
Results in Optics 3 (2021) 100073
Contents lists available at ScienceDirect

Results in Optics

journal homepage: www.elsevier .com/ locate/ r io
Enhanced Photoluminescence with Dielectric Nanostructures: A review
https://doi.org/10.1016/j.rio.2021.100073
Received 25 January 2021; Revised 25 January 2021; Accepted 11 February 2021
Available online xxxx
2666-9501/© 2021 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding authors at: Optoelectronics Group,Department of Engineering, University of Sannio, Benevento 82100, Italy (H. Alhalaby and M. Principe).
E-mail addresses: hiba.alhalaby@unisannio.it (H. Alhalaby), principe@unissanio.it (M. Principe).
Hiba Alhalaby a,b,⇑, Haitham Zaraket a, Maria Principe b,⇑
aMulti-Disciplinary Physics Laboratory, Optics and Fiber Optics Group, Faculty of Sciences, Lebanese University, Hadath 1003, Lebanon
bOptoelectronics Group, Department of Engineering, University of Sannio, Benevento 82100, Italy
A R T I C L E I N F O

Keywords:
Resonant dielectric nanostructures
Photoluminescence enhancement
Mie theory
A B S T R A C T

Resonant dielectric subwavelength structures made of high‐refractive‐index materials are an emerging power-
ful platform with unique advantages compared to plasmonic based nanostructures. Owing to the low ohmic
losses, to their ability to localize optical near‐field at nanoscale, and exciting both electric and magnetic reso-
nant modes, high‐index dielectric materials are being used in various applications. Starting from the first prin-
ciples, we aim at showing how resonant dielectric nanostructures can be efficiently used to enhance
photoluminescence signal from an excited molecule, and we review the most recent results present in the
Literature.
1. Introduction

Photoluminescence (PL) is the spontaneous emission of light from a
material following optical excitation. PL can be divided into two cate-
gories: fluorescence and phosphorescence, depending mainly upon the
configuration of the electronic excited state and its lifetime (Lichtman
and Conchello, 2005).

Analysis of the PL activity of a given material, named as Photolumi-
nescence Spectroscopy (Lakowicz, 2006), is a powerful technique to
probe the internal structure of a molecule, in order to extract valuable
information about sample composition. Indeed, PL is widely used in
biochemistry and molecular biology (Molinari, 2015) to characterize
complex molecules, their environment, or their location, it is also used
to characterize the optoelectronic properties of semiconductors
(Perkowitz, 2012).

Alternatively, knowing the properties of a given molecule, its PL
activity can be used to detect the presence of a relevant target analyte
in a solution. This is how fluorescence is being used in biological
experiments: a fluorochrome or dye is allowed to bind to a specific tar-
get molecule, e.g. a protein biomarker (Yu et al., 2004; Mukundan
et al., 2009), acting as a “label”, so that the target molecule can be
detected by fluorescence analysis.

In these kinds of experiments, it can be also very important to
determine the concentration of the target molecule, for example, for
diagnosis and choice of medical treatment. Target concentration is
indirectly measured via the concentration of dyes (Yu et al., 2004;
Mukundan et al., 2009). However, the concentration of many clinically
relevant targets can reach very low values, e.g. some biomarkers reside
in human blood at picomolar concentrations or lower.

Hence, one of the most important topics of research in the field of
biological and chemical sensing, on which researchers have been very
active in recent years, is to enhance the PL signal to improve the sen-
sitivity of detection in order to detect very low concentrations of the
target analyte. Among the main directions explored to enhance the
PL signal, there are: i) the optimization of the design of the photolumi-
nescent particle, e.g. a fluorochrome bound to a larger molecule
(Resch‐Genger et al., 2008); ii) the improvement of the detection
methods and apparatus (Barnes et al., 1993; Eigen and Rigler,
1994); iii) the design of optimized substrates able to amplify the PL
signal (Hung et al., 2006; Lu et al., 2012; Geddes and Lakowicz,
2002; Ganesh et al., 2007; Dorfman et al., 2006; Zhao et al., 2008;
Gu et al., 2008; Goldys et al., 2007; Li et al., 2011).

With reference to this last direction, several plasmonic substrates
have been proposed throughout the years (Laux et al., 2017;
Koenderink, 2017), given their great ability to amplify an impinging
electric field.

However, plasmonic materials suffer from high dissipation losses
causing heat generation in the structure which can be a limitation in
many applications. Besides, owing to the high absorbance of metals,
a quantum emitter positioned in the vicinity of a plasmonic nanostruc-
ture undergoes quenching, which makes dielectric spacers essential
between the emitter and the nanostructure, compromising the field
enhancement near the nanostructure. To overcome these limitations,
dielectric materials have been lately introduced. In addition to its

http://crossmark.crossref.org/dialog/?doi=10.1016/j.rio.2021.100073&domain=pdf
https://doi.org/10.1016/j.rio.2021.100073
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hiba.alhalaby@unisannio.it
mailto:principe@unissanio.it
https://doi.org/10.1016/j.rio.2021.100073
http://www.sciencedirect.com/science/journal/26669501
http://www.elsevier.com/locate/rio


H. Alhalaby et al. Results in Optics 3 (2021) 100073
reduced absorption, it has been theoretically demonstrated (Evlyukhin
et al., 2010; García‐Etxarri et al., 2011) and experimentally verified
(Evlyukhin et al., 2012; Kuznetsov et al., 2012) that nanoparticles of
high refractive index dielectric materials, support both electric and
magnetic multipolar Mie‐resonances in the visible and near‐infrared
range. In particular, these properties triggered researchers’ interest
to develop resonant nanostructures based on high‐index dielectric
materials. Indeed, resonant dielectric nanostructures have been used
for different applications. In this article, we focus on the recent devel-
opment of high‐index dielectric nanostructures for PL enhancement.
Section 2 gives the fundamental principles of PL. Section 3 summarizes
the Mie theory that explains the scattering of light by simple resonant
dielectric nanostructures. Section 4 provides a brief explanation of the
key factors for enhancing the luminescence of an emitter coupled to
the optical resonator. We describe the spontaneous emission enhance-
ment explaining the strong and weak coupling regimes and Purcell
effect, in addition to controlling the directivity through an engineered
interference of the electric and magnetic multipole Mie resonance.
Finally, recent developments in PL enhancement based on high‐
index dielectric nanostructures achieved so far are reviewed in
Section 5.

