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Recent Advances in Polarization-Encoded Optical
Metasurfaces
Fei Ding,* Shiwei Tang,* and Sergey I. Bozhevolnyi
With polarization optics, such as polarizers
and wave plates, unpolarized light with randomly oriented vibrations is transformed
into either a linear, circular, or elliptical
light wave. However, conventional optical
components that allow to manipulate the
state of polarization (SOP) are usually
based on the accumulated phase retardation between two orthogonally polarized
electric ﬁelds when light propagates a distance much larger than its wavelength.[1] As
a consequence, traditional polarization
optics are bulky, thereby limiting the potential of miniaturization and dense integration in advanced photonic devices and
systems. Therefore, it is highly desired to
fully manipulate the SOP with a truly compact device that possesses excellent performance and multiple functionalities.
In recent years, optical metasurfaces, the
2D inhomogeneous interface composed of
planar meta-atoms, have shown their
unprecedented capabilities of controlling the optical ﬁelds with
a subwavelength spatial resolution at the single meta-atom
level.[2–12] Speciﬁcally, the phase, amplitude, and even frequency
of light can be tailored at will through judiciously designed metaatoms with particular responses. As a result, optical metasurfaces
have gained much attention and started to replace conventional
bulky optics with planar, compact, and high-performance metadevices, especially for polarization optics.[2–12] In particular,
polarization-encoded metasurfaces exhibit the advantages of ﬂexibility, versatility, ease of fabrication and integration.
Herein, we review the basic principles and emerging applications
of polarization-encoded functional metasurfaces in the optical
regime. We mainly focus our attention on the optical metasurfaces
although there are many fantastic metasurface-enabled polarization
converters and polarization-multiplexing devices in the microwave[13–16] and terahertz regimes.[17–19] After the description of
polarization (Section 2), we introduce how to convert and detect
the SOP of light with metasurfaces (Section 3 and 4). Then we summarize the main achievements in polarization-multiplexed metadevices (Section 5). Finally, we end up this review with a short
conclusion and personal outlook on potential directions in this
fast-growing research area (Section 6).

In recent years, optical metasurfaces, i.e., surface-conﬁned arrays of engineered
nanostructured elements (meta-atoms), have become an emerging research area
due to their unprecedented capabilities of manipulating light with subwavelength
spatial resolutions. The metasurfaces revolutionize thereby conventional bulky
optics with compact planar elements. As the polarization is one of the intrinsic
properties of light and of crucial importance for fundamental sciences and
practical applications, the polarization-encoded functional optical metasurfaces
featuring compactness, integration compatibility, and multiple functionalities
have been in the focus of intensive research and development. Herein, the basic
principles and emerging applications of polarization-encoded functional metasurfaces operating in the optical range are reviewed. Starting with the description
of different polarization states, the review proceeds with considerations of how to
interconvert and detect the state of polarization. The main achievements in
polarization-multiplexing metasurface components (metadevices) are then
summarized. Finally, a personal outlook on potential directions in this fastgrowing research area is provided in the conclusions.

1. Introduction
Similar to frequency, phase, and amplitude, polarization is an
intrinsic property of light. Generally, polarization describes
the oscillation direction of the electric ﬁeld and indicates the
transverse nature of light.[1] As polarization is uncorrelated with
frequency, phase, and amplitude, it could extend the information
channels and has be widely used in practical applications.
However, the majority of light sources, such as the sun, emit
unpolarized light with randomly oriented oscillation directions.

Prof. F. Ding, Prof. S. I. Bozhevolnyi
Centre for Nano Optics
University of Southern Denmark
Campusvej 55, DK-5230 Odense M, Denmark
E-mail: feid@mci.sdu.dk
Prof. S. Tang
School of Physical Science and Technology
Ningbo University
Ningbo 315211, China
E-mail: tangshiwei@nbu.edu.cn
The ORCID identiﬁcation number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adpr.202000173.
© 2021 The Authors. Advanced Photonics Research published by WileyVCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adpr.202000173

Adv. Photonics Res. 2021, 2000173

2000173 (1 of 18)

2. The Description of Polarization
In classical optics, the polarization of light is usually expressed
mathematically in the vector form, such as the Jones vector[20]
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and Stokes parameters.[21] If we consider a monochromatic
z-propagating plane wave, the phase and amplitude of two orthogonal electric ﬁelds can be deﬁned by the Jones vector or matrix

  
Ex
Ax eiφx
¼
(1)
E¼
Ey
Ay eiφy
where Ax, Ay and φx, φy are the amplitudes and phases for two
orthogonal components, respectively. However, the Jones vector
cannot be applied to describe unpolarized or partially polarized
light. To solve this problem, the Stokes parameters are introduced,
which can fully determine the SOP and total intensity of any light.
The Stokes parameters are often expressed into a vector and written as
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where δ ¼ φy  φx is the relative phase difference between two
electric ﬁelds and Ii represents the intensity in a speciﬁc polarization basis. From Equation (2), it is clear that Stokes parameters can
be expressed with a set of intensities in different polarization
bases. In particular, S0 represents the intensity of light, whereas
S1–S3 describe the polarization state and are obtained by measuring the intensities of the two orthogonal components
in three
pﬃﬃﬃ
~
~
polarization bases,
e.g.,
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x  i~
yÞ. It is worth noting that
S1–S3 are usually normalized by S0, so that all possible values
are within 1. Given the close connection between the SOP
and Stokes parameters, it is obvious that the SOP can be quickly
determined once a device is capable of measuring the intensities
of two orthogonal polarization states for all three bases.

3. Metasurface-Based Polarization Converters
3.1. Polarization Converters Based on Homogeneous
Birefringent Metasurfaces
As mentioned in the previous section, any polarized light
could be decomposed into orthogonal components in different
bases, such as linearly polarized (LP) components along x- and
y-directions. If one wants to change the SOP, it is necessary to
control the phase and amplitude of two orthogonal LP components. Conventional polarization converters are constructed with
birefringent materials, such as crystals, where the relative phase
difference between two orthogonal linear components is gradually achieved during light propagation over a large distance.
Therefore, the designed polarization converters suffer from
bulky conﬁgurations and limited functionalities, going against
the trends of minimization and integration in photonic devices
and systems. These trends, in turn, boost the recent developments of metasurface-based polarization converters that could
replace traditional bulky polarization converters due to their
ultrathin planar conﬁgurations, excellent performance, and
diverse functionalities.
To achieve polarization conversion with metasurfaces, the ﬁrst
method is to utilize homogeneous birefringent metasurfaces
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made up of identical elements possessing different responses
for two orthogonal LP components (e.g., Ex and Ey). In particular,
each anisotropic meta-atom produces different amplitudes/
phases for the reﬂected or transmitted ﬁelds. Generally, an anisotropic meta-atom with its two major axes positioned along
x- and y-directions could be represented by a Jones matrix


