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Leaky-wave metasurfaces for integrated 
photonics
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Cheng-Chia Tsai    1, Andrea Alù    2,3   & Nanfang Yu    1 

Metasurfaces have been rapidly advancing our command over the many 
degrees of freedom of light; however, so far, they have been mostly limited 
to manipulating light in free space. Metasurfaces integrated on top of 
guided-wave photonic systems have been explored to control the scattering 
of light o!-chip with enhanced functionalities—namely, the point-by-point 
manipulation of amplitude, phase or polarization. However, these e!orts 
have so far been limited to controlling one or two optical degrees of freedom 
at best, as well as device con"gurations much more complex compared with 
conventional grating couplers. Here we introduce leaky-wave metasurfaces, 
which are based on symmetry-broken photonic crystal slabs that support 
quasi-bound states in the continuum. This platform has a compact form 
factor equivalent to the one of grating couplers, but it provides full 
command over the amplitude, phase and polarization (four optical degrees 
of freedom) across large apertures. We present devices for phase and 
amplitude control at a "xed polarization state, and devices controlling all 
the four optical degrees of freedom for operation at a wavelength of 1.55 µm. 
Merging the "elds of guided and free-space optics through the hybrid nature 
of quasi-bound states in the continuum, our leaky-wave metasurfaces may 
"nd applications in i ma gi ng, c om munications, augmented reality, quantum 
optics, LIDAR and integrated photonic systems.

A monochromatic optical wavefront in free space is characterized by 
four degrees of freedom at each point in space, namely, (A, Φ, ψ, χ):  
the amplitude A, phase Φ and polarization state with elliptical param-
eters ψ and χ representing the polarization orientation and elliptic-
ity, respectively. The manipulation of these degrees of freedom is 
among the key goals of contemporary photonics research. Metas-
urfaces1–3—flat optical devices composed of arrays of subwavelength 
scatterers—have been offering a flexible and powerful platform for 
producing desired wavefronts starting from unpatterned plane 
waves incident from free space4. Metasurfaces at optical frequen-
cies have been widely used to spatially manipulate the phase, but 
have also been shown to manipulate the phase and amplitude (PA)5,6, 
phase and polarization state7,8, and recently all the four parameters 

simultaneously9–12 and beyond13. These concepts can be leveraged 
to an even larger extent in the radio-frequency (RF) spectrum, for 
which multilayered fabrication and the large conductivity of metals 
enable exquisite and deeply subwavelength control of electromag-
netic radiation14–18. In addition to free-space excitation, RF leaky-wave 
antennas19–21 have been developed over several decades22 to produce 
free-space beams by scattering radiation originating from guided 
modes. Metasurface concepts have recently advanced this field23–27, 
but these approaches are not straightforwardly transferable to optical 
frequencies. For comparison, grating couplers (GCs) in integrated 
photonics also generate free-space light from in-plane guided sources, 
but are largely limited in controlling the optical degrees of freedom 
(A, Φ, ψ, χ) and their spatial profile.
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conventional GCs. Additionally, so far, these efforts have been limited 
to small surface emission apertures. These factors hinder the adoption 
of this approach in PICs. In contrast, a device configuration featuring 
the compact form factor typical of GCs, and capable of robust, sub-
wavelength control of all the four degrees of freedom of light (A, Φ, ψ, χ)  
introduces a generalization (and where appropriate, replacement) of 
GCs, advancing existing approaches in both form and function.

In this work, we introduce a leaky-wave metasurface (LWM) plat-
form based on weakly corrugated, symmetry-broken photonic crystal 
slabs, which supports a quasi-bound wave capable of arbitrarily tai-
loring the scattered field (A, Φ, ψ, χ) with subwavelength resolution 
(Fig. 1e,f). LWMs inherit the form of GCs and greatly improve the 
functionality of metasurface-on-waveguide solutions. We experimen-
tally implement the proposed concepts in the near-infrared spectral 
region (near λ = 1.55 µm) based on a silicon nitride (Si3N4) and polymer 
system, where nanostructured polymer zones on an unpatterned Si3N4 
thin film define both rib waveguides and LWMs. The design principles 
are rooted in quasi-bound states in the continuum40,41 and diffractive 
non-local metasurfaces41–45, enabling a rational design approach 
with largely independent mapping of four geometric parameters 
to the four optical degrees of freedom. To demonstrate the flex-
ibility of our platform, we realize the focused emission of a desired 
linear polarization (with wavelength-tuned scanning of the focal 
spot), a vortex beam generated in concert with a Gaussian reference 
beam, a two-image hologram encoded in the amplitude and phase of 
a single polarization, a four-image hologram encoded in the ampli-
tudes and phases of two orthogonal polarizations, and a converging  
Poincaré beam46.

