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Metasurfaces-Enabled Advanced Multidimensional
Imaging: Principle and Applications
Qi Liu, Yongliang Liu, Wenwei Liu,* Hua Cheng,* and Shuqi Chen*

The efficient acquisition of multidimensional information—spatial,
polarization, frequency, and phase of optical fields, is a key research focus.
Metasurfaces, which are emerging as planar arrays of artificial
nanostructures, offer significant advantages in advanced imaging due to their
exceptional ability to manipulate electromagnetic waves through
subwavelength optical resonators. Meanwhile, the rapidly developing
computational imaging algorithms have also greatly enhanced the
performance of metasurfaces in multi-dimensional imaging. In this review, we
focus on the research progress in metasurface-empowered multidimensional
imaging, including advanced spatial imaging, compact polarization imaging,
high-resolution spectral imaging, single-shot phase imaging, and edge
imaging. Their basic principles and imaging results will also be presented.
Furthermore, a summary of several current challenges and anticipation in
various future directions within this field will also be provided.

1. Introduction

In the field of optical imaging, the pursuit of improving the imag-
ing quality, including resolution,[1] flexibility,[2] and efficiency,
is always the key topic for researchers, and lots of remarkable
progress has been achieved. In the past decade, with the de-
velopment of automation, artificial intelligence, and mobile ter-
minals, the requirement for high-performance optical imaging
has risen to a new level. To date, it is no longer limited to spa-
tially 2D imaging of the targets but encompasses multiple di-
mensions such as space,[3–5] spectrum,[6,7] polarization,[8,9] and
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complex amplitude[10,11] in order to ob-
tain more comprehensive optical infor-
mation. Some multi-dimensional imag-
ing such as high-spectral imaging,[12–14]

depth imaging[4,15,16] has been achieved
by using gratings, lens systems, and
prisms. However, traditional optical
imaging devices still suffer from bulky
designs and low efficiency, constraining
their ability to simultaneously capture
multi-dimensional information about
the targets. The emergence of meta-
surfaces has provided new tools for
addressing these challenges.
Metasurfaces, consisting of 2D ar-

rays of subwavelength nanostructures,
have revolutionized modern optics by
facilitating precise manipulation of
light.[17–19] With subwavelength artificial
structures known as independently

designable meta-atoms, metasurfaces offer remarkable degrees
of design freedom, providing unparalleled control over light at
the subwavelength scale.[20–23] To better investigatemetasurfaces,
some theories have been proposed to analyze or explain interac-
tions between light and meta-atoms. For instance, Yu et al. pro-
posed the generalized Snell’s law to describe the phase abrupt
gradient and beam deflection introduced by metasurfaces[17];
Terekhov et al. performed a multipole analysis of the transmis-
sion and reflection spectra of metasurfaces, presenting a half-
analytical method for analyzing the scattering properties of the
dielectric metasurfaces[24]; Liu et al. conducted an analysis of
the field patterns in both real and momentum space,[25] offer-
ing insight for functional metasurfaces. These theories provide
significant guides to design efficient, multifunctional, and versa-
tile metasurfaces across wide electromagnetic spectra from radio
waves to the ultraviolet.
Recently, metasurfaces have demonstrated significant advan-

tages in the multidimensional control of light. As shown in
Figure 1, due to their local and nonlocal resonances with inci-
dent light, metasurfaces can manipulate multiple parameters
of light, including phase,[26–28] amplitude,[29,30] frequency,[31–33]

polarization,[34,35], etc. at subwavelength scale through the precise
design of meta-atoms. Moreover, with advancements in design
algorithms and fabrication techniques, metasurfaces enable
more complex functionalities and modulation across multiple
channels,[36–38] such as multi-channel OAM holography,[39]

overcoming the limits of polarization-multiplexing channels,[40]

high-quality structural color displays with hybrid dielectric
nano-pillars,[41] and multifocal or multi-wavelength metalens
imaging.[42,43] Meanwhile, advancements in computational
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Figure 1. Schematic of the metasurfaces for multi-dimensional imaging. The multi-dimensional information, such as spectrum, intensity, and polariza-
tion, can bemanipulated bymetasurfaces. Based on thismultidimensional information,metasurfaces demonstrate significant advantages in polarization
imaging, metalens imaging, spectral imaging, edge imaging, and phase imaging.

imaging also offer new methodologies for metasurfaces-based
multidimensional imaging. By integrating computational imag-
ing algorithms with the advantages of metasurfaces, researchers
can optimize image reconstruction and processing techniques,
enabling more accurate interpretation of complex optical in-
formation. Techniques such as compressed sensing, machine
learning, and image processing algorithms can be employed for
tasks such as depth estimation, spectral recovery, phase retrieval,
and polarization analysis, significantly enhancing the quality
and effectiveness of multidimensional imaging.
Here, we present a comprehensive overview and synthesis

of the advancements in metasurfaces for multidimensional
imaging. In Section 2, we provide an extensive summary of the
fundamental principles governing metasurfaces and their appli-
cations in multidimensional imaging, encompassing meta-atom
modulation, polarization control, and spectral imaging methods,
as well as the basic principles and algorithms of computational
imaging. These theoretical foundations establish a framework
for the practical implementation of multidimensional imaging.
In Section 3, we present the research advancements in optical
imaging and depth estimation utilizing metalenses, encompass-
ing developments in single-wavelength metalenses, achromatic
metalenses, and metalens arrays for depth sensing and high-
precision localization. In Section 4, we introduce the progress
of metasurfaces in polarization imaging. We discuss different
implementation methods, including using metasurfaces to
split polarization states for detection, using polarization filters
to achieve polarization imaging, and combining metasurfaces
with algorithms to achieve efficient polarization imaging. In

Section 5, we introduce the relevant progress of metasurface-
based spectral imaging. Based on the detection principles, we
discuss several technological approaches, including dispersive
metasurfaces, narrowband filtering metasurfaces, and com-
pressed sensing combined with metasurfaces. In Section 6,
we give an introduction to the relevant works on metasurface
phase imaging. These works are based on principles such as
near-field effects, interference modulation, and algorithmic
solutions, enabling compact, single-shot phase imaging using
metasurfaces. In Section 7, we introduce the basic design ideas
of analog optical computing based on metasurfaces, elaborating
on the design principles, functional characteristics, and research
progress of different analog optical computing. In the end, we
summarize the review and discuss the future development of
metasurfaces-based multidimensional imaging.

2. Modulation and Imaging Principles of
Metasurfaces

Multidimensional imaging presents substantial challenges for
the design of optical devices, necessitating innovative approaches
to manipulate light across various dimensions. The exceptional
design flexibility of meta-atoms allows for a rich array of light-
matter interactions, essential for achieving precise control over
multiple aspects of light, including amplitude, phase, polariza-
tion, and frequency. By harnessing these capabilities, metasur-
faces emerge as powerful tools for advancing multidimensional
imaging, enabling the simultaneous acquisition and manipula-
tion of diverse optical information.
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2.1. Basic Resonances of Nanostructures

To achieve a comprehensive control and analysis of the mul-
tidimensional information carried by light, it is imperative to
investigate the interaction between incident light and metasur-
faces determined by the material properties and the geomet-
ric characteristics of meta-atoms. By designing metasurfaces
with differentmaterials andmeta-atoms, various resonance types
can be achieved, such as Mie resonances[44,45] and plasmonic
resonances.[46–48] These resonances play a crucial role in deter-
mining the optical response of metasurfaces and enable func-
tionalities such as polarization control, spectral filtering, and
phase modulation. Understanding these interactions is the foun-
dation for specific imaging and sensing applications based on
metasurfaces.
Plasmonic resonances originate from the metasurfaces con-

sisting of metallic-type meta-atoms. When interacting with in-
cident light, such meta-atoms experience a statistical displace-
ment of conduction electrons from their equilibrium positions.
This collective motion can be characterized as a Lorentzian
oscillator.[49,50] Its distinctive feature includes a peak in displace-
ment amplitude (polarizability) centered around the resonance
frequency.[51,52] With such collective motion of electric charges,
electric dipoles (ED), magnetic dipoles (MD), and other reso-
nances have been developed to manipulate the incident light.
However, the efficiency of plasmonic metasurfaces is limited by
ohmic losses. Moreover, their operational wavelength is typically
confined to resonances, resulting in limited bandwidths.[21] This
narrowband response limits their further applications in broad-
band imaging, which is required for most imaging scenarios.
The Mie resonance is another type of resonance that occurs

when light interacts with a dielectric structure at the scale of
𝜆/neff, where 𝜆 represents the resonance wavelength and neff de-
notes the effective refractive index of the dielectric resonator.[53]

