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ABSTRACT

Thanks to their enhanced and confined optical near-fields, broadband subwavelength resonators have the ability to enhance the spontaneous
emission rate and brightness of solid-state emitters at room temperature. Over the last few years, high-index dielectrics have emerged as an
alternative platform to plasmonic materials in order to design nanoresonators/optical nanoantennas with low ohmic losses. In particular, the
excitation of electric and magnetic multipolar modes in dielectric resonators provides numerous degrees of freedom to manipulate the direc-
tivity and radiative decay rates of electric or magnetic quantum emitters. We review recent theoretical and experimental applications of dielec-
tric nanoantennas to enhance or control decay rates of both electric and magnetic emitters but also to manipulate their radiation pattern
through the coherent excitation of electric and magnetic modes; before discussing perspectives of this emerging field.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5108641

I. INTRODUCTION

The theoretical demonstration in 20101 and 20112—followed
by experimental proof in 20123,4—that silicon subwavelength
spheres feature broadband electric and magnetic multipolar reso-
nances in the visible and near infrared range triggered an intense
research activity in the development of optically resonant nano-
structures made from high-index dielectrics. In particular, creat-
ing broadband nanoscale resonators using materials with
low-ohmic losses combines the advantages of plasmonic systems
to interact with quantum emitters at room temperature and of
dielectric cavities to manipulate radiative optical modes without
introducing nonradiative decay channels. Moreover, by featuring
intense electric field gradients and curls inside the dielectric mate-
rial, these nanoresonators provide new degrees of freedom to
design optical antennas by offering multipolar electric and mag-
netic modes with larger quality factors than plasmonic systems.
All of these phenomena explain the current interest in tuning
spontaneous emission processes from solid-state light sources at
room temperature using high-index nanostructures, in order to

improve the brightness and directivity of emission but also to
manipulate spontaneous decay rates.

In the first part of this perspective, we highlight the specific
properties of dielectric nanoresonators compared to their plasmonic
counterparts and introduce briefly the basic working principles of
optical nanoantennas to manipulate spontaneous emission from
either electric or magnetic quantum emitters. Since this perspective
is focused on the coupling between optical resonators and solid-state
emitters at room temperature where electron-phonon interactions
lead to homogeneously broadened luminescence spectra, we do
not compare the properties of dielectric nanoantennas to dielec-
tric microcavities that have been extensively used to influence
spontaneous emission at cryogenic temperatures.5–9 Moreover,
several review articles have discussed the specificities of plasmonic
nanoantennas to control spontaneous emission with respect to
dielectric microcavities.10–12

In the last paragraphs of this perspective, we analyze and
review recent results from the literature, in particular, the optimiza-
tion of emission directivity and the enhancement or inhibition of
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luminescence properties. The first part is devoted to the design of
directive antennas, where we emphasize the interest of inducing
coherent electric and magnetic modes in dielectric resonators that
interfere in the far-field. The last paragraphs of this perspective
focus on the manipulation of spontaneous decay channels, first
reviewing recent results on the enhancement of luminescence from
solid-state emitters before highlighting the full potential of dielec-
tric antennas to inhibit spontaneous emission or to manipulate
magnetic or chiral emitters.

II. FROM PLASMONIC MATERIALS TO HIGH-INDEX
DIELECTRICS TO DESIGN NANOANTENNAS

When discussing the plasmon resonances of nanoparticles, a
quasistatic approximation is generally used in order to derive the
polarizability of the particle and explain the resonant behavior of
its extinction cross section. This leads to the famous relationship
between the polarizability α0 of a spherical particle of radius a with
the dispersive dielectric constant of the plasmonic material εm and
of its environment εd ,

α0(λ) ¼ 4πa3
εm(λ)� εd
εm(λ)þ 2εd

: (1)

For spheres, but also for other particle geometries, a resonant
polarizability at visible frequencies is then only observed for materi-
als that feature negative real parts of their dielectric constant at
these wavelengths, namely, plasmonic materials with quasifree elec-
trons (which can generally be described using a Drude model). It is
important to stress that calculating the polarizability of a nanopar-
ticle in the quasistatic approximation implies that this particle does
not scatter light in order to verify the optical theorem.13 Therefore,
Eq. (1) cannot generally be applied to plasmonic nanoparticles
unless their scattering cross section is negligible with respect to
their absorption cross section, namely, for gold or silver particles
with diameters below 10 nm. Outside of photothermal applications,
resonant particles with negligible scattering cross sections have a
limited range of applications. On the contrary, in order to design
optical nanoantennas capable of enhancing the emission of solid-
state light sources, producing nanoscale resonators that efficiently
radiate energy to the far-field is a crucial requirement.

A depolarization factor is generally introduced in the quasi-
static particle polarizability in order to correct for radiative
damping.13–16 This term allows the definition of a dipolar approxi-
mation for the optical response of resonant nanoparticles that
verifies the optical theorem. However, this approximation rapidly
breaks down when considering resonator sizes typically used in
nanophotonics. A full multipolar description is then necessary to
correctly describe the optical response of nanostructures; using, for
instance, Mie theory in the case of spherical systems. Importantly,
when the quasistatic approximation breaks down, the requirement
that the nanoparticle must be made of a material with a negative
dielectric constant in order to obtain a resonant optical response is
no longer true. This means that nanoscale resonators made from
dielectric materials, with a high positive dielectric constant with
respect to the environment, can feature dipolar and multipolar res-
onances at visible and near-infrared frequencies.16,17

With the rapid development of resonant particles made of
high-index dielectrics, it is interesting to consider the main differ-
ences in the optical response of plasmonic and dielectric resona-
tors. In the case of spherical particles, it is possible to highlight
them using Mie theory. Recently, it was demonstrated that a dielec-
tric sphere of dispersive permittivity εeq can mimic the electric
dipolar resonant behavior of a plasmonic sphere of dielectric cons-
tant εm with the same radius a if17

εeq(λ) � 9λ
4πa

� �2 1� (4πa=9λ)2εm(λ)

1� 2(4πa=9λ)2εm(λ)
: (2)

This equation demonstrates that, if the particle radius is infinitely
smaller than the wavelength of light, εeq shoots toward infinity,
verifying that nanoparticles made of materials with positive
permittivities cannot feature resonances in the quasistatic
approximation. Since the accessible dielectric constants at visible
wavelengths remain below 30, compared to values of several hun-
dreds at radiofrequencies, this equation also explains why dipolar
electric resonances in high-index dielectrics are typically observed
with dimensions larger than λ=10.

