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Abstract
Nanophotonics allows the manipulation of light on the subwavelength scale. Optical
nanoantennas are nanoscale elements that enable increased resolution in bioimaging, novel
photon sources, solar cells with higher absorption, and the detection of fluorescence from a
single molecule. While plasmonic nanoantennas have been extensively explored in the literature,
dielectric nanoantennas have several advantages over their plasmonic counterparts, including
low dissipative losses and near-field enhancement of both electric and magnetic fields.
Nanoantennas increase the optical density of states, which increase the rate of spontaneous
emission due to the Purcell effect. The increase is quantified by the Purcell factor, which depends
on the mode volume and the quality factor. It is one of the main performance parameters for
nanoantennas. One particularly interesting feature of dielectric nanoantennas is the possibility of
integrating them into optical resonators with a high quality-factor, further improving the
performance of the nanoantennas and giving very high Purcell factors. This review introduces
the properties and parameters of dielectric optical nanoantennas, and gives a classification of the
nanoantennas based on the number and shape of the nanoantenna elements. An overview of
recent progress in the field is provided, and a simulation is included as an example. The
simulated nanoantenna, a dimer consisting of two silicon nanospheres separated by a gap, is
shown to have a very small mode volume, but a low quality-factor. Some recent works on
photonic crystal resonators are reviewed, including one that includes a nanoantenna in the bowtie
unit-cell. This results in an enormous increase in the calculated Purcell factor, from 200 for the
example dimer, to 8 x 10° for the photonic crystal resonator. Some applications of dielectric
nanoantennas are described. With current progress in the field, it is expected that the number of
applications will grow and that nanoantennas will be incorporated into new commercial
products. A list of relevant materials with high refractive indexes and low losses is presented and
discussed. Finally, prospects and major challenges for dielectric nanoantennas are addressed.

Keywords: nanophotonics, dielectric materials, nanoantennas

(Some figures may appear in colour only in the online journal)

1. Introduction

Antennas for radio and microwave wavelengths are widely
used as an integral part of wireless communications.

Original content from this work may be used under the terms
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Compared to conventional antennas, optical nanoantennas are
less common, mainly due to their small size. Advances in
nanoscience and fabrication technologies have made it pos-
sible to realize structures down to nanometers [1], thus paving
the way for new and improved designs of optical nanoan-
tennas. The emergence of optical nanoantennas has opened
new research directions and applications. Among the diverse
applications are nanoparticle trapping [2—4], optical sensing
[5-8], optical computing [9-12], and spectroscopy [13-17].

© 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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Figure 1. Schematic illustration of the factors necessary to realize dielectric optical nanoantennas, their main optical properties, and some

applications.

Figure 1 illustrates the factors necessary to realize dielectric
optical nanoantennas, their optical properties and some
applications.

Optical nanoantennas can be categorized into three types:
(a) plasmonic or metallic nanoantennas, (b) metal-dielectric
nanoantennas, and (c) dielectric nanoantennas. Different
configurations of plasmonic and metal-dielectric nanoanten-
nas have been investigated and reviewed [18-27]. They
include monopole nanoantennas, dimer nanoantennas, dipole
nanoantennas, bowtie nanoantennas, core—shell nanospheres,
Yagi-Uda nanoantennas, nanoflower arrays, directed scat-
terers, rhombic nanoantennas, and hybrid nanoantennas.
Several metal-dielectric nanoantennas with active coatings
have also been reported for enhanced scattering [27-30].
Active coatings have practical limitations, as the scattering
becomes dependent on shape and polarization [27]. Plas-
monic nanoantennas have two major drawbacks. First, they
exhibit high optical loss due to the interband transitions of
most commonly used plasmonic metals such as gold and
silver [31, 32]. Therefore, they suffer from low antenna
radiation efficiency. Second, the dissipative losses in metals
generate heat in the nanoantenna structures and the sur-
rounding environment [31, 32]. This is detrimental for several
applications such as for heat-sensitive biological samples and
optical trapping of nanoparticles, which are propelled out of
the trap by thermally induced flows. In contrast, dielectric
nanoantennas show considerably lower absorption loss and
insignificant Joule heating, compared to their plasmonic
counterparts. Therefore, they pave the way for new biological
applications where negligible local heating is essential. Di-
electric materials with a high refractive index offer enhance-
ment of both electric and magnetic fields [33], which can be
used to control the scattered radiation.

Dielectric optical nanoantennas can provide exception-
ally small mode volumes, as demonstrated in several works

that will be reviewed. The review also includes the simulation
of a dimer consisting of two silicon nanospheres separated by
a small gap. This can be considered a basic example of an
optical nanoantenna. The simulation shows that a very small
gap also gives a very small mode volume. A notable advan-
tage of dielectric nanoantennas is the possibility of integration
with optical resonators. Optical resonators give added
enhancement of the field by accumulating light on many
roundtrips, and due to their low losses, nanoantennas can
potentially be integrated in the resonator without reducing its
quality factor. Such a combination can be realized by incor-
porating a nanoantenna in a photonic crystal resonator.
Recent work and the state-of-the-art in this direction will
be discussed and compared with the example dimer
nanoantenna.

The fabrication technologies for dielectric materials are
mature and allow us to realize compact, low-cost and inte-
grated nanophotonic devices [1]. Over the last decade, several
dielectric nanoantenna structures have been reported includ-
ing microspheres [34-36], nanospheres [37-40], Yagi-Uda
nanoantennas [41-45], core—shell nanoantennas [46—48],
dimers [31, 32, 49-56], bowtie nanoantennas [57-59],
nanodisks [60-62] and nanorods [63, 64]. The objective of
this review is to (i) define the terminology and performance
parameters, (ii) give an overview of recent progress in the
field and compare some of the results, (iii) describe some
potential applications, (iv) list and discuss suitable materials,
and (v) discuss the future outlook and challenges for dielectric
optical nanoantennas.

2. Definitions and performance parameters

In classical antenna theory, antennas are devices that
transform alternating currents (electric and magnetic) to
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Figure 2. Outline of (a) a transmitting nanoantenna, (b) a receiving
nanoantenna, and (c) a transmitting or receiving nanoantenna
integrated in an optical resonator.

electromagnetic (EM) waves or EM waves to alternating
currents. This definition is somewhat vague and inappropriate
when it comes to defining optical nanoantennas. In general,
optical nanoantennas serve as transducers between free EM
radiation and localized energy [65]. Whereas an optical lens
can focus a beam to a diffraction-limited spot, optical
nanoantennas work with the near-field and, as a consequence,
do not have a diffraction limit per se.