M xx
0
M¼
(3)
0
M yy
where Mxx and Myy are the complex scattering coefﬁcients for
x- and y-polarized incident beams, determined by the meta-atom’s
dimensions along two main axes. If the amplitudes are equal
(jM xx j ¼ jMyy j) and the phase difference ΔΦ ¼ Φxx  Φyy
(e.g., Φxx ¼ argðM xx Þ) is π/2 or π, functional quarter-wave plates
(QWPs)[22–27] or half-wave plates (HWPs)[28–31] can be accordingly designed for the circularly or diagonally polarized wave,
respectively. For instance, an array of single-layered meta-atoms
that only support electric dipole resonances have been used to
realize the QWP functionality as Δϕ ¼ π=2 can be easily fulﬁlled.[22,23,26] Figure 1a shows one typical example of periodic
metallic nanorods functioning as a QWP, where the unit cell
is composed of two silver (Ag) nanorods with orthogonal orientations.[23] By optimizing the dimensions, detuned electric dipole
resonances with similar dispersions could be achieved, thereby
allowing for efﬁcient circular-to-linear polarization conversion
over a broadband range of wavelengths where the degree of linear polarization is remarkably large. However, this type of singlelayered waveplates is typically constrained by limited conversion
efﬁciencies given the unwanted scattering channels. To boost the
efﬁciency and broaden the operation bandwidth, gap-surface
plasmon (GSP) metasurfaces composed of an array of metallic
meta-atoms, a subwavelength dielectric spacer, and a thick metal
substrate,[32] forming typical metal–insulator–metal (MIM) conﬁgurations, have been used to achieve high-efﬁciency waveplates.[24,25,27–29] Jiang et al. demonstrated broadband
waveplates with MIM conﬁgurations,[29] where the dispersion
of resonant metallic L-shaped antennas can be compensated
by the intrinsic dispersion of the dielectric spacer with a speciﬁc
thickness, thereby allowing for dispersion-free response and
broadband polarization conversion. As shown in Figure 1b,
the measured amplitude ratio remains unity for both the
x- and y-polarized incidences with the measured reﬂectance
above 0.85 in the spectrum ranging from 86 to 116 THz.
Moreover, the phase difference is 90 for the x-polarized incident light. As such, the realized QWP could work in a broadband
frequency range with a bandwidth approaching 30% of the
central frequency. In addition to the QWP, the wide-band
HWP can be accordingly realized by optimizing the dimensions
of MIM structures.
Although the efﬁciencies of MIM metasurface-based polarization converters have been increased to some extent, they are still
suffering from reduced efﬁciencies when the working wavelength moves to the short range, for instance, near-infrared
and visible regimes, due to the increased Ohmic loss. To address
this issue, a hybrid birefringent metasurface has been proposed
to achieve a broadband and highly efﬁcient HWP at telecom
wavelengths.[30] Figure 1c schematically shows the hybrid metasurface that is composed of single-crystalline silicon (Si) bricks
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Figure 1. Polarization converters based on homogenous birefringent metasurfaces. a) Top panel: schematic of a metasurface QWP composed of plasmonic nanorods. Lower left panel: scanning electron microscope (SEM) image of part of the fabricated sample. Lower left panel: measurements of the
degree of linear polarization and angle of linear polarization under CP excitation. b) Top left panel: MIM unit cell composed of an array of L-patterns on
top of a dielectric spacer layer and a perfect electric conductor. Top right panel: ﬁeld-emission SEM of the fabricated arrays with the scale bar of 5 μm.
Lower left panel: experimentally measured reﬂectance for x- and y-polarized incident beams. Lower right panel: experimentally measured phase difference
between x- and y-polarized light. c) Top left panel: dielectric metareﬂect array that functions as a near-infrared HWP. Top right panel: SEM image of the
fabricated structure. Lower left panel: the measured and simulated reﬂectivities of the co- and cross-polarized light. Lower right panel: the measured and
simulated polarization conversion efﬁciency. d) Top panel: schematic of all-dielectric metasurfaces for HWP and QWP in a broadband range. Lower panel:
experimentally retrieved retardance of the HWP and QWP. a) Reproduced with permission.[23] Copyright 2013, American Chemistry Society (ACS).
b) Reproduced under the terms of Creative Commons Attribution (CC BY) license.[29] Copyright 2014, The Authors, Published by American Physical
Society (APS). c) Reproduced with permission.[30]. Copyright 2014, ACS. d) Reproduced under the terms of Creative Commons Attribution (CC BY)
license.[31] Copyright 2016, The Authors, Published by American Institute of Physics (AIP).

rotated with an angle of 45 and a Ag back-reﬂector separated by a
dielectric spacer, hereby mimicking an MIM conﬁguration. Due
to the transparency of crystalline Si and the high reﬂectivity of
Ag, the total loss can be considerably reduced in the near-infrared
range. Impressively, the measured cross-polarized reﬂectivity
remains above 97%, whereas the copolarized reﬂectivity is
approaching 0 from 1420 to 1620 nm. The measured linear polarization conversion ratio exceeds 98% in the corresponding wavelength range across a 200 nm bandwidth. Similar to plasmonic
counterparts, all-dielectric anisotropic meta-atoms composed of
high-refractive index materials can be used to construct compact
polarization converters.[10] In particular, due to the existing
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multipole Mie resonances that are spectrally overlapped at a single frequency or spectrum range with similar or identical
strengths,[10,33–35] independent and complete phase and polarization control of transmitted ﬁelds is possible. Meanwhile, the
transmission efﬁciency can be boosted to a large extent by suppressing the reﬂection. The resulting retardation between two
electric ﬁeld components can be much higher than the propagation phase accumulated in birefringent crystals. As a result, the
phase difference can be arbitrarily engineered by the dimensions
and orientations, resulting in various all-dielectric metasurface
converters in transmission mode with high efﬁciencies.[10,31]
Here, we would like to highlight a type of broadband dielectric
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metasurfaces enabling high-efﬁciency polarization manipulation
based on spaced Si nanopillars, as shown in Figure 1d.[31] In this
design, by overlapping the scattering proﬁles of dielectric and
magnetic multipolar modes of the constitute Si meta-atoms,
the generalized Huygens principle can be fulﬁlled, leading to
the destructive interference of reﬂected ﬁelds in a broadband
spectrum. Based on this design, highly efﬁcient HWPs and
QWPs that cover multiple telecom bands with 90% transmission and 99% polarization conversion ratio have been
experimentally demonstrated. In particular, the birefringence
Δn corresponding to a π phase difference is around 0.9
at λ ¼ 1550 nm, which is much higher than the natural
materials.
3.2. Polarization Converters Possessing Multiple Functionalities
Based on Phase-Gradient Birefringent Metasurfaces
In addition to intrinsic functionality of polarization conversion
(e.g., linear-to-circular conversion), metasurface-based polarization converters can be explored to integrate more complicated
and diverse functionalities by spatially arranging several birefringent meta-atoms functioning as nanowaveplates. Various

metasurface-based polarization converters possessing additional
functionalities have been accordingly demonstrated, such as
beam-steering,[36–39] focusing,[37,39–43] vortex-beam generation.[37,44–49] For example, Ding et al. have experimentally demonstrated a near-infrared background-free GSP HWP that
combines functionalities of linear-to-linear polarization conversion and beam-steering in a compact metadevice.[36] The
background-free HWP consists of four different HWPs in a
supercell that supplies a constant phase gradient for the reﬂected
waves in cross-polarization, leading to anomalous reﬂection for
cross-polarized reﬂected ﬁelds (Figure 2a). In the design, four
anisotropic MIM meta-atoms that enable both efﬁcient linearpolarization conversion and complete phase control over
reﬂected ﬁelds have been designed with full-wave numerical
calculations, which cover nearly 2π phase range for the crosspolarized reﬂected light. Therefore, copolarized and crosspolarized reﬂected waves can be separately distributed in space,
greatly boosting the linear-polarization conversion ratio. In the
experiment, the cross-polarized reﬂection is dominating,
whereas the copolarized reﬂection is greatly suppressed,
approaching zero. In addition, the power ratio between the
cross-polarized and copolarized ﬁelds is larger than 20,