2. Photoluminescence in a nutshell

To illustrate the process yielding PL, Fig. 1 shows a simplified
Jablonski diagram, where S0 and S1 represent the lowest‐energy elec-
tronic states (singlet ground state, first and second singlet states,
respectively), and T1 represents a triple excited state (Lakowicz,
2006). In each state there are several energy levels, depicted as thinner
horizontal lines, corresponding to different vibrational and/or rota-
tional states.

With ultraviolet or visible light, common photoluminescent mole-
cules are usually excited to higher vibrational levels of the first or sec-
ond singlet energy state. Irradiation with a wide spectrum of
wavelengths will generate an entire range of allowed transitions that
populate the vibrational energy levels of excited states: some of these
transitions have a higher probability than others to occur, thus yield-
ing the absorption spectrum of the molecule.

Following the absorption of a photon, several processes of relax-
ation occur with different probabilities, and on the relaxation pathway
depends whether a photon is emitted (radiative relaxation) or not
(non‐radiative relaxation), and whether it is a fluorescence or a phos-
phorescence process.

The first most likely transition is toward the lowest vibrational
energy level of the excited state through an internal conversion pro-
cess, which typically occurs within a few picoseconds or less, and
entails some loss of energy without emission of light. Thus, the excited
Fig. 1. Simplified Jablonksy diagram showing internal PL processes
(Lakowicz, 2006).
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molecule in the lowest level of the excited singlet state exists for a per-
iod of time, before relaxing to the ground state. When fluorescence
takes place, such relation is accompanied by the emission of a photon.
The closely spaced vibrational and rotational levels of the ground state
determine an emission intensity over a band of wavelengths.

In view of the partial loss of energy during the decay to the lowest
vibrational energy level of the excited state, the energy associated with
the emitted photon during the fluorescence process is typically less
than the energy associated with the absorbed photon, and hence the
emitted light has longer wavelengths than the absorbed light. This
phenomenon is generally known as Stokes shift and can vary from
few nanometers to several hundreds of nanometers depending on
the molecular structures (e.g. it is about 20 nm for fluorescein and
110 nm for quinine).

In view of the described process, the main characteristics of a fluo-
rochrome are the intrinsic quantum yield η0 and the lifetime τ0. The
intrinsic quantum yield η0 is the probability to emit a photon after
absorption, or in other terms, it is the number of emitted photons over

the number of absorbed photons. It is defined as η0 ¼ γ0;radmol
γ0mol

;

where γ0mol ¼ γ0;radmol þ γ0;lossmol is molecule decay rate in free space and

γ0;radmol and γ0;lossmol are the radiative and non‐radiative decay rates of the
molecule, respectively, which depend upon its electronic structure
defining the probabilities of the state transitions.

The lifetime τ0 is defined as the average time the molecule takes to
relax to the ground state from the excited state, and it is of the order of
tens of nanoseconds for fluorescence. The longer τ0 the higher the
probability that the molecule reacts with the surrounding environ-
ment, such as with oxygen‐free radicals, causing photobleaching.
Hence it is desirable for the fluorophore to have a short lifetime, yield-
ing a good photostability. The lifetime is related to the radiative and
non‐radiative decay rate by the equation

τ0 ¼ 1
γ0;radmol þ γ0;lossmol

¼ η0
γ0;radmol

:

From the experimental point of view, it is desirable to have a high
quantum yield, yielding, in the same experimental conditions, a higher
detectable photoluminescent signal with respect to a molecule with
low quantum yield.

Enhancing the intrinsic value of η0 of a given molecule is hard
since, as stated before, it depends on its internal electronic state tran-
sitions. However, in view of the oscillating dipole behavior of an
excited photoluminescent particle (Malicka et al., 2003; Gerber
et al., 2007), internal processes can be affected by a coupled resonant
cavity that modifies the local electromagnetic environment.

How this can be done with a resonant cavity of dielectric material,
is summarized in the following sections, and the most recent results in
the pertinent literature are reviewed.

3. Optical response from a single particle: Mie theory

When a particle is illuminated by an incident monochromatic wave
(Ei;Hi), as shown in Fig. 2, the electric field around the particle Eð Þ is
given by the superposition between the incident Eið Þ and the scattered

field Esð Þ. The total Poynting vector ð S!¼ 1
2Re E

!
tot � H

!�
tot

h i
Þ will then

be the sum of the incident Poynting vector Si, the scattering Poynting
vector Ss and the interference or extinction part Sext

S
!¼ S

!
i þ S

!
s þ S

!
ext : ð1Þ

Define a volume V enclosing the scattering object, and @V its sur-
face (Fig. 2). Since the host medium is assumed to be non‐
dissipative, the net average rate at which the electromagnetic energy
crosses the closed boundary @V of the volume is always nonnegative
and is equal to the power absorbed by the object, yielding



V 

Fig. 2. Scattering of an arbitrary particle with the incident wave from left
having an electric field Ei and scattered field Es. The dashed sphere is a control
surface used to evaluate the total energy flux.
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Pabs ¼ �
ZZ

dA
!� S!¼ �

ZZ
dA
!� S!ext �

ZZ
dA
!� S!s ≡Pext � Pscat ð2Þ

where the contribution of Si vanished being the surrounding medium
non‐dissipative and we used the sign convention taken to give a posi-
tive power for the absorbed power (Pabs), the extinction power (Pext),
and the scattering power (Pscat) (an outgoing wave from the
nanoparticle).

The internal and external fields of the particle are obtained by solv-
ing Maxwell’s equation, with the pertinent boundary conditions, with
the aid of numerical methods such as finite‐difference time‐domain
(Sevgi, 2014) or finite‐element method (Jin, 2015). Indeed, complex
shapes and/or multimer antennas are considered to engineer the scat-
tered field distribution and strength, by properly tuning the geometri-
cal dimensions. To narrow the optimization parameter space, it would
be useful to have some benchmark structures, e.g. a spherical particle,
for which the problem can be solved analytically. Mie theory is the
canonical frame for studying the scattering of spherical particles. In
what follows we will review the main points of Mie theory.