The interactions of a nanoantenna with an emitter or an
absorber are illustrated in figures 2(a), (b). The emitter is
taken as a point source that radiates isotropically, e.g. a
fluorescent nanoparticle. Another example of an emitter can
be an oscillating electric or magnetic dipole. The role of the
transmitting nanoantenna is to enhance and pick up the
emitted, highly diverging field, and transform it into a field
that can be captured by a detector, e.g. a microscope. Simi-
larly, a receiving nanoantenna transforms an incident field,
e.g. a plane wave or a Gaussian beam, into a highly localized
field, which is captured by an absorber [65]. As for the
emitter, the absorber is much smaller than the operating
wavelength. In principle, the two cases of transmitting and
receiving nanoantennas are reversible and their respective
output and input field-distributions can be of any shape
depending on the application. However, as a detector only
sees the amplitude of the field, the output field-distribution
from a transmitting nanoantenna is often less critical than the
input field for the receiving nanoantenna. To obtain high
localized intensity on an absorber, a laser and thus a Gaussian
field-distribution is most common. This is thus taken as the
input beam for the absorber in figure 2(b). Alternatively, for
simultaneous excitation of many receiving nanoantennas, a

wide beam or a plane wave can be used, which is the case for
solar cells. A dielectric nanoantenna can be embedded inside
an optical resonator in both transmitting and receiving modes
as shown in figure 2(c). In transmitting mode, radiation from
the emitter is captured by the nanoantenna and enhanced by
the resonator, which produces an output beam. Reversely, in
the receiving mode, the resonator builds up a strong field,
which the nanoantenna transforms to a localized field, which
in turn is captured by the absorber. In both cases, the reso-
nator builds up the field over many cycles and enhances the
energy density in the confined field, thus increasing the per-
formance of the nanoantenna.

Optical nanoantennas resemble their classical counter-
parts. However, several important differences exist in terms of
scaling and physical characteristics. In the following section,
we will describe the most important performance parameters
for nanoantennas, without giving a full theoretical treatment.
Interested readers can follow [66, 67] for more extensive
theory and definition of other parameters of dielectric
nanoantennas.

2.1. Antenna efficiency and directivity

A nanoantenna experiences dissipative losses mostly by heat
and absorption, which are low for dielectric materials, but
must be accounted for. Antenna efficiency or radiation effi-
ciency measures the degree of these losses. It is defined as the
ratio of far-field radiated power to total power dissipated by
the nanoantenna. Mathematically, the radiation efficiency of a
nanoantenna is expressed by [68],
R’ad Prad

Erad = =— (1)
" P Prad + Ploss

where P accounts for the total power dissipated by the
nanoantenna, which consists of radiated power P4 and total
power loss Py Of the nanoantenna. For a lossless hypothe-
tical nanoantenna, the radiation efficiency is unity.

The directivity (D) of a nanoantenna measures the ability
to concentrate radiated power in a particular direction. It is a
comparative measure for how much the radiated power is
enhanced if an isotropic antenna (an antenna that radiates
power in all directions equally) is replaced by a directional
antenna. In general, a narrow radiation pattern provides high
directivity. The general expression for directivity is given by,

D@, ¢) = ;f—”p(e, é), @

rad

where the angles 6 and ¢ are measured in the spherical
coordinate system and indicate the direction of observation.
The normalized angular power density p(6, ¢) defines the
angular distribution of the radiated power, which is related to
P4 by the following expression,

T 2
Pu= [ [ p(@. 6)sin 6dgdo 3)
0 0

When the direction (6, ¢) is not clearly stated, the direction of
maximum directivity (Dy.x) is often used. Mathematically,
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Dax 18 given by Dy = w, where Max[p(0, ¢)] is

rad
the radiation power transmitted by the main lobe.

2.2. Cross sections and field enhancement factors

Let us assume a spherical, dielectric nanoparticle with radius r
and illuminated by a plane wave having intensity /,. Some of
the power from the plane wave will be captured by the par-
ticle and concentrated in its near-field. The nanoparticle thus
acts as a nanoantenna. A small fraction of the plane wave will
be absorbed and scattered by the particle, and the plane wave
will thus experience a small attenuation. For a plane wave, the
intensity Iy = nS|Ein|2 /2Zy, where ny is the refractive index of
the surrounding medium, E;, is the amplitude of the incident
electric field and Z; is the impedance of free space. The net
rate of EM energy passing across the surface of the nano-
particle is given by S . €A, where S is the Poynting vector,
and A is the area defined by the unit normal vector €. The
scattering cross section is found by,

Con = 1 [ 552200, @

where S; is the Poynting vector for the scattered radiation.
The integration is performed over the closed surface of the
nanoparticle.

The absorption cross section is given by the following

expression,
1
Cars = — [[[ uav. 5)
Iy

where Py is the power loss density in the nanoparticle and the
integration must be performed over its volume V.

The extinction cross section, which is a measure of the
attenuation experienced by the plane wave, is the sum of the
scattering and absorption cross sections:

Cext = Cabs + Cscat (6)

The virtual scattering cross section of the nanoparticle is
different from the physical scattering cross section. Three
dimensionless parameters called efficiency factors, are used to
relate the virtual and the physical scattering cross section. The
efficiency factors for absorption, scattering and extinction are
defined by

Cabs Cscat

Qabs = ?» Qscat = G , and Qext = T: @)

where G is the physical cross sectional area of the nano-
particle (G = mr* for a nanosphere). If the incident beam is
totally absorbed or scattered by the nanoparticle, the effi-
ciency factors for absorption and scattering cross-sections will
be unity. However, some nanoparticles can absorb or scatter
more light than what is given by the cross sectional area.
Thus, the efficiency factors can be greater than unity.

The concentration of electric and magnetic fields by
nanoantennas is measured by field enhancement factors. The
electric field enhancement factor &° is defined as the ratio of

absolute electric field strength |E| at a given location in the
presence of a nanoantenna, to the absolute electric field
strength |Eg| in the absence of a nanoantenna. Depending on
the value of |E| and |Eg|, the electric field enhancement factor
can be either greater or less than unity. Likewise, we can
define the magnetic field enhancement factor §™, where
electric fields |E| and |Ey| are replaced by magnetic fields |H]
and |Hy|, respectively.

2.3. Quality factor and mode volume

When a nanoantenna is placed inside an optical resonator, it
produces an enhanced light—matter interaction. Moreover,
dielectric nanoparticles with high refractive index behave as
resonators on their own. The performance of such nanoan-
tennas is characterized by two figures of merit: quality-factor
and mode volume. The quality factor Q is a measure of
photon cavity lifetime. The quality factor of an optical cavity
mode can be defined by the following expression,

Q — 271'1/0(Esmred) (8)
loss
where v denotes the resonance frequency, Egqeq 1S the stored
EM energy in the cavity and Py is the power loss per cycle.
Once the resonance profile is obtained, the quality factor can
be determined from the resonance peak by fitting it to a
Lorentzian lineshape function. In this case, the quality factor
can be calculated from Q = vy/Av, where Av refers to the
full-width-at-half-maximum (FWHM) of the resonance peak.
The cavity modes have a finite lifetime due to the dissipation
of energy in the cavity. The lifetime is expressed by
1/%eay = 2Im[wy], where 7., is the cavity decay rate and
Im[wy] is the imaginary part of the complex resonance fre-
quency. The cavity decay rate is related to the quality factor
by QO = w/29.4y- In practice, the cavity decay rate has con-
tributions from both radiative and absorption components as

rad loss

given by ., = Vo, T Ve Lhe quality factor is then found
from Q! = Qpd + Q0. Where Q4 is the decay rate due to
radiation to air (or surrounding medium) and Q. is the rate
of loss due to absorption.

