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Abstract

We discuss our most recent developments in the synthesis
and the analysis of metasurfaces as well as their potential
applications. We present a list of selected topics which in-
cludes the electromagnetic synthesis of metasurfaces and
the applications of birefringence and bianisotropy. Sev-
eral applications are discussed, among which, are the light
emission enhancement of single photon source, metasur-
face with controllable angular scattering and metasurface
solar sail for the control of radiation pressure.

1 Introduction

Over the past few years, metasurfaces have proved to be ex-
tremely powerful electromagnetic wave transformers. As of
today, we have witnessed countless examples of studies on
metasurface structures. We can unquestionably conclude
that the development of metasurfaces is a fruitful area of
research. We expect an important development of practical
metasurfaces in forthcoming years, with applications rang-
ing from quantum optics to space technologies, through
medical imaging and communications.

In this work, we present our most recent developments in
metasurface design and applications. We have been exten-
sively working on the synthesis [1, 2, 3, 4] and the full-
wave analysis [5, 6, 7, 8] of metasurfaces. Besides that,
we have developed several metasurface applications which
include, for instance, dielectric metasurfaces for disper-
sion engineering [9, 10], electromagnetic spatial modula-
tors [11], multiple wave transformers [12], nonreciprocal
nongyrotropic isolators [13, 14], space-wave via surface
waves routers [15] and single photon source light emission
enhancers [16, 17, 18]. We give here a brief presentation of
some of these topics.

2 Metasurface Design

The design of a metasurface can be decomposed into three
main steps. First, the ideal metasurface surface susceptibil-
ities are obtained from the definition of the specified elec-
tromagnetic transformation through a mathematical synthe-
sis. Then, the response of this ideal metasurface is ana-
lyzed with full-wave simulation techniques and the results
are compared to the initial specifications. Finally, the meta-
surface is realized by engineering each of its scattering par-
ticles by following adequate design rules [1, 4, 3, 5].

The mathematical model used to describe the interaction of
the metasurface with a surrounding electromagnetic field,
which is at the core of the synthesis technique, is based
on the assumption that the metasurface consists in a zero
thickness interface, which is a valid assumption given the
subwavelength nature of such a device. In this case, specific
boundary conditions, the GSTCs, may be applied [19, 20].
For a metasurface in the xy-plane, the GSTCs read

ẑ×∆H = jωP‖− ẑ×∇‖Mz, (1a)

∆E× ẑ = jωµ0M‖−∇‖

(
Pz

ε0

)
× ẑ, (1b)

where ∆ corresponds to the difference of the fields between
both sides of the metasurface, and P and M are the elec-
tric and magnetic polarization densities, respectively. In the
most general case of a bianisotropic metasurface, the latter
are given by

P = ε0χee ·Eav +χem ·Hav/c0, (2a)

M = χmm ·Hav +χme ·Eav/η0, (2b)

where the χ are the susceptibility tensors and the subscript
“av” stands for the average of the fields at the metasurface.
Substituting (2) into (1) leads to a system of equations that
may be solved either to express the susceptibilities in terms
of specified incident, reflected and transmitted fields [1] or
to obtain the scattered fields from a known metasurface il-
luminated by a specific incident field [5]. From this point,
the metasurface may be realized [3, 4]. There exists two
main approaches to implement the scattering particles of
such structures: metallic inclusions [4, 15, 11] or purely
dielectric resonators [9, 10]. Both types of scattering parti-
cles have their own advantages and disadvantages in terms
of the technology that is used, the operation frequency, the
required electromagnetic transformation, and so on.

3 Applications

We now briefly present some of our recent developments in
metasurface applications. These applications include bire-
fringent and bianisotropic devices, metasurface systems for
single photon source light emission enhancement, metasur-
face with controllable angular scattering and metasurface
solar sail for the control of radiation pressure.

3.1 Birefringent Devices

A birefringent metasurface is a monoanisotropic structure
(χem = χme = 0) which may, in general, be described by



nonzero diagonal electric (χee) and magnetic (χmm) sus-
ceptibility tensors. Moreover, to simplify the synthesis and
analysis of the metasurface, it is usually assumed that the
longitudinal components of the susceptibility tensors are
zero in order to ignore the spatial derivatives in (1). This
leads to convenient closed-form expressions of the suscep-
tibilities in terms of the specified fields. Birefringent meta-
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Figure 1. Representations of the operation of four realized
birefringent metasurfaces.

surfaces have the capability to independently transform or-
thogonally polarized waves leading to a wealth of possi-
ble applications. Figure 1 shows four realized birefrin-
gent metasurfaces performing the operation of half-wave
plate, quarter-wave plate, polarization beam splitting and
orbital angular momentum (OAM) multiplexing, respec-
tively [4]. Other applications may include dispersion engi-
neering [9, 10] and metasurface for collimation/focalization
of light [17, 18].

Increasing the number of susceptibility components by tak-
ing into account the nondiagonal terms of χee and χmm al-
lows one to perform more than two independent transfor-
mations. This is in particular possible by leveraging non-
reciprocity as a mean to provide additional degrees of free-
dom [12].

3.2 Bianisotropic Metasurfaces

Another way of increasing a metasurface number of degrees
of freedom is by introducing bianisotropy in the form of the
magnetoelectric coupling coefficients χem and χme. One
direct application of bianisotropy is the rotation of the po-
larization state of light achieved with the optical activity
of chiral structures. Less known, is the capability of bian-
isotropic metasurfaces to produce perfect refraction corre-
sponding to a complete transfer of power from the inci-
dent to the refracted wave, which is not possible with usual
monoanisotropic refractive metasurfaces [21].

