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Holography is an optical technique that records and reconstructs the
light wavefront to generate desired images, emerging as a promising
candidate for various display applications. The development of holog-
raphy has been closely associated with computer-generated hologra-
phy, in which the discretized phase and amplitude distributions of
electromagnetic waves are computationally calculated and physically
implemented using optical devices such as spatial light modulators
and diffractive optical elements. In parallel, a variety of iterative phase
retrieval algorithms, most notably the Gerchberg—Saxton (GS) algo-
rithm, have also been studied to improve the fidelity and accuracy
of the hologram reconstruction.'? Despite these advances, conventional
implementations suffer from intrinsic limitations such as undesired
higher-order diffraction, low spatial resolution, restricted viewing an-
gles, and system bulkiness. Recently, metasurfaces, ultra-thin planar
optical elements composed of artificially arranged subwavelength-scale
structures, have garnered significant attention for holographic applica-
tions as a promising route to overcome the limitations of conventional
holographic systems.** Numerous studies have utilized metaholograms
for next-generation holographic devices, including three-dimensional
displays,>® optical encryption,”” and augmented/virtual reality (AR/VR)
systems.'*!" However, many studies on metaholograms have primarily
focused on scalar holography, without fully exploiting the vectorial
nature of light. In most cases, holographic images have been typically
generated with uniform polarization distributions. Some studies have
demonstrated multiplexing of the metahologram responses under two
orthogonal polarization bases;'>"* however, such approaches generally
switch between two scalar optical wavefronts rather than enabling
vectorial images with arbitrarily varying polarization distributions.

In recent years, the generation of vectorial holograms with metasur-
faces has also been increasingly investigated, enabling the control over
the polarization distributions in the far-field patterns.'*'® Nevertheless,
a general methodology for designing vectorial metaholograms, capable
of generating arbitrary vectorial fields while simultaneously achieving
high efficiency, remains an outstanding challenge. Recently, Liu et al.
proposed vectorial holography based on metasurfaces with single-
structure meta-atoms generating arbitrary polarization distributions, as
shown in Fig. 1(a)."” Their method integrates the GS algorithm with a
wave decomposition technique, retrieving the optical properties neces-
sary for producing desired vectorial holographic images. To obtain the
near-field scattering properties corresponding to the far-field vectorial
image, the target far-field is first decomposed into two orthogonal cir-
cular polarization bases. The GS algorithm is then applied to retrieve
the near-field sources for each polarization component. By taking a
coherent linear superposition of the two retrieved near-field planar
sources, the final near-field distribution is obtained, which enables
the realization of the target Jones matrix for the metasurface design.
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The metasurface is designed based on single-structure meta-atoms
employing metal-insulator-metal (MIM) configuration with a metallic
cross resonator on the top layer. In this design, each length of the
orthogonal bars of the cross structure is adjusted to control the resonance
phase and the cross-polarization phase difference. By introducing the
rotation angle as an additional design parameter, three independent de-
grees of freedom are available, providing comprehensive control over
the near-field properties for generating arbitrary far-field polarization
distributions. Importantly, this approach offers broader design flexibility
compared with previous designs with unrotated single-nanorod-based
structures, which have inherent restrictions in their ability to manipulate
the vectorial fields. Furthermore, the other geometrical parameters of
the MIM structures are carefully optimized to ensure broad phase
coverage and high reflection amplitudes, which contributes to the
realization of high-efficiency devices.

The versatility of the design approach is demonstrated through
several types of vectorial holograms at the wavelength of 1064 nm.
First, Liu et al. design metasurfaces capable of generating identical
vectorial holographic images under different incident polarization
states, showing that the design method can operate for arbitrary incident
polarizations. In another demonstration, metasurfaces are designed and
fabricated to produce vectorial holographic images with and without
rotational symmetries. For the more general case without rotational
symmetry, three different metasurfaces are designed to generate distinct
vectorial images of a vectorial clock, flower, and flying bird, each ex-
hibiting both complex intensity and polarization distributions [Fig. 1(b)].
The metasurfaces are designed to produce the target vectorial images
under the left-circularly polarized (LCP) incidence. When illuminated
by LCP incident light, the generated holographic images show good
agreement with the target images. Polarization analysis using a rotat-
able polarizer as an analyzer in front of the charge-coupled device
(CCD) further confirmed the vectorial property of the images because
the linear polarization components orthogonal to the analyzer angle are
suppressed as the polarizer is rotated, whereas the circular polarization
components remained unaffected. In addition, the metasurface platform
achieved a high working efficiency of 67.9%, which represents an
improvement over previous metasurface-based vectorial holography
approaches.

In summary, Liu et al. propose an effective design strategy for gen-
erating arbitrary vectorial holography with an ultra-thin metasurface
platform and demonstrate its applicability with different versatile vec-
torial images.'® This approach can be further expanded to a transmissive
system using a dielectric metasurface, which can potentially achieve
higher efficiency devices. Furthermore, integrating this platform with
active materials such as liquid crystals could enable dynamic operation
and broaden its applicability. As the demand for compact and efficient
holographic devices continues to increase, metasurface-based platforms
for vectorial holography are expected to receive greater attention. This
work opens new opportunities for controlling a wider range of light
properties through vectorial holography, paving the way for practical
applications including photonic encryption, optical cryptography, and
anti-counterfeiting technologies.
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Fig. 1 (a) Schematic illustration of vectorial holography using an ultra-thin metasurface platform.
(b) Experimental images of vectorial holography generated by the metasurface. In the target
vectorial images, different polarization distributions are encoded, where red and blue circles
denote left and right circular polarizations, and green segments indicate linear polarizations

(adapted from Ref. 19).

