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Abstract

Visualizing the phase of an optical field is fundamental to applications ranging from
biological microscopy through to material science. Its importance is evidenced by the
award of the 1953 Nobel Prize to Frits Zernike for his invention of the phase contrast
microscope. Conventional phase imaging techniques, including Zernike phase contrast,
differential interference contrast and interferometry, often rely on bulky optical com-
ponents and macroscopic propagation distances. These factors hinder the miniaturiza-
tion and integration into ultra-compact imaging systems. Furthermore, computational
methods also present challenges due to computational complexity, potentially compro-
mising speed and energy efficiency. The recent emergence of the use of nano-optics,
including thin films and metasurfaces, in image processing has opened up possibilities
for a new class of compact methods for phase imaging. These nano-structured devices
have been shown to permit phase visualization and we believe that they hold the po-
tential to enable the next generation of imaging systems and photo-detectors in a broad

range of applications.
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1 Introduction

The use of meta-optics in imaging systems has attracted significant attention from the scien-
tific community in recent years.! These nano-photonic devices hold the promise of reducing
the spatial footprint of the key components in conventional imaging systems and enabling
unprecedented functionality.? Some examples of successful demonstrations of meta-optical

® wave-plates,® beam-

devices relevant to imaging systems include flat lenses,® polarizers,*
splitters” 1% and multi-functional components.!! These underpin our opinion that meta-
optics will play a pivotal role in the ongoing transition to compact imaging systems. Meta-
optical devices have also been demonstrated to permit processing of images to modify them,
or extract information from a wavefield. !> Most of the initial work in this field has focused on
devices that perform high-pass spatial frequency filtering to perform spatial differentiation
and edge detection on amplitude image. Other devices have been demonstrated to perform

15,16

mathematical operations such as differentiation,'®'* Fourier transformation, or solving

integral equations.!”
More recently, meta-optical devices have gained attention as new methods to extract and

visualize the phase of an optical field.'® 2! For a scalar electric field U with

U(r,y) = A(z,y) explio(z,y)], (1)

where A(x,y) describes the field amplitude and ¢(x,y) refers to its phase in a fixed plane

on the optical (z) axis, the intensity or irradiance I is given by

I(z,y) o< |U(z,y)|* = A(z,y)*. (2)



The intensity distribution can be sensed using conventional photo-detector technology. The
phase ¢(x,y), however, remains invisible and alternative methods are required to visualize
it.

Visualizing the phase of an optical field is a fundamental enabler for biomedical research.
In particular, the study of biological cells heavily relies on it and has historically driven the
development of phase imaging methods. Imaging contrast in transparent biological specimens
can also be enhanced through the introduction of exogenous staining agents. However,
this often requires fixing the samples and therefore prevents long-term studies via live-cell
imaging. For some types of cells, like mammalian stem cells, biological compatibility with
staining agents is particularly challenging.?? Phase imaging enables visualising refractive
index and thickness variations within transparent samples without the need for staining.
Furthermore, extracting quantitative phase maps from an optical field is also critical to
wavefront recovery required for adaptive optics systems, and determining the direction of
propagation of light in free space.

In this perspective, we contrast conventional techniques for visualizing and quantifying
the phase of light with emerging meta-optical approaches. We believe that the latter have
the potential to address some of the limitations of conventional phase imaging technology,
including cost, spatial footprint and processing times of computational methods. Further-
more, we anticipate that meta-optics will be an enabling technology for the next generation
of compact phase imaging and wavefront sensing systems with capabilities beyond those of
state of the art approaches. The interested reader is referred to more general articles on

l. 12

image processing and analog computing, including Wesemann et al.~ or Zangeneh-Nejad et

al.,?® for a broader discussion of further applications of meta-optics in image manipulation.



2 Conventional phase imaging methods

As light propagates through transparent samples, it accumulates a spatially varying phase
shift arising from variations in their refractive index or other interactions. These modulations
are invisible to conventional bright field microscopes, which has driven the development of

a variety of phase imaging techniques.

2.1 Qualitative phase imaging

The conceptual groundwork for phase imaging was laid in the mid-1930s by Frits Zernike,
who introduced a new technique for visualizing unstained transparent samples.?* 26 The
core component of the phase microscope was a phase plate positioned in the back focal plane
of a microscope objective. It introduces a phase difference of 7/2 between the light that
has transmitted through the sample and the unmodified background light. The subsequent
interference between these beams in the image plane of the sample generates contrast in the
output image. In recent developments, the concept of Zernike phase plate has been extended
to a spiral phase plate that creates a vortex in the wavefront of light, useful for spiral phase

2728 and Hilbert microscopy. 23 However, the images produced by phase

contrast microscopy
contrast microscopes employing the use of phase plates can be limited by the presence of
halo artifacts around the edges of objects.

In the early 1950s, Georges Nomarski developed a new type of phase contrast microscopy
that avoided the need for Fourier-based filtering. The technique, known as differential in-

3132 involves the shearing of polarized light into two

terference contrast (DIC) microscopy,
slightly displaced and orthogonally polarized beams with a Wollaston prism. The beams
accumulate different phase shifts as they traverse slightly spatially separated paths through
the sample and hence interfere when they are recombined. As a result, contrast is created

in the output image producing a characteristic three-dimensional effect due to the relative

optical path length differences along the shear direction. The technique forms part of a



broader category of phase gradient microscopy techniques that convert the gradual changes

in the refractive index or thickness in transparent samples into intensity.3%3*

Phase gradi-
ent microscopy can also be used alongside computational techniques for quantitative phase
imaging, such as by integrating the measured derivatives through Fourier-based integration.
However, shear artifacts can appear in the images due to the shearing of polarized light and
its interaction with birefringent samples.

3536 relies on the use of a Hoffman modulator that ex-

Modulation contrast microscopy
hibits a variable amplitude transmittance to enhance the visibility of phase variations in a
transparent sample. This addressed some of the limitations associated with Zernike and No-
marski microscopy, such as reduced contrast or the appearance of artifacts in images where
the phase variations are too strong. However, the system has a strong sensitivity to the phase
only along a particular direction and therefore requires specific positioning of the sample.
Other techniques have been developed, such as dark field microscopy that blocks directly
transmitted light to generate images with stark contrast against a dark background.?37":3
While useful for imaging the larger features in a sample, dark field microscopy tends to yield
weaker contrast for weakly scattering samples. Schlieren imaging is a Fourier-based method
where either negative or positive spatial frequencies in the sample are removed by an optical
‘knife edge’,3%0 but it requires the precise positioning of the knife in the Fourier transform
plane of the sample.

