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Abstract: The state of polarization (SOP) is an inherent property of light that can be used to
gain crucial information about the composition and structure of materials interrogated with
light. However, the SOP is difficult to experimentally determine since it involves phase information
between orthogonal polarization states, and is uncorrelated with the light intensity and frequency,
which can be easily determined with photodetectors and spectrometers. Rapid progress on optical
gradient metasurfaces has resulted in the development of conceptually new approaches to the SOP
characterization. In this paper, we review the fundamentals of and recent developments within
metasurface-based polarimeters. Starting by introducing the concepts of generalized Snell’s law and
Stokes parameters, we explain the Pancharatnam–Berry phase (PB-phase) which is instrumental
for differentiating between orthogonal circular polarizations. Then we review the recent progress
in metasurface-based polarimeters, including polarimeters, spectropolarimeters, orbital angular
momentum (OAM) spectropolarimeters, and photodetector integrated polarimeters. The review is
ended with a short conclusion and perspective for future developments.

Keywords: metasurface-based polarimeters; Stokes parameters; spectropolarimeters; orbit angular
momentum; photodetector integrated polarimeters

1. Introduction

The state of polarization (SOP) is an inherent property of light and carries crucial information
about the composition and structure of materials interrogated with light [1]. However, the SOP is
rather cumbersome to probe experimentally, owing to the fact that it is uncorrelated with the intensity
and frequency of light, thereby resulting in the loss of information on the relative phase between
orthogonal vector components in conventional detection schemes. Hence, polarimeters, which enable
direct measurement of the SOP, are greatly desired in many areas of science and technology,
including astronomy [2], medical diagnostics [3], and remote sensing [4]. Despite all scientific and
technological potential, polarimeters are still very challenging to develop as SOP characterization
requires conventionally six intensity measurements to determine the Stokes parameters [5]. Typically,
the SOP is probed by utilizing a set of discrete polarizers and wave-plates consecutively placed in
front of a detector. By measuring the light flux transmitting through these polarization components,
the Stokes parameters that uniquely define the SOP can be determined. Polarimeters based on
conventional discrete optical components amount to bulky, expensive, and complicated optical systems
that are not compatible with the general trend of integration and miniaturization in photonics and
plasmonics.

Metasurfaces are thin planar arrays of resonant subwavelength elements arranged in a periodic
or aperiodic (even random) manner which modifies boundary conditions for impinging optical waves
in order to realize specific wave shaping. In recent years, metasurfaces have attracted progressively
increasing attention and have become a rapidly growing field of research, due to their remarkable ability
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in manipulating electromagnetic (EM) waves, their versatility, and their ease of on-chip fabrication
and integration [6–24]. Such metasurfaces can mimic bulk optics since they are capable of engineering
the phase front of reflected and/or refracted optical waves at will. Many ultra-compact flat optical
components have been accordingly demonstrated, such as beam steerers [6,25–29], surface wave
couplers [30–35], focusing lenses [36–43], optical holograms [44–49], and waveplates [50–54].

Metasurfaces, therefore represent an opportunity for polarimetry to overcome the bulky and
expensive architectures of conventional volume optics. In this review, we highlight the recent
progress in metasurface-based polarimeters during the past few years and attempt to provide our
perspective on this specific branch of applications. The rest of this paper is organized in the following
sections. In Section 2, we briefly explain generalized Snell’s law, followed by the Pancharatnam–Berry
phase (PB-phase), and the Stokes parameters. Section 3 is devoted to the metasurface-based
polarimeters, including general polarimeters, spectropolarimeters, orbital angular momentum (OAM)
spectropolarimeters, and photodetector integrated polarimeters. Finally, we summarize and provide
perspective for future developments in Section 4.

2. Fundamentals

2.1. Generalized Snell’s Law

The phase discontinuity or abrupt phase shift at the interface between two media was first
introduced by Capasso’s group in 2011, resulting in a generalized Snell’s laws of reflection and
refraction [6]. Figure 1 schematically shows a one-dimensional (1D) system used to derive generalized
Snell’s laws, where the interface between two media consists of an artificial metasurface introducing
a position-dependent phase shift Φ(x) [6]. Considering a plane wave impinging at an angle of θi,
generalized Snell’s laws of reflection and refraction can be written as:

sin(θr)ni − sin(θi)ni =
λ0

2π

dΦ
dx

(1)

sin(θt)nt − sin(θi)ni =
λ0

2π

dΦ
dx

, (2)

respectively. Here, ni and nt are the refractive indexes of the two media, λ0 is the wavelength in free
space, and θr and θt are the reflected and refracted angles, respectively. From Equations (1) and (2),
it is evident that the reflected/refracted beam can have an arbitrary direction, provided that a nonzero
phase gradient (dΦ/dx) along the interface is introduced. It should be noted that in the case of
dΦ/dx = 0, we recover the usual laws of reflection and refraction that imply the conservation of
in-plane wave vectors.

To realize metasurfaces with phase discontinuity, V-shaped antenna—which support symmetrical
and antisymmetrical electric dipole resonance—were demonstrated to control the reflection and refraction
of linearly polarized (LP) light in the infrared range, governed by generalized Snell’s law [6,25]. However,
here 2π phase control is achieved with the transmitted/reflected light polarized orthogonal to the incident
wave because V-shaped antennae only support electric dipole resonance, which limits the available phase
coverage to π due to its Lorentz-like polarizabilities [55,56]. Additionally, the polarization conversion
efficiency for such single non-magnetic metasurfaces is only 25% for the lossless case [57,58]. To solve these
problems, one can design gap-surface plasmon metasurfaces (GSPMs) [26,27,30,59] or use all-dielectric
meta-atoms [40,41], which ensure the full control of the phase space with high efficiency while maintaining
the polarization state.
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Figure 1. Schematic of a one-dimensional (1D) system with a metasurface positioned at the interface
between two media.