Figure 2. Polarization converters possessing multiple functionalities based on phase-gradient birefringent metasurfaces. a) Left panel: illustration of a
reﬂective background-free HWP consisting of four antennas that provides a phase gradient for the polarization-converted reﬂected ﬁelds. Middle panel:
SEM image of the fabricated sample. Right lower: measured and calculated anomalous reﬂection angle θr as a function of the incident angle θi at
λ ¼ 1000 nm. b) Left panel: illustration of a dielectric metasurface for focused radially (azimuthally) polarized light generation under x-polarized (y-polarized) excitation. Middle panel: simulated and measured intensity proﬁles. Right panel: optical microscope (bottom) and SEM (top) images of the device.
a) Reproduced with permission.[36] Copyright 2015, ACS. b) Reproduced with permission.[37] Copyright 2015, Springer Nature.
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indicating the enhanced capability of polarization conversion
regardless of fabrication imperfectness. As shown in
Figure 2a, the measured anomalous reﬂection angle θr follows
the theoretical prediction with the varied incident angle θi.
Following this strategy, multifunctional metadevices that enable
linear-polarization conversion and focusing have also been
exploited to produce various focused beams possessing distinct
wavefronts, such as orthogonally polarized vortex beams.[48]
As complementary to plasmonic polarization converters,
dielectric metasurfaces have also been utilized for simultaneous
polarization conversion and wavefront shaping with high efﬁciencies in transmission.[10,37,40,41,43] For example, Faraon and
coworkers utilized arrays of high-contrast Si elliptical metaatoms to provide complete and independent control over polarization and phase simultaneously.[37] Figure 2b shows a Si metadevice that allows to convert an x-polarized (y-polarized)
Gaussian beam into a focused radially (azimuthally) polarized
Bessel–Gauss beam. In this way, this metadevice can mimic
the combined functionalities of a q-plate and a lens.
Impressively, the measured transmission efﬁciencies can be
higher than 85% for both the x- and y-polarizations, which
are ascribed to the spectrally overlapped electric and magnetic
resonances with equal strengths. Due to the ﬂexibility of this
dielectric metasurface platform, more complicated wavefronts
can be achieved along with the polarization transformation.

3.3. Polarization Converters Based on Metasurfaces Consisting
of Two Meta-Atom Subarrays
Although the aforementioned background-free HWP shows
excellent performance at the design wavelength of
λ ¼ 1000 nm,[36] its operation bandwidth is still limited as the
metasurface bandwidth is made up from the bandwidths of four
different meta-atoms, each functioning as an HWP and having
its own intrinsic bandwidth. Generally, the bandwidth of
metasurface-based waveplates is usually limited because the
eigenmodes of meta-atoms are typically not wide enough.
Once the metasurfaces work away from the optimized frequency,
the amplitude ratio deviates from one and the phase difference is
not π or π/2 anymore. To overcome this limitation, a QWP that
features background-free and broadband performance was demonstrated by integrating two subunits of phased antennas with
different dimensions and orientations in a supercell, which
can work for any LP incident beam.[50] Upon excitation with a
LP wave, the two subunits comprising the QWP create two waves
with same propagation directions, equal amplitudes, orthogonal
polarization states, and a phase difference of π/2 controlled by
the offset between two subunits (left panel in Figure 3a).
These two copropagating beams will interfere and produce a circularly polarized (CP) extraordinary beam that is directed to a
particular direction away from the ordinary beam. Therefore,

Figure 3. Polarization converters based on metasurfaces composed of two meta-atom subarrays. a) Left panel: illustration of a background-free metasurface QWP based on two V-shaped antenna subunits that generate two copropagating orthogonal LP waves with identical amplitudes and a constant phase
difference of π/2 upon LP incidence. Middle panel: simulated degree of circular polarization and the beam intensity as a function of the wavelength. Right
panel: measured SOPs of the extraordinary beam at λ ¼ 5.2, 8, and 9.9 μm by projecting the transmitted intensity with a linear polarizer in front of a
detector. b) Left panel: working principle of a linear-polarization-rotation metasurface with two PB-phase subarrays orientated in opposite directions.
Middle panel: SEM image of the fabricated sample. Right panel: measured transmitted power at different wavelengths, where the transmitted light is
rotated by 45 with input angle of polarization φi ¼ 0. a) Reproduced with permission.[50] Copyright 2012, ACS. b) Reproduced with permission.[51]
Copyright 2014, ACS.
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the calculated degree of circular polarization approaches unity in
a broadband wavelength range from 5 to 12 μm, as shown in the
middle panel of Figure 3a. In addition, the experimentally demonstrated suppression ratio between the intensities of the right
circular polarization and left circular polarization is 700 at
λ ¼ 8 μm, indicating the excellent performance of linear-tocircular polarization conversion.
Similarly, arbitrary linear polarization rotation can be achieved
with Pancharatnam–Berry (PB) or geometric phase metasurfaces
consisting of spatially varied identical meta-atoms.[51,52] The
mechanism of PB phase can be well explained by the Jones
matrix.[2–12] Considering an anisotropic meta-atom rotated with
an angle of θ with respect to the x-axis, its Jones matrix can be
written as


M xx
0
MðθÞ ¼ RðθÞ
RðθÞ
(4)
0
M yy
where Mxx and Myy are the complex scattering coefﬁcients of
i
h
cos θ sin θ
x- and y-polarized incident lights and RðθÞ ¼
 sin θ cos θ
represents the rotation matrix. If the incident light is CP with
h i
1
E in ¼
, the output light becomes
i
E out ¼ MðθÞE in
¼

 
 
1
M xx þ M yy 1
M xx  Myy
þ
expði2θÞ
2
2
i
∓i

(5)

where the ﬁrst term stands for the spin-maintained CP light,
whereas the second term describes the CP light with the opposite
spin to the incident light that gains a PB phase of 2θ. From
Equation (5), it is clearly observed that full 2π phase coverage
can be easily realized for the cross-polarized CP wave by rotating
the meta-atom from 0 to 180 . Also, the additional PB phase is
spin-conjugated, making it possible to implement spin-dependent multiplexed phase proﬁles, which can be used to realize
broadband and background-free waveplates. Figure 3b shows
an optically active metasurface composed of nonchiral metallic
nanoantennas, which can rotate LP light by 45 in a broadband
near-infrared spectrum range.[51] The metasurface consists of
two PB phase subarrays with an offset, splitting two CP beams
in opposite directions, where left CP (LCP) and right CP (RCP)
components can interfere together to form a LP beam.
Speciﬁcally, the rotation angle of the LP output beam φo can
be accurately controlled by changing the offset d between two
subarrays and the periodicity p
φo ¼ 180° 

d
p

(6)

