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ABSTRACT
Gradient metasurfaces provide a well-established platform for the wavefront and polarization control of light propagating in free space. More
recent studies have also focused on their integration with plasmonic and dielectric waveguides and optoelectronic devices such as light emitters
and photodetectors. In this context, metasurfaces can be used to interface guided modes with free-space radiation, for example, to enforce
the selective input coupling or detection of light with prescribed characteristics (in terms of direction of propagation, state of polarization,
orbital angular momentum, etc.) or to manipulate the properties of the out-coupled or emitted light according to a desired system operation.
These functionalities, which normally involve complex combinations of bulky optical elements, have important applications in multiple areas
of high technological significance, from optical interconnects to microdisplays and multifunctional image sensors. Here, we provide a tutorial
overview of this field of research, including a description of the basic building blocks (meta-atoms) used in integrated gradient metasurfaces,
a review of the main capabilities reported to date, and an outlook on future directions of study and technological prospects.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0284959

I. INTRODUCTION

Metasurface flat optics is a relatively recent branch of research
and development in photonics that is currently in the process of rev-
olutionizing the optical component landscape.1–5 Broadly speaking,
a metasurface is a planar array of metallic or dielectric nanopar-
ticles (NPs) featuring subwavelength nearest-neighbor separations,
designed to control the flow of light on a point-by-point basis. In
phase gradient metasurfaces, each NP introduces a predetermined
phase shift in the locally incident optical field upon transmission
or reflection, while at the same time adding minimal propagation
losses. Depending on the transmission or reflection phase profile
encoded across the entire array, the metasurface can therefore per-
form a wide range of wavefront shaping functionalities, such as
beam deflection, focusing, image formation, holography, and the
generation of light with orbital angular momentum (OAM). The
metasurface response can be designed to be uniform with respect
to polarization or, alternatively, anisotropic NP arrays can be con-
structed to impart different phase profiles on orthogonal polariza-
tion components.6,7 Similarly, the spectral response can be tailored

to achieve achromatic wavefront control across a desired bandwidth
or to enhance dispersion for wavelength-multiplexed operation,
depending on the intended application.8

The same wavefront shaping functionalities can also be imple-
mented with traditional refractive or diffractive optical components,
e.g., prisms or gratings for beam deflection, lenses for focusing
and image formation, wave plates for polarization control, and so
forth. However, metasurfaces offer a combination of several intrinsic
advantages that have fueled explosive growth in their development
over the past decade. First, as implied by their “surface” designation,
they are ultrathin (typically several tens to a few hundred nanome-
ters), which makes them uniquely suited for system applications
where miniaturization, low weight, and portability are essential.
This advantage is further compounded by their extreme design
flexibility for multifunctional operation (e.g., to project different
polarization components of an incident wave onto different regions
of an image sensor array for polarization vision). Such capabilities
are again already available with traditional optics but require cas-
caded combinations of bulk optical elements of increasing size and
complexity with increasing functionality, which often makes them
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impractical. In addition, by virtue of their “flat” nature, metasur-
faces are suitable for large-scale manufacturing in a foundry, which
can be quite inexpensive, especially if CMOS compatible materi-
als are involved. In contrast, even a component as mature and
well established as a lens can still add significant manufacturing
costs to its intended application due to the complexity of preparing
optical-quality curved surfaces. Importantly, even though the meta-
surface building blocks (meta-atoms) have highly subwavelength
lateral dimensions, their accurate fabrication over a sufficiently large
area is well within the capabilities of state-of-the-art nanofabrication
tools such as electron-beam and deep UV lithography. In fact, while
some of the underlying ideas were already known from millimeter-
wave and antenna electromagnetics,9 the widespread emergence of
metasurface flat optics took place in parallel with suitable fabrication
tools becoming widely available in research labs worldwide.

Traditional metasurface devices are free-standing plates used
to shape the wavefronts and/or polarization distribution of incident
light propagating in free space [Fig. 1(a)]. For example, metalenses
are designed to introduce a transmission phase delay that decreases
with increasing distance from their optical axis according to the
lens equation. More recently, extensive research efforts have also
focused on the direct integration of metasurfaces within waveg-
uided and active optoelectronic devices, particularly light emitters
and photodetectors.10–14 In this case, the optical field transformation
implemented by the metasurface amounts to matching the guided
modes supported by the underlying device to incoming or outgo-
ing radiation with prescribed properties (e.g., in terms of direction
of propagation, state of polarization, OAM, etc.) [Figs. 1(b) and
1(c)]. This configuration therefore adds a new level of miniatur-
ization for optical system design, where multiple bulk elements are
normally used to interface waveguides, light sources, and photode-
tectors with free-space radiation, either to manipulate the properties
of the out-coupled or emitted light according to a desired system
operation or to enable the selective in-coupling or detection of light
with desired properties. Furthermore, since typical optoelectronic
devices are also based on a planar form factor, the metasurface inte-
gration can be quite straightforward and, depending on thematerials
involved, can even be included seamlessly as an additional step in the
device fabrication flow at the foundry level.

The present tutorial is focused on this emerging area of
research. It should be noted that the integration of NP arrays near
the active layers of optoelectronic devices has a rich history of
scientific and technological explorations, for example, involving dis-
persion engineering with photonic crystals15 or field enhancement
effects near plasmonic nanostructures.16 While these systems are

also sometimes referred to as metasurfaces (in the broad sense of
two-dimensional artificially engineered materials with properties
that go beyond what is commonly found in nature), here we pre-
dominantly consider gradient metasurfaces designed to tailor the
spatial distribution of phase and polarization point-by-point accord-
ing to the design of the different meta-atoms. In the spirit of a
tutorial, we begin by describing the operation of the basic building
blocks of these metasurfaces, including gap-plasmon nanoantennas,
dielectric NPs, and unit cells based on the Pancharatnam–Berry (PB)
phase (Sec. II). The use of arrays of these building blocks to couple
light in and out of plasmonic and dielectric waveguides is presented
in Sec. III. In Secs. IV and V, we then review recent work where the
meta-atoms are assembled on the active surfaces of light emitting
devices and photodetectors, respectively, to enable new integrated-
device capabilities across different degrees of freedom. The common
thread of all configurations described in Secs. III–V is the use of
metasurfaces to couple free-space radiation with guided electro-
magnetic modes (in waveguides, light emitters, or photodetectors).
Finally, we conclude the tutorial in Sec. VI with a discussion of ongo-
ing challenges and potential opportunities for a lasting technological
impact.

II. BASIC BUILDING BLOCKS
A phase gradient metasurface is functionally equivalent to a

planar interface that imparts a predetermined transverse-position-
dependent phase shift φ(x, y) on incident light upon reflection or
transmission, without at the same time affecting the intensity distri-
bution. The target phase response φ(x, y) and operating wavelengths
are determined by the intended application, and multiple examples
are presented in Secs. III–V. In addition, depending on the applica-
tion, the desired phase response may be isotropic, or two different
phase profiles may be encoded on two prescribed orthogonal states
of polarization. Practical implementations involve a dense array of
NPs on a planar substrate, where the unit cell centered at any loca-
tion (xn, ym) is designed to provide a reflection or transmission phase
equal to the local value φ(xn, ym) of the target phase profile. For
optimal utilization of the substrate area, the NPs are typically dis-
tributed in a periodic lattice, with sufficiently small periods Λ to
ensure that all nonzero diffraction orders are evanescent to avoid
radiative diffraction losses. If the metasurface is intended to operate
with light incident along arbitrary directions, this condition requires
the period to be smaller than half the wavelength in both surround-
ing media. All the NPs are usually patterned from a single metallic
or dielectric film deposited on the substrate, and as a result, they are

FIG. 1. Representative metasurface
devices. (a) Free-space metalens. (b)
Metasurface-integrated directional light
emitter. (c) Metasurface-integrated
wavefront-sensitive photodetector.
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required to have the same height and material composition. Their
shape, lateral dimensions, and orientation on the plane of the sub-
strate, on the other hand, can be varied at will across the different
unit cells, within the constraints of the available space and existing
nanofabrication capabilities. The key requirement for any metasur-
face building block then is the ability to tune its transmission or
reflection phase across the full 2π range by varying these geometri-
cal parameters to allow for the implementation of any desired phase
response. Different types of building blocks are described below,
together with their respective advantages and limitations. The main
figures of merit of the resulting arrays are their absorption and scat-
tering losses, as well as the fidelity of the imparted phase shifts to the
target profiles.