2.2. PB-Phase

In the previous examples, phase discontinuity is introduced by varying the meta-atoms’ geometric
parameters. Another completely different technique, known as PB-phase or geometric phase, achieves
full phase control of the cross-polarized light by using anisotropic meta-atoms with identical geometry,
but spatially varying the orientations for circularly polarized (CP) light [60–65]. The concept behind
PB-phase can be easily revealed by the Jones matrix [66]. In general, the Jones matrix of an anisotropic
meta-atom rotated within the x-y plane can be written as:

Mθ = R(−θ)

(
Mxx 0

0 Myy

)
R(θ), (3)

where Mxx and Myy are the reflection (or transmission) coefficients for LP light along the two axes of
the anisotropic meta-atom, θ is the rotated angle with respect to the x-axis, and R(θ) is the rotation
matrix [15]:

R(θ) =

(
cos θ sin θ

− sin θ cos θ

)
. (4)

When the incident light is CP, the reflected or transmitted light can be written as

Mθ · E±0 =
1
2
(

Mxx + Myy
)

E±0 +
1
2
(

Mxx −Myy
)

e±i2θE∓0 , (5)

where E±0 represents the incident left-handed CP (+, LCP) and right-handed CP (−, RCP)
light [15,17]. The first term in Equation (5) represents CP light with the same handedness as the
incident wave, while the second term stands for CP light with the opposite handedness and gains an
additional PB-phase of ±2θ, whose sign depends on the handedness of the incident light. Thereby,
2π phase coverage can be achieved if the meta-atom is rotated from 0 to 180◦.

2.3. Stokes Parameters

Before we begin reviewing the recent progress in metasurface-based polarimeters, we briefly
introduce the connection between the SOP and the Stokes parameters that are usually measured in
experiments [5,67,68]. Consider a monochromatic plane wave that propagates along the z-direction,
its electric field can be described by the following Jones matrix:



Appl. Sci. 2018, 8, 594 4 of 21

E0 =

(
Ax

Ayeiδ

)
, (6)

where Ax and Ay are the amplitude coefficients and δ is the phase difference between the two
components [67,68]. Since conventional detectors only respond to the intensity of the incident light
(i.e., I ∝ A2

x + A2
y), the phase difference δ, an important parameter, is inherently difficult to probe

experimentally. To remedy this shortcoming of losing the phase information, the Stokes parameters
are introduced to fully describe both the amplitude and SOP of a plane wave. Typically, the Stokes
parameters are determined by six intensity measurements, which can be written as:

s0 = A2
x + A2

y (7)

s1 = A2
x − A2

y (8)

s2 = 2Ax Ay cos δ = A2
a − A2

b (9)

s3 = 2Ax Ay sin δ = A2
r − A2

l , (10)

where s0 is the intensity of the analyzed beam, and s1–s3 contain information on the SOP [67,68].
Additionally, s1–s3 can be obtained by measuring the intensities of the two orthogonal components
in the three basis sets (x̂, ŷ), (â, b̂)= 1√

2
(x̂ + ŷ,−x̂ + ŷ), and (r̂, l̂)= 1√

2
(x̂ + iŷ, x̂ − iŷ). Here, the basis

(â, b̂) corresponds to a rotation of the Cartesian coordinate system (x̂, ŷ) by 45◦ with respect to the
x-axis, while (r̂, l̂) is the basis for CP light. It should be noted that s1–s3 are often normalized by
s0 so that all possible values are within ±1. Additionaly, one can see that (s2

1 + s2
2 + s2

3)/s2
0 = 1,

which shows that the SOPs in three-dimensional (3D) space (s1, s2, s3) can be represented by the
so-called Poincaré sphere.

3. Metasurface-Based Polarimeters

Metasurfaces represent an opportunity for polarimetry to overcome bulky and the expensive
architectures of conventional volume optics. Here, we try to give an overview of recent progress in
metasurface-based polarimeters during the past few years.

3.1. PB-Phase Metasurfaces for Determining Part of the SOP

In early approaches, PB-phase metasurfaces together with conventional optical elements,
such as polarizers and retardation waveplates, were designed to determine the degree of circular
polarization [69–71]. One example is depicted in Figure 2a, where an ultrathin (40 nm) gradient
metasurface was formed and demonstrated to measure the ellipticity and handedness of polarized
light [70]. Figure 2a shows the schematic and scanning electron microscope (SEM) image of
the designed PB-phase metasurface, which consists of Au nanorods—with identical geometrical
parameters but with spatially varying orientation—on top of anindium tin oxide (ITO) coated glass
substrate. The angular orientation of each nanorod varies along the x-direction with an incremental π/8
clockwise rotation, but remains invariant in the y-direction. Hence, each period in x-direction contains
eight nanorods, resulting in a phase shift ranging from 0 to 2π. Due to the spin-selected opposite slope
of the PB-phase gradient, the decomposed RCP and LCP beams are steered in opposite directions,
exhibiting the photonic spin Hall effect (PSHE) [72]. Thus, the obtained intensity distribution of the
anomalously refracted LCP and RCP light provides an accurate and simple method to measure the
ellipticity of the incident light. To experimentally demonstrate the capability of determining the degree
of circular polarization with the proposed metasurface approach, various polarization states of incident
light were impinged on the metasurface by changing the angle β between the axis of polarization and
the fast axis of the quarter waveplate. These show different intensity distributions after interacting with
the metasurface, as shown in Figure 2b. Figure 2c clearly shows that the ellipticity and handedness
of various incident polarization states can be well characterized, and are in good agreement with