4243 originally used for enhancing con-

Nanoparticles*! and surface plasmon resonances,
trast, have also been applied to phase contrast imaging. The latter technique leverages
resonances that are highly sensitive to the refractive index of the surrounding material,
providing a powerful tool for studying molecular interactions and drug screening processes.

[.** also demonstrated the conversion of small, local variations in refractive index

Balaur et a
into contrast using a nanopatterned silver film in the near-field vicinity of human tissue
samples. Single-pixel imaging®®4% has gained attention for its ability to access wavelengths

beyond the capabilities of regular cameras, but is still currently limited by low resolution in



4748 and defocusing techniques®?®® have been

images. Finally, quantum mechanical effects
employed to provide a variety of solutions to address the challenges associated with visualiz-
ing transparent samples. However, as we will discuss in detail in section 3, metasurfaces are
presenting as effective solutions to many of the limitations associated with phase contrast
microscopy techniques by removing the need for Fourier-based components, tailoring and

tuning optical shearing, as well as extending the performance to wavelengths beyond the

visible and near-infrared.

2.2 Quantitative phase imaging

Phase contrast imaging provides visual insight into the morphology and composition of
transparent samples, which can be crucial in cancer imaging®! and real-time blood testing. 52
However, the qualitative nature of this imaging method does not provide quantitative infor-
mation of the phase variations in optical fields. Developments in quantitative phase imaging
have opened opportunities to address this limitation. The Shack-Hartmann wavefront sen-
sor is widely used for quantitative phase measurements, achieved by integrating the local
phase slopes from microlenses that divert light onto a camera.? These devices are commer-
cially available and are compatible with many conventional microscope systems, however the
number of microlenses constrain the spatial resolution of the system.

Since the invention of the laser, a well-known method for acquiring relative phase infor-
mation within optical fields is interferometry.®* % In this technique, coherent light that is
transmitted through a transparent sample is combined with a reference beam to create an
interferogram, which has an intensity that is a function of the phase difference between the

57,58

two beams. Variations of the technique include shearing interferometry, optical quadra-

63,64

ture microscopy,® spatial® % and gradient light interference microscopy, phase-shifting

65,66 67-69

interferometry and differential phase contrast microscopy.
A closely related technique is holographic microscopy.” ™ This approach can capture

both amplitude and phase information from a sample by recording its hologram. A quanti-



tative phase image can then be reconstructed computationally from the fringe pattern ob-

tained via phase unwrapping algorithms. Digital holography has further diversified into other

72,73 52,74

techniques including off-axis digital holography and diffractive phase microscopy.

Interferometry and holography are distinguished by their ability to deliver precise mea-
surements of the relative phase shifts with high signal-to-noise ratios. However, they often
feature relatively complex and sensitive configurations that require coherent illumination
and stable environmental conditions, although, recent developments have allowed for partial
coherence, such as in scanning white light interferometry. " Interferometric systems can
also be limited by quadrature phase shift errors that introduce aberrations into the images.
Metasurfaces can address these issues by removing the need for reference beams and reduce
the overall size of the system. Speckle patterns, a common by-product of coherent illumina-
tion, have also been harnessed as a basis for quantitative phase imaging techniques.””™® By
determining the optical path length differences across a sample, these methods can produce
comprehensive maps detailing the thickness, refractive index or density of the sample. Depth
information is also accessible in holography, enabling three-dimensional reconstructions that

79,80

can be faster than other techniques such as optical coherence tomography or optical

diffraction tomography.8! 83

2.3 Computational phase imaging

With the emergence of digital technology, computational approaches to phase imaging that
rely on the algorithmic analysis of intensity measurements have gained prominence.?* Early
phase retrieval methods include the Gerchberg-Saxton algorithm® and the Fienup hybrid
input-output algorithm.® There also exist methods that solve differential equations to re-

trieve the phase distribution of a transparent sample, including the Fokker-Planck equa-

tion®"88 and the transport of intensity equation.®* 9! The latter encapsulates the manifesta-

tion of phase information in intensity variations as a result of the propagation of light and



is given in the paraxial approximation by

_k% = VL : (I(I, Y, Z)VLQO(xv y)) ) (3)

where V| is the transverse (z,y) gradient operator and k = 27/\ is the wave-number and
A is the wavelength. The phase distribution ¢(z,y) can be solved by obtaining the intensity
in two closely spaced planes along the optical (z) axis. These computational techniques
shift the focus from optical manipulation to digital power, eliminating the need for external
reference beams, phase-sensitive components or strict coherence requirements. However,
the need to capture the intensity in two different planes requires mechanical shifts in the
imaging system or additional optical complexity. Metasurfaces are bypassing this, however,
by simultaneously producing the images required for image reconstruction.“? However, the
resulting images can be susceptible to the appearance of low frequency artifacts.

A prominent hybrid quantitative phase imaging technique that can surpass the diffraction
limit is ptychography.?® In this method, the sample is sequentially illuminated point-by-point
to produce diffraction patterns that are combined in an iterative algorithm, such as the pty-
chographic iterative engine,® to recover the phase image. Fourier ptychography is a common
variation of this technique, where the sample is illuminated with angled plane waves that se-
lect the spatial frequency components of a sample, which can be recombined with the Fourier
transform.? A significant advantage of ptychography is the ability to simultaneously recon-
struct the amplitude and phase of the complex wave, which reduces artifacts and improves
the resolution. Metasurfaces are also being used to enhance the reconstructed amplitude and
phase,? however the point-by-point scanning nature of ptychography can be relatively long.
Additionally, the use of near-field effects may lead to additional complexity in retrieving the
phase quantitatively, as the refractive index of the sample can be altered in the proximity
of the device used. Artificial intelligence and machine learning have recently been advanced

to offer a powerful addition to hybrid phase imaging systems.”? These advanced systems



can analyze the output images to identify specific biological, pathological or other pertinent

features,” which can be instrumental in detecting early stage cancer or diseases. 44100

3 Metasurface-enabled phase imaging methods

Metasurface enabled phase-imaging

intensity
Fourier plane spatial filtering ; Spatial frequency selective metasurfaces
d i ms
sample 11 Ms L2 imaging system sample L
phase modulation
Other approaches
C Lens apodization Use of multiple metasurfaces
Hybrid with
digital processing
sample Apodized lens Ms sample ~ MS Mms = i

Figure 1: Techniques for meta-optical phase imaging. (a) Metasurface spatial-filters for placement
in the Fourier plane of a 4 f-system. (b) Spatial frequency selective metasurfaces for filtering in the
object- or image plane, sometimes refereed to as Green’s function approach. (c¢) Other methods
including metasurface-enabled lens apodization, the use of multiple metasurfaces and quantitative
phase imaging via hybrid approaches involved metasurfaces and digital computation. 'L’ stands
for lens and "MS’ for metasurface.