Acknowledgments

This work was financially supported by the POSCO-POSTECH-RIST
Convergence Research Center program funded by POSCO and the
National Research Foundation grant (Grant No. RS-2022-NR067559)
funded by the Ministry of Science and ICT (MSIT) of the Korean
government.

References

1. L. B. Lesem et al., “Scientific applications: computer synthesis of
holograms for 3-D display,” Commun. ACM. 11(10), 661-674
(1968).

2. R. Gerhberg et al., “A practical algorithm for the determination
of phase from image and diffraction plane picture,” Optik 35,
237-246 (1972).

3. L. Kim et al., “Outfitting next generation displays with optical
metasurfaces,” ACS Photonics 5(10), 3876-3895 (2018).

4. S.Soetal., “Revisiting the design strategies for metasurfaces: fun-
damental physics, optimization, and beyond,” Adv. Mater. 35(43),
2206399 (2023).

5. L. Huang et al., “Three-dimensional optical holography using a
plasmonic metasurface,” Nat. Commun. 4(1), 2808 (2013).

6. S. So et al., “Multicolor and 3D holography generated by inverse-
designed single-cell metasurfaces,” Adv. Mater. 35(17), 2208520
(2023).

7. J.Lietal., “Addressable metasurfaces for dynamic holography and
optical information encryption,” Sci. Adv. 4(6), eaar6768 (2018).

8. H. Ren et al.,, “Complex-amplitude metasurface-based orbital
angular momentum holography in momentum space,” Nat.
Nanotechnol. 15(11), 948-955 (2020).

9. J. Kim et al., “Electro-active metasurfaces controlling exceptional
topological phase through low-voltage operation on conductive
polymer,” Adv. Funct. Mater. 35(38), 2501916 (2025).

10. Y. Shi et al.,, “Augmented reality enabled by on-chip meta-
holography multiplexing,” Laser Photonics Rev. 16(6), 2100638
(2022).

11. J. Ko et al., “Metasurface-embedded contact lenses for holo-
graphic light projection,” Adv. Sci. 11(38), 2407045 (2024).

Advanced Photonics

050503-2

12. J. P. Balthasar Mueller et al., “Metasurface polarization optics:
independent phase control of arbitrary orthogonal states of polari-
zation,” Phys. Rev. Lett. 118(11), 113901 (2017).

13. L Kim et al., “Stimuli-responsive dynamic metaholographic dis-
plays with designer liquid crystal modulators,” Adv. Mater.
32(50), 2004664 (2020).

14. Q. Song et al., “Ptychography retrieval of fully polarized holo-
grams from geometric-phase metasurfaces,” Nat. Commun. 11(1),
2651 (2020).

15. I. Kim et al., “Pixelated bifunctional metasurface-driven dynamic
vectorial holographic color prints for photonic security platform,”
Nat. Commun. 12(1), 3614 (2021).

16. N. A. Rubin et al., “Jones matrix holography with metasurfaces,”
Sci. Adv. 7(33), eabg7488 (2021).

17. J. Kim et al., “Photonic encryption platform via dual-band vecto-
rial metaholograms in the ultraviolet and visible,” ACS Nano
16(3), 3546-3553 (2022).

18. X. Zhang et al., “Spatial varying vectorial holography and polari-
zation encryption based on birefringent metasurface,” Adv. Funct.
Mater. 34(41), 2404196 (2024).

19. T. Liu et al., “High-efficiency vectorial holography based on ultra-
thin metasurfaces,” Adv. Photonics T (5), 056004 (2025).

Hyeonsu Heo received his BS degree in mechanical engineering at
Pohang University of Science and Technology (POSTECH), Republic
of Korea, in 2022. Currently, he is an integrated MS/PhD student in
mechanical engineering at POSTECH. His interest includes the applica-
tions of metasurface design for metalenses and holographic devices.

Junsuk Rho is a Yeon-San and Mu-Eun-Jae endowed chair professor in
mechanical engineering, chemical engineering and electrical engineering
at POSTECH. He received his BS (2007) and MS (2008) degrees in
mechanical engineering at Seoul National University and the University
of lllinois, Urbana—Champaign, respectively. After getting his PhD (2013)
in mechanical engineering and nanoscale science and engineering at
the University of California Berkeley, he worked as a postdoctoral fellow
in the materials sciences division at Lawrence Berkeley National Labo-
ratory and as Ugo Fano fellow in the Nanoscience and Technology
Division at Argonne National Laboratory.

Sep/Oct 2025 e Vol. 7(5)


https://doi.org/10.1145/364096.364111
https://doi.org/10.1021/acsphotonics.8b00809
https://doi.org/10.1002/adma.202206399
https://doi.org/10.1038/ncomms3808
https://doi.org/10.1002/adma.202208520
https://doi.org/10.1126/sciadv.aar6768
https://doi.org/10.1038/s41565-020-0768-4
https://doi.org/10.1038/s41565-020-0768-4
https://doi.org/10.1002/adfm.202501916
https://doi.org/10.1002/lpor.202100638
https://doi.org/10.1002/advs.202407045
https://doi.org/10.1103/PhysRevLett.118.113901
https://doi.org/10.1002/adma.202004664
https://doi.org/10.1038/s41467-020-16437-9
https://doi.org/10.1038/s41467-021-23814-5
https://doi.org/10.1126/sciadv.abg7488
https://doi.org/10.1021/acsnano.1c10100
https://doi.org/10.1002/adfm.202404196
https://doi.org/10.1002/adfm.202404196
https://doi.org/10.1117/1.AP.7.5.056004