To highlight some of the similarities and discrepancies in the
optical response of dielectric and plasmonic nanoscale resonators,
Fig. 1(a) displays the local field enhancements of the electric and
magnetic fields in dimers of silicon and gold nanospheres. We
observe that the distributions of the electric field in the surround-
ing medium are similar with a strong local enhancement in the
gap between spheres. However, while the skin depth of noble
metals render the electric and magnetic fields negligible inside
the gold nanospheres, these fields can exhibit strong amplitudes
inside the silicon spheres. In summary, while plasmonic materials
have the added bonus of providing optical resonances for deeply
subwavelength particles, high-index dielectrics provide numerous
advantages and new degrees of freedom to design nanoscale reso-
nators. Indeed, their ability to feature broadband resonances at
visible wavelengths with strong internal fields opens numerous
exciting possibilities:

(i) Strong gradients and curls of the electric field inside the reso-
nator allow the excitation of multipolar magnetic resonances
in addition to their electric counterpart. This phenomenon
requires complex nanostructure geometries in plasmonics,
such as split-ring resonators, while it is directly observed for
spheres with dielectrics. In the context of this perspective,
magnetic multipolar modes are particularly important to
control spontaneous decay processes from emitters featuring
magnetic transition dipoles (such as rare-earth ions18) or to
design directive nanoantennas.

(ii) Weak imaginary parts of the dielectric constant for numerous
high-index dielectrics mean that their multipolar modes will
be dominated by radiative damping processes. This provides
new design strategies for dielectric resonators by considering
higher order modes. Indeed, in plasmonics, all modes apart
from the electric dipole are generally dominated by ohmic
losses. This phenomenon can be observed in Fig. 1(b) where
an emitter longitudinally coupled to the dipolar mode of a
gold nanosphere dimer exhibits a strong increase of its decay
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rate dominated by radiative processes; while a higher order
mode mainly leads to a strong increase of the nonradiative
decay rate. But for high-index dielectrics, high-order modes
can remain radiative modes but with much higher quality
factors than the electric dipole [see, for instance, in Fig. 1(b),
the influence of electric dipolar and quadrupolar modes of a
silicon nanosphere dimer coupled longitudinally to a source
electric dipole: radiative processes remain important for the
higher order mode]. Importantly, near-field light sources,
such as quantum emitters, which couple to these resonators
will mainly interact with radiative modes. This is important
to optimize the quantum yield of the coupled emitter and
truly essential when designing an antenna capable of inhibit-
ing spontaneous emission, phenomenon for which nonradia-
tive decay channels must be prevented.

(iii) More generally, strong internal fields in a material that can
be luminescent or exhibit a nonlinear permittivity provide
novel design strategies for optimized and fully integrated
nanophotonic platforms.

III. WORKING PRINCIPLES OF OPTICAL
NANOANTENNAS

A. Analogy with radiofrequency antennas

Over the last fifteen years, the coupling between quantum emit-
ters and nanoscale optical resonators has been actively studied and
pursued in order to optimize spontaneous photon emission, essen-
tially using plasmonic systems.19,20 A parallel was rapidly drawn

between this interaction and radiofrequency antennas which are
designed to optimize the power radiated by a subwavelength electric
dipolar source.21 In practice, both optical nanoresonators and radio-
frequency antennas are designed to increase the local density of elec-
tromagnetic modes to which a point dipolar source can couple in the
near-field in order to radiate efficiently in the far-field.22

In a weak coupling regime between the emitter and the reso-
nator,23 this analogy goes even further when considering the evolu-
tion of the spontaneous decay rate Γ of the emitter using Fermi’s
golden rule24

Γ ¼ 2
3�hε0

ωj~pj2ρ(r, ω), (3)

with ~p the electric dipole moment operator of the emitter between
its excited and ground states, and ρ(r, ω) the local density of
optical states (LDOS) at the position r of the emitter and for a fre-
quency ω. The LDOS involves the total electric field at the position
of the emitter, which is the sum of the field emitted by the dipole
Ep(r) and the backscattered field, i.e., the field scattered back to the
emitter by the inhomogeneous environment Es(r).

23 In the case of
a homogeneous medium of permittivity ε, only the emitted field
should be considered. This allows the derivation of the relative
change of total decay rate as

Γ

Γ0
¼ 1þ η0

6πε

j~pj2
1
k3

Im(~p*:Es(r)), (4)

where η0 ¼ ΓR0=Γ0 is the intrinsic quantum yield of the quantum
emitter with ΓR0 the radiative decay rate of the emitter in a

FIG. 1. Comparison between gold and silicon-based nanoantennas made of coupled spheres. (a) Considered dimer geometries (optimized to maximize the electric field in
the center of a 20 nm gap at 650 nm in air) and simulated electric and magnetic field distributions for a longitudinally polarized excitation. (b) Simulated total (solid lines)
and radiative (dashed lines) decay rate changes for electric and magnetic dipolar emitters, longitudinally coupled to the same dimer antennas and positioned in the centre
of the 20 nm gap.
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homogeneous environment. Importantly, when computing the rela-
tive change of the power P dissipated by a classical electric dipole p
in an inhomogeneous environment, compared to the power radi-
ated in the homogeneous case P0, a similar equation is obtained,25

P
P0

¼ 1þ 6πε

jpj2
1
k3

Im(p*:Es(r)): (5)

These equations show nicely how the relative change of a purely
quantum mechanical process, spontaneous photon decay, can be
directly computed using electrodynamic calculations. Let us stress
that even though these two expressions are similar, they describe
two distinct phenomena. Γ describes the transition probability
between two energy electronic levels, triggered by quantum fluctua-
tions, and follows Fermi’s golden rule. On the other side, P describes
the power dissipated by a classical harmonic dipole. However, the
analogy between these quantum and classical descriptions is striking
and allows classical descriptions of purely quantum process.24 This
is an important aspect of nanophotonics, which deal with quantum
light-matter interactions that are generally manipulated in a purely
classical way by engineering the local density of electromagnetic
states, and further explains the analogy between radiofrequency and
optical antennas.26 Several differences should however be stressed as,
in radiofrequency antennas, ohmic losses are generally very weak
compared to radiation damping. This is not true in optical nano-
antennas because both the emitter and the resonator feature non-
radiative decay channels. For instance, the initial quantum yield
of emitters, η0, is always below 1. η0 is the only difference between
Eqs. (4) and (5) and the comparison between classical electrody-
namic calculations and fluorescence measurements should always
carefully consider the initial yield. Furthermore, most materials
considered for optical antennas have nonnegligible imaginary
parts of their permittivity, introducing ohmic dissipation in the
resonator. This is one of the strengths of high-index dielectrics
compared to plasmonic systems for nanoantennas.

It is important to note that the interaction term Im(~p*:Es)
between the emitter and electromagnetic field in Eq. (4) involves
only the electric transition dipolar operator ~p. However, in a more
general case, the interaction involves the magnetic transition dipole
(that couples to the magnetic component of light) and the electric
quadrupole, that is, involved when the gradient of the electric field
at the position of the emitter cannot be neglected.

