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Metasurfaces and structured light have rapidly advanced over the past few years, from being paradigms to
forming functional devices and tailoring special light beams for wide emerging applications. Here, we focus
on harnessing metasurfaces for structured light manipulation. We review recent advances in shaping structured
light by metasurfaces on different platforms (metal, silica, silicon, and fiber). Structured light manipulation
based on plasmonic metasurfaces, reflection-enhanced plasmonic metasurfaces, metasurfaces on fiber facets, di-
electric metasurfaces, and sub-wavelength structures on silicon are presented, showing impressive performance.
Future trends, challenges, perspectives, and opportunities are also discussed.
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Different from electrons, photons feature multiple degrees
of freedom, including frequency/wavelength, time, com-
plex amplitude (amplitude, phase), polarization, and spa-
tial structure. Manipulating these physical dimensions of
photons enables a diversity of light related applications.
Beyond the traditional attention to frequency, time, com-
plex amplitude, and polarization, the spatial structure,
which is the only known physical dimension left, has at-
tracted increasing interest. Shaping the spatial structure
of lightwaves enables the generation of various special
light beams. Shown in Fig. 1 are typical examples of inho-
mogeneous amplitude, phase, and polarization distribu-
tion across the light beams, such as Hermite—Gaussian/
Laguerre-Gaussian/Bessel beams®?| twisted light beams
with helical phasefront carrying orbital angular momen-
tum (OAM)ZZ, and radially polarized vector beams&2Y.
Generally, these special light beams can be called struc-
tured light, also known as tailored light, shaped light,
sculpted light, or custom light. Structured light with spa-
tially variant amplitude/phase/polarization has grown
into a significant field, giving rise to many developments
in astronomy, manipulation, microscopy, imaging, metrol-
ogy, sensing, nonlinear interactions, quantum science, and
optical communications®*2l, For instance, Bessel/
twisted light/vector beams were widely used for informa-
tion modulation/multiplexing in free-space and fiber-optic
communications22210LE- 12 Twisted light was also ap-
plied to Doppler effects for metrology2.

To facilitate diverse applications with structured light,
flexible manipulation of structured light is of great impor-
tance. As summarized in Fig. 2, many schemes have been
demonstrated for structured light manipulation, such as
direct lasing from resonator cavity?, cylindrical lens pairs
as a mode converterd, Q-plateZ, spiral phase plate?,
spatial light modulator (SLM)Z, fiber-based devices!,

and photonic integrated devicesZ2Y. Very recently,
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metamaterials and metasurfaces provide an alternative
approach to flexibly manipulate the structured light22.

In this paper, we focus on harnessing metasurfaces for
structured light manipulation. We review recent advances
in shaping structured light using plasmonic and dielectric
metasurfaces on different platforms. Future trends, chal-
lenges, perspectives, and opportunities are discussed at
the end.
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Fig. 1. Multiple degrees of freedom of photons and typical struc-
tured light with shaped spatial structure.
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Fig. 2. Summary of structured light manipulation by different
approaches.
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Metamaterials are artificially structured materials that
are engineered to interact with electromagnetic waves in
extraordinary ways, leading to unconventional physical
phenomena not found in natural materials. Metasurfaces,
the two-dimensional (2D) equivalent of metamaterials,
are periodic arrays of sub-wavelength engineered struc-
tures with each unit cell tailoring a local amplitude/
phase/polarization, resulting in structured light manipu-
lation over a sub-wavelength thickness.

As summarized in Fig. 3, metasurfaces feature several
distinct advances, e.g., enabling structured light manipu-
lation, facilitating ultrathin (sub-wavelength scale) optics
applications, easy fabrication process compared to three-
dimensional (3D) metamaterials, and easy chip-scale
integration with nanophotonic devices. Most of the meta-
surfaces can be divided into two categories by the material
type of the unit cell, i.e., plasmonic metasurfaces relying
on plasmon resonances®! and dielectric metasurfaces
based on electric/magnetic dipole (Mie resonances)2.
Typical examples of plasmonic metasurfaces include
the use of a V-shaped antenna array to generate OAM-
carrying twisted light®?, a T-shaped antenna array for
broadband polarization conversion??, an H-shaped an-
tenna array as a bridge linking propagating waves and
surface waves2, nanorods for 3D optical holographyJ,
L-shaped nano-antennas to generate OAM at visible
wavelengths®, split-ring resonators for controlling light
by nonlinearity?Y, rectangular apertures to generate a
twisted vector field?, and fishnet structures for tailor-
ing dispersion?. Typical examples of dielectric metasur-
faces include the use of silicon cut-wires for linear
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Fig. 3. Advances of metasurfaces and a summary of different
approaches of plasmonic and dielectric metasurfaces.

polarization conversion and optical vortex (OV) genera-
tion®?, silicon nanobeam antennas to generate Bessel
beams?, a nano-pillar array for enhanced omnidirectional
light extraction®, amorphous silicon for high angle steer-
ing at visible wavelengths®, silicon nanodisks to achieve
full phase control with high transmission, intrinsic
InSb resonators on heavily n-doped InSb films to con-
struct reconfigurable optical antennas’, a Z-shaped
silicon film to enable a circular dichroism waveplate,
and a silicon nano-pillar array to realize microlenses.
Plasmonic and dielectric metasurfaces have seen wide
emerging applications in flat optics, such as anomalous
reflection /refraction, holography, filtering, waveplates,
lens, polarimetry, and OV generation with impressive
performance22,

Here, we show some of our recent research works in
metasurfaces enabling structured light manipulation.