Recent years have seen a rapidly growing interest in incorpo-
rating metasurface principles into integrated photonics28,29 and, 
very recently, in generating wavefronts from one-dimensional30,31 or 
two-dimensional32–38 in-plane guided modes. This capability is of great 
interest to the broader optics community, opening opportunities to 
control the off-chip emission of customized free-space wavefronts, 
as well as leveraging the on-chip manipulation of light based on the 
commercially maturing field of photonic integrated circuits (PICs). 
The customizability of a metasurface-based replacement for GCs offers 
exciting opportunities for optical communications, augmented reality, 
quantum optics and LIDAR. However, so far, the presented approaches 
offer only partial solutions, not capable of fully controlling the coupling 
of guided waves to far-field radiation. Typically, only one32–34 or two35–38 
optical degrees of freedom have been manipulated at once for a given 
guided wave, limiting applications to scalar fields (Supplementary 
Table 1 lists the recent progress made in this context).

Additionally, contrary to corrugated structures typically seen in 
GCs used in integrated photonics (Fig. 1a,b), the structures proposed so 
far are composed of a waveguiding layer and a metasurface as two sepa-
rate objects (Fig. 1c,d), which hinders integrability, scalability and com-
pactness. In early examples, separated metasurface and GC layers were 
used39, whereas in more recent examples, the metasurface was placed 
in the evanescent field of the guided mode to both scatter light and 
manipulate its phase profile. Both metallic30 and dielectric33 structures 
have been explored, introducing either optical loss or high-aspect-ratio 
dielectric structures typical of metasurface approaches. Adding such 
a lossy or high-aspect-ratio metasurface layer on top of existing wave-
guiding structures complicates its implementation compared with 
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Fig. 1 | Out-coupling in integrated photonic devices. a, Schematic of a 
typical GC based on a fully etched waveguide grating. b, Side view showing 
the functionality of a conventional GC, where the duty cycle and period may 
be changed to alter the amplitude and outgoing angle. c, Schematic of a 
metasurface-on-waveguide (MOW) device, based on a high-dielectric-constant 
pillar array on a waveguide layer (blue). d, Side view showing the functionality of 
the MOW, where the metasurface scatters the evanescent component of a guided 

wave into the far field, typically limited to the control of two optical parameters 
of surface emission. e, Schematic of the LWM platform introduced in this work, 
in which a perturbed (that is, symmetry-broken) subwavelength photonic crystal 
slab supports a tailored quasi-bound wave controlling off-chip coupling. f, Side 
view showing that the LWM has a compact form equivalent to a GC, but more 
advanced functionality compared with the MOW, offering simultaneous control 
over all the four degrees of freedom of light (A, Φ, ψ, χ).
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Operating principles and metasurface design
The key operating principle of our LWM platform is the deliberate 
perturbation of a guided mode supported by a periodic structure 
with subwavelength pitch (that is, a bound wave under the light line) 
into a quasi-bound wave (above the light line). As sketched in Fig. 1f, a 
guided mode incident from a waveguide couples to a bound wave in 
the subwavelength periodic structure, which then leaks into free space 
due to a period-doubling perturbation47. As a proof of principle, we 
use the configuration shown in Fig. 2a,b based on a rib waveguide and 
a metasurface defined within a thin layer of polymer (n ≈ 1.48) atop 
an unpatterned thin film of Si3N4 (n ≈ 2.00) sitting on a silicon diox-
ide substrate (n ≈ 1.44) (Methods provides the detailed geometrical 
parameters). The metasurface in its unperturbed state (Fig. 2c) is a 
two-dimensional photonic crystal composed of an oblique lattice of 
circular holes with pitches ax and ay; it supports a bound wave travel-
ling in the −y direction, whose effective wavelength is approximately 
λeff ≈ 2ay. Two independent perturbations are applied to the top pair of 
circular holes (Fig. 2d, Perturbation 1) and to the bottom pair of circular 
holes (Fig. 2e, Perturbation 2). These perturbations double the effec-
tive lattice pitches to 2ax and 2ay and alter the lattice from oblique to 
rectangular (Supplementary Section 2), modifying the first Brillouin 
zone of the unperturbed lattice (Fig. 2f) and its band diagram (Fig. 2g) 
into the zone-folded versions (Fig. 2h,i). The resulting band structure 
supports transverse-magnetic (TM) modes near λeff ≈ 2ay in the form of 