A highly effective solution for infrared device applications is the
gap-plasmon metasurface architecture17 illustrated schematically in
Fig. 2(a), where each unit cell contains a metallic NP of suitably
designed shape (e.g., rectangular in the figure). These NPs support
localized plasmonic resonances, where the free electrons within the
metal oscillate periodically under the driving action of the inci-
dent optical field and the restoring force provided by the resulting
uncompensated ions on the NP sidewalls. As in a simple harmonic
oscillator, the resonance frequency of these dipolar excitations is
determined by the restoring force, which in turn depends on the NP
geometry—e.g., it decreases with increasing separation between the
NP sidewalls perpendicular to the driving electric field, leading to
a (polarization dependent) red shift in the resonance wavelength.
These resonances produce an absorption peak (related to ohmic
damping of the electronic oscillations) as well as phase dispersion in
the NP spectral response. At near-infrared wavelengths, where the
imaginary permittivity of noble metals is relatively small, the result-
ing absorption losses can be quite manageable. The phase dispersion
can be exploited to control the NP reflection or transmission phase
φ(xn, ym) at any target operation wavelength λ by varying the NP

dimensions to tune its resonance and, therefore, shift its spectral
response. Importantly, however, due to the dipolar nature of these
excitations, their phase excursion across the spectral linewidth is
fundamentally limited to a maximum value of π. In gap-plasmon
metasurfaces, this limitation is overcome by placing the NPs on
a metallic ground plane with a subwavelength dielectric spacer in
between [Fig. 2(a)]. In this configuration, the oscillating electron
gas in each NP produces an oscillating image charge in the under-
lying metal film, which adds up to the optical response, effectively
doubling the phase excursion. This conclusion can be validated
with a general model based on coupled-mode theory.18 To illus-
trate, in Fig. 2(b), we show the reflection phase of the Au/SiO2/Au
meta-atom of Fig. 2(a), computed by finite difference time domain
(FDTD) simulations as a function of NP lateral dimensions Lx and
Ly. In these simulations, the incident light has a 1550-nmwavelength
and linear polarization along the x direction (the same results with
the horizontal and vertical axes interchanged apply for y-polarized
light). The key point to observe in this figure is the large overall phase
variations, close to the full 2π range. At the same time, the calculated
reflection amplitudes (not shown) indicate relatively low absorption
losses, with an average reflection coefficient over all simulated values
of Lx and Ly of about 91%.

The configuration just described is restricted to operation in the
reflection mode (due to the presence of the metallic backplane) and
cannot be extended to the visible range, where plasmonic absorp-
tion becomes prohibitively large. For example, similar calculations
show that, at a representative visible wavelength of 550 nm, reso-
nant absorption in similar plasmonic meta-atoms can attenuate the
incident light by over an order of magnitude. Both limitations can
be avoided using high-index dielectric NPs on a transparent sub-
strate [Fig. 2(c)]. Under illumination from either the air above or
the substrate, each NP behaves like a single-mode nano-waveguide
(terminated into a low-quality-factor Fabry–Perot cavity), where

FIG. 2. Basic unit-cell architectures used in metasurface devices. (a), (b) Schematic illustration (a) and reflection phase response at λ = 1550 nm (b) of a Au/SiO2/Au
gap-plasmon meta-atom. (c) and (d) Schematic illustration (c) and transmission phase response at λ = 550 nm (d) of a TiO2 NP on a SiO2 substrate. (e) and (f) Schematic
illustration (e) and transmission phase vs NP orientation angle under circularly polarized illumination (f) of a PB-metasurface unit cell.
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light propagates along the vertical (out-of-plane) direction.19,20 The
transmission phase φ(xn,ym) of each meta-atom is then determined
by the propagation constant β of the guided mode multiplied by
the waveguide length (the NP height h). The propagation constant
in turn depends on the NP lateral dimensions, which control the
degree of confinement of the guided mode in the high-index core
(the larger the NP, the more strongly confined the mode and, there-
fore, the larger β). Once again, different phase responses can also
be produced for different states of polarization. For example, in the
rectangular NPs of Fig. 2(c), the polarization eigenstates are lin-
ear along the x and y directions, and their respective propagation
constants (for fixed Lx and Ly) are different due to the differ-
ent boundary conditions experienced by parallel and perpendicular
optical-field components. The calculated x-polarized transmission
phase of meta-atoms based on this geometry, consisting of 600-nm-
tall TiO2 NPs on a SiO2 substrate, is plotted in Fig. 2(d) vs lateral
dimensions at λ = 550 nm. The total phase variations in this plot are
about 2.7π, while negligible absorption losses are correspondingly
computed due to the transparent nature of the constituent dielec-
tric materials. In principle, similar meta-atoms could be employed
for operation at longer (infrared) wavelengths, although the need for
proportionally taller NPs can add significant fabrication complexity.
All-dielectric phase gradient metasurfaces can also be implemented
with suitably designed Mie-type NPs featuring spectrally overlap-
ping electric and magnetic dipolar scattering resonances.21,22 As in
the plasmonic NPs described earlier, the spectral position of these
resonances can be tuned by design by varying the NP shape and
dimensions, which in turn allows controlling the scattering phase
at any desired wavelength near resonance.

An alternative metasurface platform relies on the PB, or geo-
metric, phase of anisotropic NPs (either metallic or dielectric) under
circularly polarized illumination.23,24 To illustrate, in Fig. 2(e), we
consider again a simple rectangular NP, but now rotated by an
angle α with respect to the axes of the metasurface array. The opti-
cal response of this meta-atom is analogous to that of a wave plate
with fast and slow axes parallel to the sides of the NP [the ξ and ψ
directions in Fig. 2(e)]. The Jones matrix that describes transmission
through this meta-atom in the right- and left-circularly polarized
(RCP and LCP) basis can then be derived as follows:

M =
1
2
[

tξ + tψ (tξ − tψ)e
−i2α

(tξ − tψ)e
i2α tξ + tψ

], (1)

where tξ and tψ are the amplitude transmission coefficients for light
with linear polarization along the ξ and ψ directions. A similar
expression applies for the reflection Jones matrix. If the NPs are
designed so that ∣tξ + tψ∣≪ ∣tξ − tψ∣, most of the incident RCP light
experiences a reversal in the direction of field rotation accompa-
nied by a total phase shift φtot = arg{tξ − tψ} + 2α. Similarly, the
LCP component is predominantly converted into RCP light with
the same NP resonance or propagation phase φNP = arg{tξ − tψ}
but equal and opposite PB phase φPB = −2α [Fig. 2(f)]. Any desired
transmission phase profile φ(x,y) can then be imparted on either cir-
cular polarization component using an array of anisotropic NPs of
identical shape and dimensions, each rotated by the required angle
to achieve the local phase value φ(xn, ym). At the same time, the
opposite circular polarization component is transmitted through the
same metasurface with the conjugate phase profile −φ(x, y) (up to

a position-independent phase constant). Additional design flexibil-
ity can be achieved by varying the size and shape, in addition to
the orientation, of the individual NPs to control the phase shifts
arg{tξ} and arg{tψ}. This approach allows for the independent
wavefront manipulation of the incident RCP and LCP components,
or more generally of any two orthogonal polarizations.7 Alterna-
tively, it could be applied to a single circular polarization channel
to simultaneously control (in addition to the phase) the local ampli-
tude of the cross-polarized transmitted light,25 which is proportional
to ∣tξ − tψ∣ according to Eq. (1). It should also be noted that, unlike
the resonance or propagation phase of plasmonic or dielectric NPs,
the PB phase is completely constant with wavelength, which can be
exploited to separately control phase and dispersion for the design
of broadband achromatic metasurface devices.8

All the metasurfaces reviewed in this section could also be
described as a natural evolution of diffractive optical elements
(DOEs)—i.e., microstructured surfaces (including binary, multi-
level, and blazed elements, holographic plates, and spatial light
modulators) designed to manipulate light through diffraction and
interference.26 The key difference is provided by the subwavelength
dimensions of the metasurface building blocks, which allow for arbi-
trary and continuous wavefront shaping as well as multifunctional
phase, amplitude, and polarization control capabilities that are not
readily available with DOEs. Finally, it should also be mentioned
that more complex multifunctional metasurface architectures can be
developed using inverse design strategies such as topology optimiza-
tion, machine learning, and physics informed neural networks.With
this approach, the desired metasurface functionality is specified as
an objective function, and the optimal geometry (possibly involv-
ing aperiodic arrays of arbitrarily shaped NPs) is then determined
through a computational optimization task subject to predetermined
constraints. Recent advances in this emerging field of study are
reviewed, e.g., in Refs. 27 and 28.