We first show plasmonic metasurfaces. Shown in
Fig. 4(a) is a plasmonic metasurface formed by a rectan-
gular air aperture array in a gold film (thickness: 200 nm).
Each rectangular air aperture functions as a localized
polarizer. The proper arrangement of the aperture
array enables the generation of OAM-carrying vector
beams with right or left circularly polarized input light
beams2. Shown in Fig. 4(b) is the simultaneous genera-
tion of multiple OAM beams (i.e., OAM multicasting with
a complex spatial structure) using the plasmonic metasur-
face formed by a V-shaped antenna array2.

To alleviate the loss, we design and fabricate an im-
proved reflection-enhanced plasmonic metasurface. As
shown in Fig. 5, the metasurface is formed by a V-shaped
antenna array on silica with a bottom gold reflection layer.
The measured scanning electron microscope (SEM) image
of the fabricated metasurface for generating OAM_; is
also shown in Fig. 5. Using such a device assisted by a
polarizer for decoupling or synthesizing, a phase helix
(twisted light) or intensity helix at 2 pm is generated in

the experiment.
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Fig. 4. Plasmonic metasurfaces enabling (a) OAM-carrying vec-
tor beam generation and (b) OAM multicasting. (a) Rectangular
air aperture array in a gold film. (b) V-shaped gold antenna array
on silicon.
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Fig. 5. Reflection-enhanced plasmonic metasurface enabling
phase/intensity helix generation.

Fig. 6. Metasurface (rectangular aperture array) on a fiber facet
(G.652 fiber).

We also design and demonstrate plasmonic metasurfa-
ces on a fiber facet. Figure 6(a) illustrates the generation
of a linearly polarized (LP) mode with two lobes by meta-
surfaces on the facet of a G.652 single-mode fiber (SMF at
1550 nm), supporting high-order LP modes (e.g., LP;;) at
632.8 nm. Two orthogonal rectangular apertures on a gold
film give an almost constant amplitude response but a rel-
ative phase shift of #. Figures 6(b) and 6(c) show
SEM images. Shown in Figs. 6(d) and 6(e) are the mea-
sured intensity profiles of cross-polarized anomalous re-
fraction (LP;; mode) and residual ordinal refraction
(Gaussian).

By exploiting a large-core fiber supporting OAM-
carrying twisted light at 1550 nm, as shown in Fig. 7,
we design and fabricate plasmonic metasurfaces with the
V-shaped antenna array on the fiber facet. The SEM im-
ages of two samples are shown in Fig. 7. OAM,; and
OAM_, are generated at 1550 nm using two samples. Such
a device also features an ultra-broadband response from
1480 to 1640 nm.

Coupling from metasurface side

Sample 1: OAM,, from metasurface side
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Fig. 7. Metasurface (V-shaped antenna array) on a fiber facet
(large-core fiber).
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Fig. 8. Dielectric metasurface (silicon elliptical resonator array)
on an SOI platform.

The dielectric metasurface provides another way to
reduce the metal-induced loss. As shown in Figs. 8(a)
and 8(b), we design silicon elliptical resonators (thickness:
220 nm) on a silicon-on-insulator (SOI) platform. Proper
arrangement of the geometric parameters (a, long-axis;
b, short-axis) and orientation of the silicon elliptical
resonator array enable structured light manipulation
(e.g., twisted light). Shown in Fig. 8(c) is the SEM image
of the fabricated all-dielectric metasurface. Shown in
Fig. 8(d) are the simulated and measured results
(OAM,; to OAM_,).

We demonstrate twisted light (de)multiplexing data in-
formation transfer using the fabricated all-dielectric meta-
surfaces, as shown in Fig. 9. An error-free image transfer
(“HUST” by OAM 5, “WNLO” by OAM ;) is demon-
strated in the experiment.

One distinct feature of metasurfaces is the sub-
wavelength scale structure. We further show sub-
wavelength structures on a silicon platform. Figure 10
illustrates the generation of an OV lattice using three-
plane-wave interference.

Based on the three-plane-wave interference, we design a
compact on-chip OV lattice emitter consisting of three
parallel tilt grating waveguides?, as shown in Fig. 11.