From Equation (6), it should be noted that this optical activity
is quite robust to the fabrication imperfections, such as the
uncertainties of the optical constants of deposited materials.
Once the offset d is equal to p/4, two anomalously transmitted
beams with a rotation angle of 45 are deﬂected in opposite directions, whereas a copolarized output beam is directly transmitted.
As the design is based on PB phase with one identical meta-atom,
this polarization rotation effect is quite broadband. However, the
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output power in the desired anomalous beam becomes lower and
lower when the device is working away from the optimal wavelength. It should be noted that the efﬁciency of such a design is
only about 4%. To enhance the efﬁciency, MIM metasurfaces
and dielectric metasurfaces that function as HWPs with M xx þ
Myy ¼ 0 should be utilized.[9,10] Therefore, the copolarized component will disappear and all power will go to the output beams
with desired polarization states.
3.4. All-Polarization Converters Based on Metasurfaces
In the previous demonstrations, metasurface-based polarization
converters are typically designed for a speciﬁc and single polarization transformation. For instance, a metasurface QWP can
only achieve circular-to-linear or linear-to-circular polarization
conversion. In practical applications, an ideal all-polarization
converter that enables generating and manipulating arbitrary
well-deﬁned polarization states while maintaining the excellent
properties of compactness, high-efﬁciency, wide bandwidth, ease
of fabrication, and compatibility with nanophotonics. In recent
years, a few examples of all-polarization converters based on optical metasurfaces have been implemented in both reﬂection[52–55]
and transmission modes.[56–58] In 2017, Tsai’s group demonstrated a GSP metasurface that produces reﬂected beams with
six different polarization states (four linear polarizations and
two circular polarizations) into different diffraction angles with
a LP incident source (Figure 4a).[52] Similar to the study by
Shaltout et al.,[51] two PB-phase subarrays composed of spatially
orientated HWP meta-atoms are offset with different distances to
form four types of supercells, corresponding to four different linear polarization states. At the same time, the PB-phase modulation of one single subarray is responsible for generating two
circular polarization states. By replacing gold (Au) with aluminum (Al) to construct the topmost plasmonic antennas, the fabricated sample allows for broadband operation in the whole
visible spectrum. However, the capability of wavefront engineering for the six output beams is limited. To circumvent this constraint, Deng et al. proposed the concept of diatomic
metasurfaces and successfully demonstrated vectorial metaholography, namely holographic images containing several polarization states.[53] The so-called metamolecule diatomic
metasurface is composed of two orthogonally rotated meta-atoms
with identical dimensions (Figure 4b). By changing the displacement and orientation of meta-atoms, both the phase and polarization can be manipulated at the oblique incidence, superior to
previous approaches where the control over phase and polarization is achieved by changing meta-atoms’ dimensions and orientations.[37] Importantly, the phase is directly related to the
displacement and can thus be continuously modulated, independent of the incident angle and wavelength. Based on this
diatomic metasurface, broadband vectorial holographic images
have been demonstrated. Later on, this concept has been
extended to multifreedom metasurfaces by the same group,
which can tailor amplitude, phase, polarization, and frequency
simultaneously.[54] With an MIM architecture, full-color vectorial
meta-holograms with both amplitude and phase modulation
were experimentally realized in the visible, which signiﬁcantly
increases the information capability.
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Figure 4. All-polarization converters based on metasurfaces. a) Left panel: illustrate of an Al GSP metasurface that produces arbitrary SOPs with a LP light
source. Right panel: measured diffraction intensity of six polarizations as a function of the QWP’s orientation. The inset shows the SEM images of the
fabricated samples with each supercell highlighted. b) schematic of the diatomic metasurface for the vectorial holographic display under a LP light. The
unit cell consists of two orthogonal plasmonic nanorods. c) Left panel: working principle of full-polarization generation by merging two output CP beams
with arbitrary phases and amplitude ratios under an LP incident beam. Right panel: illustration of the polarization-encoded metahologram with images
reconstructed in different directions. d) Left panel: schematic of the strategy of arbitrary polarization generation and manipulation with a metapolarizer,
which converts an x-polarized beam into six beams possessing arbitrary polarization states and wavefronts. Right panel: the optical image of the fabricated metalens for all-polarization generation and focusing. a) Reproduced with permission.[52] Copyright 2017, ACS. b) Reproduced with permission.[53]
Copyright 2018, ACS. c) Reproduced under the terms of Creative Commons Attribution (CC BY) license.[57] Copyright 2020, The Authors, Published by
Springer Nature. d) Reproduced with permission.[58] Copyright 2020, Wiley-VCH.

Despite the great achievements in all-polarization generation
with GSP metasurfaces, they are limited to reﬂection operation,
whereas the diatomic metasurfaces only work under a speciﬁc
incident angle,[53,54] which restricts the range of potential applications. On the other hand, the efﬁciencies are intrinsically limited. For the PB-phase-based versatile polarization generator, the
upper bound of the efﬁciency for a certain SOP produced in one
direction is lower than 50% because of the twin beams.[52]
Regarding diatomic metasurfaces, the increased distance
between two meta-atoms would reduce the efﬁciency.[53] In this
case, dielectric-metasurface all polarization converters could
overcome the aforementioned constraints and be the ideal candidates for practical applications.[56–58] Very recently, Song et al.
demonstrated a full-polarization-reconstructed metasurface composed of GaN nanopillars to produce arbitrary SOPs from a LP
incident light.[57] The metasurface consists of two PB-phase gradient supercells, where the bottom meta-atoms are disposed in a
counterclockwise-rotated line to deﬂect the LCP light to right
with an angle of θt, and the top meta-atoms are arranged in a
clockwise rotated top line to deﬂect the RCP light to the same
angle of θt upon excitation with an x-polarized wave, as displayed
in the left panel of Figure 4c. By engineering the orientations of
both the bottom and top supercells with the angles of φ and
φ þ δ respectively, a phase difference of 2δ is introduced
between the LCP and RCP light, which is responsible for reconstructing arbitrary SOPs. At the same time, the amplitude ratio
between LCP and RCP lights can be further controlled by adjusting the dimensions of dielectric meta-atoms. Therefore, arbitrary
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SOPs can be obtained to cover the entire Poincaré sphere. With
this concept, a polarization-encoded metahologram has been successfully demonstrated at λ ¼ 600 nm. However, the maximum
absolute efﬁciency of the holograms is only 25.4%, which is
mainly ascribed to the unwanted ghost images generated by
the periodicity of the supercells. To produce a speciﬁc polarization state with a certain phase, two supercells are needed to
assemble the RCP and LCP beams, thereby resulting in subpixel
arrangement and the corresponding grating effect.
To decrease the pixel size for each polarization state, a novel
and versatile strategy that allows to efﬁciently produce arbitrary
SOPs with controllable wavefronts from a LP incident beam has
been proposed and demonstrated based on dielectric metasurfaces (Figure 4d).[58] Different from the previous demonstrations
based on PB metasurfaces, Ding et al. implemented this design
using Si meta-atoms working as nanowaveplates with engineered
phase responses. Speciﬁcally, independent and full control over
both the polarization and phase (i.e., 2π phase range) of the transmitted beam with high efﬁciencies was realized at the design
wavelength of λd ¼ 850 nm by engineering the meta-atoms.
Therefore, each meta-atom mimics the combined functionalities
of a polarization converter and a phase modulator in a truly compact manner. With the designed nanowaveplates, six spatially
separated transmitted beams possessing distinct and welldeﬁned SOPs as well as speciﬁc wavefronts have been simultaneously generated from a LP light by segmenting six subarrays
composed of amorphous Si meta-atoms in a circular conﬁguration. In this design, the created six beams carrying different
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SOPs are well separated in space, so the cross-talk between them is
greatly suppressed, validated by the lower two-norm error (6%)
between the measured and predicted Stokes parameters at
λd ¼ 850 nm. In principle, more SOPs can be accordingly designed
by dividing the metadevice into more sectors. However, the
increased number of sectors and SOPs will result in more crosstalk
and inhomogeneous output. Remarkably, the measured efﬁciency
of the implemented polarization-resolved metalens is above 50% in
the wavelength range from 800 to 1000 nm and the measured vectorial hologram efﬁciencies are 51% for linear polarizations at
λd ¼ 850 nm. To increase the hologram efﬁciency, off-axis design
and ﬁner phase step could be used to decrease the unwanted zero
order. In addition, single-crystalline Si with lower loss could be used
to replace amorphous Si.