Mie theory, which was developed by Gustav Mie in 1908 (Mie,
1908), has been adopted for the study of the scattering and absorption
of plane electromagnetic waves by small isotropic particles (Hergert,
2012). As reported in Mie theory (Bohren, 1983), spherical particles
can seize strong scattering resonance regardless of their material type.
In fact, the scattering properties of lossless and nonmagnetic materials
are governed mainly by two variables that are the dielectric permittiv-
ity ɛ and the size parameter q, which is proportional to the radius R
and the wavelength of light λ defined as q ¼ 2πR

λ ≡ kR.
The spherical symmetry of the particle, biased by the incident field

propagation direction, leads to a normal mode decomposition given by
Bessel functions and Modified Legendre polynomials. The latter func-
tions have a clear link interpretation that was encountered in electro-
statics and magneto‐static: the electric and magnetic multipole
expansion.

For a spherical particle, it is useful to define the dimensionless quan-
tity called the efficiency Q ¼ P=πR2Ii, where the normalization is made
with respect to the incidentwave intensity and that of the projected area
of the sphere (πR2). The scattering ðQsct), absorption ðQabsÞ and extinc-
tion ðQextÞ efficiencies can be obtained from the Mie theory as:

Qsct ¼ 2
ðkRÞ2 ∑

1
j¼1ð2jþ 1Þð aj

�� ��2 þ bj
�� ��2Þ

Qext ¼ 2
ðkRÞ2 ∑

1
j¼1ð2jþ 1ÞReð aj

�� ��þ bj
�� ��Þ

Qabs ¼ Qext � Qsct

ð3Þ

where the coefficients aj and bj are the electric and magnetic Mie scat-
tering amplitudes, k ¼ 2πn

λ ¼ ωn
c is the wavenumber, c is the speed of

light and n is the refractive index of the medium. Usually, a finite set
of multipoles are needed. For example a1 and b1, which denote the elec-
3

tric and magnetic dipole modes, will dominate when the incident wave-
length is much greater than the diameter of the nanoparticle.

The electric and magnetic scattering amplitudes are defined as:

aj ¼
R að Þ
j

R að Þ
j þ iT að Þ

j

; bj ¼
R bð Þ
j

R bð Þ
j þ iT bð Þ

j

ð4Þ

where Rj and Tj can be expressed as

R að Þ
j ¼ nψ 0

j kRð Þψ j nkRð Þ � ψ 0
j nkRð Þψ j kRð Þ

T að Þ
j ¼ nχ0j kRð Þψ j nkRð Þ � ψ 0

j nkRð Þχj kRð Þ
R bð Þ
j ¼ nψ 0

j nkRð Þψ j kRð Þ � ψ 0
j kRð Þψ j nkRð Þ

T bð Þ
j ¼ nχj kRð Þψ 0

j nkRð Þ � ψ j nkRð Þχ0 j kRð Þ

ð5Þ

here, ψ j xð Þ ¼ ffiffiffiffi
πx
2

p
Jjþ1

2
xð Þ; χj xð Þ ¼ ffiffiffiffi

πx
2

p
Njþ1

2
xð Þ; Jjþ1

2
ðxÞ and Njþ1

2
ðxÞ are the

Bessel and Neumann functions, with the prime representing derivatives
(Bohren and Huffman, 1998).

The resonant enhancement of scattering and extinction cross‐

section spectra is determined by the equations RðaÞ
j þ iTðaÞ

j ¼ 0 and

RðbÞ
j þ iTðbÞ

j ¼ 0 of the electric and magnetic eigenmodes respectively.
In the general case, these expressions are fulfilled at complex frequen-
cies ωj ¼ Re ωj

� �þ iIm½ωj�. Due to the flow of energy outside the parti-
cle and its depletion into absorption, a mode has a finite lifetime
1=γc ¼ 2Im½ωj� where γc is defined as the cavity decay rate, which
determines the half‐width of the resonance line at half maximum
(Sauvan et al., 2013). The quality factor (not to be confused with
the efficiency defined before) denoted by Q ¼ ω

γc
characterizes the res-

onance. Both radiative and absorptive parts are comprised in the cav-
ity decay rate γc ¼ γradc þ γlossc , such that the quality factor can be
denoted as Q�1 ¼ Q�1

rad þ Q�1
loss (Bliokh et al., 2008).

The contribution from each multipole (Electric or Magnetic) can be
seen as a resonant (ripple) structure in the scattering cross‐section. In
Fig. 3(a) we consider a Si sphere of radius 75 nm, the dispersive behav-
ior of the sphere was taken into consideration using the data from
(Aspnes and Studna, 1983). One can identify the electric dipole behav-
ior near 500 nm and then the Magnetic dipole around 615 nm. Losses
are higher for electric dipole than the magnetic dipole, partially due to
the difference in the value of the extinction coefficient. The contribu-
tion from higher multipoles can also be noticed. We can further illus-
trate the ripple structure due to the multipole expansion by
considering a theoretical dielectric sphere without dispersion as shown
in Fig. 3(b). The electric and magnetic field maps are for electric and
magnetic dipole resonance in Fig. 3(c) illustrating that the magnetic
field can be enhanced inside the dielectric sphere at magnetic dipole
resonance.

In short, due to the field penetration and phase retardation within
the particle, the resonant magnetic dipole reaction occurs from a cou-
pling of the incident wave to the radial displacement currents of the
electric field. This happens when the wavelength inside the particle
is close to the diameter of the particle 2R≈λ=n. In the considered case
2R ¼ 150 nm and n≈4 (in the region of interest) hence the resonance
is around 600 nm.

Krasnok et al. (Krasnok et al., 2018) compared the scattering and
absorption cross‐sections of metallic (Silver Ag) nanoparticle (NP)
and high index dielectric NP made of crystalline (c‐Si). The results
show that Ag NP comprises electric type multipole resonance whose
dispersion is shown with increasing radius in Fig. 4(a). Their magnetic
response is almost negligible due to the fading field inside the sphere.
On the other hand, the scattering of a Si NP includes electric and mag-
netic type resonance illustrated in Fig. 4(c), as previously shown in
Fig. 3. Comparing the absorption cross‐sections spectra in Fig. 4(b
and d) for Ag Np and Si Np respectively, it is evident that the Si Np
has less dissipative losses in comparison to its counterpart Ag NP.



Fig. 3. Optical properties of spherical silicon particle. (a) Scattering, extinction and absorption cross-section for a Si NP of radius 75 nm using the dielectric
properties of Si from (Aspnes and Studna, 1983). (b) Scattering from a theoretical dielectric sphere of diameter 1 µm. (c) Electric and magnetic field enhancement
maps for electric dipole resonance (ED: upper figures) and magnetic dipole resonance (MD: lower figures).