Appl. Sci. 2018, 8, 594 5 of 21

the predicted values. Additionally, the proposed method here is suitable to work at a wide range of
wavelengths, ascribed to the broadband nature of PB-phase. It should be noted that the conversion
efficiency of the metasurface is strictly limited and the maximum conversion efficiency is around 7.6%
at 940 nm, which may affect the performance of the proposed metasurface since the ellipticity and
handedness of various incident polarization states are determined by the intensities of the refracted
beams. The limited efficiency is ascribed to the single electric dipole resonance supported by the
non-magnetic Au nanorods on top of ITO-coated glass substrate, which sets the upper bound of the
coupling efficiency between the two polarizations to be 25% in the limit of negligible absorption [57,58].

Figure 2. Pancharatnam–Berry (PB) phase metasurfaces for determining the degree of circular
polarization. (a) Schematic illustration of the phase gradient metasurface. Inset shows the SEM image of
the fabricated metasurface on an ITO-coated glass substrate; (b) Charge-coupled device (CCD) images
for wavelength λ0 = 750 nm and different angles β. (c) Experimentally obtained ellipticity η versus the
incident polarization as a function of β; (a–c) Reproduced with permission from [70], Copyright Optical
Society of America, 2015; (d) Illustration of the metasurface used as a circular dichroism spectrometer
using the the photonic spin Hall effect (PSHE); (e) Experimental results of reflected power for left
circularly polarized (LCP) and right circularly polarized (RCP) incident beams at different wavelengths
as a function of reflected angle, showing the discrimination of LCP and RCP spectra; (d,e) Reproduced
with permission from [71], Copyright Optical Society of America, 2015.

PB-phase GSPM have been demonstrated to increase the efficiency [71]. Figure 2d presents a novel
and compact circular dichroism (CD) spectrometer based on PB-phase GSPM, which utilizes PSHE in
reflection. Specifically, an array of anisotropic elements is used to achieve different phase gradients
in response to LCP and RCP light. Therefore, the spin components of the incident broadband source
are reflected in opposite directions, and the reflection angle of each wavelength component is varied
according to generalized Snell’s law [6]. When a broadband light source is incident on the metasurface,
the LCP and RCP spectra are spatially separated and can be recorded simultaneously, which eliminates
the need of switching the incident polarization, as shown in Figure 2e. By analyzing the spectra of
different spin components, the CD of the light source can be easily obtained, which can serve as an
important tool in sensing chiral molecules. Additionally, there is no other hardware required for this
type of CD spectrometry.
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As a final comment, it is worth pointing out that the obtained SOP of the incident light is
incomplete as this type of PB-phase metasurface-based chiroptical spectroscopy has only two channels
and cannot probe the polarization azimuthal angle. To fully characterize the SOP and determine the
Stokes parameters, an additional polarizer is needed, which will inevitably increase the complexity of
the whole system.

3.2. Metasurface-Only Polarimeters

In recent years, on-chip metasurface-only polarimeters have been proposed and were
demonstrated to determine the entire SOP simultaneously. These polarimeters involve different
configurations, including gap surface plasmon resonators [67,73], metallic nanoantennas [74,75],
and all-dielectric nanoposts [76].

Starting with GSPMs, Figure 3a conveniently illustrates the basic working principle of the
metagrating-based polarimeter, composed of three interweaved metasurfaces. An arbitrary polarized
incident beam is spatially diffracted into six different directions, corresponding to different polarization
states, since each metasurface functions as a polarization splitter for a certain polarization basis
(|x〉,|y〉), (|a〉,|b〉), or (|r〉,|l〉) [67]. As such, the proposed metagrating responds uniquely to all possible
polarization states and the most pronounced differences in the corresponding diffractions occur for
the six extreme polarizations |x〉, |y〉, |a〉, |b〉, |r〉, and |l〉. Hence, the entire SOP can be determined.
By conducting simultaneous measurements of the corresponding far-field diffraction intensities in the
six predesigned directions, the Stokes parameters can be quickly retrieved, thereby allowing one to
easily analyze the SOP of the incident light. At the design wavelength of 800 nm, the experimental
diffraction contrasts obtained by averaging three successive measurements are in good agreement with
the input Stokes parameters, and lay on the Poincaré sphere, with points covering all octants of the 3D
parameter space (Figure 3b). The two-norm deviation between Stokes parameters and experimental
diffraction contrasts is estimated to be around ∼0.1, which can be significantly reduced with better
fabrication facilities. Importantly, due to the rather broadband response of the GSPM, the designed
metagrating could work over a wide wavelength range. In the wavelength range of 750–850 nm,
there is no significant degradation of the metagrating performance observed in the experiments; the
experimentally diffraction contrasts closely represent the Stokes parameters.