The mode volume V,, is a measure of the spatial spread
and energy density of an optical mode. It represents the ability
of a nanoantenna to concentrate the field into a tightly con-
fined spot. For low losses, mode volume is given by [69],

JEGIEGIR
Vn =
Max (e (" E(M)P)

®

where E is the electric field and ¢ is the dielectric constant,
which are both spatially dependent. In some cases, the mode
volume can be significantly smaller than the physical volume
of the nanocavity. For plasmonic nanostructures, a mode
volume in the order of 10~ ()\/n)3 has been reported [70].
Here, n is the refractive index of the surrounding material or
in the nanocavity. Dielectric nanoantennas have been pro-
posed with similar mode volumes, e.g. 5 x 107~ (\/n)® [71].
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The expression for mode volume must be modified if the
nanocavity exhibits high dissipative rates, for which a com-
plex mode volume is used.

2.4. Purcell effect and Purcell factor

As noted, when defining the various parameters, transmitting
and receiving nanoantennas can enhance the efficiency of a
quantum emitter and detector. The enhancement mechanism
can be explained by the Purcell effect. Here, we will consider
the Purcell effect for a nanoantenna in transmitting mode. It
increases the efficiency of a quantum emitter, which has a
finite number of discrete and stationary energy states [72].
When the emitter is excited, it should ideally stay in one of
the energy states endlessly. However, the lifetime of the
emitter’s excited states is reduced because of interaction with
the surrounding environment. Such interactions cause an
emission of photons by spontaneous transition of the excited
emitter into a lower energy state. Previously, it was thought
that this spontaneous radiation occurs due to intrinsic char-
acteristics of the atoms. This notion was proved wrong by the
pioneering work of E. M. Purcell [73], who showed that the
spontaneous relaxation rate of a magnetic dipole can be
enhanced compared to the relaxation rate in free space, thus
modifying the emission characteristics of the emitter. This
phenomenon has been coined the Purcell effect. Based on this

effect, the spontaneous emission rate 7, can be increased
using nanoantennas, and the increase is described by the
Purcell factor F,,

F. — Ymol __ 2g2

p 0 - 0
Ymol Veav Y mol

where Yo = 2¢° /7eay 18 the spontaneous emission rate of the
emitter in the presence of a nanoantenna, g is the coupling

0 nd%” .
= is the
mol 3rhegc?

decay rate into free space without the nanoantenna, d is the
dipole moment, and % is the reduced Planck constant.
Equation (10) demonstrates that 7, of an emitter can be
modified by the interplay with a nanocavity. The modification
can be large when the resonant frequency of the nanocavity is
tuned to the emission frequency of the emitter. Altering the
emission lifetime of a quantum emitter with a nanoantenna
has potential applications in spectroscopy and optical sensing.

The Purcell factor is related to the quality-factor and
mode volume of the nanocavity by the following expression

(741,
3
- 2L
4r2\n) V,
Equation (11) indicates that the Purcell factor is directly
proportional to the quality factor of the cavity and inversely

(10)

constant, v.,, is the cavity decay rate,

(11)
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Publishing Group.

proportional to the mode volume. To obtain a high Purcell
factor, it is thus necessary to use a resonator with high quality
factor and a nanocavity with a small mode volume.

The Purcell factor quantifies the enhancement of spon-
taneous emission for a perfect dipole [75]. The Purcell effect
contributes to the enhancement of fluorescence and Raman
scattering. These effects have been demonstrated for
nanoantennas, as will be reported in the next section. For a
discussion of the relationship between (theoretical) Purcell
factor and (measured) fluorescence enhancement and Raman
gain, see [76, 77].

3. Types of dielectric nanoantennas and their optical
properties

High refractive index materials (e.g. silicon and germanium)
have been used to make optical nanoantennas. These
nanoantennas can have different shapes, including spheres
[37-40], cylinders /disks [51, 78] and rods [63, 64]. Dielectric
nanoantennas can be loosely grouped in three categories
based on the number of nanoantenna elements: (i) single
element nanoantennas, (ii) double element nanoantennas, and
(iii) multiple elements or nanoantenna arrays. Single element
nanoantennas include single nanospheres (monomers)
[37-40, 79], single nanorods [63, 64] and single nanodisks
[80-82]. Double element nanoantennas can consist of two
dielectric nanoparticles or nanospheres (dimers) [55, 56,
83-88], two cylindrical nanodisks (nanodisk dimers) [51, 83,
89-93] or two tips as for bowtie nanoantennas [69, 71].
Multiple element or array nanoantennas are taken as any
larger group of elements, such as two crossed-bowtie
nanoantennas [57], Yagi-Uda nanoantennas [42, 45, 94],
oligomers [95-99], and nanodisks arrays [100-102]. Figure 3

illustrates this classification of dielectric nanoantennas with
their element types and schematic diagrams.

3.1. Scattering characteristics and resonances for single
nanoparticles

Dielectric spherical nanoparticles with a characteristic
dimension of a few hundred nanometers show unique scat-
tering characteristics, as will be described in this section. The
scattering characteristics are closely linked to the resonances
of the particles. The resonances of spheres can be analytically
predicted using Mie theory if the refractive index n and size
parameter ¢ = wD/\ are specified [103], where D is the
diameter and A is the wavelength. Plasmonic nanoparticles
usually show only electric-type resonances. Due to the
absence of an EM field inside metallic nanoparticles, they do
not show a magnetic response. However, both electric and
magnetic resonances, known as the Mie resonances, can be
observed in a dielectric spherical nanoparticle. The magnetic
response is due to coupling of the incident light with circular
displacement currents generated by the electric field inside the
nanoparticle. This happens when the operating wavelength
inside the particle becomes comparable to the particle’s spa-
tial dimensional D = A/n. A dielectric nanosphere shows
four dominant resonance modes, associated with magnetic
dipole (MD), electric dipole (ED), magnetic quadrupole (MQ)
and electric quadrupole (EQ) (for details see [103, 104]).
Although higher-order multipoles can be excited, their
contribution to scattering efficiency is considerably smaller
than the magnetic dipole mode for nanoparticles, as will be
shown in the next paragraph.

Theoretical investigations of electric and magnetic reso-
nances for near-infrared (NIR) and visible wavelengths have
been conducted for spherical silicon (Si) nanoparticles
[105, 106]. It was demonstrated that nanoparticles with radii
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ranging from 65 to 330 nm exhibit electric and magnetic
resonances. Experimentally, Mie resonances in spherical Si
nanoparticles were reported for visible wavelengths in [107],
and as shown in figure 4. Dark-field microscope images,
figures 4(a)—(c), show magnetic dipole resonances at different
wavelengths for nanoparticle sizes ranging from 100 to
200 nm. For the smallest size, the first resonance appears in
the scattering spectra, which corresponds to an MD resonance
(figure 4(d)). Increasing the particle size results in a red-shift
of the MD resonance, and the appearance of ED (figure 4(e))
and MQ resonances (figure 4(f)). This shows the dominance
of the dipole and quadrupole resonances, corresponding to the
lower-order Mie resonances, for nanospheres. Mie resonances
are not limited to nanospheres, but are also observed for other
geometries such as cylindrical disks [108, 109] and rods
[64, 110]. Mie resonances in disk-shaped nanoparticles at
visible wavelengths have mostly been demonstrated in Si.
Figure 5(a) shows electric and magnetic resonances in Si
nanodisks with diameter and height of 400 and 260 nm,
respectively [111]. As for nanospheres, in addition to the
dominant MD and ED resonances, higher-order resonances
can exist for larger diameter Si nanodisks, but with minor
contributions to the scattering cross sections [80]. Apart from
the theoretical investigations, Si nanodisks have been
experimentally reported to demonstrate the Mie resonances
[82, 108]. Electric and magnetic resonances of nanodisks
have also been experimentally studied in other materials.
Cylindrical disks of gallium arsenide (GaAs) [112] and

tellurium (Te) [113] were demonstrated at visible and mid-
infrared (IR) wavelengths, respectively. Similar to nano-
spheres and nanodisks, dielectric nanorods can also support
electric and magnetic resonances, as shown theoretically in
[64] and experimentally in [110] for Si nanorods at visible
wavelengths.