III. WAVEGUIDE COUPLERS
The key functionality of metasurfaces for integrated optoelec-

tronics is the ability to interface free-space radiation with waveg-
uided modes. This task is traditionally performed by launching or
collecting light through the waveguide input or output facets, or ver-
tically with the assistance of a diffraction grating on the waveguide
top surface. The former approach is limited by stringent align-
ment requirements, especially when the guided modes are tightly
confined or in complex photonic integrated circuits with multiple
input/output ports. The latter approach, illustrated in Fig. 3, employs
diffraction to compensate for the phase mismatch caused by the dif-
ferent in-plane wavevectors of free-space radiation (k∣∣ = 2π sin θ/λ,
where θ is the angle of incidence) and guided modes (β = 2πneff/λ,
where neff > 1 is the mode effective index). Specifically, diffraction in
the configuration of Fig. 3(a) can shift the in-plane (x) component
of the incident wavevector by any integral multiple of the grating
wavevector 2π/Λ, whereΛ is the grating period. Light can, therefore,
be coupled into the guided mode by any incoming wave with wave-
length λ and angle of incidence θ that satisfy the phase-matching
condition 2π sin θ/λ + 2qπ/Λ = 2πneff/λ for some integral diffraction
order q [e.g., q = 1 in Fig. 3(b)] (and similarly for waveguide outcou-
pling). The efficiency of this process depends on the refractive-index
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FIG. 3. Waveguide input coupling with a diffraction grating. (a) Schematic illustra-
tion. (b) Phase-matching diagram showing the excitation of a mode of wavevector
β by free-space radiation of wavelength λ (wavenumber k0 = 2π/λ) and angle of
incidence θ through positive-first-order diffraction.

contrast of the grating and its detailed shape, which determines the
relative strength of the different diffraction orders.

The same phase matching can also be achieved with a meta-
surface integrated over the waveguide and designed to introduce
a linear phase profile with a suitable slope, i.e., φ(x, y) = 2π(neff
− sin θ)x/λ if the direction of propagation of the guided mode (̂x)
lies on the plane of incidence as in Fig. 3(b). Compared to diffraction
gratings, however, metasurfaces offer several important advantages.
First, while a grating generally scatters light into multiple diffrac-
tion orders (only one of which is phase-matched to the target guided

mode), a metasurface can impart the required phase profile on the
entire scattered wave, therefore allowing for higher coupling effi-
ciency. In this respect, a linear-phase-gradient metasurface is thus
equivalent to a blazed diffraction grating, but with a significantly
simpler fabrication process due to its uniform thickness. Second,
metasurface dispersion engineering8 can be employed to enforce
the required phase profiles for efficient waveguide coupling across a
broad spectral region, whereas diffraction grating couplers are lim-
ited to a narrow, fixed operation bandwidth. Finally, the enhanced
design flexibility of metasurfaces can be further exploited to selec-
tively phase-match a guided mode with free-space radiation of any
desired polarization or wavefront distribution. Specifically, if the
meta-atoms are selected to produce, in addition to the outcoupling
linear phase gradient, an arbitrary phase profile Δφ(x, y), the same
phase distribution will be encoded in the waveguide output light.
For example, a converging beam focused at a distance f from the

metasurface is obtained with Δφ(x, y) = 2π( f −
√

x2 + y2 + f 2)/λ
(the lens phase profile). Similarly, if the same metasurface is used
for input coupling, the target guided mode will only be excited by
incident light with the conjugate phase distribution −Δφ(x, y) (e.g.,
diverging toward the metasurface from the same focal point in the
example mentioned earlier).

These ideas have been applied extensively to the excitation of
surface plasmon polaritons (SPPs) atmetal–dielectric interfaces.29–37

By virtue of their strong optical-field confinement, these guided
waves are promising for multiple applications ranging from bio-
chemical sensing38 to large-scale photonic integrated circuits.39 At
the same time, however, their highly subwavelength nature also
makes them particularly challenging to interface with free-space

FIG. 4. Metasurface plasmonic waveguide couplers. (a)–(c) Linear-polarization-dependent unidirectional excitation of SPPs. Reproduced with permission from Pors et al.,
Light Sci. Appl. 3, e197 (2014). Copyright 2014 and licensed under a Creative Commons Attribution 3.0 Unported License.32 (a) and (b) Measured SPP intensity distribution
on the device surface under x- and y-polarized illumination, respectively. (c) Scanning electron microscopy (SEM) image of the metasurface. (d) and (e) Circular-polarization-
dependent unidirectional excitation of SPPs. Reprinted with permission from Mühlenbernd et al., ACS Photonics 3, 124–129 (2016). Copyright 2016 American Chemical
Society.34 (d) Schematic illustration. (e) Measured output intensity distribution under LCP (A), linear (B), and RCP (C) illumination. (f) and (g) Circular-polarization-dependent
coupling of incident light into two different plasmonic waveguides. Reprinted with permission from Chen et al., Nano Lett. 23, 3326–3333 (2023). Copyright 2023 American
Chemical Society.37 (f) Schematic illustration. (g) Measured (top) and simulated (bottom) field intensity distributions on the device surface under LCP (left) and RCP (right)
illumination.
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radiation. The gap-plasmon metasurface platform described earlier
[Fig. 2(a)] is ideally suited for this task because it naturally supports
SPPs propagating on the underlying metal surface in close proxim-
ity to the NP phase shifters. For example, Figs. 4(a)–4(c) show the
linear-polarization-controlled excitation of SPPs at λ = 1550 nm in
an Au/SiO2/Au metasurface with rectangular NPs.32 As illustrated
by the simulation results of Fig. 2(b), the reflection phase for x-
polarized light in this configuration can be tuned by varying the
NP size along the x direction, Lx, while at the same time exhibit-
ing a much weaker dependence on Ly (and vice versa for y-polarized
light). These two geometrical parameters can therefore be used to
independently control the reflection phase profiles φ(x, y) imparted
by the metasurface on the x and y polarization components, e.g.,
for the separate excitation of SPPs propagating along the x and y
directions, respectively. This behavior is demonstrated in Figs. 4(a)
and 4(b), where the field intensity of the excited SPPs is imaged by
leakage radiation microscopy.