For a homogeneous environment, a dipolar approximation is
reasonable since the size of the quantum emitter is much smaller
than the wavelength. The curl and the gradient of the electric field
are, therefore, negligible at the scale of the emitter leading to negli-
gible magnetic dipole and electric quadrupole components of the
interaction Hamiltonian. This approximation is not valid for emit-
ters whose electric dipole transition is symmetry forbidden (such as
rare-earth cations) leading to electric dipole and magnetic dipole
transitions of similar amplitude.27

Furthermore, in the vicinity of optical resonators, the curl
and gradient of the electric field can be nonnegligible, making the
dipole approximation no longer valid.28–30 Importantly, in the
case of the magnetic transition dipole, a similar derivation can be
inferred using Fermi’s golden rule and equivalent equations to

Eqs. (4) and (5) can be obtained when considering a classical
magnetic dipole source.31–35

Figure 1(b) provides the simulated modification of radiative
and total decay rates of electric and magnetic emitters in the center
of silicon or gold nanosphere dimers. These data show clearly the
ability of dielectric antennas to manipulate the properties of solid-
state light sources whose emission is mediated by either electric or
magnetic transition dipoles,32,33 while spherical plasmonic anten-
nas only influence electric emitters. Furthermore, these simula-
tions highlight the low ohmic losses of dielectric resonators as the
radiative and total decay rates changes are nearly superimposed
for the low-order red-sifted longitudinal dipolar modes. These
data also evidence the influence of the considered antenna reso-
nance on the emission efficiency of the coupled emitter-antenna
system: the magnetic dipolar mode, which couples less efficiently
to the far-field than the more radiatively damped electric dipolar
mode (leading to a higher quality factor), features larger nonradia-
tive decay rates since the absorption of silicon at 650 nm is not
fully negligible. We finally observe that the high-order modes
between 400 nm and 500 nm in a silicon nanosphere dimer still
feature strong nonradiative losses: this is because these wave-
lengths remain significantly below the bandgap of silicon. In order
to exploit high-order modes to modify spontaneous decay rates
without ohmic losses in high-index dielectrics, it is essential to
work above the bandgap of the considered material because of the
large quality factors of high-order modes.

B. Enhancing luminescence signals with
nanoantennas

If we consider the analogy with radiofrequency antennas further,
nanoscale resonators should be able to not only influence spontane-
ous decay rates but also the excitation rate of the emitter or the
emission directivity since radiofrequency antennas are well known
to enhance signal reception and to be strongly directional.

Concerning the excitation rate, reciprocity in electromagnetism
implies that, if an antenna can enhance the radiative emission rate in
the far-field, it will also enhance its excitation rate in the near-field
when considering the same wavelength of light and opposite propa-
gation wave-vectors.36,37 Qualitatively, one can understand that, if an
antenna features channels to which an emitter can couple in the
near-field to radiate energy in the far-field; then a far-field electro-
magnetic wave can also couple to these same channels in order to
efficiently excite the emitter. This is no longer valid for the nonradia-
tive modes to which the emitter can couple. Overall, this increase in
excitation leads to the well-known local field enhancements or hot-
spots in the vicinity of optical resonators that have been extensively
used in surface-enhanced spectroscopy, both for luminescence and
Raman scattering. As an example, Fig. 1(a) shows simulated local
field enhancements in the vicinity of plasmonic and dielectric reso-
nators, demonstrating how both types of materials can strongly
enhance the excitation rate of emitters.

Regarding directivity, the induced multipolar modes in the
nanoscale resonator, that is coherent with respect to the source
dipole, will have specific phases and can, therefore, interfere con-
structively or destructively for specific outgoing wavevectors. This
can provide the emission of the coupled emitter-resonator system
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with a specific directivity similarly to classical antennas. This
effect is crucial in optics because of the limited numerical aper-
ture in detection. Therefore, matching the direction of emission
and the collected wavevectors will optimize the detected lumines-
cence signal.

Overall, all of these effects will lead to a modification of the
detected luminescence signal for a quantum emitter in the vicinity
of the nanoantenna. In a homogeneous environment (therefore,
without the resonator), the photon flux collected in the far-field for
a single emitter can be written as38,39

Φ0 ¼ κ0η0
σI0

1þ I0=Is0
, (6)

with σ the excitation cross section of the quantum emitter (ori-
ented along up), κ0 the collection efficiency of the experimental
setup, I0 ¼ jE0:upj2 the excitation intensity for an incident field E0,
and Is0 ¼ Γ0=σ the saturation intensity of the emitter. If the excita-
tion intensity I0 � Is0 , then, Eq. (6) simplifies as κ0η0σI0 and the
emitted flux is in the linear regime and equal to the rate of excita-
tion multiplied by the quantum yield and corrected by the collec-
tion efficiency. If I0 � Is0 , then Φ0 is independent of the excitation
rate and equal to κ0ΓR0 . The photon flux in the saturation regime
is simply the radiative rate corrected by κ0 since the emitter is con-
sidered to always be in its excited state.

In most nanoantenna experiments, the excitation is kept low
in order to consider the linear regime to be effective even when
taking into account the local field enhancement. In that case, the
increase in collected luminescence photon flux is given as37,40

Φ

Φ0
¼ κ

κ0

η

η0

I
I0

¼ κ

κ0

(I=I0)(ΓR=ΓR0 )
1� η0 þ η0(Γ� ΓNR0 )=ΓR0

, (7)

where κ is the collection efficiency of the setup with the resonator, ΓR

and η ¼ ΓR=Γ the radiative rate and quantum yield of the emitter
coupled to the resonator, I the excitation intensity in the near-field of
the antenna, and ΓNR0 ¼ Γ0 � ΓR0 the nonradiative decay rate of the
emitter by itself. The reason why the more complex right part of the
equation is often used when comparing experimental luminescence
experiments to classical electrodynamics simulations is because
ΓR=ΓR0 and (Γ� ΓNR0 )=ΓR0 are the relative decay rate changes,
without and with the antenna, which are computed when considering
a classical dipole without initial ohmic losses.

Overall, Eq. (7) demonstrates the combined effects of nanoan-
tennas: local field enhancements to enhance the excitation rate;
modified decay rates that modify the quantum yield; and modified
collection efficiency thanks to emission directivity, that is, discussed
in more detail in the next paragraph.

C. Controlling the emission directivity

The directivity of single emitters or scatterers in the far field is
classically weak since the far-field radiation of all multipolar orders
feature symmetric patterns. One of the objectives of optical antennas
is to modify the electromagnetic coupling to quantum emitters in
order to improve the collection of emitted photons for a given
optical set-up with limited numerical aperture. The gain in

directivity DdBi is defined by the ratio between the radiated intensity
in the direction of interest I and the total radiated power of the
antenna Prad: DdBi ¼ 10 log (4πI=Prad).