a Dirac point at normal incidence, allowing operation anywhere at or 
near normal to the device plane48. We note that an undesirable flat band 
also arises, degenerate with the Dirac point when ax = ay, which may be 
blueshifted or redshifted by detuning from this condition, if desired 
(Supplementary Section 3). In this way, the deliberate engineering of 
the symmetry-breaking perturbation (Fig. 2) determines both if and 
how the wave leaks into free space, at or near the device normal and 
pixel by pixel across the LWM aperture.

The dual-perturbation scheme (Fig. 2d,e) enables the independ-
ent control of the real and imaginary parts of the scattered light, 
which together confer complete command over the surface emission:  
(A, Φ, ψ, χ). Here we choose the fundamental TM guided mode (Fig. 2b),  
which—once coupled into the unperturbed subwavelength lattice—is 
decomposed into its real and imaginary components (Fig. 2c). Each 
of these components of the travelling TM wave (characterized in the 
y direction by e–iky) is a standing wave of either even or odd parity in 
the y direction (that is, cosine or sine). These standing waves abide by 
the selection rules for scattering near the device normal, determin-
ing which polarization (if any) couples to free space due to the sym-
metries broken by the perturbation41. The real component is bound 
except in the presence of Perturbation 1, where the top pair of cir-
cles are perturbed into ellipses oriented 90° relative to one another 
(Fig. 2d, dashed boundaries). However, Perturbation 1 does not affect 
the imaginary component, which is symmetry-protected due to its 
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Fig. 2 | Perturbative scheme for rationally designed LWMs. a,b, Schematic 
(a) and side view (b) of the device geometry. c–e, Perturbative scheme for the 
simultaneous control of the real and imaginary components of the out-of-plane 
scattered wave. In the unperturbed structure (c), both real and imaginary 
components are bound. When the top (bottom) row of circles is perturbed into 
ellipses (denoted by the black dashed boundaries), the real (imaginary) part of 
the quasi-bound wave is coupled to free space, but the imaginary (real) part is not 

(d and e). f,g, First Brillouin zone (f) and TM band diagram (g) of the unperturbed 
structure. h,i, First Brillouin zone (h) and TM band diagram (i) of the perturbed 
structure, supporting a zone-folded Dirac point. The modes marked by the 
arrows in i correspond to those in g, and the red and blue crosses marked in  
h correspond to those in g. The dotted and dashed lines in g and i denote the  
light cones in the substrate (glass) and superstrate (air), respectively.
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meta-unit motif with two shifted rows of judiciously oriented ellipti-
cal apertures enables the simultaneous and independent control of 
amplitude and polarization state of both real and imaginary compo-
nents of the LWM radiation: the magnitude of the period-doubling 
perturbation in each row controls the amplitude of each component, 
whereas the orientation angle of the perturbation controls the polari-
zation state. The symmetry-driven design enables a semi-analytical 
mapping between the optical degrees of freedom (A, Φ, ψ, χ) and the 
geometric design parameters (δ1, δ2, α1, α2). Traditionally, the diffi-
culty in constructing a meta-unit library compounds unfavourably 
as the number of targeted optical degrees of freedom is increased. 
Here, in contrast, the LWM geometry is populated in a point-by-point 

manner based on a set of simple equations, while achieving complete 
control over the vectorial field.

