbitrar-
ily and independently controlling the amplitude, phase,
polarization state, and spatial distribution of light, thereby
enabling the full access of complete degrees of freedom in
wavefront shaping. This metasurface is constructed from
meticulously engineered anisotropic meta-atoms, offering
precise geometric phase manipulation and polarization-
dependent responses, with excellent performance main-
tained across the visible spectrum. The system demonstrates
ultra-high-capacity vectorial meta-holographic channels,
each uniquely associated with a specific spatially variant
vectorial polarization state, such as radial or azimuthal
polarization distributions. Notably, the proposed design can
flexibly generate vectorial holograms carrying arbitrarily
complex, spatially variant polarization patterns without
increasing structural design complexity. Through this multi-
dimensional multiplexing strategy, we achieve full-dimen-
sional modulation of optical fields on a single metasurface
chip, offering a significant solution for high-density optical
data storage and dynamic holographic display applications.

According to the geometric phase modulation mecha-
nism*~%, precisely oriented anisotropic elements with
azimuthal angle 6 can perform the conversion |L) — €’ |R)
and |R) — e ?|L), i.e., such structured media implement
spin-selective phase encoding: the the left-handed circularly
polarized (LCP) and right-handed circularly polarized
(RCP) beams are transformed to opposite spin with a
geometric phase (Pancharatnam-Berry phase) of 20 and
—20, respectively.

Through geometric phase manipulation, conventional
metasurfaces typically achieve only phase modulation of
transmitted light. Here we demonstrate a dielectric geomet-
ric phase metasurface capable of complete wavefront control
via parallel meta-atom design. This full-dimensional modu-
lation platform enables the generation of arbitrary optical
fields E,, with customized spatial amplitude, phase, polar-
ization and spatial position distributions at the metasurface's
near-field transmission plane when illuminated by a linearly
polarized (x-polarized) plane wave E;,. For mathematical
convenience, we represent the incident plane wave and the
generated arbitrary light beam in terms of a circular polar-
ization basis, which can be expressed as

e 2u1]

2 1

. e~ 100(xy)/2

Eout(xvy) = A(x7y)el¢(x’y) |: }gi((fc:);))h .Ziéo(xd’)/Z :| ’ (1)
where A, is the amplitude of the incident plane wave,
A(x,y), ¢(x.7), [Ei(x,p)], [E (x,)] and &, (x,y) are the
amplitude profile, phase profile, normalized amplitude
profile of the LCP component, normalized amplitude profile
of the RCP component, and relative phase difference profile
between the LCP and RCP components of the produced
arbitrary light beam, respectively.
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Fig. 1 | Concept of ultra-high-capacity vectorial meta-holography via full-dimensional metasurface modulation. Schematic illustration of a dielectric meta-
surface with full-dimensional modulation, enabling the generation of ultra-high-capacity vectorial meta-holographic channels. All holographic images
feature precisely controllable and complex spatially variant vectorial polarization states, such as radial and azimuthal polarization distributions.

Here, we define a 2x2 supercell, composed of anisotropic
unit cells, as the fundamental building block of the metasur-
face. The material and structural parameters (L = 0.32 pm,
W =0.1 um, H = 0.55 pm) are presented in Fig. 2(a). Then,
we divide the rotating angle of each unit cells (6, ~ 0,) into
three sub-angles 8,, 6; and 6, as linear superposition, i.e.,
0, =0, +0;+ 06;,j=12,3,4 (Fig. 2(b)). In addition, the
supercell period is denoted as P=0.76 pum. The first sub-
angle, 8,, modulates the phase profile of the transmitted
light by geometric phase mechanism. While the second sub-
angle, 0;, governs its amplitude distribution. Specifically,
opposite values of 6, to adjacent unit cells (e.g,
0, = —0,,60;; = —0,;) within each row. As a result, the
amplitude of the resulting interference beam for the RCP

ERCP

interference

component can be expressed as: = e 4 % =
cos(20;;). Likewise, the amplitude of the interference beam
for the LCP component is given by E'" = e + e%s =
cos(205;). Therefore, the amplitude of the target field can be
continuously tuned from 0 to 1 by varying the second sub-
angle, 0;. Meanwhile, the third sub-angle, 0;, operates in
conjunction with 6, and 6; to modulate the polarization
profile and control the diffraction angle of the transmitted
light. Collectively, these three sub-angles enable indepen-
dent modulation of the transmitted light’s spatial amplitude,
phase, polarization, and spatial position distributions, with
the spatial position determined by the diffraction angle. The
relationship between the transmitted light and the rotation
angles of the unit cells can be expressed as