Interestingly, the effective refractive index and resonance wave-
length depend on not only the constitution materials but also the
geometry of the resonator. Compared with a plasmonic nanos-
tructure that usually generates a single or very few optical reso-
nances, Mie resonances encompass ED, MD, and higher orders
of multipoles, enabling multidimensional manipulation of elec-
tromagnetic waves in both near and far fields.[54–56] Moreover,
Mie resonances can achieve efficient light manipulation due to
the minimal intrinsic losses of the dielectric materials in the
working wavelength region.[55]

Expanding the working bandwidth often requires addi-
tional complex designs for both plasmonic and Mie resonance
metasurfaces.[57,58] Consequently, it is imperative to develop in-
novative design strategies that can effectively address these limi-
tations and facilitate the operation of metasurfaces across wider
frequency ranges, thereby enhancing their suitability for diverse
imaging applications.

2.2. Multi-Dimensional Modulation and Detection of
Metasurfaces

2.2.1. Phase Modulation of Metasurfaces

The optical phase manipulation with metasurfaces can be classi-
fied into 3 kinds, i.e., resonant phase,[59,60] geometric phase,[61,62]

and propagation phase.[63,64] Resonant phase arises from res-
onances such as Mie resonance, Fabry-Pérot resonance, and
surface plasmon resonance between incident light and meta-
atoms.[65–67] Both dielectric and metallic meta-atoms can be uti-
lized to engineer the optical phase.[68] For instance, the Mie res-
onance can be induced at a specific wavelength by adjusting the
geometric parameters of the dielectric meta-atoms, resulting in
a phase shift ranging from 0 to 2𝜋. Due to the low loss and high
refractive index of dielectric materials, high-efficiency metasur-
faces can be achieved in either transmission or reflection mode,
which plays a crucial role in the design of high-performance
metasurfaces. The bandwidth of the resonance, however, tends
to be narrow compared with traditional phase modulation de-
vices, thereby restricting the workingwavelengthwithin a limited
range.[44]

The propagation phase associated with the propagation of light
inside the resonator provides another phase for designing meta-
surfaces. When the height of the meta-atom is comparable to the
wavelength and waveguide modes exist, the meta-atom can be
regarded as a waveguide.[68] Thus, the phase delay of the meta-
atoms can be described as Φ = 2𝜋∕𝜆nneff H, where 𝜆 is the wave-
length in vacuum, neff andH are the effective refractive index and
height of the meta-atoms. By tuning the geometry cross-section
of meta-atoms, the phase can be changed accordingly.
The geometric phase, known as the Pancharatnam-Berry (PB)

phase in optics, is independent of the resonances of meta-
atoms but related to the orientation angle and symmetry of the
meta-atoms.[61,69,70] For incident light with an electric field Ein =
[ 1 ±i ]T , the output electric fields Eout from the metasurface that
can change the polarization state is

Eout = A1e
i𝜑1

(
1
±i

)
+ A2e

i𝜑2e∓i2𝜃
(
1
±i

)
(1)

whereA1e
i𝜑1 andA2e

i𝜑2 are the coefficient of transmittance which
includes the propagation phase,[71] 𝜃 is the orientation angle of
each meta-atom. The first term on the right-hand side of Equa-
tion 1 represents the co-polarized component, while the second
term corresponds to the cross-polarized component of the output
light with a phase shift of −2𝜎𝜃 (𝜎 indicates the helicity of the
polarization). Therefore, a metasurface with a phase distribution
covering 0 to 2𝜋 can be achieved by just varying the orientation
angle 𝜃 as half of the target phase. The powerful phase modula-
tion capability provides a foundation for metasurfaces in fields
such as information encryption,[72] high-quality display,[73] and
imaging.[74]

2.2.2. Principle of Metasurfaces Polarization Modulation and
Detection

Stokes parameters are widely used to describe the polarization
state of light, which can be expressed as[75]:

S =
⎡⎢⎢⎢⎣
S0
S1
S2
S3

⎤⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎣

E2x + E2y
E2x − E2y

2ExEy cos 𝛿
2ExEy sin 𝛿

⎤⎥⎥⎥⎥⎦
=
⎡⎢⎢⎢⎣

Ix + Iy
Ix − Iy

I45◦ − I−45◦
IR − IL

⎤⎥⎥⎥⎦
(2)
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where Ex, Ey are the electric field vectors in x and y directions, 𝛿 is
the phase difference of light in x and y directions. Ix/y/±45°/R/L is
the intensity of the x, y, ±45° linear polarization and right-hand
circular polarization (RCP) and left-hand circular polarization
(LCP), respectively. S0 is the total light intensity, S1 is the differ-
ence of the light intensity in x and y polarizations, S2 is the dif-
ference of the light intensity in 45° and −45° linear polarizations
and S3 is the difference of the light intensity in RCP and LCP.
Conventionally, only the S0 component of light can be recorded
in an intensity-sensitive imaging process. To obtain additional
information about the polarization state, metasurfaces provide
a solution through their polarization modulation capacities. In
general, polarization detection can be commonly achieved by em-
ploying techniques such as splitting or filtering the incident light
based on its polarization, as reported by previous research.[35,76,77]

Regarding the method of splitting light, diverse phase profiles
of metasurfaces can be computed for the deflection directions
of distinct polarization states, since metasurfaces can simulta-
neously manipulate 2 arbitrary orthogonal polarization states of
light by designing anisotropic meta-atoms.[78] Such behavior can
be mathematically described with the Jones matrix:

J(x, y) =
[
ei𝜙+(x,y)

(
p+1

)∗
ei𝜙−(x,y)

(
p−1

)∗
ei𝜙+(x,y)

(
p+2

)∗
ei𝜙−(x,y)

(
p−2

)∗] [p+1 p−1
p+2 p−2

]−1
(3)

where p±1,2 are the electric components of an arbitrary incident
orthogonal polarization, and (p±1,2)

* represents the output polar-
ization is mathematically equal to the complex conjugate of the
incident polarization state, 𝜑± is the phase profile of the corre-
sponding polarization state. Furthermore, the Jones matrix of a
birefringent metasurface is[75]:

J(x, y) = R(𝜃(x, y))
[
tx(x, y) 0
0 ty(x, y)

]
R(−𝜃(x, y)) (4)

Where R(𝜃) is the rotation matrix with an orientation angle 𝜃 of
the meta-atoms. Consequently, a high degree of freedom in con-
trolling polarization has been achieved through the precise rota-
tion of anisotropic meta-atoms at a predetermined angle.
Filtering the polarization is also an effective method to obtain

the polarization state. For linearly polarized light, anisotropic
meta-atoms with different transmission/reflection in 2 polar-
ization directions can be applied to perform as a polarization
filter.[79] The realization of circular polarization selectivity
typically necessitates the presence of meta-atoms with chiral ge-
ometries, facilitating the excitation of distinct resonances under
left-handed and right-handed polarization, thereby achieving
selective responses to circular polarization. Both 2D and 3D
chiral structures can be employed to attain circular polarization
selection. This can be achieved through resonance manipula-
tion, utilizing Mie resonance,[80] surface plasmons,[81,82] and
non-local effects[83] to achieve an efficient selection of the target
polarization with a high extinction ratio.