The circular-polarization-selective excitation of SPPs can sim-
ilarly be achieved with metasurfaces based on the PB phase.30,34

As an illustration, Fig. 4(d) shows an Au/MgF2/Au gap-plasmon
metasurface where all the NPs have the same rectangular shape

and dimensions, but each NP is rotated relative to its preced-
ing unit along the x direction by a fixed angle Δα.34 As a result,
the metasurface introduces a linear reflection phase profile φ(x, y)
= ±2Δαx/Λ (where Λ is the NP separation) for RCP and LCP light,
respectively. The geometrical design parameters Δα and Λ are then
selected so that the added wavevector ∇φ(x, y) = ±2Δα x̂/Λ can
couple the RCP and LCP components of normally incident light at
λ = 800 nm into SPPs propagating, respectively, along the positive
and negative x directions. The excited SPPs in this case are measured
after conversion back into free-space radiation by nearby diffraction
gratings [Fig. 4(e)]. A similar functionality has been demonstrated
with y-oriented lines of identical rectangular nanoapertures perfo-
rated through an Au film,31 which can scatter incident light into
SPPs propagating along the positive and negative x directions. Using
two adjacent lines of different nanoaperture orientations, the cor-
responding SPPs excited by RCP light can interfere constructively
in the +x direction and destructively in the −x direction (and vice
versa for the LCP-excited SPPs), leading to helicity-dependent uni-
directional SPP launching. Both approaches can also be extended to
enable wavefront shaping of the excited SPPs by varying the dimen-
sions of the individual NPs or nanoapertures to encode an additional

FIG. 5. Metasurface dielectric waveguide couplers. (a)–(c) Guided-wave-driven metasurfaces for complex free-space wavefront shaping. Reproduced with permission from
Guo et al., Sci. Adv. 6, eabb4142 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).44 (a) Schematic
illustration. (b) Meta-atom geometry. (c) Measured field intensity profile on the x-z plane produced by a focusing metasurface (shown in the inset). (d)–(f) Geometric-phase
metasurfaces for guided wave outcoupling. Reproduced with permission from Fang et al., Nanophotonics 11, 1923–1930 (2022). Copyright 2022 Authors, licensed under a
Creative Commons Attribution 4.0 International License.49 (d) SEM image. (e) FDTD-simulated phase profile imparted on the output light by a metasurface designed for the
generation of a vortex beam. (f) Measured field intensity distribution produced by the same device on its focal plane. (g)–(j) Leaky-wave metasurfaces for the simultaneous
shaping of phase, amplitude, and polarization. Reprinted with permission from Huang et al., Nat. Nanotechnol. 18, 580–588 (2023). Copyright 2023 Springer Nature.50 (g)
and (h) Side and top views of the basic device structure. The bottom panel of (h) shows possible perturbations applied to the unit cells to selectively couple the real field
component of the guided light to free space. (i) Schematic illustration of a device designed to produce a four-image hologram encoded in the amplitudes (the letters ψ and
χ) and phases (A and Φ) of two orthogonal polarizations (linear along x and y). (j) Polarized field intensity distributions measured with the same device at the image plane
(top) and on the waveguide surface (bottom).
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resonance phase profile Δφ(x, y) on the metasurface response.33,35,37

One example is the Ag/SiO2/Ag gap-plasmon metasurface pictured
in Fig. 4(f), where the PB phase distribution again launches SPPs
in opposite directions (±x) depending on the incident light helicity,
while the resonance phase profile adds curvature to the SPP wave-
fronts on the x-y plane.37 As a result, each excited SPP is focused
toward the input of an on-chip hybrid plasmonic waveguide (loaded
by a SiO2 strip on the Ag surface). The NPs in this case are based on
a connected double-arc geometry [inset of Fig. 4(f)], and their reso-
nance phase is controlled by varying the angle subtended by each arc.
Both experimental and numerical results, shown, respectively, in the
upper and lower panels of Fig. 4(g), confirm the expected behavior
at the design wavelength of 1064 nm.

Similar ideas have also been explored in the context of
planar dielectric waveguides in a recent theoretical40–43 and
experimental44–50 studies. These reports have mostly focused on
converting a guided mode into free-space radiation emerging from
the waveguide top surface with prescribed characteristics to imple-
ment functionalities such as collimation, focusing, OAM generation,
and holography. A possible configuration is shown in Fig. 5(a),
where the NPs are patterned on the top surface of the waveguide
at a sufficiently small distance from the core to ensure significant
overlap with the evanescent field of the guided mode. Each meta-
atom, therefore, scatters a small portion of the guided light into free
space with its designed phase shift, analogous to the operation of
phased-array antennas. In Ref. 44, this approach was implemented
with a periodic array of rectangular NPs of different dimensions,
each consisting of an Au/SiO2/Au sandwich structure [Fig. 5(b)],
fabricated on a Si-on-insulator ridge waveguide. Here, the magnetic
and electric dipole resonances of each meta-atom, excited by the
fundamental TE mode of the waveguide, can combine to allow for
the required 2π phase coverage. Multiple wavefront forming func-
tionalities were demonstrated with this platform, including beam
focusing as illustrated by the measured field intensity profile shown
in Fig. 5(c). The meta-atoms on the waveguide top surface can also
be designed based on the PB phase, as illustrated in Figs. 5(d)–5(f),
where identical Si NPs of different orientations are patterned on a
lithium-niobate-on-insulator ridge.49 In this study, different meta-
surfaces were placed in series on the same waveguide to demonstrate
multiple consecutive operations, including the generation of a vortex
beam with nonzero OAM = Lh per photon, which requires the addi-
tional phase profile Δφ(x, y) = L arctan (y/x) [Figs. 5(e) and 5(f)].
In addition to outcoupling of the guided modes into free space, var-
ious metasurfaces have also been employed in dielectric waveguides
for controlledmode conversion,51,52 asymmetric waveguiding,53 and
on-chip wavefront shaping.54

A conceptually different approach for interfacing guided light
with free-space radiation has been introduced in Ref. 50, based
on the notion of nonlocal metasurfaces,55,56 which are designed to
manipulate spatially extended modes supported by multiple diffrac-
tively coupled unit cells. In this approach, the waveguide is a pho-
tonic crystal slab consisting of a periodic array of cylindrical holes
[Figs. 5(g) and 5(h), upper panel], where the dispersion of the guided
modes defines the photonic band structure15 (a tutorial review of
the basic principles of photonic crystal slabs relevant to this discus-
sion is presented in the supplementary material). In the outcoupler
section of the waveguide, different holes are deformed into ellipti-
cal shapes of varying aspect ratios and orientations [Fig. 5(h), lower

panel], designed to reduce the overall translational symmetry of the
slab. These deformations produce a folding of the band diagram in
the Brillouin zone of the perturbed crystal, which, in turn, converts
some of the guided modes into quasi-bound states above the light
line leaking into the radiation continuum. The amplitude, phase, and
polarization of the outcoupled light can then be separately controlled
in each unit cell by tuning its local perturbations. A full demon-
stration of this capability is shown in Figs. 5(i) and 5(j), where a
Si3N4/polymer waveguide is used to generate a four-image hologram
encoded in the amplitudes (the letters ψ and χ) and phases (A andΦ)
of two orthogonal polarizations [linear along the x and y directions
in the coordinate system of Fig. 5(h)].

IV. LIGHT EMITTERS
The distinct capabilities of phase gradient metasurfaces can also

be leveraged to shape the output radiation of light emitting devices.
This idea represents a powerful extension of two areas of signifi-
cant prior study. The first is the control of spontaneous emission
via modification of the local density of optical modes (or, equiva-
lently, of the mode field distributions) through the Purcell effect;57
i.e., the larger the normalized field intensity of a mode at the emitter
location, the larger the spontaneous emission rate into that particu-
lar mode. This effect has been widely explored with several different
platforms, including systems supporting surface waves,58,59 micro-
and nanocavities,60 and nanoantennas.61 The second area of related
prior study is the use of periodically patterned nanostructures in
the near-field vicinity of a light emitting layer to increase extraction
efficiency and to control the directionality of the output radiation
through diffractive effects.62–64 The initial studies on (or leading to)
metasurface-controlled light emission have extended this approach
to periodic systems with asymmetric unit cells designed to produce
anisotropic radiation patterns.10,65–67