¢ (x,y) + 0o (x,y) /2 + arccos[A (x, y) |E: (x,y)]]

91 :elg: + 911‘ + 915 =

92 :92(p + 92i + 925 =

93 :03rp + 031‘ + 935 - -

94 :04¢ + 641' + 945 - -

> +kr(x,y)
% (X,)/) + 50 (x’)’) /2 _ arCCOS[A (x7y) |Er (X,)/)H + kr(x )’)
2 ? )
0 (x,y) =& () [2 —avecoslA s ) B s ] @
2 ) )
¢ (X,y) — 60 (x7y) /2 + arccos[A (xvy) ‘El (X,)/)H _ kr(x y) )

2

Leveraging the parallel-tasking mechanism, our method
enables comprehensive modulation of transmitted light,
offering unprecedented control over its amplitude, phase,
polarization, and spatial distribution. A rigorous mathemati-
cal derivation, along with the final analytical expressions, is
provided in the Supplementary Section 1. In addition, the
full-dimensional modulation inherently gives rise to a twin
optical field alongside the target field. A detailed discussion
of this twin field is provided in the Supplementary Section 8.

Accordingly, all target holographic patterns presented in this
work are obtained by spatially filtering the desired signal
through an aperture.

As shown in Fig. 2(c), we numerically simulate the trans-
mission phase spectrum for orthogonally polarized light
under LCP illumination to validate the phase modulation
capability of the designed element. Due to symmetry, only
LCP results are presented. The phase shift exhibits an almost
linear relationship with the orientation angle of the element.
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Fig. 2 | Schematic of the designed supercell for full-dimensional modulation metasurface and experimental setup. (a) Side view of the designed supercell of
a full-dimensional modulation metasurface. (b) Top view of a supercell of metasurface, where the total orientation angle of each element is decomposed
into three sub-angles to facilitate parallel modulation tasks. (c) Relationship between the phase shift and the rotation angle of the dielectric unit. (d) Exper-

imental setup used for capturing vectorial meta-holographic images.

Figure 2(d) illustrates the experimental setup, in which the
desired linear polarization (LP) incident light is generated
using polarizer 1. The various polarization components of
the transmitted field from the metasurface are extracted
using polarizer 2 and a quarter-wave plate. The camera
captures the holographic patterns after the transmitted light
passing through the polarizer. By precisely adjusting the
position and polarization angle of the polarizer, the target
image can be accurately obtained. Further details of the
experimental setup can be found in the Supplementary
Section 4.

2.2 Meta-holographic images with spatially varying
polarization states

Our full-dimensional modulation approach enables the
independent generation of arbitrary amplitude and phase
distributions at distinct spatial positions while precisely
controlling arbitrary polarization states. This capability
advances full-vectorial meta-holography, allowing for the
reconstruction of holographic images with spatially variant
polarization characteristics. To achieve such a full-vectorial
meta-hologram, we employ a superposition of circularly
polarized holograms, producing an image where polariza-
tion varies across different regions. As an illustrative exam-
ple, we design a vectorial hologram encoding the letters '

'L' and 'G', with polarization states tailored separately for the
upper and lower halves of each letter. Specifically, the upper
half of '] exhibits x-polarization, while the lower half is y-
polarized. For 'L, the upper half is polarized at 45°, whereas
the lower half is at 135°. Meanwhile, 'G' features RCP in the
upper half and LCP in the lower half, forming a representa-
tive full-Stokes polarization distribution. These polarization-
encoded patterns are visually represented in Fig. 3(a).

Figure 3(b) presents top-view and side-view scanning
electron microscopy (SEM) images of the fabricated sample,
highlighting the robustness of the fabrication process and
high precision achieved in metasurface manufacturing.
More details about processing and manufacturing can be
found in the Supplementary Section 6. Figure 3(c) displays
both simulated and experimentally captured holographic
images generated by the metasurface under horizontally
polarized incident light. Our approach enables vectorial
holographic imaging across a broad spectral range, as
demonstrated by reconstructed images at wavelengths of 447
nm, 518 nm, and 637 nm, respectively.