2.2.3. Principle of Multi-Dimensional Spectrum Detection

Frequency is another important dimension, as it carries intrinsic
information about the material. The electric field of the target to

be detected at the objective plane can be written as E(x, y, 𝜆). The
frequency information in the signal is simultaneously captured
by each photodiode or sensor in the traditional imaging process,
resulting in the loss of most of the frequency information. De-
signing spectral modulation devices that allow the frequency in-
formation to be resolved from the aliasing becomes particularly
important.
Conventionally, optical spectra can be acquired by utilizing

dispersive elements, such as gratings wherein light undergoes
diffraction in various directions for different wavelengths.[84]

Subsequently, spectral information can be obtained by employ-
ing a sensor to capture the spatially distributed intensity.[85] As
the distance of propagation increases, the separation between
different frequencies of light also grows, leading to increased
spectral resolution. Narrowband filters can also realize spectral
detection.[7,86] For example, when using a 2D-arrayed spectral fil-
ter, a broadband spectrum can be obtained through an arrayed
intensity distribution. By leveraging bound state in the continu-
ums (BICs) based metasurfaces, the linewidth of the resonance
as narrow as ≈1 nm can be achieved, and the resonance wave-
length can be adjusted by structural parameters.[87–89] Compared
with dispersive elements, which require spatial separation of dif-
ferent frequencies, narrowband filters do not necessitate such
spatial separation, thereby facilitating the design of more com-
pact spectral sensing systems.
Reconstructive spectral imaging is an emerging technology

over the past decade.[90–92] In contrast to dispersion and narrow-
band filtering, a device designed for spectrum reconstruction can
generate a series of wavelength-dependent signature patterns.
The intensity array containing spectral information can be cap-
tured by sensors through a spectral-to-spatial mapping, which is
expressed as[7]:

I (x) = ∫
𝜆2

𝜆1

p (𝜆, x) ⋅ s (𝜆) d𝜆 (5)

where s(𝜆) is the input spectrum, p(𝜆, x) is the spectrum patterns
of the device and the process of detection involves the integration
over the wavelength 𝜆 ranging from 𝜆1 to 𝜆2. When the position
and wavelength are discretized into a matrix, Equation (5) can be
written as:

I = P ⋅ S (6)

where the spectrum S can be reconstructed by solving under-
determined linear equations. Typically, obtaining higher spectral
resolution information requires increasing the number of wave-
lengths in the equations. Techniques such as compressed sens-
ing, deep learning, and convex optimization can be employed to
reconstruct the spectrumwith a high accuracy. Detailed examples
are discussed in Section 5.
By delicately designing the metasurface with the utilization of

these principles, high-quality detection of the optical field inmul-
tiple dimensions can be achieved.

2.3. Computational Imaging for Metasurfaces

The traditional point-to-point relationship between an object and
its conjugate image is inadequate for addressing the complexities
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of comprehensive multidimensional imaging, primarily due
to the aliasing of multidimensional information at the image
plane.[93] To effectively separate this aliasing information, vari-
ous computational imaging methods have been developed over
the past decades. By introducing encoding in the object plane,
within the diffractive process, or at the detector plane of the
imaging system, it becomes possible to reconstruct the object’s
information by solving the inverse problem associated with the
encoded imaging process.[94]

The forward imaging process can be succinctly represented as
y = H(x) + 𝜀, where y is the observed data, H denotes the opera-
tor of the imaging system, 𝜖 is the noise of the imaging system,
and x represents the object. The aim of computational imaging is
to solve y → x, which can be considered an inverse problem.[95]

Due to the inevitable loss of information during the detection
process, the inverse problem is often ill-posed. This results in
the non-uniqueness of the solution, indicating that it is hard to
uniquely determine a single x solely based on y. To solve this in-
verse problem, some algorithms have been developed and per-
formed well in computational imaging tasks.
When the physical imaging process H is known, the solution

to the inverse problem can be obtained by iteratively solving the
following Lagrange-type equation:

x = argmin ‖‖y −H (x)‖‖22 + aΦ (x) (7)

Where the first term represents the constraint between the de-
tected signal and the physical process. a is constant and Φ(x) is
the regularization term that introduces prior constraints, such
as norm or smoothness constraints, to prevent overfitting of
the solution. In solving imaging problems, several algorithms
based on this framework, such as least squares methods[96] and
compressed sensing,[97–99] have demonstrated exceptional per-
formance in fields like spectral imaging[97] and super-resolution
imaging.[100] However, several disadvantages still persist, includ-
ing the time-consuming nature of iterative solving, convergence
issues, and the impact of noise on the solutions. These factors
limit the applicability of these methods in real-time imaging sce-
narios.
Another approach is to solve the problem using data-driven

methods. For an imaging system, a data set corresponding to the
detected signal can be first established from the true value of ob-
ject information.[94,101] Using a deep neural network, the inherent
physical process of the imaging system can be “learned” from the
obtained large amount of prior data and the mapping R can be
established as follows:

R : y → x (8)

this method can achieve image reconstruction through the
training of a neural network when the imaging physical pro-
cess is unknown. And it can solve some problems in extreme
environments.[102,103] Moreover, this method is non-iterative and
can achieve real-time imaging. However, this method also faces
disadvantages such as poor generalization and poor interpretabil-
ity, which limit its applications.
To overcome the shortcomings of the above 2 methods, sig-

nificant advancements have been made in recent years by inte-
grating both approaches. Significant advancements have been

made in recent years by integrating both approaches. For in-
stance, fine-tuning a pre-trained neural network with a physi-
cal model can mitigate overfitting and reduce the probability of
prediction errors.[104] This synergistic approach, which combines
model-driven and data-driven methodologies, aims to transcend
the constraints of traditional techniques, thereby enhancing the
practical applicability of computational optical imaging technolo-
gies.
The previously mentioned methods predominantly focus

on processing digital signals acquired from imaging systems.
However, recent developments have shown substantial progress
in directly manipulating the incident light field through optical
techniques. For example, optical neural networks exploit the cor-
respondence between input and output light fields, employing
inverse design algorithms to optimize material distribution at
each layer.[105,106] This enables operations such as classification,
encryption, and feature extraction of the input light field. The
processing speed of these optical systems significantly surpasses
that of digital signal processing performing analogous functions,
as the input light field propagates at the speed of light.
Computational imaging integrates “computation” into the op-

tical imaging process or its results, employing algorithms to re-
construct information about the object. With the flexible ma-
nipulation capabilities of metasurfaces over incident light across
multiple dimensions and channels, computational imaging has
emerged as a vital tool in the realm of multidimensional imaging
enabled by metasurfaces.