4. Metasurface-Based Polarimeters
4.1. Metasurface-Based Polarimeters for Polarization Detection
Polarimeters, which can detect and determine the SOP of light,
are important in many realistic applications, ranging from
remote sensing, polarization light imaging, ellipsometry, to medical diagnostics. In spite of all scientiﬁc potential, polarimetry is
very hard to demonstrate as polarization is uncorrected with other
channels of light, such as intensity and frequency. Typically, conventional methods utilize multiple measurements to obtain the
Stokes parameters that fully determine the SOP. In this way, a
complicated optical setup with a set of polarization elements
arranged in front of a detector is needed, resulting in a complicated and high-cost setup. On other hand, the excellent capability
of controlling the polarization state advances the progress of
metasurface-based polarimeters,[59–69] which can overcome bulky
and expensive architectures and thus result in further miniaturization and potential integration with photonic systems. In early
approaches, PB-phase metasurfaces have been used to determine
the degree of circular polarization based on the spin-selective
phase modulation.[60,61] Speciﬁcally, the scattering intensity ratio
between the RCP and LCP beams was utilized to determine the
handedness and ellipticity of the light. But this method cannot
retrieve all information on the incident polarization due to the limited channels (e.g., only two channels are included).
To completely detect and characterize the SOP of light, at least
four uncorrected channels are needed.[59,62–64] Recently, Pors
et al. experimentally realized an MIM metagrating to simultaneously determine all polarization states.[62] As shown in
Figure 5a, three interleaved metasurfaces constitute the metagratings, in which each works independently as a polarization
beam splitter for one of the three polarization bases with a particular periodicity. Upon excitation with a polarized incident
beam with an unknown SOP, the metagrating creates six diffraction spots, through which Stokes parameters can be calculated,
allowing for quick and accurate polarization detection. At the
design wavelength of 800 nm, the obtained diffraction contrasts
can replicate well the Poincaré sphere, as shown in the right
panel of Figure 5a. In addition, the two-norm error between
Stokes parameters and retrieved diffraction contrasts are as small
as 0.1. This approach is attractive because it shows a simple,
fast but efﬁcient way to measure the unknown SOP of any polarized light. Following this concept, Ding et al. demonstrated
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self-calibrating segmented GSP metasurfaces with centersymmetrical conﬁguration for spectropolarimeters that is
capable of measuring the SOP and spectrum of incoming light
beam simultaneously.[65] In 2018, Wu et al. demonstrated a reﬂective integrated polarimeter that uses Al to construct PB metasurfaces to determine the Stokes parameters in the visible range.[66]
However, reﬂective metasurfaces are not compatible with realistic applications. To address this issue, metasurface-based polarimeters consisting of all-dielectric birefringent meta-atoms have
been used.[67–69] Here, we would like to highlight a Si metapolarimeter array for Stoke parameters reconstruction from Faraon
and coworkers.[68] As shown in Figure 5b, the polarimeter
focuses incident light into six spots on the detector. Thus, the
intensities Ix, Iy, Ia, Ib, Ir, and Il can be obtained by integrating
the related pixel areas, which can be further used to retrieve the
Stokes parameters. The right panel of Figure 5b shows the experimental results of the fabricated metasurface polarimeter, where
intensity distributions of six characteristic spots change according to the incident SOPs. After averaging over about 120 superpixels, the Stokes parameters were obtained and found to be
consistent with predicted values. In addition, the measured
transmission efﬁciency is within the range of 60%–65%.
Based on this platform, a metasurface mask for imaging a complicated polarization object has been created, which is promising
for polarization cameras. Similarly, Yang et al. realized arrays of
metalenses that allow for the determination of the polarization
proﬁle of an optical beam at a wavelength of 1550 nm.[69]
Furthermore, they extended this concept and demonstrated a
compact Hartmann–Shack array shown in Figure 5c. By analyzing the amplitudes of focal spots, this metadevice can detect both
polarization states and phase-gradient proﬁles. For the wavefront
proﬁling, the measurement agrees well with the theoretical value
and the relative error is around 1.05% when the incident angle
is less than 5 , superior to the usual Hartmann–Shack wavefront
sensor.

4.2. Metasurface-Based Polarimeters for Polarization Imaging
In addition to polarimetry, optical metasurfaces can be implemented to realize direct polarization imaging combined with
conventional optical components. In 2016, Capasso and coworkers used a planar metalens for chiral imaging based on interleaved titanium dioxide (TiO2) meta-atoms with PB-phase
modulation.[70] In the metalens, each set of interleaved metaatoms generates an off-axis focal spot on the same plane for
the RCP and LCP lights. In 2019, they further extended this concept and successfully demonstrated a full-Stokes polarization
camera with a compact footprint.[71] As shown in Figure 5d, a
TiO2 metasurface-based matrix grating that enables parallel
polarization analysis is integrated with an aspheric lens to image
four diffraction orders on an imaging sensor. With one single
shot, four images are formed, which could show different aspects
of the polarization and give a full snapshot of polarization state at
each pixel. It should be noted that this single-shot polarization
camera does not require any moving parts or conventional polarization optics. In this way, it could ﬁnd important applications in
machine vision, remote sensing, and other related areas.
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Figure 5. Metasurface-based polarimeters. a) Left panel: illustration of a metagrating polarimeter. Right panel: measured (ﬁlled circles) and predicted
(asterisks) Stokes parameters on Poincaré sphere at λ ¼ 800 nm. b) Left panel: schematic of a metasurface superpixel that focuses six different SOPs to
separated spots. Right panel: measured Stokes parameters and the corresponding intensity distributions for a sample superpixel with different input
polarizations. c) Top panel: schematic of a Si metasurface-based Hartmann–Shack sensor for SOP and phase proﬁle characterization. Bottom left panel:
focal spot images for a radially polarized beam. Bottom right panel: polarization proﬁles for the radially polarized beam, where the black and red arrows
represent the measured and calculated local polarization vectors, respectively. d) Top panel: schematic of a compact full-Stokes polarization camera
based on the TiO2 matrix grating. Bottom left panel: optical and SEM images of the fabricated metasurface grating. Bottom right panel: polarizationresolved images. a) Reproduced under the terms of Creative Commons Attribution (CC BY) license.[62] Copyright 2015, The Authors, Published by Optical
Society of America (OSA). b) Reproduced with permission.[68] Copyright 2018, ACS. c) Reproduced under the terms of Creative Commons Attribution (CC
BY) license.[69] Copyright 2018, The Authors, Published by Springer Nature. d) Reproduced with permission.[71] Copyright 2019, the American Association
for the Advancement of Science (AAAS).

