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N. Yu, et. al., Science. 334, 333 (2011).

3D laser nanoprinted metasurfaces
nanoscribe.com

Light manipulation via ultrathin metasurfaces

https://pubs.acs.org/doi/10.1021/nl3032668
https://www.science.org/doi/10.1126/science.1210713


Metasurface examples

E. Cortes, F. J. Wendisch, L. Sortino, A. Mancini, S. Ezendam, S. Saris, L. D. S. Menezes, A. Tittl, H.
Ren, S. A. Maier, Metasurfaces for energy conversion, Chem. Rev. 122, 15082–15176 (2022).
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https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00078


a. Far-field electromagnetic wave manipulation

b. Near-field electromagnetic wave manipulation

Ø Resonance-based gradient metasurfaces
(a-b) Plasmonic resonance
(a) (b)

Ø Broadband geometric and hybrid metasurfaces

(c) Dielectric resonance
(c)

Ø High-quality-factor metasurfaces
(e-f) Surface lattice resonance

(e) (f)(d)
(d) Fano-type interference

(g-h) Geometric metasurfaces
(g) (k)(i)

(i-j) Hybrid metasurfaces
(h) (j)

(l-n) Wavelength-selective metasurfaces
(l) (m) (n) (p)(o)

(o-p) Polarization-selective metasurfaces
(q)

(q) Orbital angular momentum-
selective metasurfaces
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3D laser printing – the beginning

10 micrometers long bull

https://www.nature.com/


Two-photon polymerisation

z (nm)

Objective lens

PSF (xz plane) PSF (xy plane)

(Intensity)

https://www.cesma.de/en/processing/two-photon-polymerization.html
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Metasurface design – dielectric modes

H. Ren, S. A. Maier, Nanophotonic materials for twisted-light manipulation, Adv. Mater.
2106692, (2022).
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https://onlinelibrary.wiley.com/doi/full/10.1002/adma.202106692


• Complex-amplitude metasurface for twisted 
light holography

•Outline

• Plasmonic nanofin metasurface for tailored 
molecular sensing

• Achromatic metafibre for broadband 
focusing and imaging
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https://www.pinterest.com/pin/289285976050552182/

Optical and digital holography
Optical holography

Digital holography

Computer
Computer-

generated hologram

Direct display

Fabrication/printing
Santec

https://www.pinterest.com/pin/289285976050552182/


Multi-dimensional metasurface holography

Nano. Lett. 14, 294 (2013).

Polarization multiplexing meta-hologram

Nat. Commun. 6, 8241 (2015).

Spin angular momentum multiplexing meta-hologram

PRL 118, 113901 (2017).

Angle multiplexing meta-hologram

Phys. Rev. X. 7, 041056 (2017).  

Space channel meta-hologram

Nat. Commun. 7, 11930 (2016).

Nat. 
Commun. 7, 
11930 (201
6).

Wavelength multiplexing meta-hologram



Multi-dimensional light control

Wavevector k

Frequency w (Time t)

Polarisation E/H

Orbital angular momentum (mћ)

Phase (ϕ)

Spin angular momentum (σћ)

Amplitude (A)

Space

Time

A light beam being spatially/temporarily structured in different degrees of freedom of light.



A light beam can be structured into millions of spatial modes in square millimetre

Vector beams Twisted beams

Structured light generation relies on bulky, heavy and 
expensive optical table systems

Why do we need structured light?
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Angular momentum:
Linear momentum:

L. Allen et. al., Phys. Rev. A, 45, 11 (1992).
A. M. Yao et. al., Adv. Opt. Photonics 3, 161-204 (2011).

Angular momentum of light

key features of orbital angular 

momentum (OAM):

üUnbounded OAM modes

SAM: ( 1, 1)s s = - +!

s = +1s = -1

üIntrinsic modal orthogonality

( : 1, 2, 3...)± ± ±!" !OAM:



OAM holography in the momentum space

Conventional hologram

Fourier 
transform

OAM-preserving hologram

Fourier 
transform



X. Fang, H. Ren, and M. Gu, Orbital angular momentum holography for high security encryption, Nat. Photonics 14, 102-108 (2020).