Building on these advantages, several improvements and exten-
sions may be made to this platform (Supplementary Sections 11–13). 
In particular, future work may improve the efficiency of the approach 
by engineering the profile of the scattering strength along the LWM, 
with near-unity efficiency achievable in suitable designs53,54. Our 
symmetry-based design principle implies that applications involving 
a wide array of materials and frequencies may adopt this approach. For 
instance, RF leaky-wave antennas are well known for beamforming and 
scanning in the far field, but are difficult to operate at close range. Our 
approach may be used to create RF leaky-wave antennas that operate 
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Fig. 6 | Vector-beam LWMs with complete control over amplitude, phase 
and polarization. a,b, Schematic of an LWM producing a four-image hologram, 
in which two distinct two-image holograms are encoded for y (a) and x (b) 
polarizations. c,d, Measured y-polarized images at the holographic image 

(z = 1 mm; c) and LWM plane (z = 0 mm; d). e,f, Measured x-polarized images  
at the holographic image plane (z = 1 mm; e) and LWM plane (z = 0 mm; f).  
g, Schematic of an LWM producing a focusing Poincaré beam. h,i, Measured  
(h) and simulated (i) profiles of six characteristic polarizations at a plane z = 2 mm.

http://www.nature.com/naturenanotechnology


Nature Nanotechnology | Volume 18 | June 2023 | 580–588 587

Article https://doi.org/10.1038/s41565-023-01360-z

across a wide range of distances, and with distinct functionalities 
imparted to orthogonal polarizations, useful for polarization-division 
multiplexing. Similarly, in the context of PICs, although here we showed 
one popular materials platform based on Si3N4, the design principle 
can be applied to silicon-on-insulator technologies. Active materials 
such as lithium niobate, two-dimensional materials and liquid crystals 
may also be incorporated, to switch on or off the symmetry-breaking 
perturbation or to control its magnitude. Finally, although our LWMs 
are composed of two-dimensional arrays of holes in a thin film, sub-
wavelength grating waveguides55 composed of pillars may also be used 
based on the same principles.

In conclusion, we have introduced an LWM platform that gener-
ates custom vectorial fields at will, combining the functionality of 
metasurfaces with the compact form factor of GCs. We demonstrated 
the semi-analytical generation of a library of meta-units with complete 
command over amplitude, phase and polarization state of light with 
subwavelength resolution. The design principles are rooted in the 
symmetries of quasi-bound waves supported by high-symmetry lat-
tices and are thus compatible with a wide range of materials platforms 
and frequencies. In the future, we anticipate a number of applications 
stemming from this approach. Our platform may be integrated with 
PICs for off-chip communications such as chip-to-chip communi-
cations and free-space mode-division multiplexing (for example, 
using OAM (Fig. 5f–i) or Poincaré beams (Fig. 6g–i)), and it may be 
used to generate custom cold-atom traps for quantum applications 
(such as kagome lattices (Fig. 5n–q)). Although our implementation 
employs structural birefringence as a perturbation, small changes in 
material birefringence (such as in liquid crystals) may achieve similar 
control but in a dynamic manner. In this way, our approach may also  
enable LIDAR systems with optically large apertures for arbitrary 
beamforming (including broadside emission) and beam steering 
(Fig. 5e), as well as novel holographic display technologies (Fig. 5j–m 
and Fig. 6a–f).
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from the metasurface; the phase distribution φ(x, y) is composed of 
(1) longitudinal phase accumulation in the metasurface region with 
an effective modal index nms ≈ 1.52 and (2) transversal phase profile in 
the linear taper with an effective modal index nwg ≈ 1.55, approximated 
by a paraxial cylindrical wave.

Finally, the devices are fabricated as follows. Si3N4 thin films with 
300 nm thickness are grown via plasma-enhanced chemical vapour 
deposition on a fused silica substrate of 180 µm thickness. A 300 nm 
poly(methyl methacrylate) layer is spin coated and baked at 180 °C 
to serve as an electron-beam resist. Electron-beam lithography (Eli-
onix ELS-G100) is then carried out at 100 keV and 1 nA, with a dose of 
750 µC cm–2 and appropriate proximity effect corrections (BEAMER), 
to define the waveguide boundaries and LWM patterns. A 3:1 mixture of 
isopropyl alcohol and deionized water is used to develop the exposed 
resist. The fabricated chip is then cleaved to expose the facet of the 
narrow single-mode ridge waveguide for fibre coupling.

Device characterization
Near-infrared light at λ ≈ 1.55 µm is generated by a diode laser, and 
coupled into the LWM device using a lensed optical fibre with proper 
polarization adjustment. The surface emission on the air side produced 
by the device is collected by a ×10 or ×20 near-infrared objective (Mitu-
toyo), passed through a polarization filter (Thorlabs) and directed 
towards a near-infrared camera (Princeton Instruments).

Data availability
All relevant data are available within the Article and its Supplementary 
Information.
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