Here we present two additional examples of the applica-
tions of bianisotropy. The first one is the spatial optical
modulator depicted in Fig. 2 and which was developed
in [11]. This device can perform a specific transformation
on an input wave as shown in Fig. 2a. Then, the scattering

of the input wave (in blue) may be controlled by illumi-
nating the metasurface with a control wave (in red) as in
Fig. 2b. The control of the scattering is achieved by lin-
ear superposition on the input and control waves through
the metasurface. Here, bianisotropy is required to provide
enough degrees of freedom to independently manipulate the
input and the control waves but still allowing them to in-
teract with each other, which would not be possible with
birefringence alone.

(a) (b)

Figure 2. Coherent spatial optical modulator.

The second application of bianisotropy is the realization of
a nonreciprocal nongyrotropic metasurface. The combined
requirements of nonreciprocity and nongyrotropy again re-
quires to leverage bianisotropy [13]. For simplicity, the
metasurface was realized using the Surface-Circuit-Surface
(CSC) architecture depicted in Fig. 3a. The structure con-
sists of two patch antennas interconnected by a transistor
which provides unilaterality as well as amplification. The
simulated response of the metasurface is shown in Fig. 3b
while the measurements are presented in [13].
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Figure 3. Nonreciprocal nongyrotropic metasurface
(a) unit cell and (b) simulated full-wave response.



3.3 Photon Source Emission Enhancement

The range of potential applications of metasurface devices
may be further increased by considering not one single
metasurface but rather metasurface systems, i.e. combina-
tion of two or more metasurfaces working together. One
good example of that is the space-wave routing via surface-
waves metasurface system that was realized in [15]. Here,
we present another example of such system in a single pho-
ton source light emission enhancer. Assume that a quantum
dot is embedded in a grounded dielectric slab surrounded
by air. Due to total internal reflection, most of the light
is trapped inside the slab, as shown in Fig. 4a. By using
two metasurfaces, one on each interface forming a partially-
reflective metasurface cavity (PRMC), the light extraction
efficiency (see Fig. 4b) as well as the spontaneous emis-
sion rate may both be significantly improved [16]. This
may lead to future applications in quantum-classical optics
and the light emission enhancement of light-emitting diodes
(LEDs) [16, 17].

(a) (b)

 (             ) 0

Figure 4. Comparison (full-wave FEM simulation) of
the radiation performance of the bare reference cavity and
PRMC structures. (a) Power distribution for the bare cavity
in the xz-plane. (b) Idem for the PRMC.

3.4 Controllable Angular Scattering

Metasurfaces are usually designed to transform a speci-
fied incident wave into specified reflected and transmitted
waves. If the incident wave deviates from the specified
one, the resulting scattered waves experience major and un-
controllable discrepancies. Therefore, being able to control
the scattering for unspecified incidence angles would be of
great interest for metasurface applications. Consequently,
we present a uniform metasurface with controllable angular
scattering, i.e. where the reflection and transmission coeffi-
cients can be specified for three different incidence angles,
which, by continuity, allows a relatively smooth control for
other unspecified incidence angles. This is possible pro-
viding that the metasurface is not only bianisotropic and
reciprocal but also has nonzero longitudinal susceptibility
components that trigger the spatial derivatives in (1).

An example of such metasurface is proposed here where
the specified transmission coefficients take the values T =
{0.75;0.5e j45◦ ;0.25} for the corresponding incidence an-
gles θi = {−45◦;0◦;+45◦} while, at the same angles, the
reflection coefficient is specified to be zero. The amplitude

and phase are respectively plotted in Figs. 5a and 5b versus
all incidence angles.
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Figure 5. Reflection (dashed red line) and transmission
(solid blue line) amplitude (a) and phase (b) as func-
tion of the incidence angle for a metasurface synthesize
for the transmission coefficients T = {0.75;0.5e j45◦ ;0.25}
(and R = 0) at the respective incidence angles θi =
{−45◦;0◦;+45◦}.

3.5 Electromagnetic Force Manipulation

The impressive capabilities of metasurfaces to control elec-
tromagnetic fields may also be applied to the manipulation
of electromagnetic forces, e.g. radiation pressure. Even
though radiation pressure is a very weak force, it may one
day be used as a spacecraft propulsion method known as
solar sail. However, this technology is so far limited to re-
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Figure 6. Proposed metasurface solar sail with two lateral
forces (±Fx and±Fy), a repulsive/attractive force (±Fz) and
three rotational forces (±Fφ ). Credit: NASA.

pulsive forces. We have proposed to use metasurfaces to



produce not only repulsive forces but also attractive, lateral
and rotational forces. Figure 6 illustrates the proposed con-
cept of “metasurface solar sail”.

We have used four different configurations of incident, re-
flected and transmitted waves to generate these forces as is
shown in Figs. 7. The analytical form of the corresponding
forces were derived using the Maxwell stress tensor. These
forces may ultimately be generated by controlling the fre-
quency or polarization of high-power lasers or by directly
using solar illumination.
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Figure 7. Four different field configurations corresponding
to: (a) a repulsive force, (b) an attractive force, (c) a lateral
force and (d) a rotational force.
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