The coexistence and coherence of magnetic and electric
dipolar resonances inside a dielectric nanoparticle can change
the scattering properties and make them dependent on the
phase between the magnetic and the electric dipole. Kerker
et al [115] predicted the conditions necessary to control for-
ward and backward scattering in dielectric particles, known as
the Kerker conditions. When the electric and magnetic
induced dipoles oscillate at similar magnitude and in-phase,
the backward scattering can be made exactly zero (known as
the first Kerker or zero backward condition). Correspond-
ingly, near-zero forward scattering can be achieved when the
induced dipoles are equal in magnitude but oscillate out-of-
phase (the second Kerker or near-zero forward condition).
Experimental investigations demonstrated that a dielectric
sphere with a diameter of 18 mm and a refractive index of
four can mimic the theoretical predictions of Kerker et al for
microwave wavelengths [116]. Moving to the nano-range, a
similar control over scattered radiation has been shown for
visible wavelengths with Si nanospheres [117] and with
germanium (Ge) nanospheres [114]. For a Ge nanosphere of
150 nm diameter, maximum and minimum forward-to-back-
ward ratios of around 20 and 0.4 were achieved, as shown in
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figure 5(b). The scattering radiation patterns show zero
backward and near-zero forward scattering at 817 and
700 nm, while an equal forward and backward scattering can
be found at 550 and 739 nm, respectively (bottom of
figure 5(b)). Similar forward and backward scattering patterns
by Ge nanospheres have also been reported in the near-IR
region [118]. Going one step further, multilayer nanospheres
have been theoretically studied for simultaneously achieving
zero backward and nearly-zero forward scattering [119]. As a
consequence, the scattering is mainly sideways to the
incoming light. Dielectric cylindrical disks can also be used
for controlling scattered radiation, as realized in recent
reports. Theoretical works demonstrating zero forward scat-
tering can be found in [120, 121], while zero backward
scattering was discussed in [112]. Moreover, dielectric
nanorods have been investigated recently for achieving zero
backward scattering [122]. Dielectric nanospheres can also be
used to control the direction of scattering and provide a sig-
nificant enhancement of directivity compared to the direc-
tivity of a point dipole. A Si nanosphere with a notch, and
excited by a dipole placed within the notch, can induce
higher-order magnetic multipoles, as shown by simulations in
[38]. These multipoles contribute to increasing the directivity
up to 10 times. Moreover, changing the source dipole position
within the notch results in shifting the direction of the
radiation, thus enabling a form of beam-steering.

Mie resonances in dielectric nanoparticles can enhance
the spontaneous emission rate of an emitter, which is quan-
tified by the Purcell factor (see section 2.4). Theoretically, a
Purcell factor of 90 has been shown for a Si nanosphere
(diameter 615 nm, NIR-wavelength) for a longitudinal MD
excitation, while it was approximately 15 times for a trans-
verse MD excitation [40]. A quantum emitter based on
negatively charged nitrogen—vacancy (NV) centers in dia-
mond can be used for the excitation of a Si nanosphere,
giving a Purcell factor of up to 50 [123]. Recently, Purcell
enhancement in an active diamond nanosphere with NV
centers (figure 6(a)) has been studied through simulations and
experiments [124]. By tuning the size of the diamond

nanosphere, magnetic and electric resonances can be over-
lapped with the pump wavelength and the photoluminescence
(PL) spectrum of the NV-center (figure 6(b)). This process
increases the Purcell factor due to reduction of the emission
lifetime, thus enhancing the luminescence emission of NV-
centers. The Purcell effect is suppressed for nanospheres with
a radius of less than 150 nm and enhanced for larger nano-
spheres (figure 6(c)). By exciting higher-order Mie reso-
nances in dielectric nanospheres, evanescent fields are
produced, which can be utilized for enhancing the Raman
signal from organic molecules attached to the nano-
spheres [37].

3.2. Dimers and field enhancement

The second category of nanoantennas according to figure 3
has two elements in a dimer or bowtie-configuration. A di-
electric dimer consists of a pair of spherical or cylindrical
nanoparticles and is a widely used configuration for
nanoantennas. For dimers, our main focus will be on field
enhancement, rather than on the scattering properties con-
sidered for single nanoantennas. A single dielectric nano-
sphere or disk can only provide low near-field enhancement
[56]. In a dimer structure, the fields from two nanoparticles
can interact in the gap between them, giving a significant
enhancement of the near-field. Moreover, by adjusting the
dimer gap, a smaller mode volume can be achieved [56, 83]
than what is possible with a single nanoparticle. A metallic
dimer only generates an electric hotspot when incident light is
polarized along the dimer axis, as there is no magnetic hotspot
for incident light polarized perpendicular to the dimer axis
(figure 7(a)). On the other hand, a dielectric dimer produces
both electric and magnetic hotspots in the dimer gap for
incident light polarized, respectively, along and perpendicular
to the dimer axis (figure 7(b)) [56].

Generation of electric and magnetic hotspots has been
demonstrated for both spherical and disk dimers. A Si dimer,
consisting of two nanospheres of radius 150 nm and separated
by a narrow gap of 4nm, gives nearly 30 and 13 times
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enhancement of electric and magnetic fields in the center of
the gap, according to simulations [56]. Field enhancement in
hollow spherical Si dimers has also been simulated, showing
an enhancement of ten times the magnetic near-field [126].
Electric and magnetic hotspots produced in Si cylindrical
dimers were theoretically reported in [91]. Furthermore, the
behavior of electric and magnetic resonances in AlGaAs
nanopillar dimers has been demonstrated using simulations
and cathodoluminescence imaging [127]. It was shown that
coupling of adjacent nanopillars occurs due to the splitting of
single pillar modes, thus generating symmetric and antisym-
metric modes at different wavelengths.

Chirality is a measure of asymmetry. Two molecules are
chiral if they are mirror images of each other, and the mirror
images cannot be superimposed through translation or rota-
tion. The two chiral molecules are referred to as enantiomers.
Enantiomers can have very different chemical properties,
making it important to distinguish between them. A difference
in absorption for right- and left-handed circularly polarized
light can be used to measure the chirality of a sample. A
hotspot generated by a nanoantenna can increase the influence
of the light—matter interaction on chirality, and thus make it
easier to detect and distinguish enantiomers [57, 128, 129].
The influence of the field on chirality is given by the chiral

density of the field, C = —% Im(E*-B), where E and B are
the electric and magnetic field vectors, and w is the angular
frequency.