The high potential of dielectric particles to collect light emis-
sion can be intuitively understood by the fact that, in optical
waveguides, light is guided in high refractive index materials. The
ability of dielectrics to collect light emission by electric dipoles
was first studied in the context of a harmonic electric dipole in air
above a dielectric substrate in 1977.41,42 Recently, dielectric micro-
spheres were used to enhance the excitation and to collect fluores-
cence signals.43–46 The need for compactness and integrated
devices motivated the development of efficient scatterers smaller
than the wavelength; therefore, requiring a resonant interaction
with light. Both plasmonic and high-index dielectric nanostruc-
tures can thus be considered.

To understand how an optically resonant scatterer strongly
affects the emission pattern of a quantum emitter, and it is interest-
ing to study the fundamental case of a single particle behaving as an
induced electric dipole coupled with an emitting electric dipole.47

The question is to predict the reflector or collector behavior of the
particle coupled with the emitter. Strong directional emission is clas-
sically observed in the case where the source dipole is transversely
coupled to the induced dipole. With α the polarizability of the reso-
nant scatterer and d the distance between the emitter and induced
dipole in the scatterer, it is possible to derive the relative phase f
between the source dipole and the induced dipole, as a function of
the dimensionless parameter kd with k ¼ 2π=λ. The relative phase,
f(kd) ¼ fα þ fd(kd), contains two terms,47

fα ¼ Arg(α);

fd(kd) ¼ Arg(� eikd(1� ikd � k2d2)):

The first term, fα , depends on the phase of the particle
polarizability while the second term, fd(kd), depends on the
emitter-to-particle distance d. The second term features two con-
tributions: eikd describes the far field propagation, while the
second term 1� ikd � k2d2 describes the near field coupling
between the two dipoles. It can be demonstrated that the collec-
tor/reflector behavior can be simply predicted via the sign of sin
(f).48 A collector behavior is associated with sin(f) . 0 while a
reflector behavior is observed when sin(f) , 0. Let us first consider
the case of a very small distance between the emitter and the parti-
cle, kd ! 0. In this case, fd ! π and sin(f) ! �sin[arg(α)] , 0
since arg(α) [ [0, π]. We understand why the particle behaves like
a collector when the emitter is very close to the particle. This prop-
erty does not depend on the size and composition of the particle.
When the emitter-to-particle distance increases, kd increases and f
decreases and reaches its minimum of f � 3π

4 when kd ¼ ffiffiffi
2

p
. In

this case, the particle can either reflect or collect light depending on
the phase of the particle polarizability. More precisely, the particle
collects light if fα , π=4. We thus understand why the the size can
play a crucial role since the phase due to the polarization fα experi-
ences a strong shift around the dipolar resonance, from π to 0 for
increasing wavelengths, the variation of phase being maximum
around the resonance. Therefore, the collector behavior, corre-
sponding to the condition fα , π=4, is observed for wavelengths
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larger than the resonance wavelength. In other words, when consid-
ering a given emission wavelength, the condition fα , π=4 can be
observed only for small particles (compared with the wavelength)
which explains why the reflector element in Yagi-Uda antennas is
composed of larger particles, while the collector element is com-
posed of smaller particles.

Engineering nanoscale resonators capable of modifying the
spontaneous decay rates and directivity of emitters as well as
enhancing the optical near-field thus provides numerous degrees of
freedom to produce optical nanoantennas. In the following para-
graph, we focus more specifically on the specificities offered by
high-index dielectric resonators to control emission directivity
before discussing more generally the enhancement of luminescence
signals with these nanostructures.

IV. DIRECTIONAL NANOANTENNAS

Optimizing emission directivity was successfully achieved with
plasmonic systems, in particular, by downscaling the concept of
Yagi-Uda antennas, initially developed at radiofrequencies.49,50

Yagi-Uda antennas are composed of a reflector, a feed element and
several collectors.49 As discussed above, the reflector or collector
behavior of particles depends on their shape and location with
respect to the emitter.47,48 The reflector is typically the largest
element of this directive antenna, the feed element is made of a
particle of intermediate size whose plasmon resonance matches the
emission spectrum, while the collector is composed of several self
similar smaller particles. The first experimental report involving a
Yagi-Uda antenna composed of 5 elements (1 reflector, 1 feed and
3 collectors) was published in 2010 and demonstrated a gain in
directivity as high as 6 dB using colloidal quantum dots as the
emitting material.51 A promising alternative consists in replacing
the feed element by III-V nanowires, opening the route toward
electrically driven optical Yagi-Uda antenna emitters.52

The main difference between plasmonic and dielectric direc-
tional antennas is that, in the case of plasmonic systems, only the
induced electric dipole provides a nonnegligible radiated power,
while for high-index nanostructures, all electric and magnetic
multipolar modes can radiate. In 2011, it was shown that a single
silicon particle behaves as an effective Huygens source and can
switch the directivity of emission in the forward or backward scat-
tering by simply tuning the emission frequency.53 The concept of
all-dielectric Yagi-Uda optical antennas was also introduced in
the same study by coupling an emitter to 3 silicon particles, one
forming the reflector and the other two forming the collector. It
was also suggested to further increase the directivity by coupling
additional particles in the collector element. This was done in
2012 by the same group by considering 4 self similar particles in
the collector.54 As discussed below, one of the main advantages of
dielectric systems for directional emission comes from the inter-
ference between induced electric and magnetic dipoles in a single
resonant scatterer.

A. Kerker conditions in the near-field

Extending the dipolar model used to derive Eq. (8) for parti-
cles featuring electric and magnetic dipolar resonances is equivalent
to extending the so-called Kerker conditions to the near field.