5. Polarization-Multiplexed Metadevices
As mentioned in the previous sections, metasurfaces exhibit the
unprecedented capability of manipulating the SOP with a subwavelength spatial resolution, which has boosted development activities in polarization conversion and detection. Meanwhile,
polarization has been widely used to multiplex the functionalities
of metasurfaces, resulting in increased capacity for information
processing. In this section, we try to review some polarizationmultiplexed metadevices in the optical regime.
5.1. Linear-Polarization-Multiplexed Metadevices
5.1.1. Linear-Polarization-Multiplexed Plasmonic Metadevices
Based on Anisotropic Meta-Atoms
As shown in Equation (3), anisotropic meta-atoms are sensitive to
the incident linear polarization states and have distinct responses
along the two main axes. Therefore, isotropic metasurfaces can
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be used to construct metadevices with different functionalities
encoded with two orthogonal linear polarization states. For example, Pors et al. utilized GSP reﬂective metasurfaces, composed of
periodic metallic nanobricks, to modulate the reﬂection phases of
orthogonal linear polarizations independently, as shown in
Figure 6a.[72] By properly engineering the bricks’ dimensions
along two directions, the incident LP beams experience opposite
phase gradients for the x- and y-polarization, thereby anomalously deﬂecting the reﬂected beams into 1 diffraction orders,
respectively (right panel of Figure 6a). However, the measured
efﬁciency is 50%, much lower compared with the theoretical
value of 80%. The discrepancy is associated with the errors
in fabrication and uncertainties in the optical constants of deposited materials. Later on, high-order GSP resonances[73,74] and
dual-wavelength meta-atoms[75] were used to implement polarization beam-splitters that possess considerable polarization contrast and robust angular independence. In addition to
polarization beam splitting, anisotropic GSP metasurfaces could
efﬁciently launch surface plasmon polaritons (SPPs) in
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Figure 6. Linear-polarization-multiplexed plasmonic metadevices based on anisotropic meta-atoms. a) Left panel: schematic of a GSP unit cell for polarization-sensitive beam-steering. Right panel: simulated reﬂected electric ﬁelds for x- and y-polarized light at normal incidence. b) Optical characterization
of a polarization-controlled directional SPP coupler at λ ¼ 1500 nm, with the coupling efﬁciency C, propagation length Lp, and directivity D indicated. The
inset in the left panel shows the SEM image of the fabricated sample. c) Schematic of a bifunctional visible GSP metasurfaces that achieves polarizationcontrolled unidirectional SPP excitation and beam-steering at normal incidence. d) Left panel: schematic of a multifunctional metadevice that enables
focusing and polarization beam-splitting with a high efﬁciency and a high extinction ratio. e) Experimental demonstration of an MIM metasurface
for linear-polarization-multiplexed holograms. f ) Simulations and experimental results for reconstructing two independent holograms when the
electric ﬁeld is at 0 , 45 , and 90 , respectively. a) Reproduced under the terms of Creative Commons Attribution (CC BY) license.[72] Copyright
2013, The Authors, Published by Springer Nature. b) Reproduced under the terms of Creative Commons Attribution (CC BY) license.[76] Copyright 2014,
The Authors, Published by Springer Nature. c) Reproduced under the terms of Creative Commons Attribution (CC BY) license.[78] Copyright 2018, The
Authors, Published by Springer Nature. d) Reproduced with permission.[79] Copyright 2018, ACS. e) Reproduced with permission.[80] Copyright 2013, ACS.
f ) Reproduced with permission.[81] Copyright 2013, ACS.