3. Spatial intensity Imaging

One of the primary goals of imaging is to capture the spatial in-
tensity information distribution of an object, with lenses playing
a crucial role in this process. By leveraging the conjugate rela-
tionship between the object and image planes, it is possible to
obtain the two-dimensional intensity distribution of the object.
Furthermore, employing methods such as lens arrays allows for
the acquisition of three-dimensional intensity information dis-
tributions, enhancing our understanding of the object’s struc-
ture and spatial characteristics. However, traditional lenses are
facing challenges such as bulk size and aberrations. With the de-
velopment of nanotechnology, the theory and designmethods for
metasurfaces used to achieve lens functionality, known as metal-
enses, have gradually been refined.[107–109]

Metalens is a kind of metasurface with precisely arranges each
meta-atom according to the spatial phase distribution[110]

Φ(r,𝜔) = −𝜔

c

(√
r2 + f 2 − f

)
(9)

where r represents the distance between each nanostructure and
coordinate origin located at the center of the metalens, f is the
focal length, 𝜔 is the angular frequency of the incident, and c is
the light velocity in vacuum. The basic task of designing metal-
ens is to arrange the phase of the meta-atom so that their phase
satisfies Equation 7. The numerical aperture (NA), which de-
notes the light-focusing capability of a lens, is mathematically
defined by NA = nsin𝛼, where n represents the refractive in-
dex of the surrounding medium of the metalens, and 𝛼 sig-
nifies the half-angle encompassing the maximum divergence
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Figure 2. Metalens imaging. a) SEM image of metasurface lens composed of rectangular TiO2 nano-pillars; b) The x-z plane intensity distribution of
the focused beam evolution in a 40 mm range, 20 mm before and after the focal point; c) Imaging of the resolution chart with metalens; d) SEM image
and its local magnification of achromatic metalens; e) Achromatic focusing at different wavelengths in the visible region; f) Schematic of the bioinspired
photonic metalens array, by leveraging the dispersion of the metalens and different focal lengths for RCP and LCP. A large depth of field ranging from
3 cm to infinity can be achieved; g–i) Disparity estimation results and refocused images at different depths with the bio-inspired photonic metalens array;
j–l) Single-shot aberration-corrected 3D positioning metalens array. (a-c) Reproduced with permission.[111] Copyright 2016, American Association for
the Advancement of Science. (d, e) Reproduced with permission.[120] Copyright 2019, Springer Nature. (f-i) Reproduced with permission.[127] Copyright
2022, Springer Nature. (j-l) Reproduced with permission.[128] Copyright 2020, Optical Society of America.

angle of the light processed by the lens. The resolution of a lens
can be defined as the minimum size of features that can be re-
solved in an image, which can be written as d ≈ 1.22 𝜆 NA−1.
Thus, the imaging resolution increases for larger NAs. In 2016,
Khorasaninejadproposed a dielectric metalens with diffraction-
limited focusing,[111] as shown in Figure 2a. Millions of sub-
wavelength TiO2 nanopillars were fabricated on the substrate,
and each nanopillar’s rotation follows the geometric phase rule
where the rotation angle is half of the design phase. With cross-
polarized components of RCP and LCP incident light focused,
as shown in Figure 2b, the metalens with a diameter of 240 μm
and an NA of 0.8 was fabricated to image with sub-wavelength
resolution in the visible region. The imaged USAF 1951 reso-
lution chart by the metalens is shown in Figure 2c. In the last
few years, there have been many advances in metalens, such as
near-unitary-NA metalens,[112] centimeter-scale metalens,[113,114]

ultraviolet metalens,[32,115] device-integrated metalens.[116]

Achieving achromaticity is one of the objectives in the de-
sign of broadband lenses. Because of the dispersion of the
meta-atoms, the presence of chromatic aberration limits the
further application of metalens. In 2015, Aieta et al. analyzed
the phase characteristics of subwavelength resonant units, per-
formed phase compensation for each design wavelength, and

achieved achromatic focusing at 3 wavelengths by adjusting the
parameters of the meta-atoms.[117] This method has been refined
by dispersion engineering, which is applied to metasurface de-
sign to achieve achromatic metalenses.[118] The dispersion rela-
tion can be analyzed through a Taylor expansion of Equation 7
around angular frequency 𝜔0:

Φ(r,𝜔) = Φ(r,𝜔0) +
𝜕Φ(r,𝜔)

𝜕𝜔

||||𝜔0

(𝜔 − 𝜔0) +
𝜕2Φ(r,𝜔)
2𝜕𝜔2

|||||𝜔0

× (𝜔 − 𝜔0)
2 +⋯ (10)

where the first and second-order derivative terms are the group
delay and the group delay dispersion. By matching Φ(r,𝜔0),
𝜕Φ(r,𝜔)∕𝜕𝜔, and 𝜕2Φ(r,𝜔)∕2𝜕𝜔2 with meta-atoms, metasur-
faces can be designed to significantly compensate for the
dispersion.[119] For example, the phase and the group delay can
be changed by adjusting the geometric parameters of dielectric
meta-atoms (Figure 2d).[120] Combined with polarization mul-
tiplexing, metalenses can achieve polarization-insensitive chro-
matic aberration correction for focusing, as shown in Figure 2e.
Achromatic imaging of a resolution chart has also been demon-
strated using the achromatic metalens, which significantly
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promotes their applications such as bioimaging,[121] fiber
integration[122], and virtual reality[123] for high-quality imag-
ing. Furthermore, some strategies on achromatic metalens de-
sign have been proposed to enable achromatic metalens with
large areas, high NA, and broad bandwidth. For instance, Xiao
et al. achieved achromatic metalens covering 400 to 1100 nm
at the centimeter scale through frequency-domain coherence
optimization.[124] Chen et al. realized the achromatic range of
400–1500 nm with an NA of 0.55 by extending the group delay
theory.[125] Li et al. employed the inverse design to realize large-
area achromatic metasurfaces for virtual reality applications in
visible light. [123]

The potential of metalenses extends beyond these achieve-
ments. In the acquisition of three-dimensional intensity informa-
tion, the integration of rapidly advancing computational imaging
algorithms with metalenses has led to significant progress in
capturing the spatial characteristics of light fields. This synergy
not only enhances the resolution and accuracy of spatial data
but also enables the exploration of complex three-dimensional
structures with unprecedented detail. In 2019, Lin et al proposed
an achromatic light field camera.[126] By arranging a 60 × 60
achromatic metalens array with a diameter of 21.65 um for each,
achromatic imaging of the light field camera was achieved for the
first time, which is difficult to achieve with traditional microlens
arrays. In the light-field camera depicted in Figure 2f, each met-
alen focuses (RCP) and (LCP) light at different positions through
a polarization multiplexing design of meta-atoms.[127] By lever-
aging the dispersion properties inherent to this metalens array,
this setup enables depth-of-field light field imaging from 3 cm
to near-infinity. To obtain an in-focus image, a pre-trained deep
convolutional multiscale neural network is used for sub-image
deblurring. Furthermore, as different metalens at different
positions can capture various optical information, disparity
estimation algorithms can be utilized to estimate the disparity of
objects, which is correlated with the depth of the objects. The es-
timated disparity result is shown in Figure 2g. With this disparity
distribution, the refocus light field images at different depths
(Figure 2h,i) are rendered from the original metalens array im-
age. Additionally, by integrating optimization algorithmswith the
physical processes of imaging, metalens array can be employed
to achieve aberration correction and high-precision 3D localiza-
tion of objects (Figure 2j–l). Liu et al. arranged 3 metalenses as
arrays and proposed a gradient descent algorithm based on cross-
correlation to eliminate various aberrations including distortion,
coma, astigmatism, and field curvature. [128] Simultaneously, they
achieved high-precision 3D positioning with an accuracy of≈1%.
The development ofmetalens represents a significant advance-

ment in the field of optics.With their unique properties and capa-
bilities, metalens hold great promise for a wide range of applica-
tions, from high-resolution imaging to advanced optical systems.