While qualitative and quantitative methods for phase imaging are widely used, their
implementation usually requires bulky, complex, and/or expensive components or computa-
tionally intensive algorithms. Meta-optical devices have gained significant attention as an en-
abling technology for miniaturizing imaging systems, including for novel approaches to phase
imaging. Metasurfaces, in particular, enable complex light-matter interactions through the

1

use of nano-structures!'®! and this section reviews the use of meta-optical devices for phase

contrast imaging applications.



The key advantages offered by metasurface phase imaging approaches are the unique
combination of the flat nature of metasurfaces, the inherent flexibility in the design of op-
tical metasurfaces, and in many cases their ability to process images in real-time without
additional computational processing. This opens up new avenues for phase imaging systems
not achievable with conventional methods. These include metasurfaces integrated with pho-
todetectors!?? to extend their sensing capabilities from intensity to phase, as well as phase

103,104 Ap additional promis-

imaging systems directly integrated into microfluidic systems.
ing avenue are ultra-compact wavefront sensing systems for applications with challenging
requirements on data rates, form factor and energy consumption such as in small scale satel-
lite systems, > where adaptive optics are commonly applied for wavefront correction. %6

As indicated in the introduction to this perspective, biological imaging represents one of
the key application areas of phase imaging. In particular live-cell phase imaging and quanti-
tative phase imaging could benefit from metasurface based methods. Many of the qualitative
phase-imaging approaches reviewed in this section are all-optical and thus inherently operate
in real-time thus imposing no limit on time resolution. For those approaches that enable
quantitative phase imaging via metasurfaces, computational post processing is involved and
the time resolution depends on the execution speed of the post processing step.

The various metasurface enabled approaches can be divided into three different cate-
gories based on the role of the meta-optic within the imaging system. The first category
implements meta-optical devices as spatial filters that are placed in the Fourier plane of a
4f, or similar, system to manipulate optical fields in a way that visualizes the phase. The
second category encompasses approaches that filter the spatial frequency spectrum of an op-
tical field directly in the object or image plane. The third category combines several aspects

from the first two categories and can integrate multiple meta-optical devices or devices with

multiple functionalities.
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3.1 Fourier plane spatial filtering using local metasurfaces

The first demonstrations of image processing were performed in the 1940s taking advantage
of the well-known Fourier transforming property of a lens.?" 1% This involved the use of
optical assemblies such as the 4f system where two lenses are used to access the Fourier
plane of an incident wavefield where masks with a spatially varying amplitude and/or phase
transmission are introduced to modify the spatial frequency content of the input field. Most
significantly, both the amplitude and phase of the field can be accessed and modified using
this technique. In the context of phase imaging, as discussed above, phase masks such as
those used in Zernike phase contrast microscopy can be used to introduce a 7/2 phase dif-
ference between the background (manifesting as zero spatial frequency) and the remainder
of the field. Furthermore, all-optical systems are effectively real-time and require no further
energy input other than the incident field. Ultimately, the quality of the processed image will
depend on the spatial resolution of the mask which will determine the precision with which
individual spatial frequency components can be addressed, and the transverse size of the
mask and numerical aperture of the entire imaging system. The extent to which the ampli-
tude and phase of the light transmitted through the mask can be independently controlled
are also significant. Note that spatial filters can be introduced in both transmission and
reflection systems where, in the latter, the same lens Fourier and inverse Fourier transforms
the field. 0

In terms of progressing Fourier plane spatial frequency filtering, meta-optics provides a
number of opportunities (Fig. 1a). Firstly, with the capacity for independent control of the
amplitude and phase of transmission through a metasurface!''* they provide a new paradigm
for developing meta-optic spatial filters. Secondly, metalenses can reduce the overall size
dedicated to optical components in a 4f or other system and, finally, the new concept of
space plates''® may reduce the physical dimensions of the required propagation distances.

Spatial filters based on nanostructures can be realized by introducing into the transmit-

ted, or less frequently the reflected, field a point-by-point variation in amplitude and/or

11



Figure 2: Phase imaging in the Fourier plane using local metasurfaces. a) Dielectric metasurface
enabling bright field imaging and edge detection switchable via the handedness of circularly po-
larised light (left), imaging of undyed onion epidermal cells (right). Adapted with permission from
ref. 11 Copyright 2020 American Chemical Society. b) SEM image of metasurface spatial filter
in top-view and tilted view (left) and quantitative phase map obtained via metasurface assisted
transport of intensity (TIE) imaging (right). Adapted with permission from ref.%? Copyright 2021
American Chemical Society. ¢) Polariscope image of femtosecond laser engraved spatial filter (left),
obtained images using the metasurfaces (right) of humanumbilical vein endothelial cell (HUVEC)
(top row) and human bronchial epithelial cell (HBEC) (bottom row). Shown are phase contrast
(first column), darkfield imaging (second column) and edge detection (third column).!'? Copyright
2020 Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license. d) Fourier
optical spin splitting microscopy - transmittance of metasurface spatial filter (top left), qualitative
(bottom) and quantitative (top right) phase imaging of NIH3T3 cells. Reprinted figure with per-
mission from ref.!'® Copyright 2022 by the American Physical Society.
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phase via a mask placed in the Fourier transform plane. One mechanism to do this is uti-
lizing the concept of the geometric or Pancharatnam-Berry (PB) phase!!118 to engineer
local phase variations across a metasurface. Through the use of tailored dielectric or plas-
monic ‘nanoblocks’ or 'nanoslots’ a, full 27 phase coverage can be achieved to create complex
phase masks when illuminated with circularly polarized light. ! The use of non-resonant
structures can result in broadband performance. 2

As discussed earlier, the use of a spiral phase plate as a spatial filter leads to isotropic edge
enhancement in the resulting image, regardless of the orientation of the object. For example,
Huo et al.''! leveraged the concept of geometric phase by performing spin multiplexing with
TiOs nanopillars (Fig. 2a). Upon LCP illumination, bright field amplitude imaging of
phase objects can be observed, while edge-enhanced phase contrast is shown with RCP
illumination. This configuration was used to demonstrate phase-contrast imaging of onion
epidermal cells at wavelengths from 480-630 nm, showcasing its broadband functionality.
Another demonstration by Xu et al.'? utilized an inverse design approach based on the
evolution of the Pancharatnam-Berry (PB) phase on the Poincaré sphere. This method
enables the design of various metasurfaces with different optical transfer functions, including
those tailored for phase imaging applications.