OAM holography in the momentum space



OAM holography in the momentum space

Phase-only metasurface

H. Ren, G. Briere, X. Fang, P. Ni, R. Sawant, S. Héron, S. Chenot, S. Vézian, B. Damilano, 
V. Brändli, S. A. Maier, P. Genevet, Nat. Commun. 10, 2986 (2019).

https://www.nature.com/articles/s41467-019-11030-1


Limitations of using a phase-only hologram for holographic multiplexing:

1) A breakdown of linear superposition principle for optical multiplexing (strong crosstalk).

2) Time-consuming phase retrieve methods.

Limitations of the OAM holography through phase-only holograms

wherein 𝐴! and ∅! stand for the amplitude and phase information of each image channel, respectively; 𝑙! ϵ ℤ and
𝜑 represent the helical mode index and azimuthal angle, respectively, and M denotes the total number of
multiplexing channels. ℱ denotes the Fourier transform (FT) operator, expressing multiplexing results as the
superposition of a convolution of the amplitude (𝐴!), phase (∅!), and encoded OAM (𝑙!) information of each
image channel.

Mathematical form of OAM multiplexing holography:
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Phase-only approach:



Comparison of multiplexing results



OAM holography via complex-amplitude metasurface holograms

H. Ren, X. Fang, J. Jang, J. Burger, J. Rho, and S. A. Maier, Complex-amplitude metasurface-based orbital angular
momentum holography in momentum space, Nat. Nanotechnol. 15, 948-955 (2020).

https://www.nature.com/articles/s41565-020-0768-4


Design of a complex-amplitude hologram

H. Ren, X. Fang, J. Jang, J. Burger, J. Rho, and S. A. Maier, Complex-amplitude metasurface-based orbital angular momentum holography in momentum space,
Nat. Nanotechnol. 15, 948-955 (2020).

https://www.nature.com/articles/s41565-020-0768-4


Design of a complex-amplitude hologram

H. Ren, X. Fang, J. Jang, J. Burger, J. Rho, and S. A. Maier, Complex-amplitude metasurface-based orbital angular momentum holography in momentum space,
Nat. Nanotechnol. 15, 948-955 (2020).

https://www.nature.com/articles/s41565-020-0768-4


3D meta-optics for complex-amplitude modulation

H. Ren, X. Fang, J. Jang, J. Burger, J. Rho, and S. A. Maier, Complex-amplitude metasurface-based
orbital angular momentum holography in momentum space, Nat. Nanotechnol. 15, 948-955 (2020).

https://www.nature.com/articles/s41565-020-0768-4


High-aspect-ratio 3D nanopillar waveguides

H. Ren, X. Fang, J. Jang, J. Burger, J. Rho, and S. A. Maier,
Complex-amplitude metasurface-based orbital angular
momentum holography in momentum space, Nat.
Nanotechnol. 15, 948-955 (2020).

https://www.nature.com/articles/s41565-020-0768-4


OAM holography based on a complex-amplitude metasurface

Meta-hologram
CCD

H. Ren, X. Fang, J. Jang, J. Burger, J. Rho, and S.
A. Maier, Complex-amplitude metasurface-based
orbital angular momentum holography in
momentum space, Nat. Nanotechnol. 15, 948-
955 (2020).

https://www.nature.com/articles/s41565-020-0768-4


• Complex-amplitude metasurface for twisted 
light holography

•Outline

• Plasmonic nanofin metasurface for tailored 
molecular sensing

• Achromatic metafibre for broadband 
focusing and imaging
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High Q-factor bound states in the continuum (BIC)

Symmetry-protected BIC resonances

Radiation vanishes as a 
result of symmetry 
mismatch

A. Tittl, Science 360, 1105-1109 (2018)

𝑄 = !!
"#"#$

For 𝛾$%& → 0
𝑄 → ∞

K. Koshelev et al, Phys. Rev. Lett. 121, 193903 (2018)
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Accidental BIC resonances