4. Polarization Imaging

Polarization, which describes the direction of electric field os-
cillation, is an important characteristic in the context of mul-
tidimensional imaging. Polarization detection and imaging are
of great interest in many areas including materials science, tar-
get identification, and bio-sensing. Compared to conventional
cameras that only capture light intensity, polarization imaging

can reveal additional information, such as stress distribution
and surface morphological characteristics. To obtain an image
with polarization distribution, there have been several traditional
devices-based solutions. For instance, a metallic grating with se-
lective transmission for linear polarization can be fabricated on
the pixel of an image sensor to detect a specific polarization.[9]

By arranging gratings with different polarization selectivities,
an image with polarization information can be obtained. With
the arrangement and combination of prisms and polarizers, full
Stokes parameters imaging can also be achieved by splitting dif-
ferent polarization into different detectors.[129] However, the per-
formance of traditional polarization imaging approaches is lim-
ited by the large size of the components or low energy utiliza-
tion efficiency. In recent research, metasurfaces offer unique op-
portunities for polarization manipulation, enabling the realiza-
tion of compact, lightweight, and high-performance polarization
imaging systems.[130–132] In 2012, Yu et al. achieved a broadband
(5–12 um) quarter-wave plate by designing the arrangement of
V-shaped metal meta-atoms, and the output light had a high de-
gree of circular polarization of> 0.97. This provided an important
basis for the polarization detection of metasurfaces.[133]

Polarization imaging metasurfaces require meta-atoms to ex-
hibit different responses for different incident polarizations,
which can be achieved by constructing a birefringent meta-atom.
In 2015, Anders et al. designed a phase-gradient birefringent
metasurface for simultaneous detection of Stokes parameters.[35]

The rectangular gold meta-atoms were fabricated on top of a
glass spacer and a gold substrate, where the birefringent char-
acteristics can be utilized to separate different polarization states
into designed diffraction orders. Meta-atoms with a chiral fea-
ture also can realize full-dimensional independent manipulation
of circular-polarized waves. Li et al. designed a chiral mirror
metasurface using aluminum, achieving spin- and wavelength-
encoded imaging of the intended patterns.[134] Furthermore,
achieving compact and integrated polarization imaging has also
attracted researchers’ attention. In 2016, Rubin et al. used the the-
ory of matrix Fourier optics, which incorporates the Jones ma-
trix into the Fourier expansion of the optical field.[135] In addi-
tion to providing information about amplitude and phase, matrix
Fourier theory also describes the behavior of polarization, which
provides guidance for designing polarization diffraction devices.
To realize the polarization imaging as depicted in Figure 3a using
dielectric metasurfaces, they engineered the phase distribution
of meta-atoms to satisfy the Jones matrix requirements. These
meta-atom arrays were utilized to realize a grating with larger
diffraction angles according to the design principles of matrix
Fourier theory. As shown in Figure 3b, the metasurfaces can
experimentally achieve the polarization imaging, the S0 compo-
nent, azimuth of the polarization ellipse (in degrees), and S3 com-
ponent of the object are calculated from the image obtained by the
metasurfaces. The theory they proposed andmetasurfaces greatly
facilitate the polarization imaging, so that the full Stokes parame-
ter imaging device can be integrated into a compact device main-
taining a high accuracy.
Additionally, other methodologies have also been showcased

utilizing metasurfaces for the purpose of polarization imaging.
Basiri et al. drew inspiration from the remarkable circular polar-
ization vision of mantis shrimp, characterized by a top reticular
cell and 7 bottom reticular cells within their compound eyes.[136]
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Figure 3. Metasurfaces enabled compact polarization imaging. a) Full Stokes parameters imaging through matrix Fourier transmission theory with
dielectric metasurfaces; b) The measured S0 component, azimuth of the polarization ellipse (in degrees), and S3 component of the object; c) Schematic
of the chip integrated full-Stokes imaging metasurfaces, where 6 types of filters were integrated on the CMOS chip to realize the full-Stokes imaging;
d) The RCP, LCP and different linearly polarized light realized by different metasurfaces were selectively transmitted to CMOS pixels; e) The CMOS
integrated full Stokes polarization camera; f) The images of the degree of linear polarization (DOLP) and the degree of circular polarization (DOCP)
of the glasses with the different background colors; g) Dielectric metasurfaces achieving polarization imaging by focusing different polarizations at
different position throughmeta-atoms interleaved arrangements; h) Disorderedmetasurface-enabled single-shot full-Stokes polarization imaging; i) The
reconstruction of polarization states by the convolution neural network. (a, b) Reproduced with permission.[135] Copyright 2019, American Association
for the Advancement of Science. (c-f) Reproduced with permission.[137] Copyright 2022, Springer Nature. (g) Reproduced with permission.[138] Copyright
2023, American Chemical Society. (h, i) Reproduced with permission.[139] Copyright 2023, Springer Nature.

They use a single-layer metallic grating to perform as a linear
polarization filter, changing the orientation angle to selectively
transmit the 0, 45°, 90°, and 135° polarized light. A bilayer struc-
ture comprising a metallic grating layer and a dielectric birefrin-
gent metasurface layer was designed to mimic the dual-layered
configuration found in compound eyes to filter the circular polar-
ization. The dielectric meta-atoms in the first layer are oriented at
an angle of 45°to convert circular polarization into linear polariza-
tion. Subsequently, the converted linear polarization is filtered by
the metallic grating. The distinction between RCP and LCP can
be determined by the orientation angle of the meta-atoms, which
is either 45°or −45°in the metasurface, respectively. Through
the design of bioinspired metasurfaces, the coordinates on the
Poincaré sphere of an unknown polarization state can be effi-
ciently and accurately determined. In this way, the bilayer meta-
surfaces array can also be integrated into an image sensor, where
each polarization filter cell corresponds to a sensor pixel.[137] As
shown in Figure 3c, Zuo et al designed on-chip full-Stokes imag-
ingmetasurfaces. The schematic diagram of the linear and circu-

lar polarization filter is illustrated in Figure 3d, featuring a bilayer
metasurface consisting of a linear polarization grating and bire-
fringent dielectric metasurfaces, similar to the one mentioned
above. The slight difference lies in the proposal of a double-layer
metallic polarization grating to replace the single-layer structure
grating mentioned above, aiming for a higher linear polarization
extinction ratio. The integration is achieved by first fabricating
the metasurfaces, and then bonding the metasurfaces on a com-
mercial image sensor (SONY IMX 447) with a 200 nm thick UV
resistor, as shown in Figure 3e. In Figure 3f, they also demon-
strate polarization imaging of a pair of glasses against different
background colors and calculate the degree of linear polarization
(DOLP) and the degree of circular polarization (DOCP) of the
images. The chip-integrated polarization imaging metasurfaces
exhibit remarkable characteristics including compactness, high
speed, exceptional detection accuracy, wide field of view, broad
bandwidth, and feasibility for large-scale fabrication. These fea-
tures render them highly promising for a diverse range of appli-
cations.
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Furthermore, another design by Huang et al. for polarization
imaging with metasurfaces is illustrated in Figure 3g, where an
interleaved metalens with an NA of 0.51 is employed to spa-
tially focus the x/y, 45°/−45°, and LCP/RCP light at distinct
positions.[138] According to the experiment results, the polariza-
tion imaging metalens achieved the resolution of 1.2-fold wave-
length, which is not achieved in previous metasurfaces-based po-
larization imaging. Recently, with the advancement of deep learn-
ing, deeper information contained within original data has be-
come increasingly feasible. Fan et al. proposed a disorder meta-
surfaces for single-shot full Stokes parameters imaging.[139] As
shown in Figure 3h, by leveraging theweak dichroism induced by
varying the in-plane orientation and size of meta-atoms, the out-
put light contains polarization information encoded by the meta-
surface. Then the Stokes parameters image are reconstructed by
employing a compressive sensing algorithm in conjunction with
a neural network, as shown in Figure 3i. With the disorder de-
sign of metasurfaces, more efficient polarization responses are
achieved compared with traditional polarization filter designs.
In summary, metasurfaces-enabled polarization imaging has

greatly improved the efficiency of polarization imaging. It of-
fers new approaches to manufacturing more compact and effi-
cient polarization imaging devices and holds great significance
in fields such as biological detection and material recognition.