orthogonal directions when the in-plane phase gradient is
designed to match the wavevector of SPPs.[76,77] Figure 6b shows
an unidirectional polarization-controlled metacoupler at telecom
wavelengths, which can couple normally incident LP light (i.e., xor y-polarization) into SPPs propagating along orthogonal directions.[76] The sample is made up of 6  6 MIM supercells, whose
phase gradients are carefully designed to match the wavevectors
of SPPs. Experimental measurements indicate that the fabricated
sample can achieve the desired bidirectional SPP coupling with
the coupling efﬁciencies of 25% and the directivities exceeding
100. Recently, Ding and coworkers extended this concept to the
visible wavelength and demonstrated a bifunctional MIM metadevice that can realize different functionalities (e.g., SPP coupling and beam steering) simultaneously upon excitation with
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two LP beams at normal incidence.[78] The device was constructed by anisotropic MIM meta-atoms and works properly
in a broad wavelength range from 580 to 700 nm (see Figure 6c).
Apart from linear phase gradients, polarization-encoded parabolic phase proﬁles for planar metalens can be achieved with
GSP meta-atoms.[42,79] Boroviks et al. demonstrated a multifunctional metasurface that enables focusing and polarization splitting simultaneously with a high efﬁciency and wide operation
bandwidth.[79] Similar to the studies by Pors et al. and Ding
et al.,[76,78] the design relies on anisotropic MIM meta-atoms that
host different GSP modes and thus supply linear-polarizationsensitive phase gradients for reﬂected ﬁelds, as shown in
Figure 6 d. Speciﬁcally, the MIM structure is composed of Au
nanobricks with different lateral dimensions arranged in a
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periodic array with a subwavelength periodicity, a silicon dioxide
spacer, and a bottom thick Au substrate. The fabricated device
has an efﬁciency of 65% and a polarization extinction ratio
up to 30 dB in a broadband spectrum from 750 to 950 nm.
In addition to parabolic phase proﬁles, more complicated phase
distributions can be achieved for individual linear polarization,
e.g., polarization-encoded metaholograms.[80,81] As a result, distinct images can be selectively reconstructed by switching the orientation of the incident linear polarization. For example, Chen
et al. utilized an MIM metasurface with cross-shaped topmost
Au nanorods to realize a four-level phase-modulated metahologram that can reconstruct dual images with respect to the incident linear polarization states, as shown in Figure 6e.[80] In the
design, the electric dipole resonances of a single nanorod along
two directions can be selectively excited by a LP incident beam
with proper polarization states. In the experiment, two reconstructed images can be clearly observed under two orthogonal
LP light beams with a measured efﬁciency of 18%.
Capitalizing on this idea, Montelongo et al. realized polarization-multiplexed holography in visible with selective radiation
from plasmonic nanoantennas (Figure 6f ).[81] They fabricated
a switchable hologram capable of reconstructing images with
a high resolution over a wide ﬁeld of view, which arranges
two sets of coplane nanoantennas without producing interference in far-ﬁeld, resulting in the superposition of two independent polarizations in a subwavelength distance without crosstalk.
5.1.2. Linear-Polarization-Multiplexed Dielectric Metadevices Based
on Anisotropic Meta-Atoms
In addition to plasmonic metasurfaces, linear-polarizationmultiplexed metasurfaces can be implemented with anisotropic
all-dielectric meta-atoms. Gao et al. proposed and demonstrated a
highly efﬁcient bifunctional dielectric metasurface, whose building block capitalizes on anisotropic nanoposts made up of hydrogenated amorphous Si, as shown in Figure 7a.[82] Therefore,
visible polarization-encoded focusing and anomalous beamsteering were implemented. By tailoring the unit cell’s periodicity, the angle of beam deﬂection and distance of focusing can be
effectively tuned. In the experiment, the fabricated sample
exhibits a bright-line focus for the normally incident transversemagnetic-polarized light from 600 to 715 nm, whereas the normal transverse-electric incidence is deﬂected to the desired diffraction order. Schonbrun et al. demonstrated two metalenses
composed of Si nanowires with elliptical cross sections, which
enable dynamically reconﬁgured imaging when the incident
light is switched between different linear polarization states.[83]
For each Si nanowire, polarization-sensitive focusing functionalities are encoded. As shown in Figure 7b, the ﬁrst nanowire lens
possesses different focal lengths for horizontal and vertical polarization states, demonstrating a dynamic zoom imaging system.
The second nanowire lens has different optical axes for two linear
polarization states, indicating stereoscopic imaging capability.
Yang et al. demonstrated reﬂective-type polarization-sensitive
color printing using TiO2 elliptic meta-atoms, where anisotropic
resonances along two axes are supported to provide different dispersive amplitude modulation for orthogonal LP polarizations
(Figure 7c).[84] In particular, by varying periodicities of the
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meta-atoms along the x- and y-directions, Fano resonance is
available and can be used to realize dual colors with a very sharp
contrast under two orthogonal linear polarizations. Figure 7d
shows a good example on how to utilize dielectric metasurfaces
to manipulate phase and polarization, completely, and independently, as well as to realize polarization-multiplexed functionalities.[37] In the design, each elliptical Si meta-atom can be
regarded as a truncated waveguide, whose anisotropic cross section results in different effective mode indices with the polarization states along the major and minor axes. Therefore, each metaatom imposes a polarization-dependent phase distribution for
transmitted ﬁelds, leading to complete control over both the
phase and polarization by changing the lateral dimensions
(e.g., major axis and minor axis) of the elliptical Si posts. As a
result, polarization-encoded dual images can be realized in a
single subwavelength element with a high transmission
efﬁciency of around 97% and greatly suppressed unwanted
diffraction orders.
5.2. Circular-Polarization-Multiplexed Metadevices
5.2.1. Spin-Coupled Metadevices with Merged Meta-Atoms
Similar to the linear polarization, the circular polarization or spin
is frequently utilized to realize multifunctional metadevices capitalizing onPB phase.[2–12,85] As the PB phase has locked and
opposite signs for two spins, the functionalities for RCP and
LCP beams are typically mirrored, such as beam-steering into
opposite diffraction orders,[14,86] SPP coupling to opposite directions,[87–89] and optical vortexes carrying opposite topological
charges.[64,90–92] For example, Khorasaninejad and Crozier demonstrated a planar dielectric chirality-distinguishing beamsplitter consisting of amorphous Si meta-atoms on a transparent
substrate.[86] As shown in Figure 8a, the fabricated beam-splitter
deﬂects LCP and RCP beams into different directions. Recently,
Hasman and coworkers demonstrated photonic spin-controlled
multifunctional metadevices by combining the PB phase with the
shared-aperture concept, [64,90,91] among which spin-controlled
multiple wavefronts such as optical vortexes with different orbital
angular momentum (OAM) were implemented at λ ¼ 780 nm
(Figure 8b).[64] In addition to the shared-aperture concept, random patterns have also be combined with PB phase to superpose
metasurface patterns in a 2D manner, which can extend the
information capability.[90] By manipulating the local orientations
of the mixed random meta-atoms in different groups, multiple
wavefronts with distinct functionalities can be generated, where
each group corresponds to a particular phase proﬁle (Figure 8c).
Nevertheless, the aforementioned spin-multiplexed metadevices have intrinsically locked functionalities for input beams with
two different spins, which limits the practical applications. To
realize multiple distinct functionalities for CP beams, one common approach is to merging or superposing several PB metasurfaces together into one single device, where each metasurface
exhibits a certain functionality corresponding to the incident
spin.[92–95] In 2015, Huang et al. used PB metasurfaces to record
multiple holograms in spin-multiplexed channels (Figure 8d).[95]
Due to the wideband nature of PB metasurfaces, holography covering the spectrum range of 633–1000 nm was demonstrated.
However, the measured efﬁciency was quite low (for instance,
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Figure 7. Linear-polarization-multiplexed dielectric metadevices based on anisotropic meta-atoms. a) Schematic of a linear-polarization-switchable
bifunctional metasurface for beam-steering and focusing in visible. b) Bright ﬁeld microscope and SEM images of the 2D elliptical nanowire gratings
which can take a different focal length or has a different optical axis for each linear polarization state. c) Schematic of a TiO2 metasurface for polarizationsensitive structural color in reﬂection. d) Left panel: schematic of a polarization-encoded phase hologram that generates different patterns for x- and
y-polarized light. Middle panel: simulated and measured intensity proﬁles. Right panel: optical (bottom) and SEM (top) images of the devices.
a) Reproduced with permission.[82] Copyright 2019, Wiley-VCH. b) Reproduced with permission.[83] Copyright 2011, ACS. c) Reproduced with permission.[84] Copyright 2018, Wiley-VCH. d) Reproduced with permission.[37] Copyright 2015, Springer Nature.

4.5% at 810 nm). Figure 8e shows a bifunctional optical metasurface that produces a vortex beam or a hologram image, depending on the incident spin.[96] In this design, the authors ﬁrst
designed two individual PB metasurfaces based on metal-bar
structures with speciﬁc orientations and locations to impart
the PB phase, which can produce either a vortex beam or a hologram when illuminated with CP light. Then they merged these
two PB metasurfaces to make a single metadevice in which all
meta-atoms do not touch each other. The fabricated metadevice
exhibits excellent bifunctional performance when the incident
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spin is altered. But the working efﬁciency is rather limited, which
is only 9%. To increase the efﬁciency, GSP PB metasurfaces
that can produce spin-multiplexed broadband holograms have
been demonstrated by Wen et al.[97] As shown in Figure 8f,
two different holograms corresponding to LCP and RCP incident
lights are ﬁrst calculated by the Gerchberg–Saxton algorithm,
and then encoded in the MIM metasurfaces with the “merging”
concept. By ﬁnely tuning the orientation of the Ag nanorods, uniform reﬂection amplitude and 16-level phase proﬁles covering 2π
phase range could be obtained. Therefore, the reconstructed
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Figure 8. Spin-coupled metadevices with merged meta-atoms. a) Left panel: schematic diagram of a spin-distinguishing beam splitter, which redirects
the impinging light based on its spin. Right panel: top-view SEM image of a fabricated sample composed of Si nanoﬁns. b) Schematic far-ﬁeld intensity
distribution of wavefronts containing OAMs with positive (red) and negative (blue) spins generated from segmented, interleaved, and harmonic response
PB phase GSP metasurfaces (the unit cell is shown in inset). c) Left panel: schematic of directional SPP channels opened by a disordered metasurface.
Right panel: illustration of spin-controlled wavefront shaping with different OAMs generated by a disordered gradient metasurface. d) Left panel: schematic of a PB metasurface that reconstructs different images in different polarization channels. Right panel: SEM of a fabricated sample. e) Schematic of a
“merging” concept for the realization of a multifunctional metasurface that enable spin-selective functionalities, i.e., a holographic image or a vortex
beam. f ) Schematic of a metasurface that reconstructs multiple holographic images when illuminated by CP beams with different spins. a) Reproduced
under the terms of Creative Commons Attribution (CC BY) license.[86] Copyright 2014, The Authors, Published by Springer Nature. b) Reproduced with
permission.[64] Copyright 2016, AAAS. c) Reproduced with permission.[90] Copyright 2015, ACS. d) Reproduced with permission.[95] Copyright 2015, WileyVCH. e) Reproduced with permission.[96] Copyright 2017, ACS. f ) Reproduced under the terms of Creative Commons Attribution (CC BY) license.[97]
Copyright 2015, The Authors, Published by Springer Nature.