Shou et al.'?! demonstrated second-order differentiation with respect to two orthogonal
directions by cascading two 4 f systems where dielectric PB phase metasurfaces are used as

122 y1sed

orthogonally oriented spatial filters in the two Fourier planes. Similarly, Wang et al.
identical metasurfaces oriented in orthogonal directions in an interferometric setup. One
metasurface, placed in one arm of the interferometer, performs spatial differentiation along
the z-direction, while the other along the y-direction. On interference, the two processes
achieve isotropic edge-enhanced phase contrast images.

Phase edge enhancement through spatial differentiation in a 4f setup can be performed

using a birefringent PB metasurface produced using femtosecond pulse laser processing of

silica?®123 (Fig. 2c¢). Broadband phase edge enhanced images of human umbilical vein

13



endothelial cells and human brain endothelial cells were demonstrated.

Zhou et al.*'3 used a PB phase dielectric metasurface in conjunction with crossed linear
polarizers to create a spatial filter with a sinusoidally varying transmittance in the Fourier
plane (Fig. 2d) taking advantage of the difference in phase introduced into the RCP and LCP
components of the transmitted field. Mechanically displacing the metasurface or rotating the
analyzer introduces a phase bias between the resulting copies of the phase contrast images
permitting computational quantification of the phase. The authors performed single-shot
QPT on NIH3T3 cells by combining this process with a polarization-sensitive camera.

4

Phase variations can also be visualized by introducing resonant nanostructures!?* and

taking advantage of Mie or other resonances in the scatterers, although there have been
fewer demonstrations of using this approach to performing phase imaging. One example!2°
uses a device composed of polycrystalline silicon (P-Si) nanoblocks of different sizes on a
glass substrate to obtain a 27 phase variation across the surface. Edge detection of rhizobia
(soybean roots) and liver tissue was demonstrated using linearly polarised illumination at
830 nm. Unlike the PB approach, the use of resonant nanostructures leads to a limited
bandwidth although usually requiring less complex polarization strategies. Metasurfaces
can also play a crucial role in providing information for both the TIE and other phase
retrieval processes. Engay et al.”? utilize a resonant metasurface in the Fourier plane that
separates linearly polarized light into two orthogonal polarization components (TE and TM)
and introducing a propagation phase shift onto the TM component removing the requirement

for the mechanical defocus typically required for applying the TIE (Fig. 2b) and enabling

single-shot image acquisition.

3.2 Spatial-frequency selective metasurfaces in the object or im-
age plane

Despite its benefits, a 4f system is relatively bulky requiring not only lenses, but also the

propagation distances required for the optical field to evolve to the Fourier plane and back.
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Secondly, the mask needs to be placed in the Fourier plane with errors in axial and transverse
positioning leading to loss of quality of the processed image. Metasurfaces with a sensitivity
to the angle of incidence, on the other hand, are capable of performing image processing where
the incident angles, associated with the various plane wave components in a decomposition,
correspond to specific spatial frequencies (Fig. 1b). Unlike Fourier plane spatial filtering
discussed in the previous section, the additional optics associated with a 4f system are not
required and, furthermore, there is considerable flexibility in positioning the metasurface
in the optical system. For example, a suitably designed metasurface could be placed in
proximity to the object of interest, in the object plane, adjacent to a lens, or at some other
location minimizing the overall size of the optical system.

For monochromatic, coherent light propagating through a linear optical system, the input
field can be decomposed into a superposition of plane waves with their (complex) amplitudes
connected to the incident field via Fourier transformation. Taking the z— direction to be
the optical axis, the relationship between the transverse components of the spatial frequency

(kg, k) and the angles of propagation of the associated plane wave (6, ¢) is given by:

k, = kosin 6 cos ¢ (4)

k, = kosin@sin ¢ (5)

where kg = 2w /X for light with free-space wavelength A, 6 denotes the polar angle with
respect to the optical axis and ¢ the angle of the projection of the wavevector onto the
r — y plane with respect to the x-axis. It is, therefore, apparent that metasurfaces and
other nanophotonic devices with a transmission or reflection that is sensitive to the angle
of incidence can be used for image manipulation, more generally, and phase imaging, in
particular. We here refer to this method as the ‘object plane’ approach and the interaction
of the device with an incident optical field is most appropriately described in terms of an

optical transfer function (OTF) H(k,,k,). In the not uncommon case of a device that
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Figure 3: Phase imaging using spatial frequency selective meta-optics. a) Nanophotonics enhanced
coverslip (NEC) based on Ag/TiO2 resonant waveguide gratings enabling phase visualisation. The
phase object is directly placed on top of the NEC (left). Pseudo-3D images, similar to DIC images,
are generated of human cervical cancer cells (HeLa) (top right) with brightfield image for reference
(bottom right).!? Copyright 2021 Author(s), licensed under a Creative Commons Attribution (CC
BY-NC-ND 4.0) license. b) Quantitative phase imaging in transmission (left) using Silicon Nitride
resonant waveguide gratings (right). Phase objects are directly placed in front of the metasurface
filter.20 Copyright 2022 Author(s), licensed under a Creative Commons Attribution (CC BY-NC-
ND 4.0) license. c¢) Photonic crystal device for high-pass spatial frequency filtering in transmission
(bottom right), and integration with metalens (top). Demonstration of edge detection in images of
onion epidermis using the compound device. Adapted from ref.'® with permission from Springer
Nature. d) Metasurface with asymmetric angular response based on ’spin-orbit coupling’ of incident
circularly polarised light. DIC-like images of phase object are generated without requirement for
off-normal illumination. Adapted with permission from ref.?! Copyright 2022 American Chemical
Society.
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possesses a polarization sensitivity, this function is replaced by a tensor that describes the
transmission of the polarization basis states through the structure. In this case, the OTF
is generally one of the co- or cross-polarized components of transmission or reflection. The
object plane approach can also be used to perform mathematical operations on an incident
field. For example, if the OTF is proportional to the x-component of the incident wavevector,
i.e., H(ky,k,) o k,, the resulting output is the derivative with respect to z of the input.
First and second order differentiation also provide an avenue to edge detection of an input
amplitude or phase field and developing devices with these properties has been a focus of
much research into these spatially frequency sensitive metasurfaces. We note, however, that
this operation still comes with significant loss of information, specifically the relative sign of
gradients within a field as well as more subtly varying phase variations introduced by, for
example, the interior features of a sample such as an unstained cell. This can be recovered by
introducing a phase bias through off-normal illumination or controlling interference effects
using polarization, effectively adding a constant to the OTF. This introduces interference
between the background and scattered light producing a pseudo three-dimensional image,
similar to that seen in DIC, that contains significantly more information about the sample.
A useful concept in characterising optical imaging systems is the numerical aperture (NA).