5. Spectral Imaging

Spectra, which convey information about light frequencies,
serves as a tool to investigate the absorption, transmission,
and reflection properties of materials.[13,140] Spectral imag-
ing, as an emerging multidimensional imaging technology
that integrates both spectral and spatial information, plays a
pivotal role in diverse domains such as remote sensing,[13]

biomedical imaging,[85] material analysis,[141] and astronomical
observation.[84] The analysis of spectral signatures across vari-
ous wavelengths offers valuable insights into the composition,
structure, and dynamics of a target. Spectral imaging offers re-
searchers a potent tool to elucidate the interaction between light
and matter. Some spectral imaging methods, such as grating dis-
persion, filter combinations, and Fourier transform spectroscopy,
although capable of acquiring both spectral and spatial informa-
tion, face challenges of bulky size and relatively low spectral and
spatial resolutions.[7] Fortunately, metasurfaces have made sig-
nificant progress in recent years, and have emerged as promis-
ing solutions for achieving high-performance spectral imaging.
When combined with advanced computational imaging tech-
niques, metasurfaces can further enhance the performance of
spectral imaging, enabling the reconstruction of high-resolution
images and more detailed spectral information extraction from
complex datasets.
One method for measuring spectra and achieving high

spectral resolution is to leverage the dispersive properties of
devices, which are also utilized in spectrometers. By engineering
the dispersion of metasurfaces, compact spectrometers can
be developed to greatly reduce the size required for spectral
measurements. In 2016, Khorasaninejad et al. designed an
off-axis metalens with super-dispersive properties for compact
high-resolution spectroscopy.[74] This metalens exhibits a large
angle of focusing up to 80°, enabling exceptional spectral reso-

lution in incident wavelength detection within a highly compact
configuration. The results of the spectral resolution experi-
ment demonstrate that the metalens is capable of resolving a
wavelength separation of 200 pm, which provides an important
foundation for spectral detection of metasurfaces. Similarly, dis-
persion engineering also can be applied in in-plane waveguide
optics. Zhang et al. designed ameta-waveguide to reconstruct the
spectrum of input light in a 100 × 100 μm region.[142] By utilizing
an inverse design algorithm, a highly dispersive and compact
five-layer in-plane metalens is constructed in a folded configura-
tion. Spectra in a range of 1525–1575 nm can be reconstructed at
a resolution of 0.108 nm. Furthermore, to obtain the 3D spatial
information and one spectral information, Hua et al designed a
spectral light-field imaging (SLIM) device with a 4 nm spectral
resolution and near-diffraction-limit spatial resolution.[143] The
SLIM device consists of multiple metalenses with a transversely
dispersion as depicted in Figure 4a, where the spectral and spatial
information can be reconstructed from the dispersive light-field
image. Due to the inevitable aliasing of dispersion and spatial
information, which leads to image blur, they proposed a convex
optimization algorithm to reconstruct the target’s spectral infor-
mation and perform deblurring on the image. The reconstructed
refocus image of the letters “META” is shown in Figure 4b–e,
where the image at different depths is calculated through light-
field refocusing, and the spectrum of marked points in the
images is also compared with the commercial spectroscopic
camera. Additionally, a spectral super-resolution neural network
is also employed to improve the spectral resolution of the
SLIM.
Narrow-band filters interact significantly only with spe-

cific wavelengths of light, showing narrow bandwidth in the
spectrum, which can be applied for spectrum reconstruction.
In recent research of resonant metasurfaces, a narrowband
spectrum can be obtained by some resonance, such as Fano
resonance, Mie resonance, Fabry-Pérot resonance, and quasi-
BICs.[65,144] These resonances can achieve comparable filtering
effects to conventional filters while maintaining a single-layer
structure and offering new possibilities for high-performance
spectral imaging. For instance, Tittl et al. proposed an image-
based molecular barcoding with dielectric metasurfaces, which
can be used in chemical identification.[145] They demonstrated
high-Q (Q> 200) resonancemetasurfaces by utilizing a collective
behavior of Mie resonances. As shown in Figure 4h, the unit
cell of the metasurfaces consists of 2 elliptic nanopillars with
the parameters of A, B, Px, Py, and S, where the resonance peak
can be adjusted from 1370 to 1770 cm−1 by changing the scaling
factor S. The assignment of distinct resonance characteristics to
different positions establishes a systematic correlation between
spectral and spatial information. By comparing the imaging-
based readout of spatially encoded vibrational information before
and after target analyte molecules are coated, the molecular foot-
print can be identified. Moreover, Yesilkoy et al. have successfully
integrated dielectric metasurfaces with hyperspectral imaging to
establish an exceptionally sensitive label-free analytical platform
for biosensing.[146] Since the existence of the quasi-BICs state, a
high-Q resonance can be generated under x-polarized incidence
by controlling the asymmetry parameters of the unit cell com-
posed of 2 tilt nanopillars. Such metasurfaces were integrated
into an image sensor to perform image-based biomolecule
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Figure 4. Compact spectral imaging supported by metasurfaces. a) Schematic of the metalens with transverse dispersion; b–e) Refocused images
at different depths and the reconstructed spectra of the marked points; f) Snapshot ultraspectral imaging process for a plate of fruit, including the
light modulation, spectral reconstruction, assembling as a data cube and output post-colored image; g) Spectra of the marked point in (f); h) The
envelope of metapixel reflectance amplitudes replicates the absorption footprint of an input spectrum through the high-Q resonance metasurface; i)
The schematic of the parallel spectral imaging metasystems; j) Schematic of the spectrometer composed of the photonic crystal slab and a CMOS
sensor. (a-e) Reproduced with permission.[143] Copyright 2023, Springer Nature. (f, g) Reproduced with permission.[149] Copyright 2023, Wiley-VCH. (h)
Reproduced with permission.[145] Copyright 2018, American Association for the Advancement of Science. (i) Reproduced with permission.[147] Copyright
2020, American Association for the Advancement of Science. (j) Reproduced with permission.[148] Copyright 2019, Springer Nature.

detection. With the narrow bandwidth (≈2 nm) of the metasur-
faces array, they achieved a detection sensitivity with a level of less
than 3 molecules per μm2. Additionally, narrowband filters can
also be combinedwith ametalens array for a compact, aberration-
free color camera (Figure 4i). Mcclung et al. designed a parallel
metasystem in which 3 layers of metasurfaces act as a corrector, a
focuser, and a filter respectively, which can be integrated into an
image sensor.[147] Analyzing the sub-images of the metasystems
allows for the acquisition of 3D data cube: spatial x, y, and
wavelength 𝜆.
Reconstructive spectrum imaging is an emerging direction

with the advancement of algorithms and the increase in computa-
tional power. In Figure 4j, a photonic crystal slab was integrated
into a complementary metal-oxide semiconductor (CMOS) im-
age sensor by Wang et al.[148] Each sub-region of the slab re-
lates to a unique spectrum, which can be pre-measured as a
measuring matrix. Solving the measurement process by mini-
mizing regularized squares error with non-negative constraints,
the spectrum of incident can be reconstructed with a resolution
of ≈1 nm. Furthermore, Yang et al. proposed a metasurface for
ultra-spectral imaging, where a series of freeform-shaped meta-
surfaces are used to improve the spectral diversity.[149] 400 kinds
of metasurfaces are designed to be arranged into a unit cell for
spectral reconstruction. The reconstruction process is illustrated
in Figure 4f,g, where the ultra-spectral imaging metasurface is
employed to modulate the light emitted by the target fruits, fol-
lowed by the application of a reconstruction algorithm to obtain
a data cube with dimensions x, y, and wavelength 𝜆. To expedite
spectral reconstruction, they also trained a neural network con-

sisting of an encoder and a decoder. During spectral reconstruc-
tion, only the trained decoder is utilized.
Metasurfaces have shown great potential in spectral imaging.

Various methods like dispersion engineering, narrowband fil-
ters, and reconstructive spectrum imaging have been developed,
offering high performance and new possibilities in different ap-
plications.However, there is still room for improvement in issues
such as spectral resolution and dispersion of oblique incidence in
metasurface spectral imaging. The application of deep learning
in the design and optimization of metasurfaces may contribute
to better solving these problems.

