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Abstract 
 
Light-matter interaction has been a widely investigated phenomena enlarging the area of 
nanophotonics beyond the limit. This stand out to be the back bone for future generation optical 
devices. Light confinement and propagation in a small volume gives rise to several rich optical 
properties. This can be realized in different type of nanostructured materials. Metal(M)/Insulator(I) 
multilayer nanocavities are highly versatile systems for light confinement and wave guiding at 
nanoscale. Their physical behavior is discussed successfully by electromagnetic theory. However, 
it is still obscured about the nature of cavity modes in layered metal/insulator nanocavities. The 
reason why such cavity mode can be excited without having any momentum matching technique 
are yet to be investigated. We start with a quantum treatment of the MIM as a double barrier 
quantum well where the resonant modes are assisted by tunneling of photons. The lossless 
characteristics of these modes with zero wavevector condition are inherent to the epsilon-near-
zero (ENZ) band. We further investigated the coupling between epsilon near zero assisted volume 
plasmons in MIMIM nanocavities where one MIM cavity placed above the other. Strong coupling 
has been demonstrated in this system by an anticrossing of the ENZ modes in the individual 
cavities, where the splitting depends strongly on the thickness of the central metal layer. 
 
The properties of ENZ bulk plasmon modes for MIM and MIMIM systems are exploited to achieve 
both enhancement of spontaneous emission and decay rate of the perovskite nanocrystal film 
placed on the top of the nanocavity. However, the enhancement is within the limit of weak coupling 
regime. In order to achieve strong coupling between ENZ mode of cavity and emission mode of 
the fluorophore, one need to embed the fluorophore inside the cavity. But it has been realized that 
in such a case, long term stability of fluorophore by retaining its original optical properties are 
primary challenges. We studied the optical properties of nanocrystal layer that were overcoated 
with alumina by atomic layer deposition. This enabled us to effectively embed the NCs inside the 
dielectric layers of planar MIM and MIMIM nanocavities.  
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Chapter 1 
 

Introduction 
 
1.1 Optics of Subwavelength Cavities: 
 
Progress in the field of nanotechnology has facilitated the material manufacturing and structures 
with unique optical properties. In past few decades these materials have raised significant interest 
in the field of science and technology, because of their ability to control the propagation of 
electromagnetic waves. There are several ways to control the propagation, subwavelength 
dielectric films with spatial variation of refractive index across the film are one of them. This is 
called a gradient photonic barrier.1 Understanding the physical processes associated with the 
propagation of electromagnetic waves in heterogeneous environment with variable refractive 
index at optical frequencies still remains a challenge. 
 
During the last two decades, we have seen significant progress in optics of thin films as it is 
nourished by tunneling phenomena 2 , especially by tunneling of photons through metallic films.3 
This build the foundation for understanding tunneling phenomena in more complex structure such 
as metal/insulator multilayer cavities or nanopatterned surfaces. Multilayered metal/insulator 
structures with negative effective permittivity and permeability are called as metamaterial or left-
handed material due to their left hand set of electric field, magnetic field and wave vector.4 
Tunneling of photons in such multilayered cavity is mainly described by frustrated total internal 
reflection.5 Total internal reflection (TIR) occurs, when light comes from a optically dense medium 
to the second medium at large incident angle. This give rise to evanescent field which undergoes 
exponential decay in the interface of a second medium.6 Subsequently by placing a third medium 
with sufficiently large refractive index one can store the propagating waves in a third medium, 
leading to non-vanishing transmittance. This phenomena is termed as photon tunneling, finds 
immense application in total reflectance spectroscopy7 and scanning tunneling microscopy.8  It is 
found that when a third medium is replaced by such left hand materials, photons tunnel through a 
greater distance.9  
 
Recently a class of material with effective permittivity and/or permeability near zero have drawn 
significant interest. They find interesting application in a wide range of research problems, like 
squeezing electromagnetic energy through a very narrow channel 10, design of matched  zero-index 
material and reshaping the radiation coming from the source. 11 Such materials with epsilon near 
zero (ENZ) can be found in nature. Some of the commonly available ENZ material are metals like 
gold and silver at optical frequency, doped semiconductor like indium tin oxide (ITO) and 
Aluminum zinc oxide (AZO) and some polar dielectric materials like SiC, behave as ENZ material 
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near their plasma frequency. However, due to low effective mass of electrons, the ENZ frequency 
is mostly pushed towards ultraviolet regime (𝜔" ∝

$
%&'

). Moreover, the large effective mass of the 

ions shifts the ENZ wavelength more towards IR. Hence very few materials available that shows 
ENZ wavelength in visible. It has been recently demonstrated that one can even design ENZ 
metamaterial at desired frequency by embedding suitable fillers in a host medium.12 Here we 
design silver (Ag)/alumina (Al2O3) multilayers of subwavelength thickness to tune the ENZ 
wavelength at desirable optical frequency. The resonant tunneling phenomena at ENZ frequency 
have been studied for MIM and MIMIM. As a consequence, strong optical anisotropy has been 
demonstrated.  
 
Further, we also demonstrate the long-range radiating behavior of ENZ mode. In order to exploit 
this property, MIM and MIMIM are coupled to quantum emitters. We choose colloidal nanocrystal 
as an emitter, due to their excellent optical properties, where the optical properties as for example 
the light emission wavelength, direction and polarization can be controlled via the nanocrystal 
size, shape and composition. This is primarily important when it comes to tune the emission of 
emitters to the ENZ resonance of MIM and MIMIM. In this thesis, we investigate the coupling 
between bulk plasmon polariton (BPP) mode at ENZ wavelength and the exciton of the colloidal 
nanocrystal when they interact with each other. Depending on the energy exchange between two 
oscillators the coupling can be either weak or strong. The weak coupling also known as Purcell 
effect has been demonstrated by putting the emitters on the top of the cavity. Similarly, by 
embedding the nanocrystals inside the cavity we ultimately enhance the energy exchange between 
the oscillator which has been seen as splitting in photoluminescence spectra, a direct signature of 
strong coupling. Moreover, we have also investigated plasmon-exciton coupling for other 
nanostructure, for example polarization dependent plasmon enhanced fluorescence has been 
studied in an anisotropic gold nanostructure coupled to monolayer of colloidal quantum dots 
(Appendix A). 
 
1.2 Scope of the Thesis:  
 
This thesis is devoted to experimental demonstration of light matter interaction in a near-zero-
index planar nanocavity and their coupling with excitons of semiconductor nanocrystals.  
 
In chapter 2 we give brief introduction to colloidal nanocrystal and their fundamental optical 
properties. Photophysical properties of core-shell type and perovskite nanocrystal are discussed in 
brief. Surface plasmons are introduced in the proximity of metal/dielectric interface. Further we 
discuss surface plasmon polaritons in multilayer system comprising metal and insulator layers. 
After this, epsilon-near-zero materials are discussed followed by brief introduction of resonant 
tunneling phenomena, and exciton plasmon coupling is briefly introduced. As fluorescence 
spectroscopy is one of the fundamental tools to measure such coupling phenomena, we introduce 
fluorescent spectroscopy of quantum dots.   
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A detailed description of the experimental techniques, film fabrication processes and 
characterization are presented in chapter 3. We start with discussing important steps involved in 
getting a uniform and homogeneous spin coated NCs film, followed by characterization of the film 
by optical and electron microscopy and profilometer for information on film thickness. We further 
discuss ALD processes on colloidal NCs film. Two standard ALD process, thermal and plasma 
ALD, are discussed in brief followed by the example of deposition of alumina by ALD. Thermal 
ALD of alumina on colloidal nanocrystal is discussed in detail. Being a precise nanofabrication 
tool for depositing oxides with sub nanometer precision, this chapter introduces the technical 
importance of ALD for fabricating planar nanocavities where it is possible to precisely control the 
cavity thickness. Detailed fabrication steps involved for making MIM and MIMIM multilayer 
nanocavities are also discussed.   
 
In chapter 4 we give brief introduction to ellipsometry and its application for characterizing 
colloidal nanocrystal and multilayer nanocavities.  We give special emphasis on analyzing 
absorbing samples like metals by ellipsometry. Moreover, a detailed description is given on 
analyzing multilayer metal/insulator nanocavities and their corresponding optical constants, which 
are prerequisite for designing near-zero-index nanocavity. 
 
A detailed description of the experimental techniques, film fabrication processes and 
characterization are presented in chapter 5. We start with discussing important steps involved in 
getting a uniform and homogeneous spin coated NCs film, followed by characterization of the film 
by optical and electron microscopy and profilometer for information on film thickness. We further 
discuss ALD processes on colloidal NCs film. Detailed fabrication steps involved for making MIM 
and MIMIM multilayer nanocavities are discussed.   
 
   
Chapter 5 aims at designing near-zero-index planar metal/insulator nanocavities and investigation 
of light matter interaction. Epsilon-Near-Zero nature of such a multilayer cavity is analyzed both 
by theory and experiments. We find excellent agreement between Scattering Matrix Method 
(SMM) based simulation and experimental observation of modes MIM and MIMIM. Resonant 
tunneling phenomena are described in a quantum framework which gives fundamental insight in 
to tunneling of photons in a double barrier quantum well that corresponds to the  MIM system. 
Moreover, based on this we design a refractive index sensor based on metal/insulator/metal 
nanocavities. Strong coupling as a demonstration of anticrossing of low and high energy resonant 
mode are shown for MIMIM.  
 
Chapter 6 focuses on coupling between ENZ mode for MIM and MIMIM with fluorophores placed 
on the top. Surface Plasmon Coupled Emission (SPCE) and Surface Plasmon Enhanced 
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Absorption (SPEA) are demonstrated for MIMIM nanoresonator, which introduces Purcell effect 
and spontaneous emission enhancement.  
 
When it comes to integrate colloidal nanocrystal in to an optical nanocavities, long term stability 
is a crucial factor. We improve the stability of nanocrystal films by coating them with thin layer 
of oxide by atomic layer deposition. Chapter 7 describes in detail, how ALD works on colloidal 
nanocrystal films, and studies their corresponding optical properties.  
 
At the end we describe how strong coupling between resonant mode at ENZ and excitons from 
nanocrystal can be achieved by simply embedding the nanocrystal in a planar nanocavity. In 
chapter 8, we demonstrate energy exchange between ENZ resonance and emission band of NCs 
can be achieved when the emitters are embedded inside the nanocavites. We managed to achieve 
the resonance matching conditions between MIM and MIMIM resonances with the emission of 
the QDs layer which is confirmed by spectroscopic ellipsometry.  
 
 
Chapter 9 gives a summary and outlook for the thesis.   
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Chapter 2 
 
2.1. Colloidal Nanocrystals for Photonic and Plasmonic Devices:   
Colloidal Nanocrystals are known for their excellent optical properties, where the light emission 
wavelength, direction and polarization can be controlled via the nanocrystal size, shape and 
composition. Owing to this tunable optical and material properties of these systems, one can find 
many potential applications including light emitting diodes13, continuous lasing14, components for 
quantum computing, solar cells and other photo voltaic devices.15  Due to the scalable optical and 
material properties with easy processability, colloidal nanocrystals find immense potential for 
device applications. Moreover, colloidal quantum dots are largely specified as a gain material due 
to their ultra-high quantum yield (close to unity), large transition dipole moments, good 
photostability and ability to make homogenous dense film without affecting the self-quenching 
effects that observed in organic dyes.  In present thesis, we have extensively used colloidal 
nanocrystals due to their unique optical properties like large absorption band and narrow emission. 
For example, in chapter 7, we take advantage of large absorption band and narrow emission of 
CsPbBr3 colloidal nanocrystals by coupling them to the ENZ mode of MIM and MIMIM cavity. 
Colloidal nanocrystals can be easily processed and integrated to photonic and plasmonic structures 
thanks to their solubility in different solvents. Large monodisperse nature of colloidal quantum 
dots in different solvent allows to obtain monolayer continuous film over any plasmonic rough 
surface. Appendix A highlights deposition of monolayer Langmuir Blodgett quantum dots on 
nanostructured gold surface. Further, the colloidal nanocrystals can be easily passivated by thin 
layer of dielectric oxides by atomic layer deposition which stabilizes their photoluminescence 
properties over a long time. Such surface coating is highly essential for integrating nanocrystals 
inside photonic and plasmonic nanocavities as shown in chapter 9 of this thesis. We describe here 
some of the fundamental optical properties of colloidal quantum dot. 
 
2.2 Band-Edge Quantum Size Levels: 
Semiconductor crystals those are smaller than the bulk exciton Bohr radius, the energy spectrum 
and the wave functions of the exciton (electron-hole) pairs can be predicted by using independent 
quantization rule for both electron and holes motion, which is also called as strong confinement.16 
The exact quantization of electron and hole confinement energies and wavefunctions can be found 
in the framework of multiband effective mass approximation.17 For spherically shaped NCs of 
cubic lattice structure, the degeneracy of electron and hole in the ground state are different. The 
first electron quantum size level(1Se) is doubly degenerate with respect to spin orientation whereas 
the first hole of the quantum sized level (1S3/2) is fourfold degenerate with respect to angular 
momentum wave vector. The energy and wave function of these quantum sized object is given by 
 
For electrons 
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Where me is the electron effective mass, a is nanocrystal radius, 𝑌B&(W	) are the spherical harmonic 
functions, |𝑆a⟩ is the Bloch wave function of the conduction band, a is the projection of electron 
spin, 𝑠D = +(−)1/2. Similarly, hole having fourfold degenerate valence band, the energy level 
and wavefunction can be written as 
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Where b	 = 	𝑚B,/𝑚,, is the ratio between light to heavy hole effective masses, 𝑢Z are the Bloch 
functions of the four-fold degenerate valence band. 
 