Building on these ideas, a general theoretical description of light
emission near a phase gradient metasurface has been presented in
Ref. 68 [Fig. 6(a)]. This study considered a radiating dipole located
at a subwavelength distance from a planar surface featuring a linear
reflection phase profile φ(x, y) = ξx. The electric field generated by
the dipole can be decomposed into a superposition of plane waves
with different in-plane wavevectors p, including both radiative (p
< k0 = 2π/λ) and evanescent (p > k0) components. Upon reflection
from themetasurface, the wavevector of each plane wave is increased
by the amount ξ in the x direction. As a result, some of the evanes-
cent components of the emitted field [i.e., all the components within
the blue regions in Fig. 6(a)] are scattered by the metasurface into
radiative waves (within the red regions) and, therefore, contribute
to the light output. Since this radiation mechanism is mediated by
near-field interactions involving highly confined evanescent fields,
it can be expected to occur with high probability and, therefore,
dominate the dipole emission. Under these conditions, the far-field
radiation pattern will thereforemostly consist of plane-wave compo-
nents from within the red regions of Fig. 6(a), leading to directional
emission. At the same time, the dipole spontaneous emission rate
is also enhanced by the same interactions. In Ref. 68, these expecta-
tions were confirmed through rigorous FDTD simulations, revealing
asymmetric radiation patterns and Purcell enhancement factors of
up to several 100s depending on the metasurface phase gradient ξ.
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A suitable reflective metasurface for the implementation of
these ideas can be realized with the gap-plasmon platform. In this
configuration, the metasurface directly supports highly confined
guided waves (the SPPs at the underlying metal film) that intro-
duce a resonance in the local density of optical modes. As a result,
spontaneous emission by any nearby source is further modified
through the preferential excitation of these SPPs at the expense of
all other output channels (both radiative and evanescent). The far-
field radiation pattern is then dominated by the SPP dispersion curve
[blue line in Fig. 6(b)] shifted into the radiation cone by the meta-
surface phase gradient. This behavior has been measured with an
Au/SiO2/Au gap-plasmon metasurface consisting of Au nanostripes
of different widths, coated with an ensemble of CdTe/ZnS quantum
dots emitting near λ = 800 nm suspended in a polymer solution
[Figs. 6(c) and 6(d)].69 Under optical pumping, the output radia-
tion of this device was found to be highly directional [Fig. 6(e)]

and linearly polarized on the x-z plane, despite the spatially incoher-
ent and unpolarized nature of the intrinsic quantum-dot emission.
This observed increase in spatial coherence of the emitted light can
be explained with the following general argument:70 whenever an
SPP is excited by a localized emitter (in this case a quantum dot),
the excitation is efficiently and coherently transferred by the SPP
to all the nanostripes within its propagation length, whose scat-
tered fields can therefore interfere with one another to produce
beamed emission. By reciprocity, similar geometries can thus also
be used for the directional control of photodetection, as illustrated
in Sec. V below. In the study of Figs. 6(c)–6(e),69 the x-polarized
output power in the direction of peak emission was also found to
be increased by a factor of about 4× relative to an identical sam-
ple without any metasurface, as a result of the underlying Purcell
enhancement (partly offset by the SPP propagation losses in the Au
film).

FIG. 6. Metasurface light emitting devices. (a) Theoretical model of light emission by a dipole source near a phase gradient metasurface. Reprinted with permission from
Kogos and Paiella, ACS Photonics 3, 243–248 (2016). Copyright 2016, American Chemical Society.68 Left: Detailed geometry investigated in this model. Right: Distribution
of the plane-wave components of the dipole field involved in the main radiation process for two different values of the metasurface phase gradient ξ. (b) Schematic illustration
of SPP-mediated light emission near a gap-plasmon metasurface. (c)–(e) Directional light emission from a gap-plasmon metasurface. Reprinted with permission from Wang
et al., Adv. Opt. Mater. 8, 1901951 (2020). Copyright 2020 John Wiley and Sons.69 (c) Schematic illustration. (d) Top-view SEM image. (e) Measured x-polarized far-field
radiation pattern of a device designed for peak emission at θ = −20○. (f) Generation of circularly polarized single photons with a plasmonic metasurface. Reprinted with
permission from Kan et al., Adv. Mater. 32, 1907832 (2020). Copyright 2020 John Wiley and Sons.71 Schematic device illustration, including the radially polarized pump light
(green) and the emitted single photons (red). (g)–(i) Directional light emission from a semiconductor metasurface. Reprinted with permission from Iyer et al., Nat. Photonics
14, 543–548 (2020). Copyright 2020, Springer Nature.74 (g) Schematic illustration. (h) Top-view SEM image. (i) Measured p-polarized photoluminescence intensity as
a function of wavelength and normalized in-plane momentum from eight metasurfaces of different phase gradients. (j) Measured field intensity distributions on different
transverse planes from a device designed for focused light emission. Reproduced with permission from Mohtashami et al., Nat. Commun. 12, 3591 (2021). Copyright 2021
Authors, licensed under a Creative Commons Attribution 4.0 License.75 (k)–(m) Nonlocal metasurfaces for asymmetric polarization-selective thermal emission. Reprinted
with permission from Nolen et al., Nat. Nanotechnol. 19, 1627–1634 (2024). Copyright 2024 Springer Nature.80 (k) Meta-unit geometry. (l) Schematic illustration of a device
providing bidirectional splitting of RCP and LCP light. (m) Measured polarization-resolved thermal emission from the same device vs wavelength and angle, showing the
expected asymmetry.
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Plasmon-assisted light emission in a similar platform has also
been used to extract and collimate circularly polarized single pho-
tons at λ = 665 nm from a localized quantum emitter (a nitrogen-
vacancy center in a nanodiamond crystal) [Fig. 6(f)].71 Here, the
metasurface consists of polymeric circular nanostripes centered
about the emitter on an SiO2-coated Ag substrate, with azimuthally
varying widths. The emitter excites cylindrically diverging SPPs,
which are then diffracted by the equally spaced concentric nanos-
tripes into free space along the surface normal. At the same time, as
a result of the varying nanostripe widths, the SPP components trav-
eling along any two orthogonal directions (which have orthogonal
in-plane electric fields) are scattered with a ±π/2 relative phase dif-
ference, which endows the emitted light with circular polarization.
With this approach, the directional emission of single photons with
chirality >0.8 was demonstrated under illumination with a tightly
focused radially polarized pump laser beam. Additional recent work
on the use of metasurfaces to control the emission of single photons,
as well as the generation of entangled photon pairs, is reviewed in
Refs. 72 and 73.

Figures 6(g) and 6(h) show an all-dielectric metasurface
designed for directional light emission from InGaN/GaN multiple
quantum wells (the preeminent material systems of visible LEDs).74
The quantum wells in this device are embedded in a GaN film
patterned in a square periodic array of nanopillars, whose dimen-
sions are varied along the horizontal (x) direction to produce a
linear transmission phase profile with geometrically tunable slope
ξ. P-polarized light emission from an unpatterned but otherwise
identical film mostly excites modes with a fixed in-plane wavevector
slightly larger than the free-space value k0, which are trapped inside
the device by total internal reflection and correspondingly feature
enhanced local field intensity at the quantum-wells position. Simi-
lar to the SPPs of Fig. 6(b), these modes define a circle in reciprocal
space. In the patterned device, similar modes are again preferentially
excited and then simultaneously scattered by the periodic nanopil-
lar array (which shifts the circle by all reciprocal lattice vectors)
and by the metasurface phase gradient [which shifts the circle by
ξ along the x direction, as in Fig. 6(b)]. The array period and phase
gradient were selected to produce two radiative diffraction orders
overlapping in reciprocal space within the light cone. The resulting
asymmetric directional light emission is illustrated in Fig. 6(i), which
shows the measured photoluminescence intensity as a function of
in-plane wavevector kx (horizontal axis) and wavelength λ (vertical
axis) for eight different devices of different phase slope ξ (increas-
ing from top to bottom). A large (130–250×) increase in air-coupled
external quantum efficiency was also observed with the same devices
compared to the unpatterned films, which was attributed to sev-
eral factors, including increased pump light absorption, increased
extraction efficiency, and increased radiative efficiency due to strain
relaxation effects in the nanopillars.