It is defined by the range of angles that can be captured by a lens with

NA = nsin Oy, (6)

where 0, is the maximum acceptance angle of the lens measured relative to normal incidence
and n the refractive index of the medium in which the lens is placed. The concept of a
numerical aperture is also used in the field of spatial frequency selective meta-optical filters.
However, the use of the term in this field is less strictly defined. Here we define the NA ¢
of such a meta-optical filter as half of the the range of normalised spatial frequencies over

which the device performs the intended operation, such as high-pass filtering, or exhibiting
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a near-linear or parabolic transfer function. With this definition, we obtain

NA s = n(sin Opax — sin i) /2, (7)

where 0.« and 6,,;, define the maximum and minimum angles of incidence of plane wave
components for which the meta-surfaces perform the filtering operation. This definition is,
for example, used in Zhou et al.'®® and Wesemann et al.'. It is therefore crucial to make a
difference between the NA of the meta-optical filter and the NA,s of the broader imaging
system in which the filter is located. Going forward we will only refer to the NA of a
metasurface for simplicity since this perspective does not discuss the numerical aperture of
imaging systems themselves.

We here divide the various approaches using spatial frequency selective meta-optics into
two sections. The first involves metasurfaces where a particular resonance of the unit cell
possesses a fundamental sensitivity to the angle of incidence of a plane wave. The second
incorporates diffraction gratings and resonant waveguide gratings where the angular response

is inherently nonlocal.

3.2.1 Metasurfaces with a phase sensitive unit cell

The resonances of the unit cell of a metasurface can depend on the wavelength, polarization
and direction of an incident plane wave. One example includes so-called bound states in
the continuum (BICs) that describe confined electromagnetic and other waves that coexist
with a continuous spectrum that can permit radiation under appropriate conditions. 26127
This concept was first introduced in quantum mechanics,'?® but their applications in the
form of quasi-BICs in photonic systems has attracted considerable recent attention.!* Note
that the use of this terminology in optics is relatively new and similar physics has previously
been described in terms of so-called ‘dark’ or ‘subradiant’ modes.3? Owing to their ability to

produce sharp resonances, significant research has focused on applications in sensing, 31133
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134,135 and in lasing. 136137 While BICs and subradiant modes are primarily

nonlinear effects,
associated with low-loss and high-quality dielectric elements,'? symmetry-protected BICs
have been observed in plasmonic structures. 38139 Many investigations into BICs introduce
a geometric asymmetry to excite quasi- BICs at normal incidence. However, their symmetry
in momentum space can also be broken through the use of off-normal incidence. When
incorporated into a metasurface, the excitation of BICs manifests as an angle-dependent
transmission or reflection and, hence, such devices can be utilized to perform all-optical
image processing in the object plane (Fig. 1b).

In metallic nanostructures, the resonance of a metal nanoparticle, often referred to as
localized surface plasmon resonance (LSPR), is dominated by the electric dipole moment of
the oscillating charge. However, under certain conditions, ensembles of metallic nanoparticle
arrangements can be sensitive to phase variations in the incident field and, hence, the angle
of incidence. 4?7142 This property emerges from the existence of a higher order mode with
zero net electric dipole moment that exhibits a symmetry that precludes their excitation with
a normally incident plane wave. As with BICs the introduction of a geometric asymmetry
leads to the appearance of a quasi-subradiant mode, but, again, when a symmetric plasmonic
structure is illuminated with off-normally incident light with a particular polarization, phase
shifts across the unit cell are introduced and lead to the excitation of subradiant modes of
the unit cell.

Dark modes in plasmonic nanostructures have been used as a platform to convert phase
gradient information in weakly absorbing objects into intensity information. The object
plane approach to image processing (Fig. 1b) was experimentally demonstrated in reflec-
tion with a reflective metasurface consisting of periodic arrays of silver trimer structures
that support subradiant modes. !4 The dark mode resonances were excited under linear po-
larization at oblique angles and an edge enhanced image in reflection was obtained at the
resonant wavelength.!4* The optical responses of an array of annular apertures in a per-

fectly conducting film and arrangements of plasmonic nanorods in a ‘dolmen’ configuration
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1.1%5 and it was shown that the angular/spatial frequency

were investigated by Roberts et a
sensitivity of the TEM cavity mode of a coaxial aperture or a cross-polarized mode of the
plasmonic nanorod ensemble permitted the generation of a dark field image on transmission
at the resonant wavelength. Furthermore, a pseudo-3D visualization of the phase object,
similar to those obtained through DIC microscopy, is produced when the metasurface is
illuminated at an oblique angle.

The dolmen structure was also shown to exhibit an asymmetric optical transfer function
across a relatively high numerical aperture (NA) of approximately 0.4 by tuning the orienti-
ations of the input polarizer and output analyzer.'4® The device consists of two parallel gold
nanorods and a third oriented at 90° to the other pair. The third rod is centered slightly
above the two parallel rods. In contrast to structures mentioned previously, if this device is
illuminated with linearly polarized light oriented at 45° to the nanorod orientations, while
analyzed through a polarizer with its axis parallel to the nanorod pair the OTF of this de-
vice is asymmetric about normal incidence, i.e., about zero spatial frequency. Hence, phase
visualization, in theory, can be performed at normal incidence. The potential use of this
device for image processing was proposed with simulations showing that if a pure phase
object is illuminated, with polarizers set as as discussed above, a pseudo-3D phase contrast
image should result. Contrast switching is also apparent when the input polarizer is rotated
through 90°. The contrast of approximately 10%, however, is low presenting significant

challenges to experimental realization.

3.2.2 Non-local metasurfaces

In the previous section, we have shown that phase imaging in the object, image, or other plane
can been realized through the use of surfaces whose reflective or transmissive properties are
a function of angles of incidence. Other than arrays of metallic nanoparticles, the presence of
angle-sensitive transmission and reflection are commonly seen in gratings. In this section, we

discuss phase imaging via the object plane approach (Fig. 1b) using these. The distinctions
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between the structures discussed here and in the previous section is the mechanism that
generates the relevant transfer function.