H. Alhalaby et al. Results in Optics 3 (2021) 100073
Thus, strong magnetic Mie resonance modes are one of the main
features of dielectric spheres. To empower such magnetic response in
plasmonic structures, the metallic particle’s geometry should be
altered (Alu and Engheta, 2009; Monticone and Alù, 2014; Alù
et al., 2006; Pendry et al., 1999) but then they will experience high
ohmic losses and need a complicated fabrication procedure. Some of
these geometries are split‐ring resonators (Pendry et al., 1999) that
enhances the magnetic field in the center.

Mie theory also proved that the maximized scattering efficiency for
specific multipolar excitation of a subwavelength particle depends
only on the resonance frequency and not the kind of the material
(Schuller and Brongersma, 2009). Thus many plasmonic effects pro-
duced by metallic NPs can be realized with high‐index dielectric
nanoparticles taking advantage of the low dissipative losses of dielec-
tric material compared to metallic ones.

Owing to the evolution of nanotechnology and nanophotonics, dif-
ferent geometries, other than spheres of dielectric nanoparticles, were
fabricated based on the Mie resonance, such as spheroids (Fu et al.,
2013; Luk’yanchuk et al., 2015), rings (van de Haar et al., 2016), cylin-
ders (Evlyukhin et al., 2011), and other geometries (Zhang et al.,
2013). This paves the way to different applications using this old the-
ory such as third harmonic generation signals enhancement
(Shcherbakov et al., 2014), the Raman signals (Dmitriev et al.,
2016), spectroscopy (Albella et al., 2013), optical bio‐sensing (Yavas
4

et al., 2017), and light trapping in solar cells (Priolo et al., 2014;
Wang et al., 2015). Optimizing the parameters of the designed struc-
ture will alter the position of the electric and magnetic dipole reso-
nance which in turn will result in controlled emission directivity
(Evlyukhin et al., 2011; Fu et al., 2013; Luk’yanchuk et al., 2015;
Sinev, 2020; Staude et al., 2013 due to the overlap of both resonant
type modes at the same wavelength. This phenomenon is discussed
more in Section 4.3.
4. Enhancing light-matter interaction by dielectric materials

When a resonant cavity is in close proximity to a photoluminescent
molecule, its properties are changed and, if the cavity is properly
designed, a great enhancement in the PL signal can be achieved. For
sensing applications, we are interested in enhancing the excitation
rate, increasing the number of absorbed photons, enhance the radia-
tive part of the decay rate, increasing the number of emitted photons
(per absorbed photon), and also the capability of the adopted experi-
mental setup to collect the emitted light, using controlled directivity.
How these three phenomena (excitation‐emission‐collection) can be
controlled with the introduction of a resonant dielectric cavity will
be discussed in this section.



Fig. 4. Scattering and absorption cross-sections of metallic (Ag) and dielectric (Si) NPs. Variation of the normalized total scattering cross-section (QsctÞ of (a) the
Ag NP and (c) the Si NP according to the radius and wavelength. Variation of the normalized absorption cross-section (QabsÞ of (b) the Ag NP and d) the Si NP,
according to the radius and wavelength. Normalized scattering spectra of (e) the Ag NP of radius 30 nm and (f) the Si NP (of radius 85 nm) position in the air
(ɛh ¼ 1, blue curves) and water (ɛh ¼ 1:77, red curves). Insets: schematic diagrams representing the fundamental modes of the metallic NP (plasmon dipole
moment) and the dielectric NP (magnetic dipole Mie moment). Reproduced with permission (Krasnok et al., 2018). Copyright © 2018, John Wiley and Sons. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4.1. Excitation rate enhancement

The absorption cross‐section of an emitter (atoms, molecules, quan-
tum dots, or the narrowband excitonic semiconductor states), linked to
the excitation rate (γexc), is enhanced in the presence of a nanoscale
resonator. Due to the ability of the nanoscale resonator to enhance
and localize the electric field at sub‐wavelength scales, the excita-
tion/absorption cross‐section of an emitter, considered as an electric
dipole, can be defined as (Krasnok et al., 2018):

σexc ¼ σ0
P:Ej j2
P:E0j j2 ð5Þ

where, σ0 is the absorption cross‐section of the molecule in the vacuum,
P is the orientation of dipole, E and E0 are respectively the electric field
strength in the presence and absence of the resonator. Thus, the electric
near field enhancement and localization achieved in the proximity of a
nanostructure resonator will increase the excitation rate of an emitter
placed near the resonator. Hence, we can define the excitation rate
enhancement as

γexc ¼
σexc
σ0

¼ P : Ej j2
P : E0j j2 ð6Þ

that depends in general on the dipole orientation and location and the
incident field intensity and polarization. To maximize this enhance-
ment, the overlap of the maximum absorption wavelength of the emit-
ter with the cavity resonant wavelength, where maximum field
enhancement occurs, is required.
5

4.2. Emission enhancement

The presence of an emitter in the vicinity of the nanocavity will also
alter the decay channels of an emitter when the emission wavelengths
overlap with the resonant wavelengths. To understand the emission pro-
cess, we need to fully understand the coupling between the emitter and
the cavity. This can be understood by the simplest case of a two‐level
excited system in free space without a cavity, this is the so‐called sponta-
neous emission, characterized by the decay rate given by the first‐order
perturbation theory by the Fermi Golden rule (Lukas Novotny, 2007)

γ0mol ¼
2
3
2π
�h

g0�hð Þ2 ρ0 ωð Þ
�h

� �
ð7Þ

The coupling g0 is given by
ffiffiffiffiffiffiffiffiffi
ωd2

2ɛ0V�h

q
for a dipole moment d and a

quantization volume V, �h is the reduced Planck constant. The density
of state ρ0 in free space is given by ρ0∼

R
dω nω2V

c3 δðω� ωoÞ, the decay
rate of the molecule is then written as (the 2/3 factor comes from
the vector nature of the dipole and the field)

γ0mol ¼
1
3π

nd2ω3

�hɛ0c3
ð8Þ

One can take advantage of changing the Dirac delta function in the
density of state in free space by a Lorentzian distribution for a cavity