Off-Γ Friedrich-Wintgen accidental BICs
Radiation loss vanishes due to total destructive 
interference of two modes

S. I. Azzam, PRL 121, 253901 (2018)

https://www.science.org/doi/10.1126/science.aas9768
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.193903
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.253901


Essential pathways for molecular sensing

A. Tittl, et. al. Science 360, 6393 (2018).

Strong light-matter 
interaction

High Q-factors

High Q-factor dielectric BIC metasurfaces

Plasmonic nanofin metasurface

F. Neubrech, et. al. Chem. Rev. 117, 7 (2017).

Surface field-enhanced plasmonic metasurfaces
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Gold coated polymer structure
Perfect Mid-IR absorption
Resonance frequency is tunable by the height

Reflectance

Plasmonic resonances
Also see: Phys. Rev. Lett.121,253901 (2018).
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.253901


Out-of-plane symmetry-protected BIC 

Arrays of gold coated standing 
triangular nanofins Net dipole moment between asymmetric 

structure and the electric field 

A. Aigner, A. Tittl, J. Wang, T. Weber, Y. Kivshar, S. A. Maier, and H. Ren, Plasmonic bound states in the continuum to tailor light-matter coupling, Sci. Adv. 8, eadd4816 (2022).
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https://www.science.org/doi/full/10.1126/sciadv.add4816


Out-of-plane symmetry-protected BIC 



Tailoring light-matter coupling in a plasmonic nanofin metasurface

Critical coupling
Under coupling Over coupling

A. Aigner, A. Tittl, J. Wang, T. Weber, Y. Kivshar, S. A. Maier, and H. Ren, Plasmonic bound states
in the continuum to tailor light-matter coupling, Sci. Adv. 8, eadd4816 (2022).

https://www.science.org/doi/full/10.1126/sciadv.add4816


Fabrication and experimental verification of higher-order BICs

Simulation vs. experimentFabrication

Height =3.5µm, pitch=3.5µm, diameter=0.7µm

3D laser nanoprinting based on two-photon 
polymerisation (Nanoscribe)
Sputtering of optically dense gold layer

Mid-IR spectral imaging microscope (Spero)
Good agreement of simulation with experiment

A. Aigner, A. Tittl, J. Wang, T. Weber, Y. Kivshar, S. A. Maier, and H. Ren, Plasmonic bound
states in the continuum to tailor light-matter coupling, Sci. Adv. 8, eadd4816 (2022).

https://www.science.org/doi/full/10.1126/sciadv.add4816


Four-angle gold sputtering



Light-matter coupling-tailored molecular sensing

Simulation: 5nm even coating. 
Experiment: Spin-coating of A1 
PMMA & 5000rpm 

• Additional intrinsic loss shifts 
critical coupling condition

• Amplitude modulation depends 
on coupling regimes

• Field enhancement is of 
secondary importance for 
molecular sensing

A. Aigner, A. Tittl, J. Wang, T. Weber, Y. Kivshar, S. A. Maier, and H.
Ren, Plasmonic bound states in the continuum to tailor light-matter
coupling, Sci. Adv. 8, eadd4816 (2022).

https://www.science.org/doi/full/10.1126/sciadv.add4816


• Complex-amplitude metasurface for twisted 
light holography

•Outline

• Plasmonic nanofin metasurface for tailored 
molecular sensing

• Achromatic metafibre for broadband 
focusing and imaging
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Metafibre optics for fibre functionalisation
An achromatic metafibre for focusing and imaging across 

the entire telecommunication range

H. Ren, J. Jang, C. Li, A. Aigner, M. Plidschun, J. Kim, J. Rho, M. A.
Schmidt, and S. A. Maier, An achromatic metafiber for focusing and
imaging across the entire telecommunication range, Nat. Commun.,
13, 4183 (2022).

For more technical details, please come to my 
talk at 3pm today at Hall A

https://www.nature.com/articles/s41467-022-31902-3
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