When no polarizer is placed at the output, the full holo-
graphic images of the letters J'v 'L' and 'G' are clearly
observed. To verify the polarization-encoded features, we
place a linear and a circular polarizer at the output side of
the metasurface. Under horizontally or vertically aligned
polarizers, the lower and upper halves of ' disappear,
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Fig. 3 | Broadband full-vectorial hologram with spatially variant polarization states. (a) Schematic illustration of the designed vectorial hologram, where the
upper and lower regions are distinctly encoded with customized linear or circular polarization states under LP incident light. (b) Top-view and side-view
SEM images of the fabricated metasurface. (c) Simulated and experimentally captured holographic images at wavelengths of 447 nm, 518 nm, and 637 nm,
respectively, obtained by placing different polarizers at the output side of the metasurface.

respectively, confirming their horizontal and vertical polar-
ization states. Similarly, with a 45° or 135° linear polarizer,
the corresponding halves of 'L' vanish, consistent with the
designed polarization orientations. To further validate the
spatially variant circular polarization states, a circular polar-
izer —comprising a quarter-wave plate and a linear polar-
izer —is applied at the output. Under this condition, the
corresponding halves of 'G' disappear, confirming the pres-
ence of RCP and LCP, respectively. These results conclu-
sively demonstrate that the designed metasurface effectively
generates holographic images with spatially encoded polar-
ization characteristics.

2.3 Implementation framework for ultra-high-capacity
vectorial meta-holograms

To fully explore the data storage potential of the BFVM
strategy proposed in this work, we design a series of vecto-
rial meta-holograms featuring uniquely structured and
spatially variant vectorial polarization distributions. Consid-
ering two orthogonally circularly polarized components of
the vectorial hologram carry OAM phases with distinct
topological charges, which can be expressed as follows

i X 1
Eqp :Eimage(xvy) erhele) l: i :| * Eim“ge(xﬂy)

. ello() [ 1 ) :| , (3)

—1

where represents the RCP and LCP states,

+i
Eimage (%, y) represents the complex amplitude distribution of
vectorial holograms, x, y are the coordinate of vectorial
holograms, ¢(x,y) = tan™" (x/y) is defined as the azimuthal
angle, and [ is the topological charge.

For two circular polarization components with opposite
topological charges, Eq. (3) can be rewritten as

i-lp(x 1
Esup :Eimage('x7 )’) € To(=7) |: i :| + Eimage(x’y)

sy { L ]
—1

- ). cos(lp(x,y))
—ZEimage( 7)}) |: 7811'1(1(,0()57}/)) :| . (4)

In this case, the superposition of two circularly polarized
components generates a vectorial hologram with a radially
polarized distribution.

Assuming that there is a phase difference of m between the
two circular polarization components, Eq. (4) becomes

1

Eqp :Eimage(xv )’) et { i

el e~ tlo(x) [ T }
—1

iE (g . | Sinlle(xy))
=2 Elmage( 7y) |: COS(lq)(xay)) :| . (5)

In this case, the superposition of two circularly polarized

:| + Eimage(xvy)
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components generates a vectorial hologram with an
azimuthally polarized distribution.

The physical mechanism of ultra-high-capacity vectorial
meta-holography via full-dimensional metasurface modula-
tion is demonstrated in Fig. 4. Here, we design a metasur-
face that generates 50 distinct vectorial holograms arranged
in 10 rows and 5 columns, with odd rows exhibiting radial
polarization and even rows azimuthal polarization. Notably,
the proposed vectorial holography framework inherently
supports arbitrary high-order vectorial polarization states, as
demonstrated in the Supplementary Section 17. In this work,
we focus on a representative case that resembles the well-

known polarization distributions of radial and azimuthal
polarization beams (RPB and APB).

For odd rows, we decompose each holographic pattern
into a superposition of two orthogonal polarization compo-
nents (Fig. 4(a)). Specifically, we encode opposite topologi-
cal charges into the LCP and RCP components of image-n,
followed by the addition of a shared random phase R, to
ensure a uniform amplitude distribution across the holo-
gram plane. An inverse fast Fourier transform (IFFT) is then
applied to convert the target field from the spatial to the
frequency domain, yielding the complex amplitude compo-
nents for each hologram. To display each vectorial holo-