6. Phase Imaging

The acquisition of phase information from objects has been a
challenge for advancing multidimensional imaging, as most im-
age sensors are only sensitive to the intensity of the light but not
the complex amplitude. Over the past century, many approaches
have been proposed to obtain the phase information. For in-
stance, Zernike invented phase contrast microscopy which can
obtain the contrast image for transparent objects in 1934.[150]

The phase information can be converted into intensity informa-
tion using a phase plate through interference; In 1967, Goodman
proposed a method to record the intensity and phase informa-
tion with digital holography[151]; In 1984, Srinivasan et al. uti-
lized a phase-shift method to achieve measurement of the sur-
face height with a resolution better than 10 μm by reconstruct-
ing the phase information[152]; In 2004, Rodenburg proposed
an iterative phase retrieval method to obtain the intensity and
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Figure 5. Phase imaging with metasurfaces. a) Schematic of an angle-based CMOS integrated wavefront sensor; b) Contour lines of the intensity ratio
from 4 CMOS pixels under the metasurface cell for reconstructing the incident angle; c) Single-shot quantitative phase gradient imaging metasurfaces
pair; d, e) Measured amplitude and phase gradient of SKNO-1 cells; f) Non-local based quantitative phase contrast imaging; g) Single-shot complex
amplitude imaging by a single-layer metalens, the operation principle of the complex amplitude imaging metalens (left), simulation and experimental
profile at the focus plane of the designed metalens (right); h, i) Reconstructed intensity and phase images of the living cancer cells; j) Schematic optical
setup of the materfaces for TIE-based phase retrieval. (a, b) Reproduced with permission.[154] Copyright 2021, Springer Nature. (c-e) Reproduced with
permission.[159] Copyright 2023, Optical Society of America. (f) Reproduced with permission.[156] Copyright 2022, Springer Nature. (g-i) Reproduced with
permission.[160] Copyright 2024, American Association for the Advancement of Science. (j) Reproduced with permission.[161] Copyright 2021, American
Chemical Society.

phase simultaneously with a moveable aperture.[153] Addition-
ally, significant advancements have been made in phase imag-
ing when integrated with computational imaging algorithms.
However, existing methods are limited by complex structures or
time-consuming algorithms, which constrains the performance
of phase imaging for compact and real-time multidimensional
imaging systems.
The exceptional modulation capabilities of metasurfaces

can reduce the complexity of reconstruction algorithms and
enhance reconstruction accuracy, paving the way for the devel-
opment of high-resolution, high-dynamic-range phase imaging
technologies. One method is to design an angle-sensitive meta-
surface, enabling the retrieval of the phase gradient of incident
light and subsequently reconstructing the phase. As shown in
Figure 5a, Yi et al. proposed an angle-based wavefront sensor
enabled by the near-field effect of the metallic metasurface.[154]

The metasurface with hole-shape unit cells is integrated into an
image sensor, where 4 sensor pixels are covered by a unit cell.
Utilizing the near-filed effects that are sensitive to the angle of
the incident, a database is constructed according to the intensity
ratio of the 4-pixel cell. Through the proposed wavefront sensor,
the temporal dynamics of a surface during a fast-coagulating

process can be observed in real-time. It is worth noting that
the allowed angle range of the incident reaches 30°, which is
500 times larger than traditional Shack-Hartmann sensors.
Additionally, Liu et al. report a phase image sensor based on
asymmetric metasurfaces, the reflection of which is sensitively
dependent on the incident angle. The phase gradient distribu-
tion can be obtained through such a metasurfaces array.[155]

Figure 5f shows a schematic of a quantitative phase contrast
imaging through a non-local metasurface by Ji et al. Due to the
presence of non-localized guided-mode resonances, a high-Q
resonance can be excited by paraxial rays and exhibit angular
sensitivity.[156] The resonance also ensures a phase shift of 𝜋/2
with respect to the non-paraxial incident. Thus, the metasurface
can be regarded as an angular filter to perform phase contrast
imaging. The results of the contrast imaging demonstrate that
the proposed phase contrast approach achieves an accuracy of
0.02 𝜋.
Furthermore, interferometry can also be employed for phase

imaging, as the interference terms of the electric field can mod-
ulate the phase information and subsequently convert it into in-
tensity information for recording. In 2019, Bouchal et al. utilized
the resonance and interference effects of plasmonic metasurface
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metallic nanoantennas, combined with a microscopic system, to
achieve the observation of the phase of meta-atoms in the phase-
gradient metasurface.[157] In 2020, Kwon reported a single-shot
quantitative phase gradient microscopy (QGPM) system based
on a bi-layer shear interference metalens.[158] Each metalens has
2 focuses, and they are combined to perform as 4-f systems,
where the incident light can undergo shear interference at a small
distance of 2.25 μm compared with traditional shearing interfer-
ometers. As a result, theQGPM they proposed can clearly capture
phase gradient information as small as 92.3 mrad μm−1 and
achieve a spatial resolution of 2.76/3.48 μm in the x/y directions
respectively. Wu et al. insert a pair of all-dielectric metasurfaces
into a traditional microscope to achieve quantitative amplitude
and phase imaging.[159] As shown in Figure 5c, the first meta-
surface splits a linearly polarized incident beam into 2 circularly
polarized components, while the subsequent metasurface de-
flects both beams toward their initial propagation directions. The
shear interference images in 4 linear polarizations are captured
by the polarization camera, from which the phase gradient and
intensity image can be reconstructed using the four-step phase
shift method. In this way, Li et al. combined the design of met-
alens with shearing interference for a single-shot deterministic
complex amplitude imaging.[160] With a phase gradient resolu-
tion of 42mrad μm−1 and spatial resolution of 4.38 μm, the phase
information in x and y directions, and the intensity image can
be obtained simultaneously in a single shot with a monocular
metasurface. The metasurfaces can independently achieve shear
interference in the x and y directions on the image plane. As
shown in Figure 5g, the linear polarized light was split into 2 RCP
and 2 LCP beams and focused with a shear distance ofΔs and an
image distance “d”. A polarization camera is placed on the image
plane to capture the interference image of 4 linear polarization.
In data post-processing, a four-step phase shift method was
employed on the interference image to reconstruct the phase
map and the intensity image. Meanwhile, Figure 5h,i also shows
the phase and intensity of a living cancer cell by the metasurface
proposed.
In addition to shearing interference and angle-based detection,

transport-of-intensity equation (TIE) based phase retrieval is also
a widely used method to acquire the phase information from an
intensity map. Without the requirement of the complex optical
setup, TIE-based phase retrieval can reconstruct the phase of the
target from a series of defocused and in-focused images by solv-
ing the optical field transfer equation. In Figure 5j, Engay devel-
oped the TIE-based phase retrieval with metasurfaces, where the
2 images for solving can be obtained in a single-shot by utiliz-
ing the dielectric metasurface.[161] The metasurface is positioned
in the Fourier plane of the 4-f system to generate 2 intensity-
modulated images at distinct locations on the image plane. Sub-
sequently, phase information is extracted from the acquired pair
of images.
In conclusion, the development of metasurface-based phase

imaging hasmade significant progress, offering variousmethods
with unique advantages. However, there is still room for improve-
ment and further exploration. Future research may focus on en-
hancing the resolution, sensitivity, and application scope of these
techniques to meet the diverse needs of scientific and industrial
fields.