In a later work [74], an ultracompact in-line polarimeter was demonstrated for transmission-type
polarimetry by using a two-dimensional (2D) metasurface made up of a thin array of subwavelength
metallic antennae embedded in a polymer film (Figure 3c). By placing two pairs of gold nanorod
rows superimposed at a 45◦ relative angle, incident beams with four elliptical polarization states are
directionally scattered. Based on the measured polarization-selective directional scattering in four
directions from the corresponding out-coupling gratings, the SOP could be precisely obtained after
calibration. From Figure 3d, one can clearly see that the measurement of several arbitrarily selected
polarizations using the metasurface polarimeter agrees well with the result from the commercial
polarimeter at a wavelength of 1550 nm. Considering the potential compactness, speed, and stability,
this design is clearly superior to the commercial polarimeter. Following this concept, a compact
fiber-coupled polarimeter with high sampling rates wasdemonstrated [75]. Here, we note that the
degree of polarization (DOP) cannot be measured in the present four-output design. For DOP
measurements, a more complex antenna array design is needed [74].
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Figure 3. Metasurface-only polarimeters. (a) Illustration of the metagrating’s working principle;
(b) Measured diffraction contrasts (denoted by filled circles) for polarization states along the main axes
of the Poincaré sphere (indicated by asterisks) at 800 nm; (a,b) Reproduced with permission from [67],
Copyright Optical Society of America, 2015; (c) Polarization-selective directional scattering of four
elliptical polarization states by two pairs of rows superimposed at a 45◦ relative angle; (d) Measurement
of the state of polarization of arbitrarily selected polarizations using the commercial polarimeter (blue)
and the metasurface polarimeter (orange) at 1550 nm; (c,d) Reproduced with permission from [74],
Copyright Optical Society of America, 2016; (e) Schematic of ultracompact polarimeters based on
dielectric metasurfaces. The inset shows the unit cell; (f) Simulated intensity distributions in the
focal plane for x, y, a, b, RCP, and LCP incident waves; (e,f) Reproduced with permission from [76],
Copyright Optical Society of America, 2017.

As complementary to compact polarimeters with plasmonic metasurfaces, all-dielectric
metasurfaces may be tailored to design ultracompact polarimeters [76]. Compared with the
GSPM-based polarimeters, such all-dielectric polarimeters could relax the difficulty of system
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integration as it is operating in transmission-mode, while maintaining high efficiency due to
the relatively high refractive index and negligible absorption [22]. One example of a dielectric
metasurface integrated polarimeter is depicted in Figure 3e, which contains a silicon metasurface
and array detector with a distance of 4.2 µm corresponding to the focal plane of the metasurface.
The metasurface consists of multiple pixels, where each pixel has four different areas containing
periodically arranged elliptical silicon pillars resting on a silica substrate. Within the pixel, each area
functions as a polarization-sensitive focusing lens, separating four polarization components from the
incident light and focusing them to the detector’s surface. Upon the excitation of a normally incident
beam with arbitrary SOP, four focal spots are generated in the focal plane, which show different
intensity distributions for different polarizations, as shown in Figure 3f. By detecting the intensities
of the focused four polarization components in the focal plane (Ix , Iy , Ia, and Il , which refer to the
intensities of horizontal (H), vertical (V), +45◦, and LCP components, respectively) and carefully
calibrating the system, the Stokes parameters can be retrieved to fully describe the SOP of the incident
light. Since each part of the incident light is fully used to determine the SOP, the detection efficiency
only depends on the focusing efficiency of each flat focusing lens, which is theoretically estimated to
be above 60%.

3.3. Metacoupler-Based Polarimeter

Inspired by the polarization-controlled unidirectional excitation of surface plasmon polaritons
(SPPs) [33], Pors et al. suggested a metasurface-based polarimeter that can effectively couple normally
incident light to in-plane plasmonic waveguide modes. By calculating the relative efficiency of
excitation between predefined propagation directions, the incident SOP can be directly retrieved.
Similar to the work in Reference [68], three properly designed GSPMs made up of metal-insulator-metal
(MIM) nanoantennae embedded in a polymer layer were incorporated to make the so-called waveguide
metacoupler, as depicted in Figure 4a,b. This metacoupler unidirectionally excites the plasmonic
waveguide modes instead of far-field reflection propagating in six different directions for the three
polarization basis sets—(|x〉,|y〉), (|a〉,|b〉), and (|r〉,|l〉)—dictated by the definition of the Stokes
parameters. Figure 4c–e displays the intensity distributions in an area of 30× 30µm2 for three extreme
SOPs, namely, |x〉, |a〉 and |r〉 polarizations, thereby illustrating all-polarization sensitivity. It is
obvious that the metacoupler can launch the waveguide modes propagating in the six designed
directions. Additionally, the power distribution in the six channels are strongly polarization-dependent
and one of the six channels is suppressed depending on the input SOP. For example, port #1 is greatly
suppressed for |x〉 polarization (Figure 4c) while port #4 becomes weak when the polarization is
switched to |a〉 (Figure 4d). By integrating the power flows of the waveguide modes at the ports marked
in Figure 4c, all the coupling efficiencies can be calculated, through which the normalized contrast
denoted D1–D3 is determined. Here it should be noted that, unlike the previous work [67], there is
no direct mathematical equivalence between D1–D3 and s1/s0–s3/s0, thus the retrieved contrasts can
only roughly represent the input Stokes parameters. In order to achieve the best performance of the
polarimeter, one needs to properly relate the six coupling efficiencies to the three Stokes parameters
with calibration. After calibration, the proposed in-plane polarimeter shows excellent performance,
with the retrieved results perfectly overlapping with the Stokes parameters, as displayed in Figure 4f.
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Figure 4. Metacoupler-based polarimeter. (a) Schematic of the unit cell; (b) Top view of the combined
waveguide metacoupler; (c–e) Color map of the intensity in the center of the Poly(methyl methacrylate)
(PMMA) layer for the metacoupler when the incident light is a Gaussian beam with a beam radius
of 6 µm. The polarization state |u〉 of the beam is displayed in the upper right corner. Note that the
scale bar is chosen to better highlight weak intensity features. Panel (c) shows the numbering of the six
ports marked with gray lines; (f) Circles and asterisks indicate retrieved and exact polarization states of
the incident beam for 42 different SOPs, plotted in (s1, s2, s3)-space together with the Poincaré sphere.
Reproduced with permission from [68], Copyright American Physical Society, 2016.