Vδ ω� ωoð Þ ! 2
π

γc
4 ω� ωoð Þ2 þ γ2c

ð9Þ
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without the volume dependence, while the volume in the coupling
constant is replaced by the field effective volume Veff . The effective
volume is usually defined as the integrated electric field squared
divided by the maximum value of the squared electric field. Hence,
near resonance ω≈ω0, the decay rate becomes, again by first order in
perturbation theory assuming “small” coupling (Andreani et al., 1999);

γmol ¼
2d2ω

�hɛ0ɛrVeff γc
ð10Þ

This phenomenon of modification of the spontaneous emission rate
of molecules interacting with a resonant structure is known as the Pur-
cell effect (Sauvan et al., 2013; Krasnok et al., 2015, 2016; de Torres
et al., 2016). The ratio between the modified and free‐space emission
rate of a molecule is named Purcell factor (Fp) and can be computed as
follows (Marquier et al., 2017):

Fp ¼ γmol

γ0mol
¼ 3

4π2

λ

n

� �3 Q
Veff

ð11Þ

where λ is the transition wavelength and Q ¼ ω=γc is the cavity quality
factor. However, reducing the field volume may lead to strong coupling
and hence need to go beyond first‐order perturbation theory. A key idea
comes from the analogy of the first‐order perturbation result to that of a
classical oscillator with strength. This analogy can be extended further
to solve a strongly coupled cavity‐emitter system by solving a simple
coupled oscillator model (Reithmaier et al., 2004).

The classical approach was extensively verified for several configu-
rations: quantum dots in nanoplasmonic resonators (Wu et al., 2010)
coupling between nanocavity localized surface plasmon (LSP) and sur-
face plasmon polaritons (SPP) (Chu et al., 2011). Some subtleties are
found for the three‐dimensional quantum box with nanopillar where
the quantum open system master equation is needed.

Based on the coupling strength g, coupling a molecule to a dielec-
tric or plasmonic nanocavity results basically in one of the two regimes
of a spontaneous emission known as weak coupling and strong cou-
pling regimes. Specifically, a strong coupling regime occurs if the value
of coupling strength is greater than the total decay rate g ≥ γ, where the
total decay rate is γ ¼ γC þ γmol, in contrast, a system would be in a
weak coupling case when the value of coupling strength is less than
the total decay rate g ≤ γ.

In a strong‐coupling regime, photons will be diffused to the cavity
mode faster than they escape. This implies that the cavity can re‐excite
the emitter, and energy will oscillate coherently back and forth, in a
way known as vacuum Rabi oscillation (Khitrova et al., 2006;
Savasta et al., 2010; Törmä and Barnes, 2015). This results in a more
complex behavior of the spontaneous emission, which becomes non‐
exponential. In the strong coupling regime, the scattering cross‐
section will be that of a hybrid system emitter‐cavity. Hence the defi-
nition of an enhancement with respect to the vacuum cross‐section is a
subtle issue.

Working now in the weak coupling regime, in general, the Purcell
effect induces the enhancement of emission and dissipation rates. Due
to the interest in the radiative part of spontaneous emission, we define

the quantum yield of a molecular emitter as η ¼ γradmol
γradmolþγlossmol

. Hence, the

resulting enhancement of quantum yield of an emitter in the presence
of the nanocavity can be expressed as:

η

η0
¼ γradmol=γ

0;rad
mol

η0ððγradmol þ γlossmolÞ=γ0;radmol Þ þ ð1� η0Þ
ð12Þ

where γradmol and γlossmol are, respectively, the radiative and non‐radiative

decay rate of the molecule coupled to the nanocavity, and γ0;radmol is the
radiative decay rate in the absence of the nanocavity.

4.3. Controlling the directivity

Any emitter characterized as dipolar or multipolar element will
scatter light symmetrically in the plane transverse to the multipole
6

axis. When the molecule is coupled to a resonant cavity, the symmetry
is broken and a controlled directivity can be achieved. This will
enhance the number of collected photons due to the enforcement of
asymmetry scattering directed in a specific direction. The collection
efficiency, which depends on the adopted experimental setup, is
defined as the power emitted by the molecule that can be collected
within a presumed range of polar angles normalized to the total power
emitted to the far‐field (Bauch and Dostalek, 2013).

Previous studies have shown that the separation between the emit-
ter and the scatterer, and its polarizability play a crucial role in defin-
ing where a resonant structure acts as a collector or reflector (Rolly
et al., 2011; Bonod et al., 2010). These behaviors are evident in
Yagi‐Uda antenna configuration achieved previously with plasmonic
systems (Li et al., 2007; Taminiau et al., 2008), and then using all‐
dielectric based elements (Krasnok et al., 2011). Increasing the num-
ber of collector elements resulted in an enhanced directivity as was
illustrated in (Krasnok et al., 2012).

Designing optical resonators play a key role in controlling the
directivity of an emitter coupled to the resonator. Optimizing radiation
emission patterns were successfully designed with plasmonic systems
(Laux et al., 2017; Bauch and Dostalek, 2013; Aouani et al., 2011;
Rodriguez et al., 2012; Zakharko et al., 2016). However, as previously
mentioned, the limitations of plasmonic lead to the development of all‐
dielectric based structures, which attracted great interest recently
since it can achieve the desired directionality with a more compact
design, by exploiting the overlapping of the electric and magnetic
dipole modes in resonant dielectric structures.

The use of dielectrics to collect light dates back to 1977 when a first
study was performed using a dielectric substrate to collect light emis-
sion by electric dipole situated above the substrate (Lukosz and Kunz,
1977a, 1977b). Then microspheres composed of dielectric material
were implemented a few years later to tailor the fluorescent signal
of molecules through enhancing the excitation and improving the col-
lection of the signals (Gérard et al., 2009; Aouani et al., 2009;
Ghenuche et al., 2014; Yan et al., 2014). Furthermore, single silicon
Np was used as a Huygens element in the optical range (Krasnok
et al., 2011) demonstrating the so‐called Kerker effect.