For spherical dots like CdSe, PbS, CdS; the exciton ground state (1S3/2 1Se) is eightfold degenerate. 
However, the degeneracy is lifted by shape and anisotropy of the internal crystal structure along 
with the electron-hole exchange interaction. Both NCs size and shape largely control the energy 
splitting and transition oscillator strength of the split-off states along with their odering.16 This is 
particularly important while coupling the NCs to the plasmonics or photonic platform. Taking in 
to account of the oscillator strength of each split-off state, the effective energy exchange between 
fluorophore emission and plasmonic resonances can be determine in a hybrid system. 
 
2.3 Relaxation Processes in Semiconductor Nanocrystals: 
 
When light incident on quantum confined semiconductor nanocrystals systems, the electron from 
ground state move to the excited state. The excited state is very unstable, hence the excitons from 
the excited state relaxes. This relaxation process can be followed by different pathways like 
radiative and nonradiative ways. The photoexcitation process can create both single or 
multiexcitons in a nanocrystal depending on several nonlinearities and incident intensity. Followed 
by optical absorption, the exciton may be excited into many states associated with either vibration 
or fine structure mainly caused by exchange and crystal field effects18. The excitons can 
nonradiatively relaxes through these states before recombining or returning to the ground states as 
shown in figure 2.1d. In a molecular system, the relaxation happens through internal conversion 
due to high frequency vibrational modes. For example, in CdSe nanocrystal the observed intraband 
relaxation is very fast in the order of sub picoseconds timescales.19 This can be explained by Auger 
recombination, where the fast intraband process is mediated by transfer of energy from the electron 
to hole.20 Depending on whether the hole is more massive than the electron or vice versa the energy 
level separation and ultra-fast relaxation process are explained.        
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Figure 2.1 Represents photophysical properties of semiconductors both in bulk and quantum confined. (a), (b), (c) 
corresponds to the bulk system followed by lower panel (d) and (e) representing confined semiconductor nanocrystals. 
(a) shows the delocalized orbitals and continuous levels of conductions and valence bands separated by the band gap 
in real space (b) represents in reciprocal space (c) the continuous and step like increase of bandgap followed by 
continuous absorption of high energy states (d) represents an electron and hole scheme of energy level for quantum 
confined semiconductor nanocrystal (e) shows the excitonic basis representation of quantum confined semiconductor 
nanocrystal, where g, e, b, and t are the ground, exciton, biexciton and triexciton states  (reproduced with permission 
from Huxter et. al.18) 
  

2.4 Liner Polarization Memory Effect: 
 
The linearly polarized selectively excites NCs with the hexagonal axis preferentially parallel to the 
polarization wave vector of incident light when the excitation frequency is in resonance with the 
bright excited state i.e. F=0. Bawendi et. al. first described such kind of effect in nanocrystals PL 
emission.21 In a randomly oriented sample of nanocrystal, the polarization memory effect is mainly 
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due to the selective excitation of some of the NCs that have special orientation of the hexagonal 
axis relative to the polarization direction of the exciting light. Hence, the polarization dependent 
photoluminescence properties of NCs is mainly determined by the polarization properties of 
ground state and NCs orientations.  
 

2.5 Multiexciton in Semiconductor Nanocrystals: 
 
The shape, size and composition of the semiconductor nanocrystals gives rise to quantized 
multifold of electronic states called as excitons. Moreover, nanocrystals can also support multiple 
excitations per particle under normal condition. These multiexcitons largely control many 
optoelectrical properties of the nanocrystals like from lasers, light-emitting diode, photon sources 
and photovoltaics. The simplest multiexciton is the biexciton which is a four-particle complex 
system consisting of two electrons and two holes.22 The quantum confinement effect in 
semiconductor nanocrystals binds both excitons and multiexcitons as compared to their bulk 
counterpart. The presence of biexciton also can determine the optical gain threshold for 
semiconductor nanocrystals. It has been realized that the formation of multiexcitons in 
semiconductor nanocrystals pave away many difficulties for performance of optoelectronics 
device.    
 
2.6. Core-Shell Type Nanocrystals: 
Core-shell type quantum dots exhibit interesting properties which make them special for both 
experimental and theoretical point of view. Overcoating the nanocrystalline with higher band gap 
inorganic material has been known to improve the photoluminescence quantum yields by 
passivating the surface which suppresses the non-radiative recombination centers. Surface 
passivation make nanocrystal more robust and tolerant for their use in solid state devices. In 
core/shell type quantum dots, absorption and emission spectra can be well controlled by tuning 
both the size of the core and thickness of the shell layer.   Most commonly used core-shell type of 
nanocrystals are CdS on CdSe, ZnS on CdSe, ZnSe on CdSe, CdS on PbS. The optical absorption 
of the core/shell nanocrystals can be tuned by changing the size of the core. For example, in 
PbS/CdS core/shell quantum dots, the first excitonic peak in absorption spectra can be spanned in 
a broad range by varying the size of the PbS core and the thickness of the CdS shell23.   Here we 
will discuss two main type of core-shell nanocrystal used in this thesis. 
2.6.1. CdSe/ZnS Dots-in-Dots  
For most of the optoelectronic applications it is found that core-only QD are not the ideal materials, 
as they suffer photo-induced oxidation. 24 It has been reported that by coating high band gap shell 
on CdSe core form a type-I core-shell structure which significantly improve the photostability. 25 
The ZnS shell not only passivate the traps on the surface26 but also insulates the holes of the core 
and hence reduce the photodegradation.27  
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Figure 2.2a shows schematics of CdSe/ZnS core-shell nanostructure. As shown in figure 2.2b the 
energy bandgap for ZnS shell is higher than the CdSe shell which favors their application in 
photovoltaics. The emission of the heterostructure is determined by the size of the core. Excellent 
stability of CdSe/ZnS core-shell nanoparticles with tunable emission broaden their application in 
various field like bioimaging, optoelectronics, sensing and many more.  Moreover, there has been 
a significant use of CdSe/ZnS core-shell type nanocrystals in photonic and plasmonic devices.28-

29  
 
 

 
Figure 2.2 a) Schematics of CdSe/ZnS core-shell structure b) Energy band alignment for CdSe/ZnS core-shell 
heterostructure (reproduced with permission from Rabouw et. al.30) 

 
2.6.2 CdSe/CdS Dot-in-Rod 
Figure 2.3a shows schematics of CdSe/CdS Dot-in-Rod nanocrystal,31 where a high energy band 
gap CdS shell (rod type) encapsulate the CdSe core. Energy band diagram for this heterostructure 
are shown in figure 2.3b. The hole in this type of structure is known to be localized at the CdSe 
core due to the large valence band offsets between CdSe and CdS. On the other hand, the 
conduction band offsets are quite small in the bulk and thus the electron can delocalize into the 
shell, depending on the size of the core, leading to a possible transition from type-I to a quasi-type-
II. When both electron and hole are confined to the core they are categorized as type-I band and 
on the other hand when only hole are confined to the core but not the electron, are termed as quasi-
type-II band. In general, where both the electron and hole are confined to the same region, the 
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nanostructure show remarkable bright and stable fluorescence. Moreover, the elongated shell (rod 
type) on CdSe core strengthen linear polarization in comparison to the nearly spherical core-shell 
geometry.32-33 
 
 
 
 

 
Figure 2.3 a) Schematics of CdSe/CdS Dot-in-Rod heterostructure b) Energy band alignment for CdSe/CdS Dot-in-
Rod (reproduced with permission from Raino et. al.34) 

 
 
2.6.3. CsPbBr3 Perovskite Nanocrystal: 
Lead halide perovskites (LHP) have emerged as the highly promising material in the field of 
colloidal semiconductor nanocrystal due to their novel optical and electronic properties.35 Out of 
all the perovskites that possesses remarkable photo response and  transport properties, the one 
without organic ions are promising as they are quite stable at elevated temperature. Such thermal 
stabilities are essential for devices that needs elevated temperature like LED, which produces 
considerable Joule heating at higher open circuit voltage.  
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Figure 2.4 (A,B,C,D) Schematics of crystal structure of 3D lead bromide based perovskites compared to the 1D 
nonperovskite polymorphs E) Survey of PL spectra F) image of as synthesized crystal solution under UV light G) 
absorption and PL spectra of 8nm CsPbBr3 nanocrystal (reproduced with permission from Kovalenko et.al.) 36 
 
Out of all-inorganic LHP, CsPbBr3 has been broadly studied due to their excellent optical 
properties and scalable emission in green.37 Figure 2.4 shows crystal structure and optical 
properties of most common lead bromide-based perovskites studied recently. Apart from 
promising optical and electronic properties, CsPbBr3 possesses broad band absorbance features. 
Broadband nature in absorbance is particularly interesting for plasmonic community where one is 
interested to couple the resonant mode of a plasmonic cavity to the absorbance of an emitter to 
have maximum energy transfer between them. This is also termed as surface plasmon enhanced 
absorption (SPEA). 
 
2.7 Surface Plasmons: 
Longitudinal charge density fluctuation at the interface between the metal and dielectric is known 
as surface plasmons. 38 Surface plasmons can be excited by light with adequate momentum 
matching, and exhibit much shorter wavelength then the photon in free space, and hence enable to 
miniaturize the photonic technology. Surface plasmon can be categorized into two  
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Figure 2.5 (a) Shows plasmons in a particle. Electromagnetic field causes distortion in the electron cloud of a particle, 
where negative charge leaves behind positive charge of the particle. The as formed electron cloud oscillates at dipole 
plasmon frequency (b) surface plasmon at the interface of metal and dielectric where an incident field excites charge 
compression waves which propagates in the interface between metal and dielectric 
 
main types: localized surface plasmons (LSPs), and propagating surface plasmon polaritons 
(SPPs). A typical example of localized surface plasmon (LSPs) is based on a nanoparticle as shown 
in figure 2.5a. The incident electromagnetic wave causes a coherent oscillation of the electron 
cloud which results in a time dependent polarization of the particle (Figure 2.5a). A restoring force 
arises from the Coulomb attraction between the displaced electrons and the positively charged 
nuclei,  and the electron cloud performs a resonant oscillation.39 Plasmonic nanoparticles find 
application in many field such as surface enhanced Raman spectroscopy40-41 , hyperthermia 
treatment42, for enhancing the  absorption in solar cells43 , and light controlled drug release.44  
 
2.8 Surface Plasmon Polaritons at Metal/Insulator Interfaces: 
Surface plasmon polaritons are electromagnetic excitations that propagate at the interface of a 
dielectric and a conductor. 45 These excitations are evanescently confined in a perpendicular 
direction to the interface. They arise as a result of coupling of electromagnetic field to the electron 
plasma in a conductor. Figure 2.5b shows schematically the  SPP propagation at the interface of a 
metal and dielectric. In order to investigate the physical properties of surface plasmon polariton 
wave, one needs to apply Maxwell’s equations for a metal/dielectric interface. In the absence of 
external charge and current densities, Maxwell’s equation can be combined and written as  
 

																																																																	∇ × ∇ × 𝐸 = 	−𝜇A
_-`
_a-

                                                       (2.5) 
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    Equation 2.5 can further be simplified using the identity  	∇ × ∇ × 𝐸 =	∇(∇E) −	∇7𝐸 and 
∇(εE) = 	ε(∇E) + E(∇ε	). Using the approximation ∇.D = 0 for absence of any external stimuli, 
equation 2.5 can be rewritten as  
 

																																													∇ ;− $
f
𝐸. ∇ε> − ∇7𝐸 = 	−𝜇AεAε

_-g
_a-

                                                   (2.6) 

 
 

For small variation of dielectric profile ε(r) in space with in one optical wavelength, equation 
2.6 simplifies to  

																																																											∇7𝐸 −	 i
j-

_-g
_a-

= 0                                                                   (2.7)                                                  
   
Equation 2.7 can be solved in two steps. First, we assume that the time dependent nature of the 
electric field is given by E(r, t) = E(r)ePmno	 . Inserting this into (2.7) gives 
 
                                                      ∇7𝐸 +	𝑘A7𝜀𝐸 = 0                                                                (2.8) 
Where 𝑘A = 	

r
j
 is the wave vector of the propagating wave in vacuum. Equation 2.8 is known as 

Helmholtz equation.  
 
