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Metasurfaces enable sculpting light in three

dimensions
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Abstract

A recent study demonstrates a metasurface platform for 3D vectorial holography that enables independent control of
light intensity and polarization along the propagation axis. By utilizing longitudinally engineered meta-atoms, this
approach achieves multi-dimensional optical encryption platform.

Holography has long been recognized as a key technology
for virtual reality, data security, and optical information
processing™”. The advent of computer-generated holography
(CGH) marked a paradigm shift, moving beyond traditional
light-field recording on photosensitive materials to the
proactive design of complex wavefronts®*. This transition
has enabled the optimization of wavefront with significantly
higher degrees of freedom, primarily focusing on tailoring
light intensity distributions in two-dimensional (2D) planes.
Leveraging this increased flexibility, metasurface holograms
(metaholograms) have successfully demonstrated advanced
functionalities®’, including polarization-multiplexed holo-
graphy®, orbital angular momentum (OAM)-multiplexed
holography”®,  propagation-dependent  three-dimensional
(3D) holography’, full-color RGB displays'®"".

Building upon these foundations, vectorial holography has
emerged as a powerful tool by exploiting the polarization
degree of freedom to enhance information capacity'>. Unlike
scalar holograms that only modulate phase or amplitude,
vectorial holograms utilize spatially varying meta-atoms to
locally control the polarization state of light, enabling the
reconstruction of different holographic images depending on
the polarization state of light, enabling the reconstruction of
different holographic images depending on the incident or
analyzed polarization. While these developments have sig-
nificantly expanded the functionality of metasurfaces,

Correspondence: Joohoon Kim (kimjuhoon@postech.ackr) or

Junsuk Rho (jsrho@postech.ackr)

'Department of Mechanical Engineering, Pohang University of Science and
Technology (POSTECH), Pohang 37673, Republic of Korea

2POSTECH Institute of Artificial Intelligence (PIAl), Pohang University of Science
and Technology (POSTECH), Pohang 37673, Republic of Korea

Full list of author information is available at the end of the article

© The Author(s) 2026

achieving simultaneous and independent control of both
intensity and polarization within a 3D volumetric space has
remained a formidable challenge. The inherent complexity
of phase-polarization coupling and longitudinal interference
has hindered the full realization and practical implementa-
tion of such intricate 3D vectorial holograms.

Recently, a research team led by Prof. Ting Xu
addressed this challenge in their study published in Light:
Science & Applications by demonstrating longitudinally
engineered metasurfaces that achieve independent control
over both intensity and polarization in 3D space'®. To
achieve this, Tan et al. went beyond conventional phase
modulation by exploiting the full potential of meta-atom
design. As illustrated in Fig. la, the researchers meticu-
lously optimized the geometric parameters and spatial
arrangements of meta-atoms, allowing each unit cell to
function as a localized Jones matrix element.

The core principle involves the precise mapping of the
required complex amplitude and polarization states along
the propagation axis (z-axis). By decoupling the geometric
phase from the propagation phase, the metasurface can
independently dictate the evolution of light’s intensity
profile and its polarization trajectory, often visualized as a
path on the Poincare sphere, at every pixelated point within
a 3D volume. This dual-layer modulation -effectively
“sculpts” the light field in 3D space, realizing a 3D vectorial
hologram where information is no longer confined to a
single plane but is intricately distributed across space.

The most compelling demonstration of this 3D control is
the implementation of polarization-gated optical encryption
(Fig. 1b). The proposed metasurface generates a light array
where, in the absence of a polarizer, the intensity appears
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Fig. 1 Conceptual illustration of 3D vectorial holography via longitudinally engineered metasurfaces. a Schematic showing the generation of
3D volumetric patterns with tailored intensity profiles and polarization states. b Principle of polarization-gated decoding. At specific axial planes (z;,
7,, 73), the encoded information (e.g., characters “K’, “E”, "Y") is revealed only when viewed through the matching polarization analyzer
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uniform across a specific plane, rendering any encoded
information invisible to the naked eye. However, when the
correct polarizer is applied, it selectively filters the pre-
designed polarization states, allowing the hidden characters
to emerge with high contrast. This mechanism establishes a
significantly higher level of data security compared to tra-
ditional methods. To retrieve the encrypted information, an
authorized user must possess the precise “keys”, the exact
spatial coordinates (z-position) and the corresponding
polarization parameters (slow axis and fast axis in Poincare
sphere). By transforming both spatial position and polar-
ization into indispensable security factors, Tan et al. have
proposed a robust multi-dimensional security platform that
goes far beyond simple image projection.