The same platform has also been used to demonstrate focused
(or collimated) light emission,75 with the nanopillar dimensions
designed to produce the phase profile of a lens (or axicon) in addi-
tion to the outcoupling linear phase gradient, now directed radially
toward the array center point. It should be noted that, strictly
speaking, this configuration only provides the targeted output wave-
fronts (focused or collimated on-axis) for light emitted radially
from the same center point, whereas the device radiation output
has contributions from all the pillars. Nevertheless, the desired

functionalities were successfully demonstrated, as illustrated by the
focused intensity profiles shown in Fig. 6(j) (albeit accompanied by
a non-negligible background of unfocused light). In a more recent
study,76 a similar metasurface based on InAs quantum dots embed-
ded in GaAs nanopillars was used to demonstrate ultrafast (sub-
picosecond) dynamic steering of the emitted light. In this device, all
the nanopillars have the same dimensions, and the required linear
phase profile for directional light emission was created by exploiting
the carrier-induced refractive-index shift in semiconductor materi-
als. Specifically, different carrier densities (and, therefore, different
refractive indices) were produced in different nanopillars through
the absorption of ultrafast light pulses featuring a sawtooth spatial
intensity profile across the metasurface area. The emission angle
could then be tuned dynamically by varying the gradient of this
intensity profile in the pump light.

Extensive recent work has also focused on the use of nonlo-
cal metasurfaces to control light emission.77–80 Asmentioned earlier,
these structures are derived from photonic crystal slabs supporting
quasi-bound states in the continuum (q-BICs).55,56 A BIC is a slab-
guided mode above the light line (i.e., with the same frequency and
wavevector of a radiation mode in the surrounding media), which is
nevertheless forbidden from escaping into the radiation continuum
due to a complete symmetry mismatch.81 By introducing suitable
symmetry-breaking perturbations in the photonic-crystal unit cells,
the same mode becomes a q-BIC that can leak into free space with
a radiative Q factor that decreases quadratically with the strength
of the perturbation.82 In the presence of light emission within the
slab, such a q-BIC can be preferentially excited (compared to all
other modes coupled to free space) by virtue of its stronger spatial
confinement and associated Purcell enhancement. The amplitude,
phase, and polarization profiles of the resulting radiation output can
then be tailored by using different perturbations in different unit
cells, similar to the waveguide coupler of Ref. 50 described earlier. A
particularly important feature of q-BICs for metasurface-controlled
light emission is that they only exist at individual points in recipro-
cal space (often the Γ point, where the in-plane crystal wavevector is
zero) as a result of the delicate symmetry requirements that enable
their formation in the first place. Therefore, the same phase pro-
file, determined by the metasurface design, can be expected for all
the photons correspondingly radiated into free space. In contrast,
all other platforms described so far in this section rely on multiple
guided modes that span a circle in reciprocal space [as in Fig. 6(b)].
When coupled into radiation, light waves originating from differ-
ent guided modes will therefore feature different phase gradients in
addition to the metasurface imprint. This behavior is, for example,
responsible for the multiple emission angles observed in Fig. 6(e),
and a similar argument can be made for the background of unfo-
cused light in Fig. 6(j). Therefore, nonlocal metasurfaces could, in
principle, allow for more complex and precise wavefront control
in light emission. At the same time, again due to the stringent
q-BIC symmetry requirements, achromatic broadband operation
with these nonlocal devices can be expected to be significantly
limited.

A recent demonstration of this general approach is illustrated
in Figs. 6(k)–6(m).80 In this study, the metasurface consists of
amorphous-Si pillars on a SiO2-coated Au film, which is heated to
300 ○C to produce strong thermal emission. The pillars are arranged
on a rectangular lattice, where each unit cell contains two identical

APL Photon. 10, 111102 (2025); doi: 10.1063/5.0284959 10, 111102-9

© Author(s) 2025

 07 N
ovem

ber 2025 16:01:42

https://pubs.aip.org/aip/app


APL Photonics TUTORIAL pubs.aip.org/aip/app

rectangular NPs oriented perpendicular to each other and two ellip-
tical NPs of equal orientation and eccentricity [Fig. 6(k)]. The result-
ing photonic crystal slab supports a Γ-point q-BIC with a radiative
Q factor determined by the in-plane aspect ratio of the rectangular
pillars and selected to achieve critical coupling for maximum emis-
sivity. The eccentricity of the elliptical NPs provides the required
birefringence for polarization control. Finally, the orientations of
both rectangular and elliptical pillars can be tuned to vary the local
phase and polarization of the light scattered in each unit cell from
the q-BIC into free space. This platform was used to demonstrate
the bidirectional emission (at equal and opposite angles) of various
orthogonal states of polarization by introducing suitably chosen gra-
dients in the local polarization across the metasurface to create the
desired polarized interference patterns in the far field. For exam-
ple, the schematic diagram of Fig. 6(l) and the experimental data of
Fig. 6(m) (polarization-resolved emissivity vs wavelength and angle)
illustrate the bidirectional splitting of RCP and LCP light, analo-
gous to the Rashba effect in electronic systems.83 In addition, the
same study also reported the off-axis unidirectional thermal emis-
sion of a single state of circular polarization, achieved with an array
of unit cells emitting the same polarization state but with a linearly
graded phase shift. These functionalities expand on significant prior
studies on chiral emission with gradient metasurfaces77,79 as well as
periodic arrays of NPs with suitably broken symmetry.84–87 In the
context of thermal radiation control, we should also mention the
recent demonstrations of asymmetric beaming with a metagrating88

and of broadband directional emission with an epsilon-near-zero
multilayer metamaterial.89

Metasurfaces have also been integrated on the top surface of
complete LED90,91 or VCSEL92–94 device structures. In these stud-
ies, unlike all devices of Fig. 6, the meta-atoms are far removed from
the near field of the active layer and, therefore, cannot directly con-
trol the emission process through Purcell enhancement effects. As
a result, the metasurface cannot, for example, be used to increase
the radiative decay rate or to enforce the emission of any pre-
scribed state of polarization from incoherent light sources. Instead,
this configuration is more analogous to the use of metasurfaces as
free-standing plates designed to shape the wavefronts of incident
light, but with the important added advantage of increased minia-
turization. For example, in the study displayed in Figs. 7(a)–7(d),90
a dielectric metasurface is used to steer by a prescribed angle the
output light of a visible (620 nm) GaP-based multiple-quantum-well
LED. Here, the device active layer is embedded in a Fabry–Perot
cavity consisting of a bottom Au film and a top SiO2/TiO2 Bragg
reflector. This configuration increases the directionality (and, there-
fore, spatial coherence) of the Lambertian LED radiation pattern,
whose incoherent nature would otherwise not allow for uniform
shaping across the entire wavefront. Collimated emission at the
desired off-axis angle (around 30○) is then achieved simply by
adding a linear phase gradient, which is encoded in a square peri-
odic array of cylindrical Si nanopillars of different diameters pat-
terned on the device top surface. The resulting asymmetric far-field

FIG. 7. Metasurfaces on LEDs and VCSELs. (a)–(d) Metasurface-integrated LED for directional light emission. Reprinted with permission from Khaidarov et al., Laser
Photonics Rev. 14, 1900235 (2020). Copyright 2019 John Wiley and Sons.90 (a) Side-view device geometry. (b) Schematic illustration of the device operation. (c) SEM
image. (d) Measured far-field radiation pattern. (e)–(g) Metasurface-integrated GaAs VCSEL for beam shaping and collimation. Reprinted with permission from Xie et al.,
Nat. Nanotechnol. 15, 125–130 (2020). Copyright 2020 Springer Nature.93 (e) Schematic device structure. (f) SEM images of a metasurface designed for vortex beam
emission. The scale bars are 5 μm (top) and 500 nm (bottom). (g) Measured light intensity profile along the propagation axis (left) and on the transverse plane at z = 40 μm
(right) of a non-diffractive Bessel beam generated with the same device platform.
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radiation pattern, measured under optical pumping, is shown in
Fig. 7(d).