Kerker theory, established in 1983, described the condition of an
ideal magnetic spherical particle. This theory stated that when illumi-
nated from the far‐field, the magnetic particle will scatter light in the
forward direction with zero backward scattering when ε = μ (Kerker
et al., 1983). This phenomenon was then extended in 2011 (Gómez‐
Medina, 2011; Nieto‐Vesperinas et al., 2011) to explain the direction-
ality from all‐dielectric particles featuring both magnetic and electric
dipole modes. Partially overlapping the electric and magnetic dipole
modes in the spectrum results in observing the Kerker conditions
and obtaining directional scattering in the forward or backward direc-
tion depending on the frequency. The first Kerker condition represents
the domination of forward scattering at some wavelengths, while the
domination of backward scattering at other wavelengths is known as
the second Kerker condition (Rolly et al., 2012). Typically, a plane
wave is used to excite a scatterer from the far‐field region and establish
the common Kerker condition, later this concept expanded to the near
field where an electric dipole emitter excites a single high refractive
index dielectric particle. Kerker effect is also feasible for more complex
dielectric materials nanostructures and other high‐order Mie resonant
modes (Liu and Kivshar, 2017; Liu et al., 2015). The coupling between
electric and magnetic dipole modes inducing a Kerker‐type unidirec-
tional scattering is demonstrated in many well‐designed nanostruc-
tures composed of dielectric materials such as core–shell
nanoparticles, cubic nanoantennas, dimer structures (Luk’yanchuk
et al., 2015; Shibanuma et al., 2016; Tribelsky et al., 2016; Liu
et al., 2012, 2014; Alaee et al., 2015; Dong et al., 2017; Sikdar
et al., 2015; Li et al., 2015; Tian et al., 2016; Yao and Liu, 2016;
Wiecha et al., 2017; Zhang et al., 2015; Wang et al., 2017). All‐
dielectric materials were also used to accomplish the directional con-
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trol and enhancement of PL based on the Kerker effect in the near field
excitation (Rolly et al., 2012, 2013).

The spectral overlapping between different multipolar modes can
be achieved by engineering simple all‐dielectric resonators and by con-
trolling their size and shape, while more complex shapes are required
in plasmonics to induce a magnetic and electric dipole in a resonator
(Hancu et al., 2014; Proust et al., 2016; Coenen et al., 2014) or cou-
pling different metallic nanowires (Dubois et al., 2018). Optimized
tuning of the directivity is made possible by involving higher multipo-
lar modes in the emission pattern.

To summarize what has been previously discussed, the enhance-
ment in photoluminescence signal (fl) of emitters coupled to res-
onators is given as:

fl ¼ γexc �
η

η0
� κcoll
κ0coll

ð13Þ

where κcoll and κ0coll are the collection efficiency of the setup with and
without the resonant structure, respectively. Collection efficiency is
computed as shown in Eq. (14) considering the power emitted
(Pr θ;φð Þ) in the accepted range of angles normalized to the total power
emitted to the far‐field (Bauch and Dostalek, 2013). The range of polar
angles depends on the adopted experimental setup with a specific
numerical aperture.

κcoll ¼
R 2π
0

R θ max
0 Pr θ;φð ÞsinðθÞdθdφR 2π

0

R π

0 Pr θ;φð ÞsinðθÞdθdφ
ð14Þ

Concluding this section, Eq. (13) shows that nanoantennas will play
a crucial role in photoluminescence enhancement by (i) improving the
excitation rate due to localized field enhancement (ii) enhanced emis-
sion decay rates, and reduce the non‐radiative decay rates that will
modify the quantum yield, and finally (iii) optimize emission directiv-
ity to enhance the collection efficiency of the optical setup.
5. Photoluminescence enhancement with resonant dielectric
nanostructures

Plasmonics NPs have been broadly used in enhanced photolumines-
cence spectroscopy (Langguth et al., 2017; Luo et al., 2017), however,
it suffers from high ohmic losses due to the absorption of metal. All‐
dielectric antennas featuring electromagnetic Mie resonances with
weak losses have proven to be an alternative platform of plasmonics
for PL enhancement. Featuring both electric and magnetic dipole
Mie resonances, all‐dielectric antennas allow an improved signal col-
lection through directivity control (Krasnok et al., 2015), enhancing
the excitation rates of emitters and tailoring their spontaneous emis-
sion rates avoiding any parasitic heating. Albella et al. (Albella
et al., 2013) compared the behavior of silicon and gold dimers by com-
puting the quantum yield and the radiative decay rates of a single elec-
tric dipole emitter placed in the gap of the dimer in both longitudinal
and transversal orientations. This study proved that quantum yield
enhancement achieved with Si antennas exceeded that of Au, thus
demonstrating that dielectric antennas can yield a higher ratio
between radiative and total decay rates due to their smaller intrinsic
losses. Moreover, it has been shown in (Caldarola et al., 2015;
Albella et al., 2014) that this enhancement is established with a negli-
gible temperature increase in the hotspots of low loss dielectric dimer
and its surroundings, overcoming the plasmonic limitations as illus-
trated in Fig. 5. Then in 2015, Staude et al. (Staude et al., 2015)
demonstrated experimentally that coupling emitting quantum dots
with resonant subwavelength silicon nanodisks will enhance its near
infra‐red PL spectrum. Maximum emission in a single direction was
also achieved for the case of spectral overlap of the electric and mag-
netic dipolar resonances. This spectral overlap between the electric
and magnetic resonance is controlled by optimizing the nanodisk
dimensions. Knowing that dielectric NPs are characterized by their
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low absorption and absence of quenching, Sugimoto et al., in 2017
showed that PL signal enhancement up to 200 times of Rhodamine B
dye molecules is achieved with one subwavelength silicon nanosphere
and without any dielectric spacer between the nanosphere and the
molecules (Sugimoto and Fujii, 2017). It was also proven in 2018
(Iwanaga, 2018), that all‐dielectric metasurfaces are a potential plat-
form for fluorescence enhancement, indeed, an array of silicon
nanocylinders was designed to have its resonant wavelength as the
working wavelength of the molecules. The experimental results show
a 1000‐fold enhancement of fluorescence intensity for a reference of
a non‐resonant flat Si wafer.