Figure 8 shows a dimer and enhancement of the chirality
of the field in the gap, for linear polarization (C) relative to the
chiral density for circular polarization (Cy). For polarization
along or perpendicular to the axis of the dimer, figures 8(a), (b),
the field is not chiral in the gap, due to symmetry. On the other
hand, for off-axis polarization, figures 8(c), (d), there is an
enhancement of the chirality of up to £20 relative to circular
polarization [78]. This shows that a dimer can be used for
detection of chirality also using linear polarization, and that the
sensitivity can be significantly larger than for circular polar-
ization, which is normally used for detecting chirality. In
addition to dimers, crossed-bowtie nanoantennas [57] and
nanodisks with a slanted slot [130] have been demonstrated
numerically for chirality enhancement.

Field enhancement and small mode volume in the dimer gap
can increase fluorescence emission and Raman scattering due to
the Purcell effect. The fluorescence enhancement in a dimer gap
has been measured with fluorescence correlation spectroscopy,
indicating that Si dimers provide somewhat higher fluorescence
enhancement (around 270-fold) than Au dimers (around 200-
fold) for similar configurations (figure 9(b)). Besides, a slightly
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reduced detection volume was found for the Si dimers for a
20 nm gap, and significantly reduced for a 30 nm gap, as com-
pared to the Au dimers (figure 9(c)). Dielectric dimers enhance
Raman scattering by utilizing the field enhancement in the gap.
An enhancement of the Raman scattering of ~10? times has been
demonstrated in Si dimers [32]. Additionally, surface fluores-
cence enhancement of ~1900 times was found with the same
nanoantenna, and up to 3600 times with gallium phosphide
(GaP) nanodisks separated by a 35 nm gap [131]. An important
aspect of dielectric nanoantennas, and dielectric dimers in part-
icular, is the low heat generation, which enables spectroscopic
experiments at constant temperature. Simulation results indicate
that the temperature increase around a Si dimer is very small,
with a maximum of 0.04 K, while a Au dimer of similar con-
figuration shows a dramatic temperature rise with a maximum of
100K (figures 9(d), (e)) [32]. Moreover, increasing the laser
intensity from 5 to 25 mWyum 2 results in a temperature rise
from 0.04 to 0.2K only, (figure 9(f)), thus demonstrating that
high laser intensity can be used for nanoparticle trapping (which
is the topic of [32]) and with dielectric nanoantennas in general.

The small mode volume and field enhancement of dimers
increase the efficiency of quantum emitters and detectors.
This increase is typically quantified by the Purcell factor as
described in section 2.4. To complete this section, a simula-
tion of a Si dimer is included and its Purcell factor calculated.
The dimer, as proposed in [56], consists of two Si nano-
spheres with a radius 150 nm and separated by a gap. To find
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the Purcell factor for the dimer, the quality factor must be
known in addition to the mode volume. The finite-element
method was used for the 3D simulations (COMSOL v.5.4).
For a radius of 150 nm, the dimer shows three resonance
peaks in the extinction spectra, which correspond to MD, ED
and MQ resonances (see [56]). In the following, only the MD
resonance is considered because it has the highest extinction
efficiency and the sharpest resonance. The mode volume is
calculated in air (i.e., in the dimer gap) using equation (9), and
the quality factor is found from the extinction spectra as
discussed in sections 2.2 and 2.3. The quality factor and mode
volume as a function of the gap is shown in figure 10(a)) for a
plane wave with the electric field along the axis of the dimer.
Enlarging the dimer gap results in a sharper MD resonance in
the extinction spectrum (also shown in [56]), and conse-
quently a higher quality factor. For a small dimer gap (e.g.,
4 nm), the extinction spectrum becomes broad, showing a
weak MD resonance, and thus a low quality factor. The dimer
gap has a significant influence on the mode volume, with a
small gap providing a tightly confined electric field in the gap
(see [56]); therefore, an ultra-low mode volume. On the other
hand, the electric field in the gap extends further out when the
dimer gap is increased. This effect results in a significant
increase in mode volume. To sum up, the quality factor is low
to moderate (from 3 to 16), while the mode volume can be
extremely small (<0.005 ()\/n)3). The Purcell factor is cal-
culated by inserting the quality factor and mode volume in
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Table 1. Performance comparison of different dielectric nanoantennas.

Enhancement factor

Structure X (nm) Field (E/Eo) Fluorescence SERS Purcell factor Year References
Si disk dimer 860 5.5 2000 1000 — 2015 [32]
Si disk dimer 633 ~4.6 270 — ~20 2016 [83]
Si disk dimer 633 — 470 £+ 90 1720 £ 300 — 2018 [53]
GaP disk dimer 633 ~5.5 3600 — ~22 2017 [131]
GaP disk dimer 532 ~6.3 — 1000 ~06 2019 [133]
Si particle arrays 600 — — — 65 2016 [134]
Si sphere 458 — 200 — — 2017 [135]
GaP nanodisk 700 — — — ~800 2019 [136]

equation (11), as shown in figure 10(b) for A = 1100 nm. For
a gap larger than 50 nm, the Purcell factor is approximately
constant around 25. As the gap decreases below 50 nm, the
Purcell factor increases considerably, exceeding 200 for a gap
of 10 nm.

Table 1 summarizes the performance of some dielectric
nanoantennas, mostly Si and GaP disk dimers. The data is
limited and the table thus sparse, as can be expected for a
relatively new field. The selected performance parameters are
most relevant for biological applications, e.g. fluorescence and
Raman-spectroscopy. Therefore, the results are for visible and
near-visible wavelengths. The comparison shows that disk
dimers are the most widely implemented structures for fluor-
escence and SERS enhancement. Field enhancement in dimer
gap depends mainly on physical separation between nano-
particles, operating wavelength and refractive index of the
material. The results listed in the table have different values for
these parameters, thus showing different field enhancements.
Fluorescence enhancement in a dimer gap is due to increased
radiative emission rates. A high absorption coefficient can
make a route for nonradiative decay channels, which limits the
fluorescence enhancement. The absorption coefficient of GaP
is one order of magnitude smaller than that of Si [131] for
633 nm, giving a negligible contribution of nonradiative decay
channels. Therefore, GaP dimers provide higher fluorescence
enhancement than Si dimers, as shown in table 1.
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3.3. Scattering characteristics of dimers and multiple element
nanoantennas

Scattering from collections of nanoparticles and arrays is a
large topic and only Fano resonance and Yagi-Uda nanoan-
tennas will be considered here. For a general treatment of
scattering by small particles, see e.g. [66, 67]. Arrays of
nanoantennas are considered and demonstrated in
[93, 100, 102, 137].