It should be noted that single optical interfaces, as well stacks of optically thin films,
commonly exhibit transmission and reflection properties that enable phase visualisation
techniques which fall into this category. 1181477160 I this perspective, however, we exclusively
focus on approaches based on metasurfaces and gratings.

The non-local structures discussed here consist of diffraction and resonant waveguide
gratings that do not necessarily exhibit an angular sensitivity in the unit cell. Rather than
interacting with the unit cell, gratings modify the spatial frequency content of a field by
redirecting plane waves of different frequencies into discrete directions or coupling light into
waveguide modes of a high index layer. The first demonstration of non-local image processing
of an amplitude object demonstrating edge-enhacement was performed using a thick phase

grating as early as 1979. 161

Overvig and Alu point out that the clear delineation between
local- and non-local metasurfaces is, however, not necessarily straightforward. 62

The interaction of light with diffraction gratings, whether on a semi-infinite substrate or
on (or part of) a waveguiding layer are well-known to have a strong sensitivity to angle of
incidence and there have been a number of demonstrations of image processing applications
using this approach. This has included the use of the excitation of Fano resonances to
demonstrate the capacity to obtain the second derivative of an input (amplitude) field with
a Si grating on a Si waveguiding layer. '

In terms of phase contrast imaging, a silver grating supported by a high index TiO,
waveguiding layer patterning a microscope cover slip was used to image human cancer (HeLa)
cells' (3a). This structure exhibits a symmetric, near-linear, optical transfer function across
a numerical aperture of ~0.06. At normal incidence, this device functions as a high-pass
spatial filter, producing edge-enhanced intensity images of both amplitude and phase objects.

In the absence of the metasurface, no details of the HeLa cells placed in a petri dish on top

of the coverslip, were distinguishable. However, when the cells were on a patterned region
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of the coverslip, a pseudo-3D contrast image became apparent on tilting the device by 3°.
This small tilt offsets the optical transfer function sufficiently to produce an asymmetric
sensitivity to positive and negative angles of incidence. The image produced through the
metasurface was shown to be comparable to DIC phase contrast images of the same cells
demonstrating the possibility of the application of this technique to miniaturized microscopy
systems permitting imaging of unstained biological cells for diagnostic and other uses.

More recently, Ji et al.?° performed phase retrieval using a silicon nitride dielectric reso-
nant waveguide grating (Fig. 3b). Isotropic phase contrast is observed when a phase object
(in this case a binary USAF target) is placed in front of the nonlocal metasurface in the
imaging system. The result is comparable to the contrast generated by Zernike phase con-
trast microscopy with a device NA of up to 0.97. Phase contrast images of onion cells, human
osteosarcoma cells;, and an array of exfoliated hexagonal Boron Nitride (hBN) flakes were
also presented, showing the capability of this device to perform phase imaging on objects of
various dimensions. Furthermore, quantitative phase retrieval was performed using arrays
of silicon nanodisks of different heights as phase objects with the recovered phase profile
consistent with those expected with a precision down to 0.02 7.

Phase contrast imaging with a device consisting of an array of plasmonic nanorods in a
unit cell supported by a waveguiding layer was also demonstrated by Wesemann et al.?! (Fig.
3d). In this case out-of-phase excitation of dipole modes of orthogonally oriented nanorods
was produced using illumination with circularly polarised light, and a further phase shift in
the light coupled into the waveguiding layer was introduced by tailoring their spatial sepa-
ration. This resulted in an asymmetric total transmission through the device about normal
incidence which, as discussed above, is required to discriminate between positive and nega-
tive gradients within an image. The resulting OTF of this device is inherently asymmetric
enabling the creation of pseudo-3D intensity images when illuminated with an optical field
containing a phase variation. Due to the chirality of the unit cell geometry, contrast-switching

of the phase gradients occurs when the polarization handedness is switched.
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In order to use the same device to perform multiple image processing operations, meta-
surfaces require the ability to change their optical response by external or internal variations
or modifying the illumination in some way. Ji et al.,?® for example, highlighted the fact
that the imaging response of their resonant waveguide grating could be tuned by chang-
ing the wavelength to generate alternative transfer functions, whereas other devices such

L 19

as that of Wesemann et al.™” were highly sensitive to the polarization of the input field.

163 also embedded multiple optical transfer functions within a reconfigurable

Zhang et al.
metasurface, where the switching between modalities was performed by mechanical strain-
ing of a polydimethylsiloxane (PDMS) layer hosting an array of dielectric nanopillars. They
demonstrated different imaging modalities at the same wavelength and without changing the
polarization including first and second-order differentiation of an image, as well as bright
field imaging. This device was applied to obtaining a dark field image of onion cells.

One of the key benefits of the object plane spatial frequency filtering approach is the
flexibility to incorporate the device into various locations within an imaging system. Zhou
et al.'® used a 2D array of nanopillars exhibiting a nonlocal response to demonstrate edge
enhanced amplitude and phase images (Fig. 3c). In addition to demonstrating scalable
fabrication of the device, they used a multilayer transfer technique to locate a differentiat-
ing nonlocal metasurface directly onto a metalens producing a compact compound optical

element. This work highlights some of the key advantages of flat optics in the production of

next-generation compact optical systems.

3.3 Other approaches

In the previous section, we discussed phase imaging techniques that involve placing flat
optical components at either the Fourier plane, the object plane, or at some other location
within a conventional optical imaging system. Nevertheless, metasurfaces have been used in
other ways to visualise or determine phase. The methods discussed in this section include

apodization or pupil function engineering for phase visualization, the inclusion of multiple
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meta-optics, and techniques where metasurfaces assist in obtaining a quantitative phase map
of a sample (Fig. 4). Additionally, we also discuss phase visualization through photodetector
integration.