More complicated structures have been theoretically (Albella et al.,
2013; Rolly et al., 2012) and experimentally (Caldarola et al., 2015;
Cambiasso et al., 2017; Regmi et al., 2016) studied such as nanowires,
dimers, trimers, and oligomers (Filonov et al., 2014; Bakker et al.,
2015; Miri and Sadrara, 2017; Chong et al., 2014; Miroshnichenko
and Kivshar, 2012; Habteyes et al., 2014). For instance, in
(Caldarola et al., 2015), silicon disk dimers with a 20 nm gap were fab-
ricated on a substrate exhibiting a near field enhancement in the gap, a
homogenous thin‐layer of dye molecules covers the silicon disk dimers
allowing a controlled and uniform distribution of molecules on the
nanoantennas, fluorescence enhancement in the vicinity of these struc-
tures is produced. The same approach was adopted in (Cambiasso
et al., 2017) where coupling between dye molecules and dielectric
materials was established using Gallium phosphide (GaP) as the
nanoantenna material instead of silicon proving GaP nanoantennas
as a promising material for second harmonic generation and fluores-
cence enhancement. The higher reported surface fluorescence
enhancement achieved by GaP nanoantennas when compared to sili-
con in Fig. 6 is justified by the larger electric field intensity in the
gap of the GaP nanoantennas and almost absence of losses in the vis-
ible range for GaP material, which triggers higher or improved emis-
sion enhancement.

Another approach is realized using freely diffusing dye molecules.
This technique estimates the effect of the gap size on the fluorescence
enhancement factor of a single‐molecule. Dimer of silicon nanodisks
with a 20 nm gap was implemented in (Regmi et al., 2016), featuring
a broad dipolar resonance in the visible range with maximized near‐
field intensity in the gap in Fig. 7(b), which enhanced the fluorescence
brightness by 270‐fold outperforming gold structures with a similar
gap as illustrated in Fig. 7(d). In this experimental approach, fluores-
cent molecules are spread out around the excited resonant nanostruc-
ture and fluorescence time traces are recorded. The clear bursts shown
in Fig. 7(c) correspond to the single‐molecule enhancement which
occurs when the molecule diffuses into the gap where the enhanced
electric field is localized, emitting many photons in a short time. The
fluorescence enhancement factor for silicon and gold dimer are com-
pared and results prove that dielectric‐based structures can be an alter-
native platform to plasmonics avoiding any parasitic heating and
quenching.

In 2016, another approach based on scanning probe microscopy
was used, the near‐field interaction at the nanoscale between fluores-
cence nanosphere and silicon nanoantennas with diameters varying
between 170 nm and 250 nm was analyzed quantitatively (Bouchet
et al., 2016). Furthermore, Vaskin et al. in 2018 experimentally
demonstrated spectral and directional control of spontaneous emission
from a coupled system of dielectric resonators with Fluorescence glass
(Vaskin et al., 2018). The emission from the coupled system is
enhanced when the antenna resonance overlaps with the intrinsic
emission wavelength of the glass as shown in Fig. 7(e‐f). Moreover,
the authors also proved the ability of directional control of emission
by matching the lattice period to the wavelength of the magnetic dipo-
lar Mie‐type resonance of nanocylinders which is a different mecha-
nism from previous experimental demonstrations of directional
emission enhancement (Vaskin et al., 2018). Then, Bohn et al., intro-
duced the Liquid crystal (LC) cell to tune the resonance properties of
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Fig. 5. Comparison of the temperature increase between Si and Au nanoantennas. (a–c) Temperature measurement in nanoantennas. Box plot for the average
temperature T, measured for (a) silicon and (b) gold nanoantennas excited at resonance. The inset in each figure shows the calculated temperature map around the
disks for the laser intensity of 5mWμm^(-2) in both cases; Scale bar, 100 nm. (c) Extracted temperature in the gap for selected silicon (cyan) and gold (magenta)
nanoantennas as a function of the heating laser intensity at 860 nm. The dashed lines show the numerical calculations for the temperature at the gap, presenting
good agreement with the experimental data. The error bars show the standard deviation of the temperature measurements, obtained from error propagation from
the fluorescence measurements. (a–c) Reproduced with permission (Caldarola et al., 2015). Copyright © 2015, Nature Publishing group. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

GaP dimer (35 nm gap)

Si dimer (20 nm gap)

(e)

(a) (b) (c)

(d) (f) (g) 

Fig. 6. All-dielectric nanoantenna for many molecules fluorescence enhancement. (a) SEM top-view (upper) and lateral-view (lower) images of a single
nanoantenna of the array of nanostructures fabricated with Si on a silicon-on-insulator. Each nanoantenna consists of two identical disks with a 20-nm gap. Scale
bar, 100 nm. (b) Near-field distribution map for the silicon structure excited at resonance, showing good confinement of the electric field in the gap. Scale bar,
100 nm. (c) Surface-enhanced fluorescence enhancement factor (FSEF) obtained from the maximum values over each antenna. (d) Experimental scheme of 35 nm
gap GaP dimer covered by a polymer matrix with dyes embedded. (e) Normalized electric field intensity distribution for x-polarized excitation. (f) Fluorescence
enhancement spectra using GaP dimers comparing the enhanced and initial fluorescence intensity, the sub-index X and Y indicate the polarization of the exciting
laser. (g) Fluorescence enhancement factors of GaP dimer with 35 nm gap. (a–c) Reproduced with permission (Caldarola et al., 2015). Copyright © 2015, Nature
Publishing Group. (d-g) Reproduced with permission (Cambiasso et al., 2017). Copyright © 2017, American Chemical Society.
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the dielectric resonators. The transition of LC from nematic to the iso-
tropic state via control of the cell temperature induces modification of
metasurface resonance which results in an enhancement of sponta-
neous emission from the Fluorescent substrate owing to the Purcell
effect (Bohn et al., 2018).

Taking advantage of the resonant modes found inside all‐dielectric
structures and their negligible losses, a novel strategy of coupling
between emitters and dielectric resonators has been introduced based
on integrating emitters inside the resonators. Recently in (Rutckaia
et al., 2017), an experimental study of quantum dots coupled to silicon
nanodisks illustrated in Fig. 8(a–c) demonstrated the enhancement of
8

the photoluminescent signal from embedded quantum dots due to a
well placement of the emitter with the Mie modes. Also in 2017, over
three orders of PL enhancement of germanium quantum dots embed-
ded in all‐dielectric metasurfaces is experimentally observed accompa-
nied with high‐quality factor Fano resonance (Yuan et al., 2017).
Another experimental study in 2018 shown in Fig. 8(d–f) demon-
strated photoluminescence enhancement and directional reshaping
of quantum dot emission by embedding self‐assembled near‐infrared
InAs quantum dots in GaAs resonant metasurfaces (Liu et al., 2018).