3.4. Metasurfaces Spectropolarimeters

In addition to determining the SOP of an incident beam, spectral analysis is concomitantly required.
This resulted in the recent developments of metasurface-based spectropolarimeters, which enable
simultaneous measurements of the spectrum and SOP [77–80]. As such, the spectropolarimeters are
superior to the isolated spectrometers or polarimeters, regarding their capability of combining the
uncorrelated information channels of intensity, wavelength, and SOP together.

Starting with segmented spectropolarimeters [77,78], a spectropolarimeter metadevice that steers
different polarization and spectral components into predesigned spatial directions was proposed [77],
which consists of six GSPMs arranged in a 2× 3 array, corresponding to horizontal (0◦), vertical (90◦),
±45◦, RCP, and LCP analyzers. Once a probe beam with a certain polarization state is incident on the
metadevice, six diffraction spots are generated in the far-field, resulting from the anomalous reflection
of each GSPM area. When the incident polarization is altered, the relative intensity distributions of
diffraction spots change accordingly. As such, the polarization response of this spectropolarimeter at a
given wavelength can be determined by carefully analyzing the relationship between the intensity
of individual peaks and the incident SOP. Additionally, this metadevice could be used to analyze the
wavelength due to the fact that the GSPMs are usually dispersive. The measured angular dispersion for
the LCP and RCP channels are 0.053 ◦/nm and 0.024 ◦/nm, respectively. Hence, proving the potential
of spectral measurement with spectral resolution up to ∼0.3 nm if this metadevice is inserted into a
typical spectrometer setup. It should be noted that the spectral resolution of ∼0.3 nm is estimated with
the aid of other optical components in a commercial spectrometer and the intrinsic resolution accessed
with the metadevice itself is rather limited.

Although the metadevice with rectangular configuration shows good performance, it is relatively
sensitive to the illuminated area by the incident light. In particular, the incident light should cover
the whole area of the metasurface with the same light intensity in order to ensure faithful comparison
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of the corresponding diffraction orders. To increase the detection robustness and the compatibility
with a circular laser beam that has a Gaussian profile, a segmented plasmonic spectropolarimeter
has been demonstrated by using a center-symmetric configuration, featuring a self-calibrating
nature [78]. The working principle of the self-calibrated spectropolarimeter is displayed in Figure 5a,
which consists of three diffident types of GSPMs occupying 120◦ circular sectors each. Similar to the
previous work [67], each sector-shaped GSPM operates as an efficient polarization splitter for one of
the three polarization bases (|x〉,|y〉), (|a〉,|b〉), and (|r〉,|l〉). Upon the excitation of a normally incident
monochromatic beam, this center-symmetrical configuration would diffract any normally incident
beam to six predesigned directions, whose contrasts in the corresponding diffraction intensities would
provide a direct measure of the SOP and retrieval of the associated Stokes parameters, due to the direct
mathematical equivalence between the normalized contrasts and Stokes parameters. At the same
time, the polar angle of diffraction is approximately proportional to the wavelength, resulting in the
spectral analysis of the incident beam. The fabricated 96 µm diameter spectropolarimeters, operating
in the wavelength range of 750–950 nm, are found to exhibit excellent capability of polarization
detection (Figure 5b). Moreover, the experimentally measured angular dispersion ∆θ/∆λ for the
|x〉 channel is 0.0133 ◦/nm, corresponding to a measured spectral resolving power of λ/∆λ ≈ 15.2
(Figure 5c,d). Importantly, due to the circular-sector design, polarization analysis can be conducted for
optical beams of different diameters without prior calibration, thereby demonstrating the beam-size
invariant functionality. As a final comment, we would like to stress that uneven illumination of the
three metasurfaces caused by misalignment or inhomogeneity of the laser beam will not affect the
retrieved Stokes parameters and no calibration is needed since the Stokes parameters are only related
to the relative diffraction contrasts for three polarization bases.

Figure 5. Segmented spectropolarimeters. (a) Illustration of the gap-surface plasmon metasurface
(GSPM)-based beam-size invariant spectropolarimeter; (b) Measured diffraction contrasts for the six
extreme polarizations that represent the values of Stokes parameters at λ = 800 nm; (c) Normalized
measured far-field intensity profile for different wavelengths of the |x〉 channel; (d) Theoretical and
measured spectral dispersions of different channels. Reproduced with permission from [78], Copyright
American Chemical Society, 2017.