Let us briefly summarize that the Kerker conditions were originally
established in the case of a magnetic scatterer illuminated from the
far field59 and were extended to the case of purely dielectric parti-
cles in 2011.60,61 The first Kerker condition corresponds to a
maximum of forward scattering associated with a vanishing back-
ward scattering, while the second Kerker condition corresponds to
a minimum of forward scattering. The observation of Kerker condi-
tions in nonmagnetic particles is allowed by the excitation of elec-
tric and magnetic induced dipoles. While the conventional Kerker
conditions are established when exciting a scatterer from the far
field region, typically with a plane wave or a collimated beam, this
concept can be extended to the near field by exciting a single
high refractive index particle with an electric dipolar emitter. The
key difference between the two configurations is the crucial role
of the phase difference between the exciting electric dipole and
the two dipoles induced in the scatterer. Compared to the previ-
ous case where only an electric dipole is induced in the resonator,
the emitting electric dipole now also induces a magnetic dipole
through its radiated magnetic field component. Optimizing the
collecting behavior of the resonator corresponds to the 1st Kerker
condition for a near field excitation: when the Poynting vector in
the backward direction is minimized. Inversely, a strong reflector
behavior is obtained when extending the 2nd Kerker condition to
the near field in order to minimize forward scattering. These
conditions are given as55

e�ikd þ γe~α ¼ γm~β,

eikd þ γe~α ffi �γm~β,
(8)

where ~α and ~β are the dimensionless electric and magnetic polariz-
abilities of the resonator, respectively; and γe and γm are dimension-
less coupling parameters between the source electric dipole and the
induced electric and magnetic dipoles, respectively.55 The excitation
of a magnetic dipole in the dielectric particle thus offers additional
pathways to tailor the emission such as switching the directivity or
increasing the gain in directivity. The coherent excitation of electric
and magnetic induced dipoles in a scatterer can also be performed
in plasmonics but this requires more complex shapes62–64 or to
couple different metallic nanowires.65 Overall, coupling quantum
emitters to multipolar classical scatterers allow for a more directive
emission [Figs. 2(a) and 2(b)] than coupling them to a resonator
that only features an induced electric dipole [Eq. (8)].

B. Practical implementations of directional antennas

At radiofrequencies, replacing metallic elements by dielectric
resonators to produce antennas has been implemented for
decades.66,67 In this frequency range, materials with a wide range of
dielectric permittivities can be implemented.68–71 By tuning the
real part of the dielectric constant, it is possible to change the
quality factors of the resonances for applications where broadband
or narrow-band responses are required. In particular, with broader
Mie resonances, it is possible to achieve a spectral overlap between
different multipolar modes. A high number of modes involved in
the emission pattern allows for a fine tuning of the directivity. In
that case, it is possible to switch the directivity from the forward
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direction to the backward direction by simply modifying the emis-
sion frequency. For instance, the coupling between the emission
dipole and higher order modes of the dielectric scatterer can be
achieved by considering a notch in the dielectric antenna. Placing
the emitter inside the notch offers highly directive antennas.71

A first experimental realization and characterization of an all-
dielectric directive antenna in the visible spectrum was reported in
2017.56 The antenna was composed of a reflector and a collector
made of hafnium dioxide and the light source was provided by
quantum dots deposited into the feed gap between director and
reflector [see Fig. 2(c)].

An interesting aspect of all-dielectric antennas is their ability to
optimize emission directivity of 2D transition metal dichalcogenides

materials such as WSe2, MoSe2, WS2, and MoS2. 2D materials benefit
from intense efforts since they combine many essential features for
opto-electronics applications. In particular, they are cost effective,
extremely thin (atomic scale) and their flatness makes them ideal can-
didates for developing integrated photon sources.72 The coupling
with optical antennas is particularly interesting since it will redirect
the emission to a direction normal to the surface.73 As discussed in
Eq. (8), the distance between the emitter and the antenna is crucial to
control the emission directivity, this is why an atomically flat solid-
state light source is particularly well-suited to control the
emitter-to-antenna distance at the nanoscale. A major innovation was
presented in 2018 by redirecting the photon emission of an atomi-
cally thin MoS2 layer with a silicon nanowire exhibiting electric and

FIG. 2. Directional nanoantennas. (a) Near-field Kerker effect: theoretically calculated forward (left) and backward (right) light emission of an electric dipole emitter trans-
versely coupled with a 85 nm radius GaP nanosphere and emitting at λ ¼ 550 nm. Adapted with permission from Rolly et al., Opt. Express 20, 20376–20386 (2012).
Copyright 2012 Optical Society of America. (b) All-dielectric Yagi-Uda antenna: sketch of the considered structure and simulated directivity as a function of the wavelength.
Adapted with permission from Krasnok et al., Opt. Express 20, 20599–20604 (2012). Copyright 2012 Optical Society of America. (c) Dielectric hafnium dioxide-based
antenna: electron microscopy image (top) and experimentally measured emission pattern from quantum dots positioned in the gap (bottom). Adapted with permission from
Peter et al., Nano Lett. 17, 4178–4183 (2017). Copyright 2017 American Chemical society. (d) Directional emission from monolayer MoS2 using a silicon nanorod: sketch
of the sample (left) and 2D map of the ratio between top and bottom emission directions (right). Adapted with permission from Cihan et al., Nat. Photonics 12, 284 (2018).
Copyright 2018 Nature Publishing Group. (e) Hybrid plasmon-dielectric antenna: a silver dimer is coupled to a GaP nanosphere (scheme on the left) to ensure both
enhanced and directional emission (theoretical emission pattern on the right). Adapted with permission from Rolly et al., Opt. Express 20, 20376–20386 (2012). Copyright
2012 Optical Society of America. (f ) Hybrid structure comprising a gold bowtie antenna and a silicon-based Yagi Uda antenna: scheme and electron microscopy image
(left) and measured directional emission using the nonlinear luminescence of gold (right). Adapted with permission from Ho et al., ACS Nano 12, 86168624 (2018).
Copyright 2018 American Chemical society.
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magnetic Mie resonances.57 A forward-to-backward ratio of 20 was
reported at the emission wavelength of 680 nm. This study nicely
combines the photoluminescence properties of 2D materials with the
scattering properties of silicon nanorods74 to redirect the fluorescence
emission in a direction normal to the plane. Interestingly, 2D dichal-
cogenides materials can be integrated with dielectric metasurfaces,75

and their interaction with dielectric antennas should reach strong-
coupling regimes.73

It is interesting to note that plasmonic and Mie resonators can
be judiciously combined in hybrid metal-dielectric antennas76–79

[see Figs. 2(d) and 2(e)]. Indeed, Mie resonators feature high extinc-
tion cross sections when excited from the far field and reciprocally,
they can provide high directivity when excited from the near field;
while plasmonic systems offer strong local fields to enhance the
luminescence signal.58,80–82 As shown in the examples of Figs. 2(d)
and 2(e), the plasmonic nanoparticles are generally coupled longitu-
dinally to each other to provide a nanoscale hot-spot, but are
coupled transversely to the dielectric resonators to maximize the
directivity as discussed in Eq. (8).