7. Edge Imaging

The edge signal of an image, mathematically corresponding to
the differential operation of the image, can also be regarded as
one of the dimensions of the light field. Different from the di-
mensions related to the characteristics of electromagnetic waves
mentioned above (polarization, intensity, frequency, phase), this
is a dimension related to the overall incident light field and con-
tains the intensity variation information of the image. The hu-
man visual system has a greater sensitivity to edge details com-
pared with flat areas, making edge imaging a crucial aspect of hu-
man perception and interpretation of images.[162,163] Nowadays,
image processing is typically done using integrated circuits, suf-
fering from slow processing speeds and high-power consump-
tion. Optical spatial differentiation methods can perform real-
time, high-throughput image edge extraction and detection in a
parallel manner, representing a significant innovation in exist-
ing image processing methods and devices.[164–167] In 2014, Silva
et al. introduced the concept of computational metamaterials and
simulated a 3-layer metasurface to achieve various optical com-
putations including edge signal extraction.[168] With the develop-
ment andmaturity of nanotechnology and nano-fabrication tech-
nology, combining edge imaging with metasurfaces can provide
new ideas for the design of new systems for edge detection in
massive images, thereby overcoming the inherent speed limita-
tions and power consumption issues of traditional methods.
Pan used a dielectric metasurface to implement the 2D Lapla-

cian operation under p-polarized incidence.[164–167] At the Γ point,
there is a symmetry-protected BICs that cannot be excited by ex-
ternal normal incident plane waves. In comparison, the quasi-
BICs can partially couple with the incident planewave. The quasi-
BICs are gradually excited, and the transmittance increases with
the increase of the incident angle, thus obtaining the transfer
function required for differential operation. Zhou utilized sim-
ilar principles to design dielectric metasurfaces for implement-
ing Laplace operations, which can be integrated into optical mi-
croscopes and camera sensors to achieve edge imaging with a
high NA.[169] By exploiting the interaction between the polariza-
tion of the input image and the polarization response of the
metasurface, Cotrufo et al can unlock novel capabilities in the
field of analog image processing for controllable orientation-
dependent edge imaging: only the edges parallel to a certain di-
rection, determined by the input polarization, are enhanced,[170]

as shown in Figure 6a. Then, researchers utilized a similar struc-
ture to achieve high-resolution edge imaging with broadband
dual-polarization.[171] Liu et al proposed a new method for im-
plementing an optical spatial differentiator, which consists of a
PB phase metasurface inserted between 2 orthogonally arranged
linear polarizers, and can be used to achieve adjustable resolu-
tion broadband optical edge detection.[172] The design is real-
ized by photonics spin-orbit interaction, which makes left- and
right-handed photons with different spin angular momentum
obtain opposite external orbital angular momentum, manifest-
ing LCP and RCP images with a slight displacement at the im-
age plane. The polarizer eliminates the overlapping components
of the combined LCP and RCP, leaving only the edge information
detectable. Bright-field imaging and phase-contrast imaging are
2 of the most representative operating modes in optical imaging
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Figure 6. Edge imaging with metasurfaces. a) Schematic of the operational mechanism of an edge-detection metasurface highlighting the correlation
between the orientation of edges and the polarization of the transmitted image through the metasurface; b) Spin-multiplexed metasurface capable of
switching between bright-field and spiral phase contrast imaging modes; c) Schematic diagram of dielectric metasurface for edge imaging; d) Different
phase design principles and distribution of metasurface; e) Schematic diagram of imaging principle based on the dielectric metasurface. The light field
is modulated by the metasurface after the object, both the bright-field image containing all the information of the object and the spiral phase-contrast
image with edge information appear simultaneously at the image plane; f) Schematic of polarization multiplexing metasurface for edge detection under
incoherent illumination; g) An imaging system based on integratedmetalens captures images of airplanes landing under natural outdoor light; h) Bright-
field and edge-enhanced images of the flying airplane extracted from selected frames of the test. (a) Reproduced with permission.[170] Copyright 2023,
Optical Society of America. (b) Reproduced with permission.[173] Copyright 2020, American Chemical Society. (c-e) Reproduced with permission.[175]

Copyright 2023, American Chemical Society. (f-h) Reproduced with permission.[177] Copyright 2023, American Chemical Society.

systems. The former is suitable for conventional imaging of ob-
jects with clear contrast, while the latter is suitable for high-
resolution imaging and analysis of fine structures and micro-
scopic features. In 2020, researchers proposed a spin-multiplexed
vortex-phase metasurface for implementing 2D spatial differ-
entiation operations. Through a special design of different re-
sponse characteristics to photon spins, this metasurface realized
switchable and wide-wavelength edge-enhanced imaging,[173] as
shown in Figure 6b. Zhang proposed a reconfigurable metasur-
face that can dynamically realize a series of functions by stretch-
ing the metasurface, including bright-field imaging, low-pass
and high-pass filtering, and edge imaging.[174] Subsequently, Xu
et al. designed a dielectric metasurface, as shown in Figure 6c.
The spiral phase and constant phase are combined with the
parabolic focusing phase to achieve the spiral lens phase and
focusing lens phase, respectively.[175] By controlling the deflec-
tion phase, light waves with different phase structures can be
separated into different spatial positions, thus achieving edge
imaging and bright field imaging synchronously in the same
field of view, as shown in Figure 6e. One key issue raised by
optical edge imaging systems is the need for coherent laser
light sources for illumination. Whereas in practical applications,
most imaging systems use natural incoherent light as the illu-
mination source. Tanriover proposed a subwavelength metallic

metasurface that achieves 2D isotropic, polarization-independent
broadband edge detection in the visible light frequency range
under coherent and incoherent illumination.[176] In 2024, Yang
et al proposed an imaging system based on polarized multi-
plexing metalens, which can achieve edge imaging under nat-
ural incoherent light illumination conditions,[177] as shown in
Figure 6f. By designing a polarized multiplexing metalens to ob-
tain the polarization-related optical transfer function, subtract-
ing the 2 transfer functions results in an equivalent transfer
function with a high-pass filtering response, which can achieve
isotropic edge imaging. The researcher conducted experiments
outdoors based on an imaging system integrated with metal-
ens, capturing images of airplanes landing under natural light-
ing, as shown in Figure 6g. The bright-field images of the
test and its corresponding edge-enhanced image are shown in
Figure 6h. Compared with the method of edge imaging imple-
mented by numerical convolution, this method greatly reduces
the computational complexity and improves the calculation
speed.
In summary, edge imaging utilizing metasurfaces signifi-

cantly enhances the acquisition and interpretation of spatial in-
formation, thereby contributing to the broader context ofmultidi-
mensional imaging. By leveraging the unique properties of meta-
surfaces, researchers have developed innovative methods that
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enable real-time, high-throughput edge detection while address-
ing the limitations of traditional image processing techniques.

8. Conclusion

In this review, we summarized the recent advancements inmeta-
surface research for multi-dimensional imaging. We commence
by elucidating the fundamental principles of metasurface control
over light and subsequently introduce various techniques such
as the generalized Snell’s law, geometric phase, resonant phase,
propagation phase, and other methodologies that are crucial for
manipulating the wavefront of light. Themathematical processes
and solution methods of computational imaging, which play an
important role in metasurface imaging, are also introduced. We
introduce and summarize the principles of metasurface imaging
in space imaging, polarization imaging, spectral imaging, phase
imaging, and edge imaging. Moreover, we present an overview
of the latest advancements in space imaging. For 2D imaging,
we introduced developments such as single-wavelength metal-
enses, and achromatic metalenses. For 3D spatial imaging, we
introduce developments such as achromatic light field cameras
employing metalens arrays, and depth sensing techniques facili-
tated by metalenses. For metasurfaces used in polarization imag-
ing, we systematically classify the current state of research and
present various implementation approaches, encompassing po-
larization separation, polarization filtering, and algorithm-based
methodologies. Following that, we introduce metasurfaces used
for spectral imaging, including dispersionmetasurfaces, narrow-
band filtering metasurfaces, and methods based on algorithmic
reconstruction, with the help of advanced computational imag-
ing algorithms, it has made significant progress in both spec-
tral resolution and spatial resolution. We introduce metasurfaces
for phase imaging based on principles, which include angle-
sensitive near-field effects, interference modulation, and phase
recovery algorithms. The research progress of the metasurface-
based edge imaging was also introduced.
Despite significant theoretical and experimental advance-

ments in multidimensional imaging with metasurfaces, there
remains room for improvement in the dimensions and density
of information that can be obtained. Researchers continue to
explore the limits of the multidimensional imaging capabilities
of metasurfaces. Achieving high-performance multidimensional
imaging holds great promise for theminiaturization and integra-
tion of imaging devices, which is of paramount importance in the
field.
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