Odd rows : radial polarization distribution

Image-1 OAM phase R1 Amplltude phase dlrechon phase 1

Image-1 OAM phase R1 Amplltude phase direction phase-1

Image-1 OAM phase R1

Image n OAI\/I phase Rn

Even rows : azimuthal polarization distribution

Amplltude phase direction phase 1

Phase 1t

Rn Amplitude phase d|rect10n phase-n

IFFT

~
b Full- d|men5|on multiplex vectorlal holograms

O

| W

Amplitude (a.u.) Phase (rad) -n 6 (rad) E(x, v)| (a.u.) |E(x, ¥)| (a.u. )
A
(o] 50 independent vectorial holograms
D e i1 g8
P e S

Radial polarization distribution

Azimuthal polarization distribution

Fig. 4 | The physical mechanism of ultra-high-capacity vectorial meta-holograms technique. (a) The flowchart for implementing ultra-high-capacity BFVM

via full-dimensional metasurfaces. For odd rows, each vectorial holographic pattern carrying a radial polarization distribution is synthesized by combining
the two orthogonal circularly polarized components with OAM phases of opposite topological charges and a random phase mask. The resulting field is
transformed into the spatial domain via IFFT, followed by the incorporation of a directional phase to spatially localize the hologram. For even-numbered
rows, an identical procedure is applied, except for the introduction of a m-phase shift to the LCP component before the IFFT. All vectorial holograms are
then superimposed at distinct spatial positions, yielding ultra-high-capacity holographic multiplexing. (b) The total electric field distribution required for the
metasurface. (c) The designed 50 spatially multiplexing vectorial holographic patterns.
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gram at different spatial locations, we introduce a direc-
tional phase function that projects the LCP and RCP
components to their corresponding positions in space.
Superimposing the corresponding LCP and RCP compo-
nents, we can realize vectorial holographic patterns with
radial polarization, uniquely encoded in the odd rows. Each
pattern independently carries a radial polarization distribu-
tion, representing an advance beyond conventional vecto-
rial metasurface holography methods. For even rows, a
constant phase shift of n is introduced to the left circular
component before IFFT, while all subsequent steps mirror
those of the odd rows.

Following these operations, we obtain the LCP and RCP
components required for each vectorial holographic pattern.
The metasurface's total electric field distribution is subse-
quently calculated as the superposition of all channel-modu-
lated optical fields. As shown in Fig. 4(b), we can obtain the
resultant metasurface profile, including amplitude profile,
phase profile, relative phase difference profile § between the

RCP and LCP components of the multiplexing channel,
normalized amplitude profile of RCP component, and
normalized amplitude profile of LCP component.

Using Eq. (2) mentioned earlier, we computationally
correlate the target field distribution with the geometric-
phase-governed rotation angles of the nanostructures,
enabling deterministic retrieval of the metasurface element
configuration. Ultimately, this results in the realization of 50
spatially multiplexing vectorial meta-holographic patterns,
as shown in Fig. 4(c).

2.4 Characterization of ultra-high-capacity vectorial
holographic multiplexing

Following the design framework outlined above, we fabri-
cate a metasurface comprising 50 distinct vectorial holo-
grams organized in a 10 x 5 array. The device is 875 um by
875 um in size, with representative SEM images of the fabri-
cated metasurface presented in Fig. 5(a). Figure 5(b-d) show
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Fig. 5 | Experimental demonstration of ultra-high-capacity vectorial holographic multiplexing. (a) Top-view and side-view SEM images of the fabricated
metasurface. (b—d) The target holographic patterns, numerical simulations images, and experimentally reconstructed images obtained without a polarizer.

(e—h) The results at 447 nm working wavelength, showing specific dark regions in the reconstructed images, exhibit angular-dependent extinction when

the polarizer is rotated through 0°, 45°, 90°, and 135° orientations.
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the corresponding target holographic patterns, numerical
simulations images, and experimentally reconstructed
images obtained without a polarizer, respectively. Through-
out the experiments, the incident light is x-polarized. Impor-
tantly, our design methodology exhibits broadband func-
tionality, and the representative results at 447 nm are shown
here. The experimental validation of the device's perfor-
mance across different wavelengths is provided in the
Supplementary Section 9. In addition, we have also provided
the complete set of correlation coefficients between the
experimental and theoretical results for all 50 reconstructed
holographic images, as shown in the Supplementary Section
15. The average correlation coefficient is 0.76, with a stan-
dard deviation of 0.07, indicating good device performance
and consistency across channels.

To systematically analyze the polarization properties of
the generated vectorial meta-holograms, we place a rotating
polarizer into the optical path. As shown in Fig. 5(e-h),
specific dark regions in the reconstructed images exhibit
angular-dependent extinction when the output polarizer is
rotated through 0°, 45° 90°, and 135° orientations. This
rotating extinction pattern unambiguously confirms the
spatially variant polarization states (radial or azimuthal)
encoded within individual holographic elements.