A resonance dip found in the scattering spectrum due to
the destructive interference of broad and narrow spectral
lines, is known as a Fano resonance. This unique dip is
sensitive to the surroundings, and can thus be used for sensing
applications [138]. One way to achieve Fano resonances is the
use of complex oligomer structures [99]. However, simple
configurations such as Si nanoparticle dimers can also be
implemented for generating a Fano resonance. When two Si
nanoparticles are in close proximity, coupling between ED
resonances of the two nanoparticles produces a spectrally
broadened mode, while two MD resonances produce a narrow
mode (figure 11(a)). Therefore, the interaction of the broad
electric and the narrow magnetic modes produces a dip, i.e. a
Fano resonance in the backward scattering spectrum
(figure 11(b)). The Fano resonances are modified when the
diameter of the two Si nanoparticles is different. Simulation
and measurement of a heterodimer with diameters of 115.2
and 129.8 nm shows two Fano resonances at 511 and 592 nm,
respectively (figures 11(d), (e)). Fano resonances have been
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radii R4 = 70 nm and excited by a point dipole. Comparison of directivity spectra for (b) a Si nanoparticle and (c) a Yagi-Uda nanoantenna.
3D radiation patterns at selected wavelengths are shown in the insets. Reproduced with permission from [44], © 2012, OSA.

demonstrated for visible wavelengths using Si dimers on a directivity in the visible spectrum (figure 12(b)). The idea of
vanadium dioxide (VO,) layer with an aluminum dioxide using Yagi-Uda nanoantenna arrays (figure 12(a)) made of
(Al,O3) substrate (figures 11(f), (g)) [139]. The resonance silicon nanospheres, was first theoretically proposed in [44]. It
dips can be tuned by changing the phase transition of VO,, was numerically shown that such nanoantennas can sig-
which is dependent on temperature (figure 11(h)). Con- nificantly enhance the directivity compared to a single
versely, the temperature sensitivity makes it possible to use nanoparticle (figure 12(c)). Moreover, the simulations showed
the nanostructure as a temperature sensor. Apart from the enhanced radiation efficiency and a higher Purcell factor
spherical dimers, Fano resonances have been studied recently compared to an Au Yagi-Uda nanoantenna. Experimentally, a
in nanoblock dimers [140]. Si Yagi-Uda antenna has been demonstrated for microwave

As discussed earlier, the radiation pattern of a single Si  frequencies [42]. For visible wavelengths, enhanced direc-
nanosphere can be switched from the backward to the forward tivity has been demonstrated using a square array of Si
direction by the Kerker effect. However, it shows low nanodisks [100]. Recently, arrays of gallium arsenide (GaAs)

12
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nanopillars have been experimentally studied for controlling
the direction of emitted light, thus providing a new route for
low-loss and directional lasing [93].

4. Combining dielectric optical nanoantennas and
microresonators

Optical microresonators have been investigated extensively in
the literature. Compared to optical nanoantennas, they pro-
vide much higher quality-factor, but at the cost of larger mode
volume. A combination of microresonators and nanoantennas
may thus be the ultimate combination, providing high quality-
factor and small mode volume simultaneously. In this section,
some recent results combining microresonators and nanoan-
tennas will be reviewed.

Microsphere resonators have exceptionally high quality-
factors, possibly the highest of any passive resonators, i.e.
without amplification. As an example, a microsphere of fused
silica has been demonstrated with a quality factor of 8 x 10°
[141]. In addition to microspheres, a number of other designs
for optical microresonators have been studied, e.g. micro-
disks, micropillars, microtoroids, Fabry—Perot microcavities
and photonic crystal microcavities. For reviews of optical
microresonators, see [74, 142, 143]. The mode volume of a
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microsphere is typically 10° x (\/n)® [144]. Some other
designs give smaller mode volume at the cost of reduced
quality-factor. One example of this is a micropillar cavity
made by two distributed Bragg mirrors, with a reported
quality factor and mode volume of 3 x 10°and 0.1 x (\/n)*,
respectively [145]. Furthermore, various photonic crystal
structures have achieved moderate to high quality-factors,
combined with the smallest mode volume among all micro-
resonators. Using a one-dimensional photonic crystal nano-
beam cavity in Si (shown in figure 13(a)), a quality factor of
14 x 10’ and a mode volume of 0.39 x ()\/n)3 were
demonstrated theoretically [146]. The reported experimental
quality-factor was 7.5 x 10° measured from the scattered
light (shown in figure 13(c)). A two-dimensional photonic
crystal cavity has been experimentally reported using a slotted
structure (SEM image is shown in figure 13(d)) [147]. The
measured quality-factor and simulated mode volume for the
cavity were 1.2 X 10° (shown in figure 13(e)) and
0.04 x (), respectively. The mode volume is thus com-
parable to that of a Si dimer (see figure 10(a)), with a sig-
nificantly higher quality factor. The calculated Purcell factor
is ~2.3 X 106, compared to maximum a few hundred for the
Si dimer. The 2D photonic crystal cavity thus outperforms the
Si dimer before taking special measures.
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Microspheres have been combined with plasmonic
nanoantennas [148—150]. In principle, several of the micro-
resonator-designs can be combined with dielectric optical
nanoantennas. Adding a nanoantenna to a microresonator will
increase the loss if the nanoantenna is not perfectly matched
to the mode of the microresonator, even if the nanoantenna
does not have intrinsic losses. Perfect mode-matching is dif-
ficult to achieve for most microresonator-designs. As an
example, fixing a Si dimer to the surface of a microsphere will
give scattering and thus reduce the quality-factor of the
microsphere. For waveguide ring resonators, an adiabatic
transition to a nanoantenna etched into the waveguide core
can be imagined. Going one step further, it has been proposed
to embed a bowtie antenna in the unit cell of a photonic
crystal waveguide [71]. This can give extreme light con-
centration at the bowtie tip as shown in figure 14(b) and thus
provides an ultra-low mode volume. According to simula-
tions, the bowtie unit cell provides 80 times enhancement of
the peak electric field amplitude compared to a traditional
circular unit cell [69]. The proposed design has been made
and experimentally validated by S Hu et al [69], which is
shown in figures 14(c)—(f). Note the small dimensions of the
bowtie unit cell, with a minimum width of 12nm
(figure 14(d)). As the gap in the bowtie is not completely
etched away (figure 14(e)), the mode volume is further
reduced. The measured quality-factor was ~10°, with a
(simulated) mode volume of 1073 x ()\/n)3. This combina-
tion gives a Purcell factor of ~8 x 10°.

The combination of nanoantennas with resonators can
thus give extremely high Purcell factors. This may result in
significant improvements for applications such as optical
trapping, as predicted in [151]. The combination may also
find other applications, e.g. for single-molecule fluorescence
and Raman-spectroscopy of nanoparticles. However, the
wavelength of the emitter (or absorber) must be closely
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matched to the resonance wavelength of the resonator. Also,
the combination is suitable for one or a few nanoantennas, as
opposed to single nanospheres, which can easily be multiplied
to very large numbers. Combining nanoantennas and micro-
resonators thus give very interesting results for applications
where the wavelength can be adapted to the resonator and
where a limited number of nanoantennas is required.

5. Applications of dielectric nanoantennas

Optical nanoantennas can be utilized in various applications
including optical trapping [83, 132, 152], spectroscopy
[31, 32, 131, 135], photovoltaics [153], directional lasing
[93], nonlinear signal conversion [154-160] and optical
sensing [161, 162]. A few of them have already been
employed as operational devices (e.g. on-chip biosensing
[101]), while others are expected to be implemented in
devices soon (e.g. directional lasing [93]). In this section, we
will discuss a few emerging applications.

5.1. Optical trapping

The application of dielectric optical nanoantennas to optical
trapping is highly promising. The main reasons are low local
heating and strong electric and magnetic resonances. Con-
ventional optical tweezers can trap micrometer-sized particles
by using the optical forces exerted from highly focused laser
beams [163]. Their application to trapping of nanoparticles is
limited because the trapping relies on the gradient force,
which scales with the volume of the particle [164]. As lenses
are used in the trapping system, the focal spot and thus the
gradient forces are limited by the diffraction limit. Therefore,
there is a lower limit for the size of a particle that can be
trapped, depending on its refractive index, input power, and to
some extent the shape of the particle. Dielectric nanoantennas
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Figure 15. Si dimers for nanoparticle trapping. (a) SEM image of the fabricated silicon optical nanoantenna placed on a silicon substrate (top
view) (b) Schematic of the optical trapping of nanospheres of diameter 20, while 100 nm nanospheres are not trapped. Reproduced with

permission from [132], © 2018, ACS.