Figures 7(e)–7(g) show a metasurface-integrated GaAs VCSEL
emitting at 973 nm.93 In this device, the laser beam reaches the top
surface with a relatively large divergence angle, caused by diffraction
through the narrow intra-cavity oxide aperture that is commonly
used in VCSELs to enforce single-transverse-mode operation. At
the same time, unlike the case of the LED just described, this
beam still possesses a high degree of spatial coherence because it
originates from stimulated emission. The metasurface, again con-
sisting of cylindrical pillars of different diameters (in this case etched
through the top GaAs layer), is then designed to collimate the out-
put light and simultaneously shape its wavefronts. For example,
Fig. 7(g) shows the measured intensity profile of a non-diffractive
Bessel beam generated by combining the collimating phase profile
with that of an axicon, which produces an assembly of tilted plane
waves with wavevectors distributed on a cone. Importantly, these
results were measured under current injection, with the metasurface
found to have a negligible impact on the device’s electrical charac-
teristics and output power. In this respect, it should be noted that
the other devices reviewed in this section are also potentially com-
patible with electrical pumping, although at the expense of increased
structural complexity.

V. PHOTODETECTORS
Metasurfaces also hold great promise for the development of

advanced multifunctional image sensors. Traditionally, photodetec-
tors are designed to capture all the light impinging on their illumi-
nation window and convert it into an electrical signal proportional
to its optical intensity. When combined in pixel arrays, these devices
can therefore be used to map the intensity distribution of light waves
incident from their surrounding objects for various imaging appli-
cations. At the same time, however, their basic operation principle
does not allow for the direct detection of all the other proper-
ties of the incident light (phase, polarization, wavelength, OAM),
which can also contain important information of interest. Instead,
the measurement of these properties generally requires the use of
complex and bulky optical systems (e.g., based on interferometry,
polarimetry, or spectral or spatial filtering) that can substantially
limit their widespread applicability. As a result, the development
of more functional photodetectors capable of measuring multiple
degrees of freedom simultaneously has recently emerged as a major
research goal.95,96 Within this general context, metasurfaces inte-
grated on planar photodetectors could play a key enabling role by
allowing for the selective detection of light incident with prescribed
characteristics.

FIG. 8. Metasurface photodetectors. (a)–(c) Holographic metasurface couplers for OAM-selective photodetection. Reprinted with permission from Genevet et al., Nat.
Commun. 3, 1278 (2012). Copyright 2012 Springer Nature.99 (a) Schematic device structure. (b) Top-view SEM image of a coupler designed to detect incident light with
topological charge L = −1. The scale bar is 1 μm. (c) Polarization-resolved photocurrent response of the same device under illumination with five beams of different
topological charge. The polarization angle relative to the grooves is defined in the inset. (d)–(f) Angle-sensitive metasurface photodetectors. Reproduced with permission
from Kogos et al., Nat. Commun. 11, 1637 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution 4.0 International License.100 [(d) and (f)]. (d)
Schematic illustration and (inset) calculated angular response of a representative design. (e) SEM image. (f) Measured responsivity vs illumination angles from a device
designed for peak photodetection at θ = 15○. (g) and (h) Chip-integrated metasurface full-Stokes polarimetric imaging system. Reproduced with permission from Zuo et al.,
Light Sci. Appl. 12, 218 (2023). Copyright 2023 Authors, licensed under a Creative Commons Attribution 4.0 International License.111 (g) Schematic illustration of a single
pixel designed to detect RCP light. (h) Measured transmission spectra and circular polarization extinction ratio (CPER) of the metasurface used in the same device. (i)–(k)
Chiral metasurface photodetectors for circular-polarization-selective phase-contrast imaging. Reproduced with permission from Erturan et al., Nanophotonics 14, 947–957
(2025). Copyright 2025 Authors, licensed under a Creative Commons Attribution 4.0 International License.116 (i) Schematic device structure. (j) Measured responsivity vs
angles of incidence under RCP (left) and LCP (right) illumination for a device designed to detect the RCP phase gradient. (k) Top-view SEM images of the metasurface in
the same device.
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A particularly suitable configuration for this purpose is again
the gap-plasmon metasurface, or any variation that similarly
involves the phase- and/or polarization-matched excitation of SPPs
on a metal film deposited on the device illumination window. In this
configuration, any “undesired” incident light component (i.e., with-
out the prescribed characteristics of interest) is automatically filtered
out through reflection by themetal film. In contrast, the excited SPPs
can be efficiently scattered into the underlying photodetector active
layer with the use of subwavelength slits perforated through the
metal film. The effectiveness of this process is well established in the
context of extraordinary optical transmission:97,98 when a SPP prop-
agating on the top metal surface reaches the slit boundaries, a line
of in-plane oscillating dipoles is effectively produced across the slit
by the SPP electric field, which will then emit radiation propagating
predominantly into the higher-index substrate. At the same time, the
direct transmission of incoming radiation through apertures of sub-
wavelength dimensions is negligibly small. An early demonstration
of metasurface-controlled photodetection based on this idea is illus-
trated in Figs. 8(a)–8(c).99 In this study, an Au film is deposited on
a commercial Si photodiode and patterned with a curved diffraction
grating of shallow grooves with a fork-like dislocation, positioned
in front of an array of subwavelength holes. The grating is designed
based on the principles of holography to couple an incident vortex
beam with topological charge L = −1 (i.e., with each photon carry-
ing an OAM of −h) to SPPs converging toward the nanoholes. The
resulting scattering of these SPPs into the Si substrate then leads to
the preferential detection of the L = −1 vortex beam compared to
any other type of incident wavefront. This behavior is illustrated by
the polarization-resolved photocurrent data of Fig. 8(c), measured
at a wavelength of 633 nm with various beams of different topologi-
cal charge. The strong polarization dependence observed in the same
figure is a consequence of the TM-polarized nature of SPPs, whereby
their grating-coupled excitation is most efficient when the incident
light is polarized perpendicular to the grating lines (i.e., parallel to
the in-plane electric field of the excited SPPs).

A similar idea can be employed for angle-sensitive photodetec-
tion. In Ref. 100, this functionality was implemented with a periodic
array of Au nanostripes on a SiO2/Au/SiO2 stack, surrounded on
one side by a set of linear slits perforated through the stack and
on the other side by a short gap-plasmon gradient-metasurface
section consisting of Au nanostripes of different widths [Fig. 8(d)].
Light incident at the target detection angle [e.g., −45○ in the sim-
ulations of Fig. 8(d)] is diffracted by the periodic array into SPPs
that propagate toward the slits, where they are preferentially scat-
tered into the underlying photodetector active layer. Light incident
at the equal and opposite angle is diffracted into SPPs propagating
toward the gradient-metasurface section, which is designed to scat-
ter all incoming SPPs back into free space. Light incident along all
other directions is simply reflected back by the metal film. Alterna-
tively, a similar asymmetric angular response can be achieved with
a single gap-plasmon metasurface providing a linear phase gradi-
ent, again combined with adjacent slits [Fig. 8(e)].101 Figure 8(f)
shows representative data (photocurrent vs illumination angles)
measured in Ref. 100 with a metasurface-coated Ge photoconduc-
tor at 1550 nm. The curved region of high responsivity observed in
this plot originates from the excitation of SPPs propagating along
different directions [analogous to the radiation pattern of Fig. 6(e),
which is based on a time-reversed version of the same process].

These angle-sensitive photodetectors are promising for multiple
advanced imaging applications, including lensless compound-eye
vision with an ultrawide field of view100 and optical spatial filtering
for image processing (based on the Fourier-optics correspondence
between the spatial frequency components of an object and the
transverse wavevectors of its scattered light).102 Furthermore, similar
devices can be used for the visualization of transparent phase objects
through the measurement of small wavefront distortions if their tar-
get detection angle is sufficiently small so that the peak in their
angular response overlaps asymmetrically with normal incidence.103
This arrangement is analogous to phase imaging by oblique illumi-
nation104 and can provide similar sensitivity (with state-of-the-art
minimum detectable phase contrasts of a fewmrad), but without the
need formultiple illumination sources turned on sequentially, which
can significantly limit speed and miniaturization.