In order to solve the above equation, we assume it as a one-dimensional problem where the wave 
propagates along x-direction and shows no spatial variation in y. Hence  𝜀 = 	𝜀(𝑧), applying this 
to the surface where z=0, the propagation wave can be written as 𝐸(𝑥, 𝑦, 𝑧) = 𝐸(𝑧)𝑒9wx, where 
𝛽 = 𝑘x is the propagation constant. By putting the value of 𝐸(𝑥, 𝑦, 𝑧) in equation 2.8, we obtain 
   

																																															_
-g(D)
_D-

+ (𝑘A7𝜀 − 𝛽7)𝐸 = 0                                                               (2.9) 
Equation 2.9 is the fundamental equation for electromagnetic wave in a waveguide and an 
extended discussion can be found in Yariv et. al.46 We now need to find different expression for 
various field components of E and H. This can be achieved by applying the curl equation with 
proper boundary conditions as described in detail by Maier et.al. 47 
 
One can express the representing equation for both TM and TE modes, which are given as 
 
                For TM modes 

                                             _
-z{
_D-

+ (𝑘A7𝜀 − 𝛽7)𝐻} = 0                                                            (2.10) 
  And for TE modes 

                                 _
-g{
_}-

+ (𝑘A7𝜀 − 𝛽7)𝐸} = 0                                                             (2.11)     

 
With this equation in mind, now we can go for description for surface plasmon polaritons. 
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2.9 Surface Plasmon Polaritons (SPPs) at Metal/Dielectric Single Interface: 
 
The simplest geometry as a model for SPPs mode is the single interface between a dielectric 
material, non-absorbing half space (𝑧 > 0) with positive real dielectric function 𝜀7(𝜔) and an 
adjacent conducting half space (𝑧 < 0) with negative real dielectric function 𝜀$(𝜔). The metallic 
characteristics appear in a material when 𝑅𝑒(𝜀$) < 0. It has been seen that most of the metallic 
conditions are fulfilled at frequencies below the plasma frequency of the metal (𝜔�). We are 
interested in finding the solution for a propagating wave confined at the interface,  which decays 
in z-direction.  
 
The TM solution at the interface can be explicitly derived by solving the field equation in both 
half spaces defined by the plane, and applying the continuity condition at the interface; we get 
 
																																																																											�-

��
= 	− i-

i�
                                                                  (2.12)     

All the approximations made to derive the expression as represented in equation 2.12 demand 
𝑅𝑒(𝜀$) < 0	 only if    𝜀7 > 0,  i.e. an interface between a conductor and an insulator. The 
expression for 𝐻}  as shown in equation 2.10 yields  
                                                                  𝑘$7 = 	𝛽7 − 𝑘A7𝜀$                                                       (2.13) 
 
                                                                  𝑘77 = 	𝛽7 − 𝑘A7𝜀7                                                     (2.14) 
 
Combining equation 2.12, 2.3 and 2.14, we get 
 

                                                                   𝛽 = 𝑘A6
i�i-
i�[	i-

                                                        (2.15) 

Equation 2.15 gives the dispersion relation of an SPP wave travelling at the interface of a conductor 
and an insulator. Before giving any physical insight of equation 2.15, we need to find the similar 
solution for TE waves. Applying the proper boundary conditions to equation 2.11, we get 
 
																																																							𝐴$(𝑘$ +	𝑘7) = 0                                                                      (2.16) 
                             
Since confinement to the surface needs to satisfy 𝑅𝑒(𝑘$), 𝑅𝑒(𝑘7) > 0 the equation 2.16 is valid 
only when 𝐴$ = 0 which also makes 𝐴7 = 0. Thus, no surface modes exists for TE polarization, 
which demonstrates that SPP modes only exists for TM polarization. 
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Figure 2.6. Dispersion relation of SPPs at the interface between a Drude metal and air/light line 
(gray curve) and silica (black curve) (reproduced with permission from  book of Stefan A. Maier45) 

 
Figure 2.6 shows the plot of equation 2.15 for a metal with negligible damping which is described 
by a real Drude dielectric function, i.e. 𝜀7 = 1 for air and 𝜀7 = 2.25 for fused silica. In the above 
plot, 𝜔	 is normalized to the plasma frequency 𝜔�. Due to bound nature of the SPP mode, the 
dispersion curve for metal/air and metal/silver always lie on the right side of the light line in the 
corresponding dielectric medium. Therefore, to excite SPPs mode, one need proper phase 
matching techniques like grating or prism coupling.  The behavior of the dispersion relation in for 
small wave and large wave vectors are different. For large wave vectors, the frequency of SPPs 
approaches to that of a characteristic’s frequency of a surface plasmon given by 
                                              
                                                                 𝜔*� = 	

r�
%$[i-

                                                           (2.17) 

This can be realized by inserting the free-electron dielectric wavefunction in to equation 2.11.  
 
2.10 Multilayer Systems:                             
 
In multilayer systems of conducting and dielectric stacks, each single interface confines SPPs 
mode. When the separation between adjacent interfaces is comparable or smaller than the decay 
length of the interface mode, the two SPPs mode interact and give rise coupled modes. In order to 
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exploit this coupling, we will discuss two simple systems, where the first one is made of a metal 
layer of finite thickness sandwiched between two infinite dielectric cladding layers named as 
Insulator/Metal/Insulator (IMI) system. Where for the second configuration, a thin dielectric layer 
is sandwiched between two metal cladding layer , which we call Metal/Insulator/Metal (MIM) 
system. We are only interested in lowest order bound mode which is given by TM modes that are 
non-oscillatory in the z-direction, i.e. perpendicular to the surface. For 𝑧 > 𝑎, the field components 
are given by 
 
                                                                      𝐻} = 𝐴𝑒9wx𝑒P�KD                                              (2.18a) 

																																																																																𝐸x = 𝑖𝐴 $
ri�iK

𝑘Q𝑒9wx𝑒P�KD                               (2.18b) 
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Similarly, for	𝑧 < −𝑎,   
                                                                                   
                                                                       𝐻} = 𝐵𝑒9wx𝑒�-D                                                (2.19a) 
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Figure 2.7 Schematics of a three-layer system where a thin layer metal layer is sandwiched between 
two dielectric layers 
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The field decays exponentially in the dielectric claddings II and III. For simplifying the above 
expression, we assume the component of wave vector perpendicular to the interfaces as 𝑘9 ≡ 	𝑘D,9 
, the core region −𝑎 < 𝑧 < 𝑎, the modes are localized at the both interfaces 
 
																																																					𝐻} = 	𝐶𝑒9wx𝑒��D + 	𝐷𝑒9wx𝑒P��D                                                   (2.20a) 
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Applying continuity of		𝐻}  and 𝐸x at 𝑧 = 𝑎 gives rise to  
																																			𝐴𝑒P�K/ = 𝐶𝑒��/ + 𝐷𝑒P��/	                                                                    (2.21a) 
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At 𝑧 = −𝑎;              
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𝐻}   has to satisfy the wave equation 2.6 in three separate regions, which gives rise to 
                                            𝑘97 = 	𝛽7 − 𝑘A7𝜀9                                                                          (2.23)     
 
Solving the above system of linear equation results in a dispersion relation  
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                                                       (2.24)     

For infinite thickness of the conducting layer, where 𝑎 → ∞, the above equation reduces to two 
uncoupled mode as given by relation 2.12.  Considering the case where layer II and III are equal 
in terms of dielectric response i.e. 𝜀7 = 𝜀Q  and 𝑘7 = 𝑘Q, the above dispersion relation can be 
reduced to  
																																											𝑡𝑎𝑛ℎ𝑘$𝑎 = −	�-i�

��i-
                                                                           (2.25a) 

 
																																												𝑡𝑎𝑛ℎ𝑘$𝑎 = −	��i-

�-i�
                                                                           (2.25b) 

The above dispersion relation can be both applied to IMI and MIM systems. However, we are 
more interested in the MIM system. In MIM system, 𝜀7 = 𝜀7(𝜔) set as a dielectric function of the 
metal and 𝜀$ is the dielectric constant of the insulating core in equation 2.25a and 2.25b. The 
dispersion relation for MIM contains even and odd modes. The odd mode is quite interesting from 
energy confinement point of view as it is the fundamental modes of the system and does not show 
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any cut-off for vanishing core thickness.48 The complete family of the modes in such MIM system 
is much enriched. The analysis of the modes for MIM plasmonic slot waveguide is given in detail 
by Dionne et. al..49 Moreover, the coupling between SPP modes at both core/cladding interfaces 
changes significantly when the dielectric constant of the cladding layer changes.  
 
2.11 Epsilon Near Zero (ENZ) Mode:  
Metallic films that are much thinner than the skin depth can support surface plasmon modes whose 
dispersion relation approaches the plasma frequency, which give rise to so called epsilon near zero 
(ENZ) modes.50 ENZ modes are confined and their dispersion relation lies on the right side of  the 
light line, therefore they can be excited by means of Kretschmann geometry51 or grating couplers. 
The long range surface properties of these modes were recently shown for the thin-film regime.52 
However ,a clear theoretical description of these modes and their existence in various domain was 
missing until the fundamental work of Campione et. al. 50 

 

 
Figure 2.8 Classification of some of the most important material systems that may show ENZ 
modes (reproduced with permission from Campione et. al. 50). 
 

Figure 2.8 shows that ENZ modes can be observed in many oxides, doped semiconductor and polar 
materials, but are hard to demonstrate in metals due to mismatch between the plasma wavelength 
(𝜆� ) and thicknesses that can be achieved experimentally. However, for thin metals below the skin 
depth, ENZ modes can be excited as indicated by the red dotted line in figure 2.8.  
 
As we can see from figure 2.8, it is difficult to find naturally available ENZ materials that have a 
broad range of ENZ resonances. There is a large gap between metals and dielectrics for example. 
It is challenging to tune the ENZ resonance in visible or NIR regime either with doping or with 
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selecting different class of material. Recently, it has been shown that apart from naturally available 
epsilon near zero (ENZ) mode materials, which we discussed above, it is also possible to engineer 
materials that show tunable ENZ resonances at visible wavelengths. 53-54  
 
 
2.12. Exciton Plasmon Coupling:  
Excitons are bound state electron-hole pairs that exists in semiconductors, insulators and some 
liquids as well, which can transfer energy without transporting electric charge.55-56 The decay of 
the excitons is largely controlled by the overlap of the wavefunction of the electrons and holes, 
which also determines their lifetime. The interaction between excitons and plasmons has been 
investigated both experimentally and theoretically.57-58 Most studies are related to surface plasmon 
(SP) coupled exciton hybrid structure.  SP can be easily coupled to excitons to form hybrid mode 
due to their large oscillator strength. Based on the coupling strength, one distinguishes between 
strong or weak coupling. In the strong coupling regime, the coherent coupling between localized 
surface plasmon and excitons overcomes the losses and generates mixed states of light that 
manifest an anticrossing. 59 Such hybrid modes can be seen as new quasi particles called s 
plexcitons, which have different properties from the constituting exciton and plasmon. However, 
up to now most of the plexciton coupling phenomena have been studied in the framework of 
surface plasmons, where the surface plasmon polariton (SPP) or Localized surface plasmon (LSP) 
interacts with exciton. Recently it has been demonstrated that strong coupling can be seen when 
planar HMM coupled to ENZ mode of doped semiconductor.60 However, the coupling between 
ENZ modes in metal and excitons in semiconductor are yet to be explored.  
 
2.13. Fluorescence Spectroscopy: 
When a molecule absorbs light, an electron from ground state is promoted to excited state. The 
excited state may be a singlet state or a triplet state. The molecule stays for very short time in the 
excited state. The depopulation of the excited state can occur in several ways as shown in figure 
2.8.   
 

I. The molecule in the excited state can lose its energy in non-radiative way by giving its 
energy to another absorbing neighboring species or by collision with another species. 

II. When an excited state triplet overlaps with excited state singlet, the molecule can cross-
over to triplet state. This cross-over process is known as Inter-System Crossing (figure 2.9). 
In this condition if a molecule return to the ground state from the single state (𝑇$ → 𝑆A) by 
emitting light, the process is called as Phosphorescence. 

III. In certain cases, the molecule partially dissipates its energy by undergoing structural 
changes and relaxed to lowest vibrational level of the excited state. The process is known 
as vibrational relaxation. However, if the molecule is rigid, it is simply not able to relax 
vibrationally to the ground state, this enable the molecule to relax to the ground state (𝑆$ →
𝑆A) by emitting light, the process is known as Fluorescence (figure 2.9).  
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Figure 2.9 Schematics of Jablonski Diagram 

 
2.14. Characteristics of Fluorescence Emission: 
Some of the most relevant fluorescence characteristic are mentioned below. 
 
        2.14.1 Stokes Shift: 
From Jablonski diagram (figure 2.9) one can infer that the energy of the emission is typically less 
than that of absorption. Fluorescence generally occurs at lower energy or longer wavelength than 
the absorption. This phenomenon was first observed by Sir G. G. Stokes in 1852 at the University 
of Cambridge. 61  Energy loss between excitation and emission are observed in all type of 
fluorescent molecules both in solution and solid films. One of the common causes of such a Stokes 
shift is due to fast decay into lowest vibrational level of S1. Moreover, fluorophores also decay to 
higher vibration state of S0 which results in further loss in excitation energy through thermalization 
of excess vibrational energy (figure 2.9). In addition to these effect, Stokes shift are also mediated 
by solvent effects62, excited state reaction, energy transfer63, complex formation.  
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2.15. Fluorescence Lifetime and Quantum Yield: 
Fluorescence lifetime and quantum yield are very important characteristics of a fluorophore. 
Quantum yield is determined by number of emitted photons relative to number of absorbed 
photons. Lifetime contains information about the time available for a fluorophore in order to 
interact with the surrounding environment, or with other molecules which control its emission 
properties.  
 