To increase the spectral resolution of spectropolarimeters, interleaved metasurfaces have
been designed to conduct spectropolarimetry, where different channels share the aperture of the
device [79,80]. A good example of interleaved metasurface-based spectropolarimeters is shown in
Figure 6a, where three linear phase profiles associated with different nanoantenna subarrays, formed by
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the random interspersing, make up the configuration. This enables simultaneous characterization of the
SOP and spectrum in the reflected beam [79]. In particular, by randomly mixing optical nanoantenna
arrays with different phase functions, the PB-phase concept, spatially interleaved phase profiles are
designed, which yield extraordinary information capability. When a probe beam with an arbitrary
SOP is incident on the spectropolarimeter metasurface (SPM), two beams of intensities Iσ+ and Iσ−,
consisting of opposite helicity states, and two additional beams emerge. The latter two beams are
projected onto linear polarizers at 0◦ and 45◦, determining the linearly polarized components IL0 and
IL45, respectively. The Stokes parameters of the incident beam are then calculated with a calibration
experiment. Figure 6b shows the measured and calculated Stokes parameters on a Poincaré sphere
for an analyzed beam impinging the SPM at a wavelength of 760 nm with different polarizations,
demonstrating the excellent capability of the polarization probe. Furthermore, such interleaved SPM
shows good spectral resolving power, which was measured to be λ/∆λ ≈ 13 when the diameter is
only 50 µm (Figure 6c). To further improve the spectral resolving power while keeping the aperture
size fixed, super-dispersive, off-axis metalenses that could simultaneously disperse and focus light
of different wavelengths can be used [81,82]. Based on this SPM, the optical rotatory dispersion
(ORD) for the specific rotations of D-glucose (chiral molecule) and its enantiomer L-glucose were
measured. The ORD of D-glucose shows good agreement with the values found in the literature and
the L-glucose ORD is manifested by the opposite behavior as expected (Figure 6d). Finally, we note
that this interleaved center-symmetrical approach can be applied with dielectric metasurfaces for
spectropolarimetry operating in the visible wavelength range [80].

Figure 6. Interleaved spectropolarimeter. (a) Schematic setup of the spectropolarimeter. The spectropolarimeter
metasurface (SPM) is illuminated by continuum light passing through a cuvette with chemical solvent,
then four beams of intensities Iσ+, Iσ−, IL45, and IL0 are reflected toward a CCD; (b) Predicted (red
dashed curve) and measured (blue circles) polarization states, depicted on a Poincaré sphere; (c)
Measured far-field intensities for elliptical polarization at two spectral lines (with wavelengths of 740
and 780 nm) and (inset) the corresponding resolving power (black line) and calculation (blue line) of
the 50 µm diameter SPM; (d) Optical rotatory dispersion (ORD) for the specific rotations of D- and
L-glucose. Black squares and red circles represent the measured ORD of D- and L-glucose, respectively.
The blue line depicts the dispersion acquired from the literature. Reproduced with permission from
[79], Copyright American Association for the Advancement of Science, 2016.



Appl. Sci. 2018, 8, 594 12 of 21

3.5. On-Chip Spectropolarimetry by Fingerprinting with Random Metasurfaces

Metasurfaces composed of disordered structure have been demonstrated to realize various
functions, such as diffusing light [29], absorbing light [83], waveguiding [84], wavefront shaping [85–87],
and polarimetry [88]. In Reference [88], a unique on-chip spectropolarimeter, by fingerprinting with a
random gold nanoparticle (NP) array, in the near-infrared range is presented. This spectropolarimeter is
based on analyzing scattering SPP patterns from micron-sized circular arrays of randomly distributed
gold NPs (Figure 7a) through a leakage radiation microscope (LRM). Due to strong multiple scattering and
the countless scattering routes between the closely packed NPs, the disordered media is able to generate
unique and complicated scattering patterns that are sensitive to the wavelength and SOP, and thereby
those scattering spectra can be employed as spectropolarimetric fingerprints to distinguish incident light
carrying different polarization and spectrum components. The random metasurface consists of gold NPs
with diameter of about 50 nm, thickness of 70 nm, and density of 75 µm−2, distributed in circular areas
with radii of 1–5 µm on top of a 70 nm thick gold film and 170 µm thick silica substrate (Figure 7b). Larger
array sizes generate more complex scattering patterns.

In the experiment, the angular spectra of the scattering patterns are characterized along the
azimuthal angle θ through their Fourier plane images from the LRM (Figure 7c). The scattering
spectra of different SOPs and wavelengths are quantitatively compared by calculating the correlation
coefficients. The experimental results shows a substantial difference between the main SOPs:
the orthogonal SOPs (horizontal and vertical linear, or left and right circular) exhibit virtually no
correlation (<0.2). They also investigated the influence of the angle (α) between two different linear
polarizations, and the correlation coefficient exhibits similar angular dependence as the analytical
expression of the polarizer transmission (cos2α) with the increasing polarization angle difference
(Figure 7d). In the case of varying wavelengths, the correlation coefficient also drops accordingly with
increasing wavelength difference in the 700–1000 nm range, with the wavelength selectivity estimated
to be λ2/Lspp (Lspp is the propagation length of the SPP) (Figure 7e). Numerical simulations of angular
SPP scattering spectra are also carried out and confirm the sensitivity of the SPP scattering spectra to
different wavelength and SOPs, thereby validating the proposed concept of on-chip spectropolarimetry
by fingerprinting based on SPP excitation and multiple scattering by random surface nanostructures.
Compared to other metasurface-based polarimetry, the fingerprinting approach might require extra
work for the careful calibration; the registration of different SPP scattering spectra to create a database
of spectropolarimetric fingerprints. However, it also has the advantage of simple design and fabrication
procedure, in addition to its potential applications for optical wavefront sensing, optical beam tracing
and positioning, and so on.
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Figure 7. On-chip spectropolarimetry by fingerprinting with random metasurfaces. (a) Schematic
of surface plasmon polariton (SPP) excitation and scattering occurring upon illumination of random
nanoparticle (NP) arrays at normal incidence; (b) Sketch of an individual gold NP atop a 70-nm-thick
gold film deposited on a silica wafer; (c) Corresponding leakage radiation microscopy (LRM) image
in the Fourier plane introducing the azimuthal angle θ that denotes the SPP scattering direction.
The bright circle is formed by SPP waves scattered in different directions with its radius being related
to the SPP effective index; (d) Correlation between SPP scattering spectra obtained for different linear
polarizations (at 800 nm) with differently sized random NP arrays as a function of the angle between
the polarizations; (e) Correlation between SPP scattering spectra obtained with linear horizontal
polarization as a function of the incident wavelength, when using different reference wavelengths
of 750, 800, 850, and 900 nm. Reproduced with permission from [88], Copyright American Chemical
Society, 2018.