We fabricate the designed on-chip OV lattice emitter
on a silicon platform®. Shown in Fig. 12 are experimental
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Fig. 9. Twisted light (de)multiplexing data information transfer
by dielectric metasurfaces.

TX: binary image  RX: binary image

-USTIHUST
IRIWNLOJWNLO

Normalized power (d8m)

S

050006-3



COL 16(5), 050006(2018)

CHINESE OPTICS LETTERS

May 10, 2018

(A z (b) Intensity Profile

(¢) Phase Distribution (d)  Interferogram
Max n

Three-plane-wave

Interference Mo

Fig. 10. Principle of optical vortex (OV) lattice generation using
three-plane-wave interference.
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Fig. 11. (a),(b) Concept and (c)—(f) simulation results of on-chip
OV lattice emitter on a silicon platform.

(a) Experimental Setup (b) Microscope Image (c) SEM Images

(d) Near-Field Intensity Profile_ (e Far-Field Intensity Profile (f) Far-Field Interferogram

Fig. 12. Experimental results for on-chip OV lattice emitter
on a silicon platform. (a) Setup. (b) Microscope image.
(¢) SEM images. (d) Near-field intensity profile. (e) Far-field in-
tensity profile. (f) Far-field interferogram.

setup, microscope image, SEM images, measured near-
field intensity profile, far-field intensity profile, and inter-
ferogram. The fork array in the interferogram confirms the
OV lattice generation.

We further propose and demonstrate chip-scale gener-
ation and synthesization of ultra-broadband OAM modes
on a silicon platform, as illustrated in Figs. 13(a)-13(d).
The principle relies on conversion from in-plane mode
to free-space OAM mode by introducing a sub-wavelength
holographic fork grating on top of a silicon waveguide.
Figures 13(e)-13(k) show an SEM image of the fabricated
device (OAM ) and the measured intensity and inter-
ferogram of OAM,;, OAM,,, and synthesized OAM,,
and OAM_; at 1550 nm.

In summary, we review recent advances in metasurfaces
on different platforms (metal, silica, silicon, fiber) enabling
structured light manipulation. Shaping structured light us-
ing plasmonic metasurfaces, reflection-enhanced plasmonic
metasurfaces, metasurfaces on a fiber facet, dielectric

OAM Synthesizer

Fig. 13. (a)—(d) Concept, (¢) SEM image, and (f)—(k) measured
results for chip-scale generation and synthesization of OAM
modes on a silicon platform.

metasurfaces, and sub-wavelength structures on silicon is
presented, showing favorable performance.

For metasurfaces, the trend is from past metamaterials/
metasurfaces to present metadevices and future metasys-
tems and metaapplications®?Y. For structured light,
the trend is from past single and separate spatial ampli-
tude or phase or polarization control to future full and
independent spatial amplitude, phase, and polarization
manipulation, i.e., accessing the complete spatial struc-
ture resources of photons. As illustrated in Fig. 14, there
are several challenges and perspectives towards grooming
metadevices, metasystems, metaapplications, and struc-
tured light.
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Fig. 14. Trends, challenges, perspectives, and opportunities of
robust structured light manipulation using dynamic metasurfaces
(from static to dynamic, from passive to active).

050006-4



COL 16(5), 050006(2018)

CHINESE OPTICS LETTERS

May 10, 2018

(1) From static to dynamic

Switchable, tunable, reconfigurable, and programmable
operations are highly desired, i.e., dynamic metasurfaces
enabling robust structured light manipulation. The recent
demonstrations on optically switchable photonic metasur-
faces™, electrically switchable polarization™ electrically
tunable metasurface, active tuning of all-dielectric
metasurfaces™, electromechanically reconfigurable plas-
monic metamaterial®, optically reconfigurable metasur-
faces based on phase change materials®, reconfigurable
nanomechanical metamaterials®y, electromagnetic re-
programmable holograms”, and reprogrammable meta-
surfaces™ provide the possibilities.

(2) From passive to active

Hybridizing a gain material (e.g., semiconductor quan-
tum dots)2Y with metasurfaces is of great interest to com-
pensate for the loss (e.g., plasmonic surfaces suffering from
large metal-induced loss). The recent demonstrations on
loss-free and active metamaterialsy and quantum gain
metamaterials™” provide potential solutions.

Additionally, simultaneous manipulation of spatial am-
plitude, spatial phase, and spatial polarization is attrac-
tive to fully exploit the structured light. This requires
added degrees of freedom of unit cells of metasurfaces,
allowing for independent spatial amplitude, phase, and
polarization control.

Overall, metamaterials/metasurfaces and structured
light have both significantly developed over the last few
years, from being paradigms to enabling new functional
devices and shaping special light beams. The very recent
mergence of metasurfaces and structured light facilitates
lots of emerging applications with superior performance.
In the future, there will be more opportunities in exploit-
ing extensive advanced applications by shaping structured
light with metasurfaces.
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