The physical meaning of lifetime and quantum yield are interpreted in terms of Jablonski diagram 
in figure 2.10. In this case, we simplified the relaxation process in the excited state by focusing on  
 

   
 
Figure 2.10. A simplified Jablonski diagram to demonstrate the physical meaning of lifetime and quantum yield 
 
the processes involved to relax to ground state from the excited  S1 state. Hence, we are more 
interested in the emissive rate of the fluorophore (G) and its non-radiative decay to S0 (Knr). 
Depopulation of the excited state occurs by both  G and Knr. Moreover, one can represent quantum 
yield as number of photons that relaxed to ground state via the radiative channel: 
                                                                            𝑄𝑌 =	 G

G	[���
                                                   (2.26) 

 
 
From equation 2.26, the QY can approach unity if the non-radiative rate is much smaller than the 
radiative counter part i.e. Knr < G. However, the energy yield in fluorescence is always less than 
unity due to the Stokes shift. The nonradiative decay processes can be of several types. Here, we 
represent Knr as overall non-radiative rate constant. The excited state lifetime is defined as average 



 22 

time the molecule spend in the excited state before it relaxes to the ground state. For the 
fluorophore represented in figure 2.10 the lifetime is given by 
																																																																																								𝜏 = $

G	[	���
                                                     (2.27) 

 
 
Fluorescent emission is a statistical process and the lifetime is estimated as the average time spent 
in the excited state for an exponential decay. For an emitter having a single exponential decay 63% 
of the emitted photons decayed before  𝑡 = 	𝜏 and remaining 37% decay after i.e. 𝑡 > 𝜏.  Most of 
the decay process follow multi-exponential decays that can be considered as a sum of individual 
single exponentials. 
                        
                                                               𝐼(𝑡) = ∑ 𝛼9exp	(−

a
£¤
):

9R$                                              (2.28)    

In the above expression  𝜏9 are the decay times, 𝛼9 are the amplitude at time t=0 and n is number 
of decay channels. For multi-exponential decays, one can estimate the average lifetime of the decay 
process as 
  

																																																																						𝜏/¥¦ = 	
∑ §¤£¤

-¨
¤©�
∑ §¤£¤¨
¤©�

                                                            (2.29) 

𝜏/¥¦ is the average lifetime of decay process. 
 
2.16. Chapter Summary: 
In summary, we have introduced some important properties of colloidal nanocrystals. Core-shell 
nanocrystals was given special emphasis due to their relevance for light emission. We discussed 
two fundamental CdSe based core-shell NCs i.e. CdSe/ZnS DIDs and CdSe/CdS DIRs. Optical 
properties such as strong excitonic confinement are prerequisite for their application in photonic 
devices and coupling to plasmons. We also discussed in brief the optical properties of perovskite 
nanocrystal. After that we introduced plasmons in general, with special discussion of surface 
plasmons and their properties. Then the properties of evanescent waves in the metal/dielectric 
interfaces were discussed. We further extended this discussion for metal/insulator/metal cases and 
emphasized special eigen modes for such systems. Moreover, we discussed about epsilon near zero 
materials and their scope in brief. With the knowledge of ENZ modes supporting radiative bulk 
plasmon polariton (BPP) modes, we further discussed their coupling to fluorophore both in weak 
and strong coupling regime. Finally, we introduced fluorescence spectroscopy as a fundamental 
tools for probing the optical properties of light emitters, discussing both time dependent and 
independent phenomena.  
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Chapter 3 

Experimental Techniques, Film Fabrication and 
Characterization 
 
3.1 Colloidal Nanocrystal Film Fabrication: 
 
3.1.1. Substrate Preparation: 
 
Glass substrates of size 1.6´1.3 cm2 are dipped in a base solution made of hydrogen peroxide 
(H2O2) and Liquid Ammonia (33% Dil. NH4OH) in 1:1 ratio. They are treated at 60°C for 1 hr. 
Soon after the solution is cooled down and substrates are washed in Deionized water (DI) followed 
by drying with dry nitrogen flow.   
 
3.1.2. Spin Coating: 
 
CdSe/CdS Dot-in-Rod and CdSe/ZnS Dot-in-Dot Spin Coating: 
Well dispersed nanocrystal solutions of DIDs and DIRs are used in toluene. The concentration of 
the solution is kept at 5mg/mL. 50µL of solution are spin casted on a glass substrate at 3000 rpm 
for 60 seconds.   
 
CsPbBr3 Spin Coating: 
CsPbBr3 nanocrystal solutions (dispersed in toluene) of concentration 7.5mg/mL are spin coated 
on glass, MIM and MIMIM substrates at 2000 rpm for 60 seconds.  
 
3.2. Characterization of Spin-coated Nanocrystal Film: 
 
3.2.1. Film Thickness Measurement: 
Thickness of the nanocrystal films are measured with Dektak profilometer. The spincoated 
nanocrystal films resulted in a thickness of 33± 3 nm and 25±2 nm for DIR and DID film 
respectively. Whereas for cesium lead bromide(CsPbBr3), the film thickness was 50± 5 nm. 
 
3.2.2. Microscopic Analysis: 
The spincoated nanocrystal films are first analyzed by optical microscopy, and then with an 
electron microscope. Figure 3.1a shows optical microscopic image of a spincoated nanocrystal 
film. The spincoated DIR film appears homogenous, and the good contrast implies a low amount 
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of organic residues on the film surface. Both DIR and DID film look quite homogenous without 
any voids as can be seen from figure 3.1b and 3.2c. We use different types of nanocrystal for 
various applications, exploiting their tunable emission properties. This needs optimization of the 
spincoating parameters for the different nanocrystal solutions. For example, in order to study 
Purcell effect enhancement, we deposited a thin layer of NCs film on MIM and MIMIM substrates. 
Figure 3.1d shows electron micrograph image of CsPbBr3 nanocrystal film spincoated on a 
MIMIM plasmonic substrate. The film looks continuous and uniform with low amount of voids.  

 
Figure 3.1 a) Optical microscopic image of spin coated DIR film at 3000 rpm (b,c) scanning 

electron micrograph for spin coated DID and DIR film d) scanning electron micrograph of spin 
coated CsPbBr3 nanocrystal at 2000 rpm 

3.3. Atomic Layer Deposition  
 
Atomic layer deposition (ALD) is a thin film deposition technique that is based on the sequential 
use of a gas phase chemical processes. ALD is considered a subclass of chemical vapor deposition. 
The critical difference between a CVD process and an ALD process is that: in CVD process gases 
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flow continuously  into the chamber which results in undesired byproducts at the end of the 
reaction, whereas in ALD only one gas at the time is inserted inside the chamber64. This allows 
ALD as a fundamental tool to deposit high quality materials with extremely high precision on layer 
thickness. ALD has found wide application in semiconductor industry, particularly in gate 
dielectric materials of few nanometers in CMOS technology e.g. Intel processor starting with high-
k 5nm of HfO2 as a dielectric material by ALD65. ALD can produce layers of few nanometer 
thickness with no porosity and can be grown at much lower temperature in comparison to CVD 
process. The ease of fabrication and deposition of wide range of oxides with atomic precision on 
almost all kind of substrates brings its importance to semiconductor and optoelectronics research 
and industry.  
 
3.4 Working Principle  
One could define ALD as a process which produces films by sequential use of self-terminating 
gas-solid reactions. In ALD, the reactants or precursors are injected in alternating pulses into the 
reaction chamber. Vapors of one reactant at a time are purged as a pulse in to the ALD chamber 
which allows to adsorb them on the surface of the substrate. With optimized conditions, one 
monolayer of each precursors adsorbs onto the surface, with a self-limiting adsorption process. 
The non-absorbed precursor molecules are removed by purging with inert gases.  
             
            3.4.1 Basic Characteristics: A typical ALD process undergoes some of the very 
common steps that are enlisted below  

• Self-terminating reaction of the first reactant (Reactant A) 
• Purging with inert gases to remove the un-reactant gases and byproducts 
• Self-terminating reaction of the second reactant (Reactant B) 
• Purging with inert gases 

This makes one ALD cycle. Ideally after one reaction or ALD cycle one can get one monolayer of 
the compound. In order to get thicker films, a number of deposition cycles are needed. 
 
           3.4.2 Thermal ALD 
As discussed above, ALD is closely related to CVD process with self-limiting access of precursors 
in the chamber. It based on binary reactions such as 𝐴 + 𝐵	®	𝑃𝑟𝑜𝑑𝑢𝑐𝑡. In case of CVD, all the 
reactants A and B in this case are present in the chamber at the same time. Whereas for ALD, the 
substrate is exposed to the A and B reactants individually, and the final product film is formed 
with a stepwise fashion. Therefore, an ALD process is composed of binary reactions repeated over 
time and can be represented as an ABABAB sequence. There are many binary reactions for ALD. 
For example, TiO2 and ZnO are one of such kind, as shown below with its reaction enthalpies 
 
          TiO2 ALD:   𝑇𝑖𝐶𝑙� + 2𝐻7𝑂	 → 𝑇𝑖𝑂7 + 4𝐻𝐶𝑙                                                                 (3.1) 
                                                                         Δ𝐻 = −16	𝑘𝐶𝑎𝑙 
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          ZnO ALD: 𝑍𝑛(𝐶𝐻7𝐶𝐻Q)7 + 𝐻7𝑂	 → 𝑍𝑛𝑂 + 2𝐶7𝐻´                                                       (3.2) 
                                                                         Δ𝐻 = −70	𝑘𝐶𝑎𝑙 
Such ALD processes have a growth per AB cycle close to 0.4 Angstrom from 150o to 600o for 
TiO2 ALD66 and 2.2-2.5 Ao for ZnO ALD67-68. These ALD reactions are negative heat reactions 
and are quite robust in nature. These reactions are spontaneous and occur throughout a set of 
temperature range and are named as thermal, because they can be performed without plasma or 
radical assistance. The most common binary system of metal oxides is Al2O3, TiO2, ZnO, ZrO2, 
HfO2 and TaO2 with other common metal nitrides are TiN, TaN, W2N. Also, there are some 
thermal ALD process available for sulfides like MoS2, W2S.  
 
          3.4.3 Plasma or Radical Enhanced ALD 
There is also need for depositing single elements of metals or semiconductors using ALD along 
with the binary compounds. However, with thermal ALD it’s very difficult to deposit single 
element. Fortunately, one can deposit single element using plasma or radical enhanced ALD69. 
The radicals used in this process are hydrogen radicals, which are generated by a plasma source or 
even by a hot tungsten filament. The schematics of plasma enhanced ALD are illustrated below. 

 
Fig3.2 Schematic diagram of hydrogen radical enhanced ALD using a metal reactant and hydrogen radicals 
 
Ti and Ta are two very common materials that are widely studied for ALD by using hydrogen 
radical assisted plasma70-71. Here we will discuss plasma ALD processes for Ti using H2 plasma. 
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																																																																𝑇𝑖∗ + 	𝑇𝑖𝐶𝑙· 	→ 𝑇𝑖𝑇𝑖𝐶𝑙·
∗                                                         (3.3) 

 
																																																															𝑇𝑖𝐶𝑙·

∗ + 5𝐻 ∙	→ 𝑇𝑖 + 5𝐻𝐶𝑙                                               (3.4) 
 
 
 
As shown above, first TiCl5 is exposed to the surface and subsequently hydrogen radicals remove 
the chlorine atoms and leave native Ti on the substrate with byproducts. However, there are certain 
limitations with radical enhanced ALD processes as the films are not conformal with high aspect 
ratio structures like e.g. trenches of few hundreds of nanometers71. ALD of single element 
semiconductors like Ge and Si can be deposited by means of radical enhanced ALD methods72-74.  
 
3.5 Al2O3 ALD as a Standard Model 
 
Al2O3 deposition by ALD is a standard process used these days. Al2O3 ALD is usually performed 
using TMA and water as precursors75. Hence it is also called thermal ALD of alumina as we have 
discussed above. 
 