A further promising approach for designing active dielectric Mie
resonance for photoluminescence enhancement is to consider halide



(a) (c)

(b) (d)
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Fig. 7. Fluorescence enhancement approaches with resonant dielectric structures. (a) Schematic of silicon dimer antenna for fluorescence enhancement of single
molecules freely diffusing in solution. (b) Electric field intensity enhancement map of silicon dimer. (c) Fluorescence bursts corresponding to a single molecule in
the presence of 20 nm gap dimer. (d) Comparison of the fluorescence enhancement of Si and Au gap dimers as a function of gap length. (e) Schematic of Mie
resonant nanocylinders composed of hydrogenated amorphous silicon (a-Si:H) placed on a fluorescent glass substrate illuminated at λ = 532 nm. (f)
Experimentally measured emission spectra (solid lines) of varying diameters nanocylinder samples and its transmittance spectra (dotted lines) note that the
reference shown in grey shading is the emission spectra of the bare glass substrate. (a–d) Reproduced with permission (Regmi et al., 2016). Copyright © 2016
American Chemical Society. (e–g) Reproduced with permission (Vaskin et al., 2018). Copyright © 2018 American Chemical Society.
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perovskite. Halide perovskite is a type of semiconductor with high
refractive index. It has been recently demonstrated in (Timpu et al.,
2017) that second‐harmonic generation enhancement is achieved
using dielectric hybrid perovskite Mie resonances giving rise to many
applications, such as those based on the lab‐on‐chip paradigm. Also
enhanced PLof light‐emitting nanoantenna as shown in Fig. 9(a‐b) is
realized by employing halide perovskite nanoparticles and coupling
their excitons to the dipolar and multipolar Mie resonances
(Tiguntseva et al., 2018). These novel materials with exceptional exci-
tonic properties will lead to vast advancement in integrated light
sources.

Recently, dielectric antennas based on Mie resonances have proven
to enhance the photoluminescence signal of transition metal dichalco-
(a) (c) 

(b) 
(e)

Fig. 8. Photoluminescence enhancement of embedded emitters in dielectric nano
nanodisc Trimers. (c) PL spectra of a trimer (solid black line) shown on the inset h
enhancement compared to the single disk emission (circles) and to the “free” Ge(S
several layers of self-assembled InAs quantum dots in its functional layer. (e) Nu
nanocylinder of diameter 320 nm excited by a plane wave at λ = 1200 nm at an i
photoluminescence spectra as a function of the metasurface geometry. (a–c) repro
Chemical Society. (d–f) reproduced with permission (Liu et al., 2018). Copyright ©
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genides (TMDC). They are cost‐effective materials and atomically thin,
making them an attractive material for several optoelectronic applica-
tions (Krasnok et al., 2018). In 2019, an analytical study of photolumi-
nescence enhancement from different TMDC such as Wse2, MoSe2,
WS2, MoS2 was performed. It was shown numerically that the PL signal
of two‐dimensional TMDC is enhanced by a factor of 100 when cou-
pled to an optimized Si nanoantenna (Lepeshov et al., 2019). Also in
2019, GaP nanoantennas were designed and coupled to mono and
bilayers of WSe2 resulting in a PL enhancement of a factor of 104 com-
pared to the same monolayer coupled to a planar GaP substrate as
shown in Fig. 9(c), this enhancement results from a combination of
enhanced excitation and emission rates and optimized directivity
(Sortino et al., 2019).
(d) (f) 

structures. (a–b) Si(Ge) quantum dots embedded in silicon layers (left) and
aving two sharp peaks at 1165 nm and 1302 nm with up to 10-fold intensity
i) QDs (triangles). (d) Schematic of GaAs resonant metasurfaces incorporating
merical Electric and magnetic field mode profile in a cut plane through the
ncident angle of θ = 20° φ = 0°. (f) Measured reflectance and corresponding
duced with permission (Rutckaia et al., 2017). Copyright © 2017 American
2018 American Chemical Society.
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Fig. 9. Photoluminescence enhancement of various materials. (a) Schematic of tunable light-emitting halide perovskite nanoantenna acting both as the emitting
material and as a Mie resonator and its (b) enhanced photoluminescence normalized to the volume for perovskite nanoparticles of different sizes shown in the inset
with the SEM images matching the color of the frame with the color of the plot and compared with the PL spectrum of a 0.5 µm perovskite film. The scale bar is
400 nm. (c) PL spectra of 1 Layer-WSe2 placed on GaP dimer (orange) and on a planar GaP substrate (red), its intensity is multiplied by 10 for comparison. Atomic
force microscopic (AFM) image of a GaP nano-antenna covered with a monolayer WSe2 is shown in the inset. (a-b) Reproduced with permission (Tiguntseva et al.,
2018). Copyright © 2018 American Chemical Society. (c) Reproduced with permission (Sortino et al., 2019). Copyright © 2019 Nature publishing group. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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6. Conclusion & outlook

The summarized results prove that all‐dielectric nanoantennas are
a promising emerging field for photoluminescence enhancement in
the visible and near‐infrared range. In this review, we summarized
the most recent developments within this emerging field. Starting from
first principles, we show that dielectric material, featuring low optical
losses, make it possible to realize resonant effects preventing high
energy dissipation into heat and quenching of the emitted signal. This
allows having a very low or even zero distance between the emitter
and the resonator benefiting from the maximum enhanced field.
Besides, dielectric based structures feature the coexistence of both
electric and magnetic multipolar Mie resonant modes, and an engi-
neered interference of these modes will result in controlled emission
directivity. Dielectric resonant structures enhance the excitation and
emission rates of emitters coupled to it by tailoring the decay rates
of both electric and magnetic dipolar transitions. Not to forget the exis-
tence of strong fields inside the nanostructures that provide novel
strategies for integrated quantum emitters inside dielectric structures.
This has attracted the attention of researchers to use all‐dielectric
based structures in different applications including controllable quan-
tum emitters, efficient multifunctional light modulators, flat‐optics
beam steering, and sensing applications.

Dielectric resonators reported in this review demonstrated their
potential in enhancing photoluminescence of emitters, however, these
results are still in lab‐stage experiments. To efficiently apply such
structures in optoelectronic devices and develop industrial prototypes,
optimized designs and effective lower cost nanofabrication processes
are needed. Interesting materials include different types of semicon-
ductors, metal oxides, and insulators varying from high index to mid
and low index materials. This variation of the refractive index and
extinction coefficient allows the realization of various effects and their
use in different applications.
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