Our full-dimensional metasurface design framework
experimentally demonstrates ultra-high-capacity vectorial
meta-holography with tailored spatially variant polarization
distribution. Furthermore, this approach exhibits inherent
compatibility with existing multiplexing strategies to further
enhance channel multiplexing capabilities and generate

more complex optical fields. It is worth noting that although
the experimental results presented in this work may appear
visually similar to a conventional vectorial hologram
composed of multiple polarization segments, our demon-
stration of distinct vectorial holographic images is funda-
mentally different —both in physical encoding principles
and functional capabilities. A detailed discussion of this
distinction is provided in the Supplementary Section 11.

2.5 Demonstration of additional storage freedom
enabled by vectorial polarization in holography

In addition, our approach reveals a previously overlooked
degree of freedom in holographic storage, enabling indepen-
dent control over vectorial polarization-encoded informa-
tion without altering the reconstructed intensity distribu-
tion. This capability establishes vectorial polarization holog-
raphy as a novel paradigm in information encoding, thereby
significantly enhancing the storage capacity of metasurface-
based holographic systems, as illustrated in Fig. 6.

Unlike conventional holographic storage, which relies on
intensity modulation to encode information, our system
exhibits a distinct characteristic: the holographic pattern
remains unchanged under varying incident polarization
states. This sets it apart from traditional intensity-based
holography, where modifications in stored information typi-
cally alter the reconstructed image. Figure 6(a, b) show the
target and experimental results, which indicate the circular
vectorial holographic pattern carries distinct vectorial polar-
ization distributions under different incident polarization

Fig. 6 | Experimental results demonstrating the same circular holographic pattern with varying polarization distributions. (a) The intended polarization
distribution within the circular holographic pattern under different incident polarization states. (b) The black arrows in the corners indicate the incident
light polarization, with no polarization analyzer applied in the output field. (c) The two black arrows in the corners represent the input (first arrow) and
output (second arrow) polarization states, where the varying dark regions correspond to different polarization distributions within the same circular holo-

graphic pattern.
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states (90°, 120°, 150°, 180°). In our approach, while the light
intensity remains unchanged, the spatial vectorial polariza-
tion distribution dynamically varies with the incident polar-
ization state.

To intuitively illustrate the vectorial polarization distribu-
tion encoded in the holograms, we introduce a fixed linear
polarization analyzer in the output field, designed to trans-
mit only the x-polarized component. Under this condition,
we systematically rotate the incident polarization state and
observe noticeable variations in the holographic image, with
certain regions exhibiting dark areas. This phenomenon
clearly demonstrates that while the overall holographic
intensity distribution remains unchanged, the underlying
vectorial polarization distribution is actively modulated by
the incident polarization state (as shown in Fig. 6(c)). This
suggests that different holographic data channels could be
encoded using specific vectorial polarization distributions,
thereby expanding the storage capacity of holographic
systems.

Therefore, vectorial polarization storage offers additional
advantages over scalar polarization encoding in terms of
storage capacity. While scalar polarization encoding
typically employs a uniform polarization state across the
holographic field, vectorial polarization storage exploits
spatially variant polarization distributions, which enable
multiple distinct information channels to be embedded
within the same holographic reconstruction, thereby
increasing the effective storage density. Accordingly, vecto-
rial polarization holography represents a complementary
and promising approach for high-capacity optical data stor-
age and encryption.

3 Conclusions

In conclusion, we have proposed and experimentally
demonstrated an effective full-dimensional optical field
manipulation strategy, enabling ultra-high-capacity vecto-
rial meta-holography with virtually unlimited polarization
configurations. This approach overcomes the limitations of
conventional scalar holography, facilitating the generation
of arbitrarily structured light fields with customized polar-
ization states. Future research could focus on extending this
approach to non-visible wavelengths, such as infrared and
ultraviolet, as well as exploring reconfigurable vectorial
holography systems. Additionally, applications in optical
encryption offer promising prospects for secure communi-
cation and information storage. In addition, to transition
towards practical system integration, several challenges
remain. These include scaling the metasurface for large-area
applications, ensuring robustness under varying environ-
mental conditions, and achieving the required precision in
fabrication. Overcoming these challenges will be essential
for the practical applications of this technology.
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