 
Fig 3.3 ALD of Al2O3 on a Si substrate, which is a self-terminating chemisorption of TMA of the substrate followed 
by ligand exchange (Image taken from dileepnanotech.com) 

 
The overall chemical reaction occurring during alumina deposition by ALD is given by76 
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																																																										2𝐴𝑙(𝐶𝐻Q)Q + 3𝐻7𝑂	 → 	𝐴𝑙7𝑂Q + 3𝐶𝐻�                                (3.5) 

                           Δ𝐻 =	−374	𝑘𝑐𝑎𝑙 
As one can see, the enthalpy for the above reaction is very high compared to other thermal or 
plasma recipes in ALD. Deposition of alumina by ALD on Si substrates is shown in Figure 3.3. 
ALD of alumina on a silicon substrate is started with adsorption of TMA molecule on -OH 
terminated substrate as shown by step-2 in figure 3.3. This is called the half cycle of ALD of 
alumina where the methyl group (-Me) on the top shows steric hindrance behavior and prevents 
further adsorption of TMA molecules on the surface. Soon after this, argon gas is purged, which 
removes the extra amount of unreacted methyl group present in the chamber. This completes one 
monolayer of -(Me)2Al molecules on the surface before the next precursors enter the chamber. 
Then water is introduced in a pulse, which leads to a ligand exchange between -OH group and -
CH3 group of molecules and retains the surface as shown in step 3 of figure 3.3.  Finally, a 
monolayer of aluminum oxide is formed on the surface.  ALD of alumina depends largely on the 
initial state of the substrate (as in this case the substrate is coated with -OH), hence the process is 
self-terminating in nature. This might cause uncontrolled/random growth on the surface. This 
makes it necessary to observe the actual amount of material grown per cycle, which is also called 
as growth per cycle, “gpc”, which is largely influenced by experimental conditions such as 
temperature and pressure in the chamber during deposition. 
 
 

 
Fig. 3.4 A) variation of gpc with substrate(table) temperature (a) ALD window (b) condensation at low temperature 
(c) incomplete reaction at low temperature (d) decomposition of the precursors at higher temperature (e) desorption 
at higher temperature. B) change of gpc with purging time. C) gpc with precursor dosing time D) outcome of A, B,C 
results in a uniform growth over ALD cycle hence materials adsorbed are linear with ALD cycle77  
 
Figure 3.4 depicts the overall variation of growth per cycle (gpc) with various parameters such as 
temperature, purging time and precursor pulse time for ALD of alumina. This is particularly 
important to define the conditions that will give rise to constant or uniform deposition rates. Figure 
3.4 A) shows that for a certain temperature window the growth per cycle (gpc) is constant, which 
is also called the ALD window. The left side of the ALD window shows both increase and decrease 
of gpc at low temperature. At low temperature the reaction is not completed with the given pulse 
time and hence with increase of temperature the reaction rate tends to increase. This result 
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increases the growth per cycle (gpc) as shown in the lower branch. However, the upper branch 
shows a decrease in gpc with increasing temperature, which is due to the fact that adsorption and 
condensation of precursors occur without reacting with each other. Similarly, for the upper right 
side of the ALD window, the growth per cycle increases by increasing the temperature. This is due 
to dissociation of the ALD precursors at higher temperature, which results in more product species 
and the whole process resembles more CVD. On the contrary, there can also be a desorption 
process that occurs when the temperature of the chamber is relatively high. This results in slowing 
down gpc as shown by lower right part of Figure 3.4B.  Gpc is also dependent on purging time.  
With no purging of inert gases, gpc is quite high and reduces exponentially with increase in argon 
purge, as it takes away the excess amount of precursors. With further increase of purging time, the 
gpc reaches a constant and stable value. Gpc also changes with change in precursor dosing time 
(amount of precursor). With more precursor in to the chamber the substrate reaches a saturation 
regime above which no more precursors react as shown by Figure 3.4C. With control on 
temperature, pressure with precursor purging time, one can optimize the amount of material 
adsorbed to the substrate, which varies linearly with the number of ALD cycles as shown in Figure 
3.4D.  
 
3.6 ALD on Colloidal Nanocrystal Films: 
Colloidal semiconductor nanocrystals (NCs) can be excellent light emitters or absorbers where the 
optical properties as for example the light emission wavelength, direction and polarization can be 
controlled via the nanocrystal size, shape and composition78-81. This makes them very efficient 
materials for light emitting, lasing and other photovoltaics devices application26, 82. However, 
typically they don’t show long term stability in films under ambient conditions. Surface oxidation, 
direct exposure of toxic materials to the surrounding environment, effects of moisture and heat are 
the main drawback, when it comes to working with such crystals under ambient conditions. Hence, 
it is desired to have a surface passivation, or insulating layer coating, over the nanocrystal layers. 
One way is to coat the nanocrystal films with thin layer of oxides by atomic layer deposition. There 
are several works on ALD on colloidal nanocrystals. Chapter 7 illustrates how ALD works on 
colloidal nanocrystal films and and presents a detailed investigation of its photophysical properties. 
Here, we will only focus on general technical part of ALD on colloidal nanocrystal films. 
 
       3.6.1 Plasma or Thermal ALD? 
As we have discussed above, for plasma processes, radicals of particular gases are produced. The 
high energy plasma is found to be harmful for the ligands on the surface of the nanocrystals.83 It 
can carbonize the organic ligands that passivate the nanocrystal surface, thereby reducing the photo 
physical properties of NCs. Hence, thermal ALD at low temperatures is preferred. Thermal ALD 
uses water pulses as a precursor, which is a source for oxygen for any oxide based dielectric 
material. Temperature of the substrate also plays a major role while working with colloidal NCs. 
Some of the particles are not stable at high temperature and hence a low temperature thermal ALD 
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is desired for such cases.  Figure 3.5 illustrates the ALD on nanocrystal films, which first fills the 
voids, and then overcoats the film.  
 

 
 
Figure 3.5 shows the process of ALD on spin-coated colloidal NCs. As we can see, the whole 
process goes with first infilling of NC films, followed by over-coating. 
 
 
3.7 Atomic Layer Deposition (ALD) of Al2O3: 
 
3.7.1. ALD Coating on Colloidal DID and DIR: 
 
Atomic layer deposition was carried out in a Flexal ALD system from Oxford Instruments. The 
stage temperature for the process was kept constant at 110 °C. Pressure inside the chamber while 
purging precursors was kept at 80mTorr. The sequential purging of precursors results a deposition 
rate of 0.09 nm/cycle. Tri-methylaluminate (TMA) and H2O were used as precursors, and we 
performed a pre-heating step for 300 s before stating the ALD cycles. Each cycle consisted of a 
H2O/purge/TMA/purge with a pulse durations of 0.075/6/0.033/2 seconds, respectively. The ALD 
coated NCs film are further characterized by SEM.  
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Figure 3.6 Scanning electron micrograph of a)Alumina (100cycle ALD) coated CdSe/CdS Dots-in-Rods film b) cross-
section image of Al2O3/DIR film where 100 cycle of alumina was deposited over 100 cycles 

 
3.7.2. ALD for Fabrication of MIM and MIMIM Cavities: 
 
Atomic layer deposition plays an important role for deposition of oxides and nitrides with sub 
nanometer precision. Here we used ALD to deposit oxide layers for designing metal/insulator 
nanocavities. Silver has been deposited using e-beam evaporation as discussed below. Before 
bringing the substrates into the ALD chamber, around 25 nm of alumina were deposited using e-
beam evaporator in order to avoid oxidation and etching of silver layer. It has been observed that 
both high energy plasma and water precursors, when in direct contact with metals, either etch the 
metal or oxidize it. In order to avoid such problem, one needs to either reduce the plasma power 
or shorten the water pulse time. However, both of these affect the deposition rate of the oxide 
dramatically. Hence, we deposited 25 nm of alumina layer on the top of silver prior to ALD 
deposition. We followed the same deposition technique for alumina deposition as illustrated above. 
After depositing the required thickness of the oxide layer by ALD, samples are transferred back to 
the e-beam evaporator to deposit the second silver layer in order to complete full MIM nanocavity. 
Similarly, multilayer metal/insulator cavities are fabricated using the same process again.  
 
3.8. Embedding Nanocrystal Layers Inside MIM and MIMIM Cavities: 
 
Above we have discussed the processes involved in fabrication of metal/insulator nanocavities. 
However, embedding colloidal nanocrystals inside the cavity is not a straight forward process as 
the cavity resonance has to be tuned to the nanocrystal emission wavelength. In order to achieve 
that, we followed a step by step fabrication process. First around 30nm of silver was deposited by 
e-beam evaporator with 25nm of thermal alumina on the top. The sample has been analyzed using 
ellipsometry and the thickness of the films was verified. We simulated the MIM and MIMIM 
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structure with MATLAB. The results infer that in order to match the second resonance peak of 
MIMIM with the emission wavelength of DID NCs, one needs to fabricate a symmetric MIM or 
MIMIM cavities, where the dielectric layer thickness should be around 125 nm. In order to achieve 
this, we coated 25 nm of Al2O3 layer by ALD on the top of MI structure made of 30 nm of Ag and 
25 nm of Al2O3. After that, a thin layer of DID NCs are spin coated over it at 3000 rpm as explained 
above. The sample was brought to the ALD chamber and 50 nm of Al2O3 layer are deposited on 
the top by thermal ALD process at 110°C. This results in a configuration where a DID NCs layer 
has been sandwiched between the alumina layers. After this, the sample was brought to the e-beam 
chamber and 30 nm of silver was deposited on the top. This completes one full MIM, where the 
insulator is filled with layer of DID NCs. The whole structure was analyzed by ellipsometry after 
each deposition step. Following the same process, MIMIM structures with an embedded DID layer 
has been fabricated. We also varied the volume fraction of NC layer to the dielectric layer in order 
to achieve strong coupling conditions.  
 
 
3.9. Electron Beam Evaporation of Metal and Dielectric Layers: 
 
Electron Beam Evaporation (e-beam evaporator) is a form of physical vapor deposition technique 
in which the target material to be used as a coating, is bombarded with an electron beam from a 
charged tungsten filament to evaporate and convert the target material from solid to gaseous state 
for deposition to be carried out over a given material. In a typical e-beam evaporator process one 
uses high energy electrons to evaporate the source or target material. Electrons, which are 
thermionically emitted from a hot filament and accelerated in to a source material can generate 
sufficiently high energy flux to evaporate the material. In our process we used 10kV of voltage 
with 1 A of emission current, which delivers 10 kW of energy to the material.  
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Figure 3.7 Schematics of an electron beam evaporator system (reproduced with permission from cdm-optics.com).  

 
The path of the evaporated ions inside e-beam evaporator is controlled by the Lorentz force, 
which is given by sum of both its electric and magnetic components 
  
                              𝐹 = 	𝐹g +	𝐹� = 	𝑞¼𝐸 +	𝑞¼𝑣 × 𝐵                                                           (3.6) 
 
Where F is calculated in Newtons/m2, 𝑞¼ the charge of electron measured in Coulomb, E is electric 
field in V/m, B in webers/m2 = tesla and 𝑣 is the electron velocity in m/s. 𝐹g, known as force due 
to electric field that accelerates the electron away from the filament. However, the magnetic force 
is balanced by the centrifugal force of the electron making a curve of radius r.   
 
Table 3.1: Process Parameter for PVD75 E-Beam Evaporator 
Material Deposition 

Rate (A/s) 
PID Parameters 

P                          I                      D 
Accuracy 
(in %) 

Max.Power 
(in %) 

Ag 0.4 20     0.9      0.00 10      50 
Au 0.3 50     0.9      0.05 5      50 
Al2O3 0.3 25     0.9      0.00 10      50 
SiO2 0.3 25     0.9      0.00 20    100 
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3.10 Chapter Summary: 
 
In this Chapter we have discussed steps involved in fabrication of homogenous films of different 
nanocrystal materials with tunable thickness. The films are analyzed by both optical and electron 
microscopy. Because of continuous device miniaturization, the demand of atomic scale growth of 
thin films is highly desirable. In order to fulfill the needs, atomic layer deposition techniques have 
been developed to achieve conformal and uniform thin film with controlled thickness. ALD stands 
out to be very effective when coating of high aspect ratio nanostructure is concerned. Aa a model 
system of ALD, the deposition of Al2O3 was outlined. We also discussed thermal ALD and radical 
enhanced ALD processes. While carrying out an ALD process, one needs to care about the growth 
per cycle (gpc) in order to maintain a uniform deposition rate. We discussed in detail about the 
possible parameters that affect the gpc rate in a typical ALD process. Further, ALD processes on 
colloidal NCs film were discussed. ALD on spincoated NCs film has been performed and the 
composite films are characterized both optically and by SEM. We concluded that thermal ALD 
process are particularly suitable for surface coating over NCs film. Fabrication of subwavelength 
planar nanocavities is discussed in detail. We found that accurate process parameters for e-Beam 
evaporator processes and ALD are quite important for obtaining a precise cavity design and fine 
tuning the cavity thickness. MIM and MIMIM systems with desired cavity resonances were 
fabricated successfully. We further embedded colloidal NCs inside MIM and MIMIM cavities and 
tuned the cavity resonance to the emission wavelength of DID NCs to achieve maximum coupling 
efficiency.   
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Chapter 4 
 

Spectroscopic Ellipsometry: A Precise and Non-destructive 
Technique for Thin Film Characterization 
 
4.1 Introduction 
Ellipsometry is a non-invasive technique that allows a thorough characterization of the optical 
properties of a plethora of systems, from simple thin films, to sophisticated structures. It is used 
since the 19th century, introduced by the pioneering work of Paul Drude. With the emergence of 
micro/nano electronics, interest in Ellipsometry has grown fast. Today, the range of applications 
in which Ellipsometry is routinely used spans from basic research in physical sciences, to 
semiconductor84 and data storage solutions, displays, communication85, biosensor86, optical 
coating87 and many more. In this work, Ellipsometry is mainly used to characterize the optical 
constants of simple fundamental layers as well as to retrieve the effective parameters and 
uncommon properties like near-zero permittivity of much more complex systems.   
 