(‘'n"e) Alisusjul uewey

(b)

1,800

(c)

1,400

L 8

1,000

SEEN ~

600

200

1 2 3 4 56 6 7 8 9

Nanoantenna number

Figure 16. Surface-enhanced Raman scattering with silicon dimers. (a) Map of measured Raman-intensity for nine similar silicon dimers. (b)
Simulated electric field enhancement for 20 nm gap between the silicon disks, and (c) SERS enhancement factors for the nine nanoantennas
and the expected value (dotted line). Reproduced with permission from [32], © 2015, Nature Publishing Group.

can provide an effective solution to overcome this limit.
Similarly to plasmonic nanoantennas, dielectric nanoantennas
can be used to confine light to sub-wavelength mode volumes
and thus enhance the gradient forces. This can be used for
stable trapping of nanoparticles with low optical power. As
dielectric nanoantennas produce less Joule heating than
plasmonic ones, there is less thermally induced flow around
the nanoantenna, which can push particles away. Also,
avoiding heating is particularly important for some biological
applications [165]. Recently, silicon optical nanoantennas
have been reported for trapping of polystyrene nanospheres
[132]. The authors used a pair of silicon nanocylinders having
a gap of 50nm and were able to trap multiple nanospheres
with diameters of 20 nm (see figure 15). A single streptavidin-
coated CdSe/ZnS quantum dot was trapped with similar di-
electric nanoantennas in [152].

5.2. Surface-enhanced spectroscopy and fluorescence

Two other emerging applications of dielectric nanoantennas are
surface-enhanced Raman spectroscopy (SERS) [32, 166, 167]
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and surface-enhanced fluorescence emission [32, 131]. As for
optical trapping, nanoantennas improve the light-matter inter-
actions through tightly localizing the optical field. This
increases the Purcell factor and improves excitation rates [40],
which translates into larger Raman-scattering and increased
fluorescence from material in the nanocavity. Due to less local
heating, high Purcell factors, and improvement of the radiative
decay rate, single-molecule sensitivity has been demonstrated
with dielectric nanoantennas, as for plasmonic nanoantennas
[83]. It has been shown that silicon nanoantennas provide
better quantum efficiency than the plasmonic nanoantennas
[56]. Dielectric dimer nanoantennas were used in [32] for
producing surface-enhanced fluorescence and SERS. The
measured Raman-intensity is shown in figure 16(a), where nine
similar silicon dimers were demonstrated. Due to the
enhancement of the near-field (figure 16(b)), the dimer
nanoantennas showed an increase in the Raman scattering by a
factor of 1000 (figure 16(c)).

Dielectric nanoantennas are free from quenching and
charge carriers [165]. An emitter, in nanometer proximity of a
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plasmonic structure, can be quenched due to nonradiative
decay channels. This can be avoided by using dielectric
spacers for plasmonic structures, while for dielectric
nanoantennas, the problem is avoided entirely. This is a key
benefit for dielectric nanoantennas as opposed to plasmonic
nanoantennas. Using single silicon dielectric nanospheres, the
fluorescence signal from a dye has been enhanced 200 times
without a dielectric spacer [135]. Using a silicon dimer with a
gap of 20 nm, 270-fold enhancement of a fluorescence signal
has been demonstrated [131]. In another work on gallium
phosphide (GaP) dimers [83], the authors reported 3600 times
enhancement of the fluorescence signal.

5.3. Nonlinear photonics

Dielectric nanoantennas have gained attention for increasing
photon—photon interactions. They are considered building
blocks for exploring nonlinear effects because of low losses
and the coexistence of both electric and magnetic resonances
[154]. This is in contrast to plasmonic nanoantennas, which
are dominated by electric resonances. Nonlinear optical
effects can have very different properties depending on
whether their origin is magnetic or electric. When the electric
and magnetic resonances are mixed, nonlinear properties
change considerably. This leads to new applications in
nanophotonics such as nonlinear mode-mixing [168].
Recently, nonlinear effects have been studied, including
second-harmonic generation (SHG) [155, 157, 160] and third-
harmonic generation (THG) [154, 156, 158, 169], using di-
electric nanoantennas. Such nonlinear effects find important
applications in bioimaging and biosensing [170, 171].
Unfortunately, silicon nanoantennas for nonlinear effects
areof limited use for optical communications, due to two-
photon absorption. A practical solution is to use III-V mate-
rials, e.g. AlGaAs, which can be made transparent in the
visible range. Thus, two-photon absorption is avoided and the
materials are suitable for investigating nonlinear effects such
as SHG. SHG based on AlGaAs nanodisks has been reported
in [155, 160]. Additionally, germanium nanodisks have been
explored for THG [154].

5.4. Solar cells

High-efficiency solar cells are required for sustainable and
environmentally-friendly energy production. One of the key
strategies to improve the efficiency of solar cells is to increase
the solar absorption by light trapping [153]. Several
nanoantenna  structures have  been  demonstrated
[153, 172, 173] for this application. An one dimensional (1D)
dielectric core—shell nanoantennas made of absorbing amor-
phous silicon and nonabsorbing ZnO and SizN,4 have been
reported to enhance the solar absorption [153]. Moreover, Si
nanowires coated with dielectric shells and nanocrystalline Si
nanoshells were also explored for enhanced light absorption
[173, 174]. Additionally, submicron spherical Si arrays and
Ge nanopillar arrays have been demonstrated for enhance-
ment of the solar absorption [172, 175].
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6. Dielectric materials and fabrication technologies

To obtain tight confinement of light in a nanoantenna, the
material must have a high refractive index. The material
should also have moderate or low losses from absorption, and
preferably a low cost. As the size of the device is small,
higher losses and cost can be accepted than for larger devices,
e.g. a waveguide crossing a cm size chip. An extinction
coefficient k = 0.01 can be used to demonstrate this differ-
ence. For a nanoantenna with dimensions similar to the
wavelength (e.g. Ao = 1 um), k= 0.01 corresponds to
~0.5dB propagation loss, which might be an acceptable
value. However, if the loss is due to absorption, the
nanoantenna might heat up for a modest input power, and one
of the main advantages of dielectrics over plasmonics is thus
lost. Also, if the nanoantenna is to be combined with a
resonator, the losses for the resonator material must be very
low to get a high quality-factor. This can be done by com-
bining two materials, a low-loss material for the resonator and
a material with high refractive index for the nanoantenna. As
losses depend on the wavelength, the choice of material
depends on the wavelength required for the application.
Finally, the availability of a suitable fabrication method can
influence the choice of material for a nanoantenna.

Table 2 lists some relevant materials and includes both
dielectrics and semiconductors. The properties of the mate-
rials depend strongly on wavelength, particularly close to
absorption edges, and also depend on the fabrication method.
Impurities can increase the extinction coefficient significantly
and a porous structure can have a lower refractive index than
a dense one. Values for the wavelength range are set to match
the given (maximum) extinction coefficients. The values for
the extinction coefficient are in several cases indicated as zero
(k ~ 0), showing that the value is limited by the measurement
range rather than the material. Some of the listed values have
been measured for bulk materials and some are from models,
and the values should thus be treated critically when used for
designing nanostructures.