3.6. Metasurface OAM Spectropolarimeters

Besides the spectrum and polarization, the orbital angular momentum (OAM) is also an intrinsic
property of light, which processes a helical phase front, such that the Poynting vector within the
beam is twisted with respect to the principal axis of light propagation [89]. In contrast to the
spin angular momentum (SAM) that can take only two values, OAM is unbounded since the
topological charge l can take any integer value. Thus OAM beams have recently gained tremendous
interest in optical trapping, high-resolution microscopy, and quantum information processing,
as they introduces an additional degree of freedom for encoding the light beam and increasing
communication capabilities [20,90]. A variety of metasurfaces have been demonstrated to generate
OAM beams [20,91–94], which have, in turn, motivated the implementation of OAM polarimetry,
enabling direct detection of topological changes to a structured optical wavefront. Very recently,
Hasman’s group incorporated spectropolarimetry and OAM sensing into a silicon metasurface, which
would ultimately facilitate a simultaneous detection of the wavelength, polarization, and OAM of light
by projecting an incident mode |lin〉 on a set of orthogonal OAM states |lj〉 [80].

The OAM spectropolarimeter metasurface (OSPM), designed with the combination of the
shared-aperture and PB-phase concepts, consists of interleaved antenna sub-arrays with multiplexed
geometric-phase profiles. These result in a finite number of dominant multiplexed OAM harmonic
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orders with identical intensities. Illuminating the OSPM with an arbitrarily polarized polychromatic
light source results in four symmetric sets of annular spots with a bright spot at the center, as shown in
Figure 8a. Given an incident beam possessing an arbitrary topological charge lin, the winding numbers
of the diffracted orbital harmonics are modified by accumulating the value of lin. This shifts the bright
spot from its original location l = 0 to l = −lin, thus enabling the determination of the incident OAM
value (Figure 8b–g). From the far-field images, one can clearly see that the position of the bright spot
changes in response to alternating the incident OAM. For instance, the bright spot moves to the right side
if the incident OAM carries a topological change of lin = 1 (Figure 8c), while the bright spot moves to the
left side if lin = −1 (Figure 8e). Additionally, such OSPM can resolve the incident polarization states and
wavelengths precisely.

Figure 8. Silicon-based orbital angular momentum (OAM) Spectropolarimeter. (a) Schematic set-up
of an OAM spectropolarimeter metasurface (OSPM) of 50 µm diameter illuminated by an arbitrarily
polarized polychromatic light source. The image captured by the CCD was obtained for an elliptically
polarized beam at λ1,2,3 = 550, 590 and 633 nm with topological charge, l = 0; (b–g) Measured
far-field intensities for different wavelengths, polarizations, and OAMs. Note, |λ, P, l〉 stands for
the incident beam state, representing the wavelength, the polarization, and the OAM, respectively.
Reproduced with permission from [80], Copyright Macmillan Publishers Ltd: Nature Light: Science
and Applications, 2017.

3.7. Photodetector Integrated Polarimeters

In the previous sections, the SOPs are mainly determined by the measured optical signals.
An as-yet unexplored milestone in the field of metasurface-based polarimeters is to achieve an
integrated electronic device, which can electronically probe the polarization states. Owing to the
fascinating properties of metasurfaces, several photodetector integrated polarimeters have been
proposed and demonstrated by integrating meta-atoms with semiconductor elements [95,96]. In this
section, we will review some of the recent progress in photodetector integrated polarimeters.