V. MANIPULATING LUMINESCENCE FROM ELECTRIC
EMITTERS

A. Optimizing excitation and emission rates

Because of reciprocity, a strong enhancement of the local
electric field at a given position in a nanoantenna will lead to a
similar increase of the radiative decay rate from an electric
dipolar emitter introduced at the same location.19,36,37,83 This is
why dimers of gold nanoparticles separated by a nanoscale gap,
as discussed in Fig. 1, have been extensively used to enhance the
excitation and spontaneous decay rates of single fluorescent
molecules.84–86 Similarly, dimers of thin silicon particles featuring a
nanoscale gap were proposed as early as 2007 to enhance locally the
intensity of the electric field.87 While thin silicon particles mainly
lead to an enhancement of the electric field in the surrounding
medium, thicker nanostructures like spheres exhibit a completely
different distribution of the electromagnetic near fields with strong
amplitudes inside the resonators and enhanced magnetic fields, as
shown in Fig. 1. Experimentally, enhanced electric and magnetic
fields in the nanogap of silicon dimers were probed with near-field
scanning optical microscopy.88

One of the difficulties in analyzing the enhancement of sponta-
neous emission by optical nanoantennas is the ability of introducing
fluorescent emitters specifically in the near-field of nanoscale reso-
nators. The first experiments describing fluorescence enhancement
in the vicinity of silicon nanowires or disk dimers were performed
using an homogeneous layer of fluorescent molecules at the diffrac-
tion limit, introducing spatial averaging.95,96 Alternatively, two
approaches can be implemented as described in Figs. 3(a) and 3(b):
the use of freely diffusing molecules89 and scanning-probe micros-
copy.90 The first technique allows an estimation of the fluorescence
enhancement per molecule as a function of the gap size and dem-
onstrates nicely that silicon nanodisk dimers lead to a gain in
brightness larger than two orders of magnitude, similarly to what
is observed in gold dimers [Fig. 3(a)]. The advantage of
scanning-probe microscopy is the ability to measure fluorescence

intensities and lifetimes of the emitter as a function of the dis-
tance to the antenna with nanoscale accuracy [Fig. 3(b)].

The coupling between fluorescent emitters and dielectric reso-
nators can be engineered by tuning the materials that are used to
produce the antenna.97 In particular, GaP provides an efficient plat-
form to enhance both second harmonic generation (SHG) and fluor-
escence signals.98 Furthermore, the coupling efficiency can be
actively controlled by tuning the resonance properties of the dielec-
tric resonators, for instance, by using liquid crystal layer [Fig. 3(c)].91

In this case, the resonators are organized in a 2D resonant metasur-
face to gain extra degrees of freedom in designing the optical
response of the coupled system. Several other implementations of the
coupling between emitters and dielectric metasurfaces were demon-
strated, in particular, to associate a gain in photoluminescence inten-
sity and emission directivity.94,99,100

An alternative strategy to optimize the coupling between
luminescent solid-state systems and dielectric nanoantennas is to
embed dipolar electric emitters directly inside the resonators
where the electric near-fields and Purcell factors can be
maximum.101,102 Figures 3(d)–3(f ) provide recent experimental
realizations using either Ge(Si) quantum dots in silicon nano-
disks,92 hybrid perovskite nanoparticles (which act as both the
resonator and emitting material),93 and InAs quantum dots in
GaAs resonant metasurfaces.103

All of these experimental demonstrations clearly highlight the
ability of high-index nanoantennas to enhance light absorption and
emission by solid-state systems. The extension of these processes to
the near-infrared range (where emitters are usually poor in terms
of quantum yields and/or excitation cross sections) as well as the
integration of these resonators in optoelectronic systems are cer-
tainly two of the main perspectives of this scientific field.

B. Inhibition of spontaneous emission

One of the main properties of high-index dielectric nanoan-
tennas is their ability to modify the radiative decay rate of emit-
ters without introducing nonradiative decay channels (as long as
the considered wavelength is close or higher than the material
bandgap). This opens new degrees of freedom in manipulating
light-matter interactions, in particular, by inhibiting spontaneous
emission. Indeed, in classical electrodynamics, if the induced
multipoles in the resonator interfere destructively with the source
electric dipole of the emitter, then the power radiated in the
far-field will be reduced. According to Eqs. (4) and (5), this will
lead to a reduction of the radiative decay rate. While such a phe-
nomenon is possible in plasmonic systems,104 it will be masked
by the nonradiative decay channels introduced by lossy metals.
This is no longer the case with high-index dielectrics: reduced
radiative decay rates will lead to an increased luminescence life-
time even in close proximity to the antenna. This is directly
observed in Fig. 3(b) when considering an antenna, that is, either
in- or out-of-phase with respect to the fluorescent emitters: an
in-phase antenna leads to an increased total decay rate, while an
out-of-phase resonator leads to an inhibition of spontaneous
emission with a similar order of magnitude.90 This is expected
from Eq. (8), which shows how a wavelength mismatch will
modify the phase fα of the induced dipole in the resonator.
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However, one can observe that the measured decay rate
changes in Fig. 3(b) remain weak because a single Si nanodisk is
an inefficient antenna (and because the size of the fluorescent
emitter—a 100 nm diameter sphere—leads to spatial averaging of
the coupling process). As discussed in Figs. 1 and 3(a), particle
dimers are more efficient systems to tune the spontaneous emis-
sion properties of luminescent systems. Simulations performed

with dimers of silicon nanospheres indicated that an inhibition of
spontaneous emission by more than one order of magnitude is
possible for transversely coupled emitters.105 However, the experi-
mental demonstration of strongly inhibited spontaneous emission
at room temperature using a dielectric antenna has not yet been
realized while it has been observed with atomic systems106 and in
the solid-state at cryogenic temperatures.5–9 While reciprocity

FIG. 3. Spontaneous electric emission in the near-field of dielectric nanoantennas. (a) Silicon nanogap antenna used to enhance fluorescence from freely diffusing mole-
cules: scheme of the sample and electron microscopy image (left) and estimated fluorescence enhancement values as a function of the gap length for silicon and gold
nanodisk dimers (right). Adapted with permission from Regmi et al., Nano Lett. 16, 5143–5151 (2016). Copyright 2016 American Chemical Society. (b) Enhancement and
inhibition of spontaneous emission from a fluorescent nanosphere in the near field of silicon disks as a function of their relative distance z (varied in scanning probe
microscopy): scheme of the experiment with the fluorescent sphere grafted at the apex of a tapered optical fiber (left); measured (centre) and simulated (right) decay rate
changes as a function of z when the antenna is resonant (blue) or out-of-resonance (red) with the emitters. Adapted with permission from ref Bouchet et al., Phys. Rev.
Appl. 6, 064016 (2016). Copyright 2016 American Institute of Physics. (c) Active control of spontaneous emission with a resonant silicon metasurface associated with a
liquid-crystal layer: scheme of the sample (left) and measured modification of the emission (right). Adapted with permission from Bohn et al., Nano Lett. 18, 3461–3465
(2018). Copyright 2018 American Chemical Society. (d) Enhancement of luminescence from Si(Ge) quantum dots embedded in silicon layers (left), nanodisks (centre) and
nanodisk trimers (right). Adapted with permission from Rutckaia et al., Nano Lett. 17, 6886–6892 (2017). Copyright 2017 American Chemical Society. (e) Enhanced lumi-
nescence from hybrid perovskite nanoparticles acting both as the emitting material and as a Mie resonator. Adapted with permission from Tiguntseva et al., Nano Lett. 18,
1185–1190 (2018). Copyright 2018 American Chemical Society. (f ) Control of luminescence from InAs quantum dots embedded in GaAs resonant metasurfaces: scheme
of the sample (left) and measured photoluminescence and reflectivity spectra as a function of the metasurface geometry (right). Adapted with permission from Vaskin
et al., ACS Photonics 5, 1359–1364 (2018). Copyright 2018 American Chemical Society.
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associates an inhibited radiative decay rate to an inhibited excita-
tion rate,19,83 it should be possible to exploit large Stokes shifts in
order to associate enhanced excitation and enhanced energy
storage in electronic excited states, opening new strategies to
harvest light in the solid state.