Silicon is a widely-used semiconductor material with low
cost and mature fabrication technology [187]. It has a high
refractive index and is very suitable for nanoantennas in the
near-infrared, e.g. for telecommunications, and most of the
examples in this review are on silicon nanoantennas. For
biological applications, e.g. surface-enhanced Raman
spectroscopy and fluorescence, visible light is mostly used.
As silicon is partially absorbing for visible wavelengths, it can
be used for small structures, i.e. the nanoantenna itself,
operating in the visible. Some amorphous materials are
transparent in the visible and have a moderately high refrac-
tive index, notably SiN/Si3Ny, Ta,O5 and TiO,. Amorphous
materials can be deposited with common deposition methods,
e.g. low pressure and plasma-enhanced chemical vapor
deposition (LPCVD and PECVD), magnetron sputtering and
atomic layer deposition. As the deposition is typically done
on top of a silicon wafer, the cost is low compared to mate-
rials that need a crystalline wafer of the same material-type.
For higher refractive index, a few crystalline semiconductor
materials are transparent in the visible/NIR-range, e.g.
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Table 2. Some relevant dielectric and semiconductor materials for optical nanoantennas. Most values have been accessed through [176].

Material ~ Spectral range (um) Refractive index (n)  Extinction coefficient (k)  References

TiO, 0.4-1.7 2.34-2.05 ~0 [177]

Ta,O5 0.5-1.8 2.2-2.1 ~0 [178]

SizNy 0.5-2.5 2.1-2 ~0 [179]

c-Si 0.5-1.1 4.3-3.5 0.049-3 x 107° [180]
1.1-8.3 3.5-34 <3 x107° [181]

SiC 1-7.5 3.3-2.9 <0.1 [182]

AlGaAs  0.75-12 3.6-3 <0.02 [183, 184]

Ge 1.1-1.8 4.3-4.1 <0.01 [185]
1.8-11 4.1-4 ~0 [185]

GaSb 1.5-12 4-3.7 <0.1 [184]

Te 1.6-2 4543 <0.1 [186]

GaP 0.5-12 3.6-3.1 <0.01 [184]

AlGaAs and GaP. For high refractive index in the mid- and
far-IR, germanium, antimonides, tellurides, and silicon car-
bide are attractive and have low extinction coefficient. The
cost would be high for a large wafer with these materials, but
a wafer can contain a very large number of nanoantennas.
Thus, the cost can be acceptable and even low for highly
efficient devices, e.g. consisting of a few nanowires or
nanospheres. For devices that can be separated from the
crystalline wafer used for fabrication, hybrid integration on a
silicon wafer with other optical devices is an option.
Fabrication techniques for optical nanoantennas include
methods for thin-film deposition and patterning [188], growth
of nanowires [189], and chemical methods for synthesis of
nanoparticles [190]. A review of materials and fabrication
methods for dielectric nanophotonics can be found in [1]. The
choice of method is directly linked to the choice of material,
and adapting and optimizing a technique for a new material
can be a significant task. Passing from the research-stage to
making components in a foundry is a big leap, and here
silicon photonics has a large advantage. There are several
foundries that make silicon photonics and compatible mate-
rials, e.g. S3Ny4 [191-194]. For nanoantennas made with non-
standard materials, nanowires and nanoparticles, hybrid
integration with silicon photonic circuits can be an alternative,
as it is for quantum photonics [195]. Solar cells are an
important, large-scale application of optical nanoantennas.
Fabrication challenges and cost-issues are, due to the scale,
very different from applications that focus on one or a few
components, with a finite number of nanoantennas.

7. Discussion and outlook

This review provides a brief overview of recent advances
regarding dielectric optical nanoantennas. It presents a broad
classification based on the structural configuration of the
nanoantennas and provides a review of selected works in each
category. As an example, original simulation results are
included for a spherical silicon dimer, quantifying parameters
that are relevant for optical nanoantennas, such as mode
volume, quality factor, and Purcell factor. The example shows
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that the nanoantenna has a very small mode volume, but on its
own it has a modest quality factor. This is a typical feature of
optical nanoantennas as it is difficult to make a nano-size
cavity with high quality-factor. There are a number of options
for making high quality-factor optical resonators, both
microresonators and larger, e.g. waveguide resonators. By
combining nanoantennas with resonators, both very small
mode volume and very high quality-factor can be obtained, as
recently demonstrated [69]. The combination of dielectric
optical nanoantennas and high quality-factor resonators is
very promising, with performance set to improve and appli-
cations multiply in the future.

Low heat generation is one of the main advantages of
dielectric optical nanoantennas, as compared to plasmonics.
This is particularly important for applications with high
power or when a nanoantenna is combined with a resonator,
and also for some biological applications where temperature
must be kept stable. Whereas plasmonics has established
methods and designs to handle heating, the focus for dielec-
trics has mostly been on reducing dissipative loss in the
materials. There are thus lessons to be learned from plas-
monics, as for other topics related to the functioning of optical
nanoantennas. Scattering losses are less important for
nanostructures as they will not accumulate over a long
structure, which is the case for e.g. optical waveguides.
However, scattering and unintended hotspots might compro-
mise the intended function of the nanoantenna and making
perfectly smooth surfaces is a challenge. Whereas character-
ization of smoothness can readily be done with profilers and
atomic force microscopes on the wafer- and chip-level, it is
far from trivial to do the same for nanoantennas that have
features in the nm range, and that can be very thin or have a
spherical shape.

Silicon is dominating the field of dielectric nanoantennas,
as can be expected from its excellent optical, thermal and
mechanical properties, and its mature fabrication technology
inherited from microelectronics. For near- to mid-IR, Si is
highly transparent and has a high refractive index. For bio-
logical applications, e.g. Raman spectroscopy and fluores-
cence, visible wavelengths are preferable. Here, silicon has a
disadvantage due to some absorption. Thus, other materials
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can be good alternatives, both amorphous dielectrics (e.g.
SiN, Ta,0s, TiO,) with a lower refractive index, and other
semiconductors (e.g. GaP, AlGaAs). Biology will probably
be a major application for optical nanoantennas in the future,
and many optical functions can be imagined, e.g. various
types of super-resolution microscopy with nanoantennas.
Thus, there is a need for new materials with a high refractive
index and new designs of optical nanoantennas, suitable for
biological applications in the visible range. The UV range has
not been considered in this review. It is currently attracting
attention, e.g. for nonlinear optics [196], and as the wave-
length gets shorter, it might give an even smaller mode
volume than for the visible range. For wavelengths
approaching the UV-absorption edge of a material, the
increased loss is accompanied by an increase in the refractive
index. A compromise between refractive index and loss must
thus be made, which can work well for nanoantennas. There
is a limited number of suitable materials for the UV range,
and new materials might become available if the interest
increases. For existing materials, improving the purity, fab-
rication methods and characterization will be beneficial for
the scientific community and for all wavelength ranges. The
combination of optical functions, e.g. nanoantennas and
microresonators, and further combination with nonoptical
functions, e.g. microfluidics, thermal control and electric
circuits, all on one chip, can open entirely new applications.
Hybrid integration with detectors, lasers and other sources, is
also of great interest, and can lead to highly efficient and cost-
effective nanophotonic systems.
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