Apodization is the process of modifying the lens pupil plane in an optical system to change
its point spread function and, hence, the output image. This process is most well-known
for being able to suppress the side lobes of diffraction patterns with a suitable mask.®”
A key difference with the research described in the previous two sections is that, firstly,
the metasurface is non-uniform and the unit cell varies across the device and, secondly, it
is located in proximity to the lens rather than in the Fourier plane. Most notably Kim

164

et al.'% and Zhang et al.'™ demonstrated that isotropic edge enhanced images can be

64 superimposes a spiral phase profile onto that

obtained of biological cells. The former!
of a parabolic metalens (Fig. 4a) while the latter'™ achieves simultaneous spiral phase
contrast and bright-field imaging within the same field of view (FOV) by incorporating spiral,
parabolic, and deflection phases. These papers demonstrate the high degree of integration
obtainable with meta-optics permitting broadband imaging of erythrocytes and limewood
stem cells respectively. A related demonstration of this approach with the meta-lens and the
apodization component placed on opposite sites of a shared substrate is introduced in Fu et
al.1% (Fig. 4b). The authors demonstrate the versatility of this approach by engineering
the apodisation function for spatial differentiation, denoising, edge detection, and contrast
enhancement. Demonstrations of the method for edge detection of onion epidermis cells and
DNA molecules highlight its relevance for ultra compact phase imaging systems.
Metasurfaces can also be used to introduce a splitting of the optical field and generate a
spatial shear between the beams, permitting the visualization of gradients along one or more

1.168 introduced what they refer to as metasurface-

directions upon interference. Wang et a
assisted ‘Isotropic Differential Interference Contrast’ (i-DIC) microscopy (Fig. 4e). Tra-
ditional DIC microscopy visualizes phase gradients along one fixed direction. In contrast,

the approach demonstrated by the authors creates a shear in the radial direction, enabling
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Figure 4: Other methods for metasurface enabled phase-imaging including hybrid analog/digital
approaches for quantitative phase-imaging. a) Lens apodization with meta optics. Spiral phase
profile imposed on parabolic metalens for edge detection (top) and application to phase imaging of
erythrocytes (bottom).!6* Copyright 2021 Author(s), licensed under a Creative Commons Attribu-
tion (CC BY 4.0) license. b) Lens apodization with meta-lens and complex amplitud modulator
on opposite sites of the same substrate (top). Detection of edges in unstained onion epidermis cell
sample (bottom).!%% Copyright 2022 Author(s), licensed under a Creative Commons Attribution
(CC BY-NC-ND 4.0) license. ¢) Meta-optical photodetector for phase imaging (top) and applica-
tion to quantitative phase contrast imaging of epithelial cells (MCF-10A) (bottom).'6% Copyright
2023 Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license. d) Multi-
ple metasurface approach for polarisation shear and recombination supporting quantitative phase
imaging (left). Quantitative phase gradient imaging of sea urchin cells (right). Adapted from ref. 167
with permission from Springer Nature. e) i-DIC microscopy: metasurface enabled radial shear and
subsequent interference permit isotropic phase gradient visualisation (left). Widefield and phase
gradient visualisation of breast cancer cells (right).1%® Copyright 2023 Author(s), licensed under a
Creative Commons Attribution (CC BY 4.0) license.
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single-shot imaging of isotropic phase gradient images. The performance of this device was
demonstrated in real-time tracking of microparticles and phase contrast imaging of breast
cancer cells.

There is an emerging interest in using such metasurface enabled methods based on beam
shearing and subsequent interference to enable applications requiring quantitative phase

1171 utilized two metasurfaces on either

imaging (cf. section 2.2). For example, Kwon et a
side of a substrate acquiring three distinct images incorporating varying phase retardances
within a single shot. The first layer captures two images for transverse electric (TE) and
transverse magnetic (TM) polarizations at transversely sheared focal points, while the second
incorporates three metalenses that produce three sheared images with different phase offsets.
The resulting intensity images provide sufficient information to extract the phase. Wu et
al. 1" introduce an approach utilizing two metasurfaces (Fig. 4d). The first separates incident
linearly polarized light into two circularly polarized components propagating in different
directions introducing a shear, while the second deflects and recombines the two beams into
their initial directions. The retardance image is formed through the interference between
the two laterally displaced replicas of the image, where the bias retardation is controlled by
the analyzer.

172 employed a dielectric metasurface

Using a quite different approach, Sardana et al.
acting simultaneously as a metalens and a polarizing beam splitter to produce a single
path interferometer. The resulting interference fringes ca be analyzed to obtain QPIs of
transparent objects.

Finally, a quite different approach to recovering the phase of an optical wavefield was
introduced by Liu et al.1% Fig. (4c). They demonstrate an angle-sensitive, grating-integrated
near-infrared photodetector that is capable of performing wavefront sensing with the only
other optical component being an imaging lens. The gratings have an asymmetric sensitivity

to angle of incidence such that alternating pixels have an equal and an opposite responsivity

(Fig. 4c).
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4 Current challenges

There are a number of issues that need to be addressed before the full potential of meta-
optics in phase imaging applications can be realized. The first is the numerical aperture of
the device which determines the range of spatial frequencies that can be manipulated using
a particular component.

In the case of metasurfaces incorporated into a 4f imaging system as novel spatial filters
this is related to the precision and overall size of the device and the optics used. For a
metasurface using in the object or image plane, however, this is complex and relates to how
well the sensitivity to angle of incidence can be controlled. Many devices demonstrated
to date exhibit a relatively low numerical aperture and, although images of microscopic
samples have been achieved, are best suited to images of larger objects or integration into
an image sensor.® There has been worked aimed at extending the numerical aperture of

I.,'8 reported a nonlocal differentiator with an NA of 0.32

systems. For example, Zhou et a
and used it to obtained edge-enhanced images of onion cells and Ji et al.?® presented a
Zernike phase contrast microscopy inspired nonlocal metasurface with an NA approaching
unity. We anticipate that the increasing use of sophisticated optimization routines will
permit the creation of a range of devices where an appropriate NA can be selected. Davis

et al. 146

obtained the one-dimensional transfer function of a dolmen metasurface and, with
appropriate inclusion of polarizers, demonstrated an approximately linear transfer function
up to an NA of 0.4. This work, however, highlighted another key challenge facing the use
of metaoptics for applications in image processing. When a device is used in a 4f system
as a spatial filter its efficiency will determine the total amount of light transmitted through
the system. For devices designed to be used in the object or image plane, on the other
hand, the efficiency is related to the usable contrast afforded by the device. Specifically, a
certain range of spatial frequencies is mapped to a change in intensity. A device with a high

NA may not be suitable for imaging larger objects consisting of only low spatial frequency

information since this will correspond to only weak changes in intensity that may be lost in
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system noise. Ultimately, the quality with which this information is processed will depend
on the noise introduced by the camera. This issue will influence the quality of low spatial
frequency information when imaging any objects. Ultimately, it is this noise that will impact
the fidelity of the system and its phase sensitivity, not the device itself assuming the device
quality is such that background scattering is low. In addition to image artefacts related to
the numerical aperture of the metasurfaces, detailed studies on further aberrations emerging
from the proposed methods are still to be performed in the majority of cases. This makes
evaluating the suitability of a particular method for an application difficult, and we expect
progress in this area to be a crucial step towards the adoption of metasurface enabled phase
imaging methods.