4.2 Basic Principle 
 
Ellipsometry measures the depolarization of a source with known polarization occurring as a 
consequence of its interaction with matter. As such, it uses polarized light as a probe.  Hence, 
fundamental understanding of polarization state of light is important.  
 
4.2.1 Light and Polarization 
 
Light is an electromagnetic wave travelling in space. The oscillation direction of the electric field 
related to the wave in space and time is called polarization . Light with randomly oriented electric 
field oscillation, is considered unpolarized. On the contrary, when the electric field oscillation 
traces a well-defined shape at any point and time, it is possible to talk about polarized light.88. In 
figure 4.1 the x and y components of the electric field of a plane wave travelling in vacuum are 
illustrated. The phase difference between the two components of the electric field describes the 
overall polarization state of the electric field. 
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Figure 4.1 a) Linear b) Circular and c) Elliptical polarization. 
 
There are three principal polarization state of light::  

1. Linear Polarization: Phase difference equal to π. 
2. Circular Polarization: Phase difference equal to π/2. 
3. Elliptical Polarization: Phase difference equal to any other angle.   

 
4.3 Reflectance Ellipsometry  
 
The fundamental working principle of ellipsometry, is the analysis of the change of the polarization 
state of light when it is reflected by or refracted through a material. There exist several 
Ellipsometry techniques, but the most used is the Reflectance/Transmittance Ellipsometry. A 
typical reflectance ellipsometry measure consists in the evaluation of two quantities called the 
generalized ellipsometrical angles Ψ and Δ, by means of which it is possible to express the ratio ρ 
between the complex Fresnel coefficients Rp (p-polarized reflectance) and Rs (s-polarized 
reflectance) as follows: 
																																																														𝜌 = ¿�

¿À
= Á¿�

¿À
Á 𝑒9(Â�ÃÂÀ) = tan	(Ψ)𝑒9Æ                      (4.1) 

Where 
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																																																																																	Á¿�
¿À
Á = tan	(Ψ)                               (4.2) 

																																																																										(𝛿�P𝛿*) = Δ                                (4.3) 

Equation 4.2 reveals that Ψ is the angle whose tangent gives the ratio of the amplitude attenuation 
(or magnification) of the p-reflection with respect to the s-reflection. According to equation 4.3, Δ 
is the phase shift of the p-component of the polarization of the reflected beam with respect to the 
s-component. 
A careful fit of the measured angles brings to the calculation of the optical properties (refractive 
index, dielectric permittivity, depolarization…) of the sample. 
Usually, in order to obtain a reliable and univocal fit, the generalized angles are collected at more 
than one angle. Since the optical response depends also on the thickness of the samples, a complete 
spectroscopic analysis needs also the measure of the Transmittance to be included in the fitting 
process. This gives also precious information on eventual absorption bands, crucial to characterize 
plasmonic effects and excitonic transition.    
The basic reflectance ellipsometric setup is the one shown in Figure 4.2: 

 
Figure 4.2 Typical reflectance Ellipsometry setup, involving a modulator in the source path and a rotating analyzer in 
the detecting path.  

The quality of a fit can be expressed in terms of Mean Squared Error (MSE), that gives an accurate 
measure of the divergence between the fit and the original data. A fit can be considered physically 
meaningful if the MSE is kept reasonably below 30.  
 
4.4 Glass Substrate and Metallic Thin Films 
 
In thin films analysis, knowledge of the optical properties of the substrate is essential. For many 
applications simple glass is a perfect substrate, due to its transparency in the visible range that 
allows the acquisition of the transmittance of the thin films. Simple glass respects the well-known 
Cauchy dispersion and can be modeled with a single oscillator: 
																																																																						𝑛(𝜆) = 𝐴 + �

È-
+ �

ÈÉ
           (4.4) 

A, B and C are the fitting constants. It is important noticing that the Cauchy dispersion does not 
model the imaginary part of the refractive index and, therefore, is not necessary Kramers-Krönig 
consistent. However, since glass losses are reasonably negligible in the visible range, this approach 
is still physically meaningful and widely accepted. One way to take losses into account is 
expressing κ(λ) with the well-known Urbach absorbance: 
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Where λb is the absorbance band-edge wavelength, and α and β are fitting parameters.  
For the glass substrates used in this work, the parameters are the following: 
Table 4.1. 

A B C α β λb [nm] 

1.5026 0.0088 0 2.05 x 10-6 6.04 350 

 

The procedure used for the glass can be readily extended to higher index dielectrics such as Al2O3 
, provided they hold a wide transparency range in the visible.   
Due to its low loss and exceptional plasmonic properties, silver (Ag) has been used as a metal in 
all the proposed applications. Even though the optical properties of Ag in the visible can be 
exhaustively modelled via the well-known Drude dispersion, Ellipsometry allows a finer 
characterization. The model of figure 4.3 has been set up by starting from the Drude oscillator for 
Ag, and adding two Lorentzian oscillators to finely describe the behavior around the vanishing 
permittivity wavelength. Such a range is significant since it constitutes a well-studied case of 
natural epsilon-near-zero (ENZ) response occurring in Ag at 327 nm, known as Ferrel-Berreman 
mode. The contribution to the overall dielectric permittivity given by the Lorenzian oscillators is 
defined by the general formula: 
																																																																																	𝜀Î̃(𝐸) =

§Ï	g�
g�-Pg-P9wÏg

         (4.6) 

Table 4.2. 

Oscillator a β E0(eV) 

1 0.298 0.188 3.607 

2 0.388 0.406 3.325 

 

The fit is very good (MSE=2.28) and the model is highly accurate especially in the ENZ range.  
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Figure 4.3 (a,b) Demonstrate measured 𝜓 and ∆ at three different incident angle for 30nm of Ag layer (c,d) variation 
of real and imaginary part of dielectric constant of Ag layer 

 
4.5 Dot-in-dot Nanocrystals 
 
Colloidal quantum dots play a significant role in this thesis since their stability and flexibility 
makes them the material of election for the investigation of light-matter interaction in the 
considered nano-structures. Retrieving their refractive index is then crucial for the design of 
suitable metal/dielectric nano-cavities. Moreover, many properties can be evaluated via direct 
measure of their dielectric permittivity. As will be deepened in the dedicated chapter, the imaginary 
part of the complex dielectric permittivity of fluorescent materials gives information on the energy 
and strength of all the dipolar transitions occurring in the material, allowing a fine determination 
of their band structure. Figure 4.4a,b show the measured and fitted Ψ and Δ for a 23 nm film of 
CdSe/ZnS Dot-in-dot (DID) colloidal quantum dots (QDs) used in Chapter 8 . A very good MSE 
(~ 16) is obtained, confirming the validity of the fit. Obtaining a good fit for absorbing materials 
like most of the fluorophores are is not simple and requires a dedicated approach. The technique 
adopted in this case can be summarized as follows:  

1. Determination of the transparency range of the material. For this QD, a good choice is 
starting the fit from 800 nm, sufficiently far from the excitonic transition and emission 
wavelength. This allows a fine determination of the thickness of the film and sets a good 
starting point for the evaluation of the real part of the dielectric permittivity.  
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2. Proceeding with a point-by-point fit. Once the thickness of the film and its real 
permittivity are determined with suitable precision in a sufficiently large portion of the 
transparency range, the point-by-point algorithm allows for a wavelength-by-wavelength 
retrospective calculation of the refractive index values towards the visible range. Such a 
procedure has the great advantage of detecting the small features of the measured value 
of Ψ and Δ (like the excitonic transitions in QDs) but, as a drawback, it does not enforce 
Kramers-Krönig consistency.  

3. Fit of the point-by-point obtained refractive index values via classic Kramers-Krönig 
consistent oscillators.       

Figure 4.4c,d shows the real and imaginary part of the dielectric permittivity of the considered 
QDs. The oscillators by which the model is composed are: 

a. Cauchy+Urbach absorbance tail: Models the real refractive index of the QD in the 
transparency range. Even though it is not necessary Kramers-Krönig consistent, it gives 
physically meaningful information for dielectrics, as explained before.  
Table 4.3  

A B C α β λb [nm] 
1.6421 0.006006 0.003232 0.0034719 0 400 

 
b. Lorentz: 

Table 4.4 

Oscillator Α Β E0 

Core 0.015 0.199 2.09 
Shell 0.081 0.507 2.67 
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Figure 4.4 (a,b) Ellipsometrically measured 𝜓 and ∆ at three different angle of incidence (c,d) Experimentally derived 
real (𝜀Ò )and imaginary (𝜀") part of dielectric constant for spincoated CdSe/ZnS Dot-in-Dot nanocrystal film  

 
4.6 Metal/Insulator/Metal Nano-cavities 
Composite structures like metal/insulator multilayers can be analyzed through a dual point of view. 
On one hand Ellipsometry allows retrieving information on each single layer by which the 
multilayer is composed thus building a true multilayer model giving rise to the measured Ψ and Δ, 
on the other the multilayer can be seen as an effective unknown material characterized by the 
measured Ψ and Δ. This second approach allows an homogenization of the composite material that 
is as more valuable as much the composite structure is made of subwavelength building blocks. 
Metal/Dielectric/Metal multilayers made of deeply subwavelength layers fall in this case. Figure 
4.5a,b show the measured and fitted Ψ and Δ for a 20/80/20/80/20 nm Ag/Al2O3/Ag/Al2O3/Ag 
metal/insulator/metal/insulator/metal (MIMIM) multilayered nano-cavity, as sketched in the inset 
of Figure 4.5b. The fit shows very good MSE (~ 16) . Once more, the calculation of the effective 
dielectric permittivity requires a dedicated technique. Instead of constructing a multilayered 
model, it is possible to considered the measured Ψ and Δ as the optical response of a single 
unknown layer, so that its optical parameters can be calculated as follows:  

1. Starting the fit from a very reflective range. Typically, for these structures the reflective 
range is very broad and characterized by an optical response very close to that of the metal 
embedded in the multilayer. This allows a fine determination of the starting refractive index 
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points to be considered as an educated guess for the point-by-point fit to be carried out in 
Step 2.  

2. A point-by-point fit of the complex refractive index from the reflectance range (typically 
red-NIR range) towards the absorbance range occurring in the visible is carried out.  

3. A Kramers-Krönig consistent fit of the complex refractive index as calculated in Step 2, 
via classic oscillators.  

 

 
Figure 4.5 (a,b) Ellipsometrically measured 𝜓 and ∆ at three different angular incidence (c,d) experimentally measured 
real (𝜀Ò )and imaginary (𝜀")  part of dielectric constant for metal/insulator multilayer MIMIM system consisting of Ag 
(20nm) and Al2O3(80nm) layer 

 
In carrying out such an analysis, the number of oscillators can grow. This is due to the intrinsic 
asymmetry of plasmonic resonances. The used oscillators are: 
 
Table 4.5 

Oscillator 
Type Use α Β E0 

Lorentz 
IR 

reflectance 
10.251 0.93558 1.2548 
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Lorentz 
Low-

Energy 
Resonance 

10.071 0.17294 2.6853 

Lorentz 
High-

Energy 
Resonance 

0.79771 0.11252 3.5825 

Gauss 
High-

Energy 
Resonance 

1.9535 0.23431 3.51 

Gauss 
UV-

Absorbance 
4.1167 0.23395 4.1594 

 
4.7 Chapter Summary: 
 
In this chapter we briefly introduce ellipsometry as a standard and non-destructive technique to 
characterize thin film. We described the fundamental working principle  and experimental setup 
of reflectance Ellipsometry..Being this the technique of election for the investigation of the optical 
response of the considered systems, we provided several examples, illustrating how Ellipsometry 
can be adopted to characterize the optical response of very standard materials (thin films of noble 
metals) as well as new generation fluorophores and more complicated plasmonic/photonic nano-
structures.  
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Chapter 5 
 

Resonant Tunneling and Strong Coupling of Epsilon-Near-Zero 
Modes in Layered Metal/Insulator Nano-Cavities  
 
5.1 Abstract:  
Materials with unconventional value of permittivity have been the object of intense research in last 
decade. For example, artificial materials with negative effective permittivity have been extensively 
used in many fields, including subwavelength imaging and device miniaturization. Recently there 
has been growing interest in the scientific community on low permittivity materials whose 
permittivity is less than the free space permittivity. It has been found that epsilon-near-zero (ENZ) 
materials possess many peculiar properties like squeezing electromagnetic waves in to very narrow 
channels10, design of matched zero index materials89, shaping the radiation pattern of a source90, 
and radiative coupling to fluorophores to enhance the fluorescence54 etc. However, naturally 
available ENZ materials are limited to certain wavelengths and lack tunability. In this chapter, we 
propose a way to engineer ENZ resonances that span the whole visible range based on Metal-
Insulator-Metal nanoresonators. We propose an analytical model in the framework of quantum 
mechanics that allows to calculate the exact dispersion relation of bound and quasi-bound modes 
of the MIM nanocavities. Strong coupling between two MIM cavities is demonstrated in a MIMIM 
system made of two stacked MIMs. We demonstrate how one can control the coupling between 
the two MIMs composing the MIMIM by simply acting on the thickness of the central metal layer 
and of the dielectric layers.  
 