VI. ENHANCING SPONTANEOUS EMISSION MEDIATED
BY MAGNETIC TRANSITION DIPOLES

A. Favoring magnetic emission

As shown in Fig. 1, an important property of dielectric
antennas is their ability to feature both electric and magnetic
multipolar resonances, allowing them to manipulate spontaneous
decay processes mediated by both electric and magnetic transi-
tion dipoles. Magnetic dipolar transitions in solid-state materials
were first considered to probe artificial magnetism in optical
metamaterials.111–113 In 2010, Zia and co-workers demonstrated
that the emission mediated by magnetic transition dipoles in tri-
valent lanthanide ions could be tuned by modifying the electro-
magnetic environment in the vicinity of a planar mirror.114,115

Indeed, the high symmetry of 4f electronic wavefunctions in lan-
thanide ions forbids electric dipolar transitions and renders them
of a similar amplitude to their magnetic counterpart.18,27 In par-
ticular, Eu3þ emitters feature both a 5D0 !7 F2 transition around
610 nm mediated by an electric transition dipole (ED, which was
used in seminal experiments devoted to modified spontaneous

emission of electric emitters in front of a mirror)116,117 and a
5D0 !7 F1 transition around 588 nm, that is, associated to a mag-
netic transition dipole (MD). These competitive transitions, which
originate from the same excited state, allow an analysis of the rela-
tive electric and magnetic local density of radiative electromagnetic
states from intensity measurements only.34,115,118–121

One difficulty in exploiting dielectric antennas to control spon-
taneous emission mediated by magnetic dipolar transitions is that
the area of the resonator where the magnetic field is the highest is
typically its centre [see Fig. 1(a)]. Furthermore, because the ED and
MD transitions of lanthanide ions are competitive, a resonator
should only enhance the magnetic emission and not the electric
emission at a given position. For instance, as shown in Fig. 1(b), the
gap of a dimer antenna enhances the decay rate of a magnetic
emitter but enhances the electric counterpart more efficiently. An
interesting alternative design to circumvent this issue was proposed
by hollowing out a silicon nanodisk: such structures yield strong
magnetic near-field inside the disk and enhance the electric
near-field on its edges.107,122–125

Figure 4(a) presents an experimental analysis of the coupling
between a hollow silicon nanodisk (milled at the apex of a
scanning-probe tip) and a Eu3þ doped oxide nanoparticle using
near-field microscopy.107 By measuring independently the photo-
luminescence intensities of the 5D0 !7 F1 MD (590 nm) and
5D0 !7 F2 ED (610 nm) transitions, it is possible to map, with
nanoscale precision, the relative magnetic and electric local

FIG. 4. Dielectric antennas to manipulate magnetic and chiral emission. (a) Hollow cylindrical antenna made of silicon to enhance electric or magnetic emission from a
europium-doped oxide nanoparticle: electron microscopy image of the silicon antenna milled on a scanning-probe tip by focused ion beam (left), measured nanoscale map
of the relative magnetic and electric local density of radiative optical states (center) compared to simulated magnetic and electric local field enhancements (right). Adapted
with permission from Sanz-Paz et al., Nano Lett. 18, 3481–3487 (2018). Copyright 2018 American Chemical Society. (b) Silicon nanodimer to modify the emission of euro-
pium cations: scheme and electron microscopy image of the sample (left) and magnetic (center) and electric (right) luminescence maps. Adapted with permission from
Wiecha et al., Appl. Opt. 58, 1682–1690 (2019). Copyright 2019 Optical Society of America. (c) Silicon metasurface to modify the relative magnetic/electric emission of
europium: scheme of the sample (left) and measured emission ratio as a function of the metasurface geometry (right). Adapted with permission from Vaskin et al., Nano
Lett. 19, 1015–1022 (2019). Copyright 2019 American Chemical Society. (d) Theoretical modification of the chirality of the light emitted by a chiral emitter in the near-field
of a 100 nm radius silicon sphere: spectral dependence (left) and perfectly chiral emission at 808 nm (right). Adapted with permission from Zambrana-Puyalto and Bonod,
Nanoscale 8, 10441–10452 (2016). Copyright 2016 Royal Society of Chemistry.
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densities of radiative states around the antenna that feature well-
separated areas in good agreement with simulated near-field
intensities [Fig. 4(a)].

Figures 4(b) and 4(c) describe two other experimental realiza-
tions of the coupling between Eu3þ emitters and silicon-based
nanoantennas and metasurfaces, clearly showing the potential of
dielectric resonators to manipulate magnetic emission pro-
cesses.108,109 However, in all of these experimental demonstrations,
the gain in magnetic over electric emission remains weak (below 10)
because of the technical complexity in positioning specifically the
emitters at a chosen position of the resonator without spatial averag-
ing. One solution is to adapt the geometry of the dielectric antenna
in order to feature magnetic fields that are more easily accessible
than the center of a hollow silicon nanodisk, as recently proposed
theoretically using genetically designed resonators.126 Another solu-
tion would be to adapt the nanofabrication methods in order to
fully exploit the high magnetic density of states in the center of reso-
nators. Overall, the search for a bright purely magnetic nanoscale
light source in the solid state is still ongoing. While the enhance-
ment of spontaneous emission associated to magnetic transition
dipoles may appear primarily as a fundamental analysis of spectro-
scopic selection rules, it opens several perspectives in developing
spectrally switchable light sources127 but also in the structural analy-
sis of active materials since magnetic emission processes are strongly
sensitive to the local symmetry of electronic wavefunctions.18,128

B. Controlling the chirality of light emission

In the previous sections, we discussed the control of electric and
magnetic spontaneous emission or the optimization of one decay
process over the other. Interestingly, it is possible to design dielectric
resonators that feature partially superimposed electric and magnetic
resonances in order to enhance processes mediated by both electric
and magnetic dipolar transitions, as well as mixed electric-magnetic
polarizabilities, such as optical chirality.129 For instance, this provides
dielectric resonators with the ability to enhance circular dichroism or
enantioselective optical sensing.130–134