The scalability of meta-optical devices, particularly metasurfaces, also offers a challenge
towards advancing the field. Many devices mentioned in this perspective is commonly fab-
ricated using lithography via electron beam. While this method has been shown to be
useful for prototyping and testing devices, creating these devices across a larger area be-
yond hundreds of square micro-meters is currently expensive and time consuming. Deep
UV lithography'™ can be employed to generate nanostructures at a large scale, although
the resolution is still limited to about 90 nm. Furthermore, the ongoing developing of nano-

174

fabrication methods, such as nano-imprint lithography " which includes the roll-to-roll and

175,176 and 3D laser writing,'™" offers potential avenues for solving

roll-to-plate techniques,
these problems.
Another issue that has received little attention is the role played by spatial coher-

ence. Most devices discussed here assume a high degree of coherence although partial

coherence is often preferred in applications in microscopy due to the reduced influence

1178 1179

of speckle. Recently, however, theoretica and experimenta investigations involving
nanophotonic structures and optimized multilayer thin films, respectively, and computa-
tional post-processing for incoherent image processing suggest that further advances can be

expected.
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5 Future opportunities and conclusion

The work reviewed in this perspective highlights the spectrum of emerging meta optical ap-
proaches to phase imaging. In the final section of this perspective we outline areas that we

believe carry significant potential for future developments.

Figure 5: Simulating free-space propagation with nonlocal meta-optical device (a,b). Photonic
crystal slab as an example for a device that enables compression of free space to reduce propagation
distances in ultra compact optical systems (c). Adapted with permission from ref.! | copyright
Optical Society of America Publishing Group.

The majority of the demonstrations of meta-optical phase imaging methods to date still
require operation in tandem with conventional imaging components such as microscope ob-
jectives and polarisers. We envisage compound devices, that integrate several meta-optical
components, as a promising path towards real-world ultra compact systems. Existing work
in this direction has demonstrated integrating several meta optical components. 8168 One of
the main limiting factors for the miniaturisation of compound imaging optics is the require-
ment for free space propagation. Recent theoretical work demonstrated that meta-optical
devices referred to as ‘space plates’ carry the potential to simulate free space propagation
while reducing the physical distances required.!'® The comparison, for example, is presented
in Fig. 5. In the context of compound devices, such space plates could reduce the required
spacing between different meta-optical elements. Devices consisting of several metasurfaces
180,181

or thin-films could also be directly integrated with photodetectors or optical fibers

opening new avenues for the application of this technology in mobile phones and medical
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diagnostic tools.

Opportunities also present for performing 3-D phase retrieval and reconstruction, for ex-
ample, by employing metasurfaces that can facilitate QPI using tomography techniques. 1827184
In order to perform this technique with the current devices, however, additional mechanisms
to rotate the sample would be required or novel designs for reconfigurable metasurfaces.

There is also significant potential in the development of meta-optical filters for phase-
imaging that implement useful operations which have received little attention so far. These
include for example low-pass filters for noise reduction, and polarisation and wavelength
multiplexed filter devices. The design of such filters usually requires non-intuitive designs for
which we expect inverse-design strategies as a promising path forward for the next generation
of meta-optical imaging components. '*

Most of the current work on meta-optical phase imaging relies on linear and classical
optical effects. Non-linear frequency conversion however plays an important role in con-
ventional imaging approaches. Initial work has demonstrated its potential for meta-optical
phase imaging approaches.?” These approaches could enable phase imaging at infrared wave-
lengths with either conventional silicon cameras or by eye. Furthermore, translating known
principles from quantum imaging into the domain of meta optics could enable integrated
quantum phase-imaging. '8¢ Metasurfaces provide an intriguing platform for quantum pro-
cesses including the generation of non-classical light and the manipulation and detection
of quantum states.'®” We expect quantum effects in metasurfaces to open new avenues in
super-resolution imaging, ghost phase-imaging and low-light imaging. 188191

While most current meta-optical imaging devices are primarily designed for one operation,
their integration into real systems will require a degree of tunability. Initial demonstrations

163,192-194

of tunable edge detectors suggest further exploration of tuning mechanisms for

phase-imaging methods including phase change materials, micro electromechanical system
(MEMS), % liquid crystals'® and conductive polymers.%”

One of the most promising future direction for meta-optical phase imaging can be found
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at the intersection of nanotechnology and digital computation, in particular artificial intel-
ligence (AI). Al has proven to be of fundamental importance to modern quantitative phase
imaging methods.'® This has enabled software based methods for phase quantification, error
correction, contrast enhancement as well as image segmentation, classification and transla-
tion operations such as virtual staining. We expect the confluence of these Al approaches
and meta-optics to lead to new integrated quantitative phase-imaging methods in the near
future. Although this perspective has focused on far-field optical effects, there is also scope
for further leveraging nanophotonics and their near-field phase sensitivity for phase recov-
ery in conjunction with computational techniques such as ptychographic coherent diffractive
imaging.% Meta optical image processing devices also carry potential as hardware acceler-
ators that replace digital computation steps in conventional computational phase imaging
methods (c.f. section 2.3) and other machine-vision applications.?*199:200 Such approaches
could support real-time phase imaging and cell identification in high speed applications.
Another challenge that could be addressed with the help of Al is the requirement for coher-
ent illumination in most current meta-optical phase imaging methods. This is a common
scenario relevant for imaging through scattering media as for example a biological cell in
solution. The integration of meta optical components with electronic systems has been used
to circumvent this requirement for edge detection filters.!”™ We believe machine learning ap-
proaches will be central in relaxing spatial coherence requirements in compact phase-imaging
methods going forward.?! Finally, machine learning models are likely to play a key role in
metasurface design and optimisation going forward and we expect this to make an important
contribution to the field of metasurface enabled phase imaging. 22

Given that spatial resolution is a critical performance indicator for any imaging method,
especially in biology, we anticipate that approaches to super resolution imaging will play a
significant role in inspiring future metasurface-assisted phase imaging. %3

In conclusion, metasurfaces open new avenues for ultra-compact phase imaging methods

and we anticipate that the most compelling advances will progress in collaboration with
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potential end users. Here we have briefly reviewed existing approaches to phase imaging
followed by a comprehensive summary of metasurface-enabled phase imaging methods. We
believe that metasurfaces will represent important building blocks for future phase imaging

systems and expect significant advances in the field over the coming years.
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