As a good example, Figure 9a schematically shows a silicon photodetector integrated with
a set of plasmonic structures that can be used as either a broadband linear-Stokes polarimeter or
a narrowband full-Stokes polarimeter, capable of determining the complete state of polarization of
a light beam [95]. Specifically, in this silicon-based Schottky detector, the Schottky barrier is created
by using a few nanometer thick chromium layer between the n-type silicon substrate and the gold
layer. The gold contact is patterned with four linear subwavelength slits at different orientations and
two subwavelength coaxial apertures surrounded by spiral grooves with opposite twists, which have
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different optical responses to the incident polarizations. In this way, these differently shaped plasmonic
structures patterned in the Au film can work as the polarization filters for the six extreme polarizations
(|x〉, |y〉, |a〉, |b〉, |r〉 and |l〉). Given the linear relationship between the generated photocurrent and
the light intensity behind the filters in the silicon substrate, the required intensity measurements can
effectively be translated into a set of photocurrent measurements. Figure 9b shows the fabricated linear
Stokes detector in which four linear slits are milled into the gold film with focused ion beam (FIB)
milling. By raster scanning the laser beam over the device, the photocurrent images of the linear Stokes
detector at λ = 830 nm are obtained, confirming that the light absorption in the silicon is dominated
by the portion of the light polarized normal to each slit (Figure 9c). The photocurrent response of
a single slit at a given polarization is defined as the maximum measured photocurrent found in
scanning the beam over the slit. If the direction of the incident electric field is continuously varied
with a half wave plate, the photocurrent response of a single slit changes accordingly, revealing the
linear polarization-dependent response of the slit, as shown in Figure 9d. Therefore the arrangement
of four slits can be used for linear Stokes polarimetry with which one can distinguish between linear,
circular, and elliptical states of polarization and determine the degree of linear polarization for partially
polarized light over a broadband wavelength range. To determine the handedness of a circularly
or elliptically polarized light and also degree of circular polarization for partially polarized light,
two subwavelength coaxial apertures surrounded by spiral grooves with opposite twists have been
designed, which respond differently to CP light of opposite handedness due to geometric phase effects
(Figure 9e,f) [97,98].

Very recently, a CP light detector was demonstrated by combining a chiral metasurface with
hot electron injection, enabling a potential application for polarimetry [96]. As shown in Figure 9g,
the proposed chiral metasurface—consisting of the chiral plasmonic meta-atom array, dielectric spacer,
and metal backplane—can perfectly absorb CP light with one particular handedness while largely
reflecting the opposite component. Within the metasurface, the continuous ’Z’-shaped silver antenna
allows for an electrical connection with a silver bus serving as the electrode (Figure 9h). The whole
device is realized by placing an n-type silicon wafer in contact with the antenna layer, forming
a Schottky barrier, as shown in Figure 9i. As such, the device can selectively generate hot electrons
and produce a photocurrent signal depending on the handedness of light. By illuminating the
metasurfaces with a CP laser and measuring photocurrent as a function of the laser handedness
and wavelength, the photoresponse spectra of the devices were obtained (Figure 9j,k). In general,
the photoresponsivity spectrum matches well with the measured absorption spectrum. When the
metasurface is left-handed, it absorbs LCP light and reflects RCP light, resulting in dominating
photoresponsivity for LCP light. Once the handedness is switched to right, it generates a stronger
current signal for RCP light. Furthermore, the large distinction in the photocurrent for LCP and
RCP light corresponds to the large CD (Figure 9l). Therefore, by including both right-handed and
left-handed surface patterns, the sensor can differentiate between LCP and RCP light.
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Figure 9. Photodetector integrated polarimeters. (a) Schematic of the proposed plasmonic polarimeter
that consists of six differently shaped plasmonic slit structures patterned into a gold film on top
of a silicon-based Schottky detector; (b) SEM image of a part of the Stokes detector; (c) Measured
photocurrent map of the linear Stokes detector for a linearly polarized incident beam. The angle
between the incident electric field and the horizontal slit is 7◦ and the illumination wavelength is
830 nm. The photocurrent is normalized to the maximum measured photocurrent; (d) Normalized
measured photocurrent of the horizontal slit as a function of the polarization angle of the incident
linearly polarized light; (e) SEM image of a coaxial aperture surrounded by an right-handed spiral
groove fabricated with focused ion beam (FIB) milling; (f) Normalized measured photocurrent of the
coaxial aperture shown in (e) as a function of the phase difference between Ex and Ey; (a–f) Reproduced
with permission from [95], Copyright Science Wise Publishing § De Gruyter Berlin, 2012; (g) Schematic
of the chiral metasurface consisting of a chiral plasmonic meta-molecule array, dielectric spacer, and
metal backplane; (h) Schematic of the circularly polarized (CP) light detector consisting of a chiral
metasurface integrated with a semiconductor that serves as a hot electron acceptor; (i) Energy band
diagram of the CP light detector; (j,k) Experimentally measured (dots) and theoretically calculated
(solid curve) photoresponsivity spectra under LCP (blue) and RCP (red) illumination for left-handed
(j) and right-handed (k) metasurfaces; (l) Photocurrent polarization discrimination ratio spectra of
left-handed and right-handed metasurfaces; (g–l) Reproduced with permission from [96], Copyright
Macmillan Publishers Ltd.: Nature Communications, 2015.
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4. Conclusions and Outlook

We have overviewed the rapid development of metasurface-based polarimeters. From the
perspectives of physical mechanisms, the concepts of generalized Snell’s law, PB-phase, and Stokes
parameters were introduced. After that, we reviewed the efforts of metasurface-based polarimeters,
including generic polarimeters, spectropolarimeters, OAM spectropolarimeters, and photodetector
integrated polarimeters.

Although much progresses has been achieved in the field of metasurface-based polarimeters,
there are still some challenges to overcome in future. To date, most of metasurface-based polarimeters
destroy or substantially modify the original wavefronts of an incident beam in the detection process.
Therefore, a nondestructive and real-time polarimeter is desired, which leaves the original wavefronts
virtually unaffected [99]. Additionally, nanofabrication of the metasurface-based polarimeters mainly
relies on high-cost and time-consuming electron beam lithography or FIB milling, which may hinder
the potential applications of metasurface optical devices. Nanoimprinting should be a feasible way to
the low cost and large area fabrication of metasurfaces [100].
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