5.2 Introduction: 
The pursuit of natural and artificial epsilon-near-zero materials has led to interesting optical 
properties like supercoupling10, 91, highly directional beaming92, optical nanocircuits93 and optical 
switches94 etc.  Near-zero dielectric permittivity, also known as Epsilon-Near-Zero (ENZ), 
naturally occurs, for example, in silver around 327 nm, where this metal manifests a particular 
feature called Ferrel-Berreman mode.53 Apart from the naturally occurring ENZ wavelengths in 
noble metals, an approach for obtaining a customizable ENZ response is engineering composite 
conductive oxides like Indium-Tin-Oxide (ITO) and Aluminum doped Zinc Oxide (AZO). These 
materials possess an intrinsic ENZ behavior, which can be tuned with the help of proper doping 
95-98. However, achieving ENZ response in the whole visible range in these systems is extremely 
difficult. Recently, it has been experimentally demonstrated that Metal/Insulator/Metal (MIM) 
nanocavities manifest ENZ response at their resonant modes.54  These structures proved to be ideal 
for the engineering of weak interaction with a fluorophore tuned to their ENZ mode, inducing a 
noticeable enhancement of the photophysical properties of the emitter placed on the top of them, 
as will be demonstrated in the next chapter.54 In this chapter we demonstrate that the ENZ response 
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occurring in metal/insulator nanocavities can be seen as the resonant tunneling of photons 
impinging on MIM nanocavity at its resonance. The exact dispersion relation of the MIM for both 
bound and quasi-bound modes is calculated analytically in the framework of quantum mechanics, 
showing excellent agreement with Scattering Matrix Method (SMM) calculations and 
experiments. We also show how to exploit the ENZ nature of these modes to design superabsorbing 
nanocavities by adopting a slightly modified version of the symmetric nanoresonator. Also, for 
this architecture the analytical dispersion relation is calculated demonstrating very good agreement 
with the modes calculated by SMM simulation. Such an in-depth analysis gives the opportunity of 
setting-up a semi-classical approach to the study of the photonic resonant tunneling, revealing the 
quantum nature of the phenomenon. We also studied the coupling between two MIM cavities 
placed one on top of each other, thereby composing a  MIMIM structure. The hybridization of the 
resonances, finely adjustable via controlling the central metal’s thickness, gives rise to two new 
modes, realizing a double ENZ resonant structure.  
    
 
5.3 Materials and Methods:  
 
5.3.1 Fabrication: 
The MIM and MIMIM  structures have been fabricated by a multistep process that consist of 
deposition of (i) the metal (Ag), and (ii) the dielectric (Al2O3) layers.  For (i), electron-beam 
induced thermal evaporation (Kurt J. Lesker PVD 75) of Ag on a glass substrate was employed to 
obtain a Ag layer with desired thickness, then followed by deposition of 10 nm Al2O3 inside the 
same system to prevent Ag from oxidation.  For (ii), the Al2O3 was deposited in an atomic layer 
deposition (ALD) system (FlexAl from Oxford Instruments) using a thermal deposition process 
with a stage temperature of 110 °C, resulting in an alumina deposition rate of 0.09 nm/cycle. Tri-
methylaluminate (TMA) and H2O were used as precursors. A heating step of 300 s was performed 
before starting the ALD cycles. Each ALD cycle consisted of a H2O/purge/TMA/purge sequence 
with a pulse durations of 0.075/6/0.033/2 seconds, respectively.   
 
5.3.2 Characterization of the MIM and MIMIM Structures: 
 
The characterization of the optical properties of all the fabricated multilayer structures has been 
conducted by spectroscopic ellipsometry with a Vertical Vase ellipsometer by Woollam, in the 
range from 300-900 nm. Spectroscopic analysis has been carried out at three different angles (50°, 
60° and 70°) with a step of 3 nm. P-Polarized reflectance and transmittance measurements have 
been carried via ellipsometry as well, in a broad range of angles, which comprise the case of 40° 
discussed in this work. The resolution for recording the spectra was 3 nm, and all spectra have 
been normalized to the intensity of the Xe lamp. 
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5.3.3 Modeling and Simulations: 
 
Finite Element Method based full-field simulations have been carried out by means of COMSOL 
Multiphysics. As boundary conditions, appropriately swept-meshed Perfectly Matched Layers 
have been imposed, while the nanometric layers constituting the MIM have been meshed with a 
free triangular texture (2D simulation) in which the maximum element size is 2 nm. Illumination 
is provided by a plane wave impinging at the angle of interest via a classic internal port excitation, 
adjacent to the upper Perfectly Matched Layer domain. Dielectric permittivities of all the selected 
materials were taken from experimentally measured data. Scattering Matrix Method simulations, 
as well as the calculation of the Tunneling probabilities, have been conducted by means of 
customized MATLAB codes.    
 
5.4 Results and Discussions:  
5.4.1 Equivalence Between Stationary Schrödinger Equation and Helmholtz 
Equation: 
 Recently, an equivalence between the paraxial equation of light waves and the Schrödinger 
equation has been set up.99-101 This equivalence proved precious to unveil the role of the refractive 
index as the “optical potential” seen by the photons. In this respect, it is possible to reinterpret the 
stationary Schrödinger equation for massive particles expressed in Equation 5.1 setting up an 
optical Schrödinger equation as shown in Equation 5.4, by choosing an optical potential U(x) so 
that the resulting wavevector is a function of the complex refractive index of the considered jth 
material in which the propagation takes place: 
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  is the wavevector in vacuum, 𝑛ÙÚ (𝑥) =
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,
𝜆 = 	𝑛Î(𝑥) + 𝑖𝑘Î(𝑥) is the 

complex refractive index of the jth material whose real and imaginary part are given by 𝑛Î(𝑥) and 
𝑘Î(𝑥) respectively.  In this form, the “optical” Schrödinger equation naturally resembles the classic 
Helmholtz equation of waves. In the case of dielectric materials, the imaginary part of the 
refractive index is negligible, and the wavefunction ψ(x) assumes the typical form of a harmonic 
propagating wave 𝜓`(𝑥) = 𝐴𝑒P9��𝑛Î(𝑥). On the contrary, in metals the real part of the refractive 
index is very small (for example, in the case of silver, n(x) is comprised between 0.03 and 0.06 in 
the whole visible range102, but the imaginary one can be relevant, so that the wavefunction assumes 
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the shape of a decaying exponential in the form 𝜓(𝑥) = 𝐴𝑒P���Ïx. It is important to notice that 
considering that the wavefunction in the dielectric and the metal is equal to 𝜓`(𝑥)and 𝜓M(𝑥) 
respectively, implies that the wavevector is equivalent to 𝑘M = 𝑖𝑘A𝑘Mfor the metal and  𝑘` =
	𝑘A𝑛`	for dielectric. This allows avoiding the non-Hermiticity of the optical Schrödinger equation, 
as it would naturally be in the presence of lossy materials. These considerations can be used to 
analyze the light propagation in metal/dielectric nanocavities composed by subwavelength 
dielectric cores placed between nanometric metallic mirrors.       
 
5.4.2 MIM Resonators and Finite Square Well: 
Metal/Insulator/Metal (MIM) can be treated as a finite square well potential (FSWP) when the 
external metal thickness exceeds several times the skin depth. The dispersion relation for the 
FSWP is well studied.103-104 Based on this, it is straightforward to establish an optical analogy 
which leads to exact dispersion relation of modes of  MIM  and is given by 

                                                                                                                       (5.5)  

and the odd modes are given by; 

                                                                                                                    (5.6) 
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Figure 5.1: Sketch of a MIM with very thick metallic claddings of 100 nm (a) reproducing the case of a Finite Square 
Potential Well (FSPW) (b). (c) Modes of the FSPW calculated as a function of the thickness of the dielectric core 
using Equation 5.5 and Equation 5.6 compared with SMM obtained resonances (absorbance=1-Transmittance-
Reflectance) of a MIM made of Ag=100nm and 40 to 200 nm thick Al2O3 dielectric core. Antisymmetric (d) and 
Symmetric (e) mode of an Ag=100nm and Al2O3=180nm investigated using COMSOL based Finite Element Method 
simulation. 

 
Figure 5.1a gives a sketch of MIM made of 100 nm thick silver layer which acts as potential barrier 
for the finite square well. The imaginary part of the refractive index quantifies the height of the 
potential well. A classic analysis can be carried out on such system  via a classic scattering matrix 
technique, with a monochromatic light coming from vacuum at normal incidencet impinging on 
the metal. In this case the modes of the MIM are evaluated as absorbance maxima calculated as 1-
(Transmittance+Reflectance). An almost perfect correspondence between the peaks in absorbance 
calculated via Scattering Matrix Method simulations and the modes of the FPSW calculated by 
Equation 5.1 and Equation 5.2 is found. Very interesting is the case of the high energy odd modes 
which show a cutoff when the dielectric thickness is reduced so that  tan	(𝑘A𝑛Ü

aÝ
7
) < Þß
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similar results have been obatained by Avrutsky et al. describing particular modes in MIM called 
Gap Plasmon Polaritons.105 Figure 5.1.c,d show the typical field profile of the odd and even mode 
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respectively occurring at λodd = 383 nm and λeven = 723 nm inherent to a MIM with Ag = 100 nm 
and Al2O3 = 180 nm.  
 
5.5 Leaky Finite Square Well Potential and Tunneling through a MIM:                                                                                                                                        
When the thickness of the two metal mirrors reduces towards the skin depth of the considered 
metal, the modes of the MIM shift and the simple finite potential well model cannot be used 
anymore. In this case, due to the leaky thin metal mirrors, the tunneling probability through them 
increases so that it is impossible to look for bound modes of this configuration. The key for finding 
the analytical dispersion for this configuration is recognizing that due to the significant tunneling 
probability of the photon inside the cavity, a phase component has to be added to the expression 
of the wavefunction inside the dielectric core which now results equal to Ψ(𝑥) = cos	(𝜅A𝑛Ü𝑥 +
𝜙), where 𝜙 is the additional phase component equal to the tunneling probability of the photon 
through the metal barrier. Therefore, the analytical expression for the quasi-bound modes of this 
configuration  (named “leaky” finite square well potential) can be found  starting from the previous 
considerations and result equal to: 
 
tan(𝑘A 𝑛Ü
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                                                                                           (5.7) 
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Equation 5.7 and Equation 5.8 correspond to the quasi-bound even and odd modes respectively for 
the leaky FPSW. The tunneling probability through a metal barrier of thickness tm is given by 
𝑒(P7���ßaß). Figure 5.2a shows the quasi-bound modes of a MIM cavity made of a fixed Al2O3 
cavity of 150 nm embedded between two Ag layers, whose thickness is varied between 10 nm and 
90 nm, compared with the modes of the structures calculated via SMM as maxima in absorbance 
(A=1-T-R). The correspondence between SMM and experiments is very good, until the thickness 
of the silver layer approaches values  close to the percolation threshold below which it is difficult 
obtaining homogenous and uniform films. The case of the tunneling of a photon through a single 
metal barrier can be readily extended to a double barrier, as it is in the case of the complete MIM. 
It is well known that the tunneling probability through a double potential barrier can ideally assume 
unitary value, a condition known as resonant tunneling.106-109 In reality, due to unavoidable cavity 
losses, the tunneling probability is never equal to one but, rather, shows a maximum in 
correspondence to the resonant tunneling frequency. Figure 5.2c shows the tunneling probability 
(dashed curves) through MIM structures composed by Ag layers of 50 nm and four different cavity 
thicknesses equal to (i) 50 nm, (ii) 100 nm, (iii) 150 nm, and (iv) 200 nm, compared to the 
transmittance calculated for the same structures via a classic Scattering Matrix Method (SMM) 
approach. The resonant tunneling modes correspond to the maxima of the tunneling probability 
curves. In Figure 5.2d-g the quasi-bound modes calculated via both exact dispersion relation and 
SMM as well as the resonant tunneling modes and the transmission maxima for the same MIM 
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structures composed by 50 nm Ag mirrors embedding an Al2O3 core whose thickness is varied 
between 40 nm and 200 nm are shown together. An almost exact correspondence between the 
quasi-bound modes, the resonant tunneling wavelengths and transmittance maxima is found, 
allowing to confirm that the resonant tunneling phenomenon occurs for the quasi-bound modes of 
the leaky MIM.      
 