holograms (e.g., the spin-dependent ﬂower or bee) have a measured efﬁciency up to 59.2% at 860 nm, whereas the good performance is maintained from 475 to 1100 nm with the efﬁciency
>40%. As a ﬁnal comment, it is worth noting that a lthough this
“merging” strategy is physically straightforward and can make
the distinct functionalities for two different spins, the realized
devices exhibit limited working efﬁciencies and suffer from
intrinsic crosstalk.[92–97]
5.2.2. Spin-Decoupled Metadevices
Very recently, the spin-locked limitation of PB metasurfaces has
been released by combining the orientation-determined PB
phase and the dimension-dependent propagation or resonance
phase together, providing a versatile approach toward the demonstration of spin-decoupled multiple functionalities in a single
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metadevice for two CP beams.[37,98] As such, numerous spindecoupled multifunctional metadevices have been implemented
using this approach, including spin-encoded holograms,[98,99]
spin-to-orbital momentum converters,[100] spin-decoupled multifocal lenses,[101–103] and spin-decoupled polarization conversion
and wavefront shaping.[104–106] In 2017, Capasso and coworkers
invented this basic approach that combines PB and propagating
phases together to manipulate the phase proﬁles of any two
orthogonal polarization states. In the experiment, they demonstrated chiral holograms in the transmission-mode usingTiO2
metasurfaces, which can produce uncorrelated holographic
images with high efﬁciencies under CP excitations at
λ ¼ 532 nm (Figure 9a).[98] In 2019, Overvig et al. realized a Si
metasurface allowing for both phase and amplitude control,
through which far-ﬁeld holography and monochromatic grayscale nanoprinting have been demonstrated (Figure 9b).[107]
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Speciﬁcally, both the propagation phase and PB phase were modulated by varying the sizes of Si meta-atoms, thereby determining the degree of birefringence and rotation angles. As a result,
the incident CP light can be converted into any polarization state.
By applying a polarization ﬁlter to select the cross-polarized components, its amplitude can be continuously varied, whereas the
related phase is represented by the sum of the PB phase and the
propagation phase. In addition to the intensity and phase design,
the so-called full Fourier components control method has been
recently proposed and demonstrated with Si metasurfaces,[108]
where the multiple channels with no or weak noises were
designed in Fourier space, thereby resulting in the development
in multidimensional polarization-multiplexed metadevices.[109]

In spite of the aforementioned spin-decoupled metasurfaces
for transmitted ﬁelds, spin-decoupled optical metadevices that
can control both propagating waves and surface waves are still
largely unexplored. In 2020, Meng et al. demonstrated spincontrolled unidirectional SPP excitation and beam-steering in
the near-infrared range using GSP meta-atoms that function
as nano-HWPs, as shown in the top panel of Figure 9c.[110] In
the design, four GSP nano-HWPs were designed to impart
two distinct spin-sensitive linear-phase gradients along the xdirection due to the combined contributions from PB phase
and resonance phase (bottom panel of Figure 9c). Under RCP
excitation, the phase gradient is matched to the wavevector of
SPPs supported on the substrate at normal incidence. Once

Figure 9. Spin-decoupled metadevices. a) Schematic of chiral holograms based on a single TiO2 metasurface that encodes two independent phase
proﬁles for LCP and RCP beams at λ ¼ 532 nm. b) Top panel: schematic of the Si meta-atoms with varied geometries that provide the amplitude
and phase control to convert LCP incident light to any other point on the Poincaré sphere with near-unity efﬁciency. Bottom panel: experimental reconstructions when focused onto the metasurface and object planes, respectively. c) Top panel: schematic of the spin-decoupled bifunctional GSP metasurface for unidirectional SPP excitation and beam-steering under RCP and LCP excitations at normal incidence, respectively. Middle panel: SEM image of the
fabricated sample. Bottom panel: realized phase proﬁles of reﬂected ﬁelds under two spins at λ ¼ 850 nm. d) Left panel: schematics of light scatterings at
a metadevice exhibiting vortex wavefronts carrying different topological charges under illuminations of LCP and RCP incidences. Right panel: SEM images
of the fabricated sample. a) Reproduced with permission.[98] Copyright 2017, APS. b) Reproduced under the terms of Creative Commons Attribution
(CC BY) license.[107] Copyright 2019, The Authors, Published by Springer Nature. c) Reproduced with permission.[110] Copyright 2020, ACS. d) Reproduced
under the terms of Creative Commons Attribution (CC BY) license.[49] Copyright 2020, The Authors, Published by De Gruyter.
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the incident light is switched to LCP, the phase gradient is
smaller than the wavelength of propagating wave in free space,
therefore resulting in anomalous reﬂection. The fabricated sample features efﬁcient (>22%) unidirectional SPP launching and
high-efﬁciency (48% on average) beam-steering in a wideband
spectrum range of 850–950 nm for RCP and LCP incident light,
respectively. Very recently, Zhou and coworkers designed a general method to realize high-efﬁciency metadevices that produce
complex vectorial optical ﬁelds with desired wavefronts and
polarization distributions (Figure 9d).[49] By combining two different mechanisms for phase control, e.g., resonance phase and
PB phase, they designed and fabricated bifunctional metadevices
for dual vortex vectorial beam generation with distinct topological
charges and polarization distributions.

entangled-photon sources, and conduct high-dimensional
quantum entanglement.[151,152]
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6. Conclusion
We have reviewed the basic principles and some representative
emerging applications of polarization-encoded functional optical
metasurfaces. Due to the limited content, there are still some
other important aspects not included within this short Review,
such as nonlinear metasurfaces.[111–118] Meanwhile, considering
numerous novel concepts and following-up successful fancy
applications, this emerging research area of polarization-encoded
metasurfaces is developing very quickly. On the basis of this
notion, herein, we show our prospects on two promising
directions:
6.1. Polarization-Encoded Tunable Metasurfaces
So far, most of the polarization-encoded metasurfaces can only
achieve passive and static functionalities. Indeed, to meet the
increased demand for information-processing speed and capacity, it is desired to achieve polarization-multiplexed tunable metasurfaces by integrating active/reconﬁgurable elements, such as
phase-changing materials,[119–123] 2D materials,[124,125] transparent conducting oxides,[126–128] liquid crystals,[129–132] microelectromechanical systems,[133,134] catalytic materials,[135,136] and
PIN diodes,[137] which could extend the functionalities and thus
the information capabilities. For example, Luo and coworkers has
successfully demonstrated multistate tunable phase-change
metadevices, which allows to code information by combining
the incident spins and multiple states.[138]
6.2. Polarization-Encoded Quantum Metasurfaces
In addition to classical light, metasurfaces possess the capability
of controlling nonclassical optical ﬁelds even at the single-photon
level. For example, metasurface-enabled photon sources can produce polarized single-photon emission with a greatly enhanced
emission rate.[139–147] Due to the capability of polarization multiplexing, metasurfaces can replace the conventional bulky polarization optics and impose quantum entanglement or interference
with the remotely generated single photons.[148–150] As an
emerging area of research, quantum metasurfaces could
serve as a versatile platform for quantum nanophotonics,
which may advance our understanding of light–matter interaction at the single-photon level, realize novel single-photon/
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