Another approach to control the chirality of light-matter inter-
actions using dielectric resonators arises when considering chiral
spontaneous emission. Chiral emitters feature both electric and
magnetic transition dipoles, with p being of real amplitude and m
of complex amplitude.135,136 The light emitted in the far field by
the ensemble “chiral emitter/spherical dielectric particle” can be
analyzed in a þ1 and �1 helicity basis. A scattered field exhibits
high chiral properties if it can be expanded in one of the þ1 or �1
helicity components only. As electric or magnetic dipolar modes
are split 50%/50% on the þ1 and �1 helicity components basis
then, a resonator featuring both electric and magnetic modes pro-
vides the required degrees of freedom to manipulate the helicity of
light emission as demonstrated in Fig. 4(d) when introducing a
chiral emitter in the near-field of a silicon sphere. Emission of the
chiral emitter is seen to be mostly in the þ1 helicity (left panel) at
λ ¼ 808 nm. A similar theoretical calculation with a gold nano-
sphere, featuring mostly an electric dipolar resonance, indicates an
equal contribution between the two helicities.110 When plotting the
degree of helicity with respect to the wavelength, we observe that
the silicon particle can either increase or reduce the chirality of

light emission in given wavelength ranges. We can also observe that
the helicity of light emission can be preserved at two given frequen-
cies, i.e. when the degree of helicity of the scattered light is equal to
the degree of helicity of the emitter itself. One of these frequencies
corresponds to the case where all electric and magnetic Mie com-
ponents in the resonator are equal for each multipolar order, confi-
rming that dual scatterers, featuring both electric and magnetic
modes, preserve the helicity of light.137

One difficulty in demonstrating these phenomena experi-
mentally comes from the complexity in producing efficient
chiral emitters. However, recent practical demonstrations using
quantum dots in high magnetic fields (using the Zeeman
effect),138 transition metal dichalcogenides,139,140 or organic
dyes141,142 open several possibilities to study experimentally the
ability of high-index resonators to control the helicity of sponta-
neous emission. Producing efficient chiral emitters at room tem-
perature opens numerous perspectives to produce nonreciprocal
directional light sources or to encode the spin state of a solid-
state emitter in an optical signal.138–140

VII. CONCLUSION and PERSPECTIVES

This perspective highlights the numerous degrees of freedom
offered by dielectric resonators to manipulate spontaneous emission
from the solid-state at room temperature. In particular, the weak
ohmic losses and strong electromagnetic fields inside dielectric res-
onators provide electric and magnetic multipolar modes that
influence electric or magnetic emitters by tuning mainly radiative
decay channels. This allows not only the enhancement of the exci-
tation and emission rates from luminescent sources (similarly to
plasmonic antennas) but also a complex engineering of the emis-
sion directivity (using the far-field interference of several induced
modes in the resonator), a possible inhibition of spontaneous emis-
sion as well as a control of emission helicity.

However, gaining these degrees of freedom in manipulating
spontaneous emission also renders the optimized design of dielectric
resonators particularly complex. A full electrodynamic understand-
ing of the modal decomposition of the induced modes in complex
shaped nanostructures is, therefore, required but, more generally, the
antenna designs will benefit from the latest advances in numerical
optimization such as evolutionary algorithms,126,143 inverse
design,144 and deep learning.145 These strategies will be particularly
important when envisioning complex light-matter processes such as
light-harvesting (requiring an optimized excitation but an inhibited
emission) or magnetic emission (which should be associated to a
minimized electric emission). While preliminary studies described in
Figs. 3(b) and 4 demonstrate the potential of dielectric resonators,
the modest decay rate modifications reported until now clearly evi-
dence a need in optimizing both the antenna designs and coupling
efficiencies. There are, therefore, several experimental milestones that
are, in our opinion, still to be achieved. In particular, advances in
nanofabrication strategies will be required to reach orders of magni-
tude enhancements of magnetic emission or of inhibited emission as
was reported for the enhancement of electric emission.89

Regarding the optimization of the photoluminescence from
electric emitters by optimizing the directivity as well as the excita-
tion and emission rates, recent reports have already demonstrated
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high efficiencies (Figs. 2 and 3). It is, however, essential to validate
these resonator designs by integrating them efficiently in optoelec-
tronic devices, in particular, to obtain electrically excited optimized
light sources. In that sense, high-index dielectric nanoantennas will
benefit from the current advances in material technology for both
the emitters and resonant nanostructures. While silicon has been
extensively investigated, other semiconductors will be of interest, in
particular, to introduce emitters at controlled positions inside the
resonators [Figs. 3(d)–3(f )]. The external active control of antenna
properties91 will provide further complexity and tunability in the
design of all-dielectric resonators.

In that sense, transition metal dichalcogenides are particu-
larly interesting for optoelectronic integration but also to reach
strong-coupling regimes73 or to study chiral luminescence prop-
erties.139,140 In particular, reaching a 100% degree of circular
polarization, associated to directional coupling in an integrated pho-
tonic device, is an essential result in order to exploit the spin-orbit
coupling of light in practical applications. Furthermore, the ability
to produce dielectric resonators directly from transition metal
dichalcogenides146 is an exciting possibility to create fully integrated
nanophotonic platforms combining active emission, optical reso-
nances, and nonlinear responses.

While this perspective was focused essentially on spontane-
ous emission, an important application of dielectric resonators
coupled to active materials is the manipulation of stimulated
emission through the design of novel nanolasers. Nanolasers
were first investigated in plasmonics where a single particle147 or
an array of particles148–151 coupled with a gain material forms a
cavity in which stimulated emission can occur. The main interest of
dielectric resonators is that the gain material can be introduced
inside the dielectric cavity where the Purcell factor is maximized101

or the gain material itself can be used to form the resonant laser
cavity. Interestingly, lasing from a single chemically-synthesized
halide perovskite CsPbBr3 nanocube was recently demonstrated, the
considered material acting as both gain medium and Mie resonant
cavity.152 This bottom-up approach is promising to develop laser
nanocavities driven by low order Mie resonances at large scales. An
alternative approach consists in properly engineering the coupling
between induced modes in 2D arrays of dielectric resonators
(exploiting, for instance, bound states in the continuum),153–155 in
order to develop low threshold lasers based on high quality factor
resonances.156,157 These are crucial steps in the quest for fully inte-
grated nanolasers, for which achieving continuous-wave light
pumping or electrical excitation will be essential milestones.

Overall, the optimized coupling between all-dielectric nanoan-
tennas and solid-state emitters, through a combined effort in reso-
nator design and nanofabrication strategies, is expected to provide
compact, integrated and highly efficient light sources, in terms of
brightness, decay rates, and directivity.
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