While the current demonstration utilizes a Bessel beam-
based holographic approach, integrating this approach
with inverse design optimization could enable even more
intricate control within denser 3D spaces'*. Looking
ahead, this technology holds great promise for enhancing
3D imaging in mid-to-short-range LiDAR systems'> and
could be paired with polarization cameras to capture
high-dimensional visual data beyond the reach of con-
ventional optical systems and sensors'®.

Author details

'Department of Mechanical Engineering, Pohang University of Science and
Technology (POSTECH), Pohang 37673, Republic of Korea. 2POSTECH Institute
of Artificial Intelligence (PIAl), Pohang University of Science and Technology
(POSTECH), Pohang 37673, Republic of Korea. 3Depar‘[men‘[ of Chemical
Engineering, Pohang University of Science and Technology (POSTECH),
Pohang 37673, Republic of Korea. “Department of Electrical Engineering,
Pohang University of Science and Technology (POSTECH), Pohang 37673,
Republic of Korea. >POSCO-POSTECH-RIST Convergence Research Center for
Flat Optics and Metaphotonics, Pohang 37673, Republic of Korea

Conflict of interest
The authors declare no competing interests.

Published online: 03 March 2026

References

1. Gabor, D. A new microscopic principle. Nature 161, 777-778 (1948).

2. Gabor, D. Holography, 1948-1971. Science 177, 299-313 (1972).

3. Lohmann, A. W. & Paris, D. P. Binary fraunhofer holograms, generated by
computer. Appl. Opt. 6, 1739-1748 (1967).

4. Gerchberg, R W. A practical algorithm for the determination of phase from
image and diffraction plane pictures. Optik 35, 237-246 (1972).

5. Zhang, G. X. et al. Metasurface holograms reaching 80% efficiency. Nat.
Nanotechnol. 10, 308-312 (2015).

6. Mueller, J. P. B. et al. Metasurface polarization optics: independent phase
control of arbitrary orthogonal states of polarization. Phys. Rev. Lett. 118,
113901 (2017).

7. Ren, H. R et al. Complex-amplitude metasurface-based orbital angular
momentum holography in momentum space. Nat. Nanotechnol. 15, 948-955
(2020).

8. Ren, H. R et al. Metasurface orbital angular momentum holography. Nat.
Commun. 10, 2986 (2019).

9. So, S. et al. Multicolor and 3D holography generated by inverse-designed
single-cell metasurfaces. Adv. Mater. 35, 2208520 (2023).

10.  Kim, J. et al. Dynamic hyperspectral holography enabled by inverse-designed
metasurfaces with oblique helicoidal cholesterics. Adv. Mater. 36, 2311785
(2024).

11. Wang, B. et al. Visible-frequency dielectric metasurfaces for multi-
wavelength achromatic and highly dispersive holograms. Nano Lett. 16,
5235-5240 (2016).

12. Kim, J. et al. Photonic encryption platform via dual-band vectorial
metaholograms in the ultraviolet and visible. ACS Nano 16, 3546-3553
(2022).

13. Tan, L et al. Longitudinally engineered metasurfaces for 3D vectorial holo-
graphy. Light Sci. Appl. 15, 36 (2026).

14. Ren, H. R. et al. Three-dimensional vectorial holography based on machine
learning inverse design. Sci. Adv. 6, eaaz4261 (2020).

15. Kim, G. et al. Metasurface-driven full-space structured light for three-
dimensional imaging. Nat. Commun. 13, 5920 (2022).

16. Rubin, N. A. et al. Matrix Fourier optics enables a compact full-Stokes polar-
ization camera. Science 365, eaax1839 (2019).

Light Sci Appl | 2026 | Vol 15 | Issue 5 | 1407 LSA