The devices described in the preceding paragraphs can only
detect light with linear polarization perpendicular to the meta-
surface grooves or nanostripes, again because of the TM char-
acter of SPPs. The selective detection of either state of circu-
lar polarization (RCP or LCP) is also of significant technologi-
cal interest, motivated by applications such as chiral biochemical
sensing,105 quantum information processing,106 and remote sens-
ing.107 Several devices providing this capability have been reported
recently based on periodic (i.e., non-gradient) metasurfaces inte-
grated on photodetectors.108–114 For example, in the study dis-
played in Figs. 8(g) and 8(h),111 a quarter-wave plate consisting
of amorphous-Si nanograting lines is integrated vertically with a
double-layer Al-nanowire linear polarizer. The quarter-wave-plate
birefringence originates from the different degrees of optical con-
finement in the Si nanostripes experienced by light polarized along
the stripe’s long and short axes, as in the dielectric meta-atoms
described earlier. The quarter-wave plate is oriented at ±45○ with
respect to the linear polarizer so that circularly polarized incident
light is converted into linear polarization along the polarizer trans-
mission or extinction axis, depending on its handedness. The result-
ing circularly polarized photodetection with high extinction ratio
is illustrated in Fig. 8(h). The same study also reported full-Stokes
polarimetric imaging with an array of these devices, combined on
a silica plate in a checkerboard pattern with linear polarizers ori-
ented along four different directions and integrated on a commercial
CMOS image sensor by aligned UV bonding. Accurate reconstruc-
tion of the Stokes parameters was demonstrated with this highly
miniaturized system, with measurement errors smaller than a few
%, similar to state-of-the-art polarimeters involving bulky com-
binations of multiple photodetectors and/or reconfigurable wave
plates.115

Angle-sensitive circularly polarized photodetection has also
been reported in a more recent study [Figs. 8(i)–8(k)],116 based on
the general device architecture of Fig. 8(d). The gap-plasmon meta-
surface developed in this study consists of a square periodic array
of rectangular Au NPs with different dimensions and orientations
[Fig. 8(i)], selected to produce a linear profile in both resonance and
PB phase along the same direction (x) and with the same slope in
absolute value. As a result, for one circular polarization [RCP in
Fig. 8(j)], depending on the sign of the NP relative orientations, these
two phase profiles add up to each other to enable SPP-assisted direc-
tional photodetection through the nearby slits. At the same time, for
the other circular polarization, the two phase distributions exactly
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cancel each other so that light incident along any direction is sim-
ply reflected by the metasurface without any SPP excitation [right
panel of Fig. 8(j)]. Interestingly, the curved regions of high respon-
sivity in the RCP map of the same figure exhibit a strong asymmetry
with respect to the horizontal axis, which can be explained in terms
of spin conservation in photon/plasmon interactions116 and, there-
fore, provides a direct illustration of spin-momentum locking in
SPPs.117 In the device of Fig. 8(j), the overall RCP phase gradient was
designed to produce maximum responsivity at a small angle (about
−2○) to enable phase imaging by wavefront sensing as described ear-
lier. A pixel array of these photodetectors could therefore be used for
the direct visualization of chiral birefringence.

Metasurfaces can also be employed to enhance the responsivity
of thin-film photodetectors by steering the incident light at oblique
angles to increase its propagation length through the active material
and, therefore, its overall absorption. This idea has been demon-
strated at visible wavelengths (560–690 nm) in an organic thin-film
photodiode combined with an array of Au nanostripes of differ-
ent widths embedded in ZnO, resulting in significant responsivity
gains of up to over 2×.118 The use of (periodic) plasmonic meta-
surfaces to increase the efficiency of photovoltaic solar cells has
also been investigated extensively.119 Finally, it should be mentioned
that substantial recent work has also focused on the development of
arrays of metasurfaces that could be integrated on standard image
sensor arrays (with relatively thin spacer layers of prescribed thick-
ness) to enable various functionalities such as polarimetry,120,121

color routing,122–124 and themeasurement of angular momentum.125
These devices are somewhere in between the fully integrated plat-
forms of interest in the present tutorial and more traditional free-
space metasurface components, in the sense that their design is more
analogous to the latter (and largely decoupled from their intended
optoelectronic interface), although they can offer a higher degree of
system miniaturization.

VI. CONCLUSION AND OUTLOOK
The studies reviewed throughout this tutorial illustrate the

ability of metasurfaces to enhance the functionality of waveguide
couplers, light emitters, and photodetectors via direct integration,
while at the same time providing a uniquely compact form factor.
Specific capabilities demonstrated in these reports include the con-
trol of directionality, polarization, wavefront distribution, and OAM
at the interface between free-space radiation and guided modes
in photonic, plasmonic, and optoelectronic devices. In turn, these
capabilities are of interest for multiple emerging technologies of
great practical significance. One example is chip-to-chip optical
interconnects that are becoming increasingly essential to address
the bandwidth and power requirements of large-scale processing
units and data centers. A key functionality for these systems is
the efficient and versatile coupling of light in and out of complex
photonic integrated circuits, particularly due to the lack of suit-
able on-chip Si light sources. Compared to standard solutions based
on diffraction gratings, the superior design flexibility of metasur-
face waveguide couplers could provide significant advantages, e.g.,
increasing bandwidth andmultiplexing capabilities. A second exam-
ple is computer vision and image processing for applications ranging
from autonomous navigation to biomedical microscopy. As briefly
discussed in Sec. V, angle-sensitive photodetectors are particularly

promising in this context because of their intrinsic optical spatial fil-
tering capabilities, which could be exploited for edge enhancement
(a key step for object classification with neural networks) and phase
contrast imaging (e.g., to visualize transparent biological cells).
Polarization vision is similarly attractive as a way to increase contrast
under conditions of low visibility. Notably, integrated metasurface
image sensors could enable these capabilities with unprecedented
miniaturization and portability, which could dramatically expand
their applicability. Finally, metasurface light emitters could find use
in compact projectors for AR/VR headsets, again by virtue of their
small dimensions and multifunctional operation.

To further advance the development of integrated metasur-
face devices for these applications, perhaps the main bottleneck at
present is the demonstration of broadband achromatic operation.
The ability to engineer spectral dispersion by geometrical design is,
in fact, a key attribute of metasurface flat optics,8 largely responsible
for the recent progress toward the commercialization of free-space
components such as the metalens. The design of broadband meta-
surfaces generally involves the use of complex building blocks with
multiple geometrical degrees of freedom that allow enforcing the
desired phase profiles at multiple wavelengths simultaneously (e.g.,
by controlling multiple resonances or by combining resonance and
PB phase tuning). Similar ideas could be applied to enable broad-
band phase matching between free-space radiation of prescribed
characteristics and waveguided modes with the type of metasurface
devices described earlier. In turn, this capability would be partic-
ularly significant for applications involving waveguide coupling in
photonic integrated circuits (again, to overcome the current band-
width limitations of grating couplers) as well as image sensing
under natural (and, therefore, broadband) illumination. Finally, a
further leap in performance and technological potential could be
achieved with the introduction of dynamic tunability in the meta-
surface phase and polarization response. This goal is currently the
focus of extensive research across the entire field of metasurface flat
optics, with several promising platforms being investigated, includ-
ing gate-tunable conducting oxides, liquid crystals, phase-change
materials such as GeSbTe, graphene, and MEMS/NEMS.126 Due to
their reliance on novel material systems and packaging architectures,
these reconfigurable metasurfaces involve distinct fabrication pro-
cesses and design principles, as well as additional performance met-
rics (including modulation speed and switching energy), all of which
are presently being investigated in the context of free-space compo-
nents. The adoption of similar platforms in integrated metasurface
devices could open up new application prospects, for example, in
LIDAR, dynamic displays, and lensless single-pixel imaging.

SUPPLEMENTARY MATERIAL

The supplementary material contains a tutorial description of
the basic principles of photonic crystal slabs relevant to the nonlocal
metasurfaces described in Secs. III and IV.
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