 
 

 
Figure 5.2: (a) Even (red circles) and odd (blue diamonds) modes of the Leaky FSPW calculated by means of Equation 
5.7 and Equation 5.8 as a function of the variation of the metallic cladding thickness from tM = 8 nm to tM = 90 nm 
with a fixed dielectric core of 150 nm, compared with those calculated by means of SMM (absorbance=1-
Transmittance-Reflectance) showing very good agreement. (b) Comparison between even modes calculated via 
Equation 5.7 (red spots), tunneling maxima (dashed red curve), SMM calculated even modes (black squares) and 
SMM calculated transmission maxima (dashed black curve), calculated as a function of the variation of the dielectric 
core from 40 nm to 200 nm, with fixed metallic claddings of 50 nm. The perfect correspondence between these four 
quantities confirms the resonant tunneling nature of the resonant modes of the MIM structure. (c) Comparison between 
SMM calculated transmission (solid curves) and Tunneling probability calculated, through a MIM made of 50 nm 
thick metallic claddings and four different dielectric core thickness equal to 50 nm, 100 nm, 150 nm and 200 nm. (d-
g) 2D plot of the norm of the electric field for the tunneling (transmittance) maxima of (c), calculated via COMSOL 
based FEM simulations, showing the excellent light confinement performances of the MIM cavities at their resonant 
wavelengths. 
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5.6 Epsilon-Near-Zero Nature of the Resonant tunneling Modes and Effective 
Dielectric Permittivity of the MIM: 
 
While describing a particle in a potential barrier, three important cases are usually considered: (i) 
the particle has energy higher than the barrier, (ii) the particle has energy lower than the barrier 
and (iii) the particle has energy exactly equal to the barrier. The last one is particularly interesting 
since, in this case, the wavefunction propagates in the potential barrier as a constant. This ideal 
case can be verified only in case of vanishing wavevector, resulting in a unitary tunneling 
coefficient, reproducing the case of the resonant tunneling described before. A similar conclusion 
can be drawn between tunneling of a photon in a MIM and of an electron in a double barrier. In 
this perspective the whole MIM can be viewed as an homogenized material with an effective 
dielectric permittivity 𝜖¼åå,MæM , which precisely describes the optical response of the MIM in the 
visible range. Hence, the resonant tunneling modes of the MIM cavity correspond to wavelengths 
at which the MIM behaves as an effective epsilon-near-zero material.  
 

 
Figure 5.3 Sketch of the Resonant Tunneling through the MIM structure. 

 
Figure 5.3 shows the sketch of the tunneling of photons in a MIM structure. In order to set up a 
model for the effective dielectric permittivity of the MIM, it is possible to start from the 
consideration that, on the contrary of its reverse “IMI” structure, in which the screening action 
provided by the central metal core’s electrons maintains a near zero charge at the center of the 
waveguide,49 a non-zero electric field at the inner metal/dielectric interfaces of the MIM can be 
sustained in the form of a symmetric (low-energy) and an anti-symmetric (high-energy) mode as 
shown in a previous section (see Figure 5.1d and 5.1e). Due to the finite thickness of the metals, 
the oscillation of the free electron cloud is confined in the bulk, thus introducing a restoring force 
as shown in Figure 5.4d. Therefore, it is possible to model the MIM as an harmonic oscillator with 
central frequency ω0,MIM. Losses introduced by both the metal and the dielectric partially convert 
the stored radiation energy in heat, while the nanometric size of the utilized metals drains the 
radiation coupled inside the cavity out of it even at the resonant frequency. This introduces a 
damping γMIM. Under the driving action of the electric field in the cavity, the electron cloud 
undergoes a collective displacement by a distance δx. The equation of the motion, therefore, results 
equal to: 
𝑚¼
∗�̈�x −	𝑚¼

∗𝛾MæM�̇�x −	𝑚¼
∗𝜔A,MæM7 𝛿x = 	−𝑞𝐸ê⃗ (𝑡)      (5.9) 
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where mí
∗ωA

7δð is the restoring force, and mí
∗  is the effective mass of the electron in the cavity.  

The position as a function of time can be readily obtained: 

𝛿x = 	−
ñgê⃗ (a)

&'
∗(r-Pr�,òóò

- P9ôòóòr)
            (5.10) 

The total dipole moment of the electrons inside the MIM cavity can then be expressed as:  

𝑃ê⃗MæM = 𝑞𝑁𝛿x(𝑡) = 	−
öñ-gê⃗ (a)

&'
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                        (5.11)   

The total displacement vector induced in the overall MIM cavity can then be seen as sustained by 
an effective permittivity εeff,MIM in such a way that: 
𝐷êê⃗ MæM = 𝜖Ü𝐸ê⃗ (𝑡) +	𝑃ê⃗MæM = 	 𝜖Ü𝜖¼åå,MæM𝐸ê⃗ (𝑡)         (5.12) 

and we obtain a useful expression for 𝜖¼åå,MæM: 

𝜖¼åå,MæM = 1 − öñ-
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The quantity  𝜔MæM7 = 	6 ñ-ö
&'øÝ

	corresponds to the strength of the oscillator at the natural frequency 

ω0, MIM so that: 

𝜖¼åå,MæM = 1 − ròóò
-
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- P9ôòóòr)

                                                                               (5.14) 

It has to be noticed here that, within the limit of the skin depth of the chosen metal, ω0,MIM depends 
on the metal thickness as well as to the impinging angle, and a more sophisticated model has to be 
set up in order to include these effects. On the other hand, it is very useful to consider the complete 
MIM system as an engineered version of the constituent metal. In the case of Ag, this can be 
achieved by adding the well-known Drude model for silver to the expression in Equation 5.14:110  
𝜖¼åå,MæM =	∈ù−
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                                                                                            (5.15) 

Equation 5.15 represents the effective permittivity of the MIM structure for even modes. One of 
the main advantages of this expression is that it can be readily expanded to include the odd modes, 
whether the dielectric core’s thickness is dimensioned in order to push their cut-off frequency far 
enough. In the case of a pure Ag layer, the parameters are γAg=0.021 eV and ωP=13.825 THz 
(corresponding to 9.1 eV) and .110-111 The ω0,MIM and γMIM can be experimentally 
retrieved. In this respect, ellipsometry reveals a powerful investigation tool, since it gives a direct 
measure of the overall dielectric permittivity of the MIM structure, allowing for a precise 
determination of ω0,MIM and γMIM. ωMIM is left as a fitting parameter and, for this case, the 
correspondent energy value is equal to 2.998 eV. Figure 5.4a-c shows the real case of an 
experimentally realized MIM structure made of two Ag layers with thickness of 30 nm and a 
central Al2O3 layer of 112 nm, compared with the effective permittivity modeled by means of 
Equation 5.15. In the experiments, p-polarized monochromatic incoherent light coming from a Xe 
lamp impinges on the sample at an angle of 40°. This allows to decompose the wavevector of the 
impinging light into two components, one parallel to the metal/dielectric interfaces (X-direction) 
and another perpendicular to them (Y-direction). Such a configuration allows to investigate both 
the plasmonic nature of the modes, induced by the Y electric field component and the symmetric 
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nature of the excited ENZ cavity mode, propagating in the X direction as a true waveguide mode. 
The fitting of the ellipsometric spectroscopic parameters Ψ and Δ gives E0,MIM = 2.422 eV and 
γMIM = 0.063 eV (when conducting ellipsometric analysis, it is more convenient considering energy 
rather than angular frequency).          

 
Figure 5.4: Ellipsometrically measured (black solid curves) and theoretically modeled (red dashed curves) real (a) and 
imaginary (b) dielectric permittivity, detected at 40°, of an experimentally fabricated MIM made of Ag = 30 nm and 
Al2O3 = 115 nm. The curves show exactly the same trend and a perfect agreement on the salient parameters being the 
Ag volume plasmon and the ENZ symmetric mode at E=2.202 eV occurring exactly at the experimentally measured 
absorbance maximum (c), being also the resonant tunneling mode for that precise angle. This confirms the ENZ nature 
of the resonant tunneling modes of the MIM nano-cavities. (d) Sketch of the proposed structure highlighting the 
displacement of the electrons in the dielectric core due to the presence of the electric field at the resonance, acting as 
a driving force. (e) Ellipsometrically measured effective dielectric permittivity as in the case of (a) in comparison with 
(f) Reflectance (black curve), Transmittance (red curve) and Absorbance (blue curve), measured at an angle of 40°. 
The measured optical response (T,R and A) showed in (f) confirm the effective metallic, dielectric and ENZ features 
both predicted by the effective permittivity model and experimentally measured. Vertical (g) and horizontal (h) 
distribution of the electric field in the analyzed MIM at the resonant wavelength, calculated at 40° via COMSOL 
simulations, together with the simulated norm of the electric field (i) calculated as (Ex2+ Ey2)1/2. 

In order to take the residual polarizability of the MIM into account, a slight modification has to be 
made to increasing it from 5.75 to 6.9. As shown in Figure 5.4a, the resonance occurring at 
E0,MIM = 2.422 eV corresponds to a volume plasmon holding the typical vanishing real dielectric 
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permittivity. Unfortunately, due to its high lossy nature (see Figure 5.4b), it is impossible to excite 
it with classic transverse light. At slightly higher wavelength than E0,MIM, however, the effective 
real dielectric permittivity decreases, eventually crossing the zero at EENZ,MIM = 2.202 eV. The 
imaginary dielectric permittivity at this wavelength is sufficiently low to allow an efficient 
coupling of the impinging light with the MIM, resulting in a cavity-like resonance clearly 
measurable in both reflectance and transmittance spectra (see Figure 5.4f). Figure 5.4f shows the 
ellipsometrically measured Reflectance and Transmittance together with the MIM absorbance 
calculated as 1-(T+R), at 40°. It is worth noticing that the Transmittance and Absorbance maxima 
occur at almost the same wavelength, experimentally validating that the resonant tunneling and 
the epsilon-near-zero quasi-bound mode occur at almost the same wavelength, thus confirming 
the epsilon-near-zero nature of the modes of the MIM. Since the real effective dielectric 
permittivity of the MIM at this wavelength is zero, and the imaginary part is very low, this mode 
is a true epsilon-near-zero. No momentum matching technique is required to excite it. Figure 5.4e,f 
show a complete characterization of the dielectric properties of the MIM structure. From the 
proposed model, as well as from Ellipsometry, it turns out that (i) between the silver volume 
plasmon (3.792 eV = 327 nm) and E0,MIM (2.422 eV = 512 nm) and after EENZ,MIM (2.202 eV = 563 
nm) the MIM cavity shows a highly metallic behavior, characterized by negative dielectric 
permittivity, high reflectance and low transmittance. On the contrary, between E0,MIM and EENZ,MIM 
the permittivity becomes positive and the MIM assumes a dielectric character, with high 
transmittance. At EENZ,MIM the permittivity goes to zero and so happens to the reflectance leading 
the absorption to manifest a peak. The electric field distribution for this mode calculated by means 
of COMSOL based Finite Element Methods (FEM) simulations, exciting with a plane wave at a 
grazing angle of 40° is showed in Figure 5.4g,i. The oblique incidence allows to detect the 
transverse (Figure 5.4g) and longitudinal (Figure 5.4h) electric field distribution in the case of the 
MIM ENZ mode. This feature is perfectly consistent with the prediction given by Dionne et. al.23 
for a system made of a SiO2=100nm cavity, very close to the one presented here, where it is shown 
that, at these frequencies, both symmetric and antisymmetric modes called Gap Plasmon 
Polaritons are allowed in the structure. This particular electric field configuration enables an 
effective confinement of the light in the MIM nanocavity, as shown in the calculated norm of the 

electric field expressed as , which takes the energy stored in the cavity into account 

(Figure 5.4i).   
 
5.7 Super-Absorbing Epsilon-Near-Zero Modes in MIM Nano-Resonators: 
The Epsilon-Near-Zero quasi-bound modes of the MIM nano-resonator can be exploited in order 
to engineer a MIM Super-Absorber, with absorbance values close to 100 % . In order to do this, it 
is sufficient to dimension the bottom Ag layer much thicker than its skin depth so that it plays the 
role of a back-reflector and only an exiguous number of photons can tunnel through. At the same 
time, the top Ag layer has to be kept thin enough to ensure high tunneling probability endowing 
the cavity mode with a good Q-Factor. It is calculated by ratio between the wavelength of mode 
to its full width half maximum (FWHM). A sketch of the system is given in the insets of Figure 
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5.5.a-c. In such a configuration, the electric field cannot be transmitted through the thick bottom 
Ag layer so that Transmittance is always very close to zero. On the other hand, in correspondence 
of the Epsilon-Near-Zero quasi-bound mode, the Reflectance reaches very low values, ideally 
vanishing. For these modes, an almost perfect confinement of the radiation is therefore achieved, 
thus verifying the super-absorbing conditions.   

 
Figure 5.5: (a) Even (red circles) and odd modes (blue diamonds) calculated as a function of the variation of the 
dielectric core’s thickness via the exact dispersion relations in Equation 5.16 and Equation 5.17, compared with the 
SMM calculated even (red dashed curve) and odd (blue dashed curve) modes (A=1-T-R). The superabsorber structure 
is made of a thin front tunneling Ag layer of 35 nm, a dielectric Al2O3 core and a Ag back-reflector of 200 nm. The 
agreement between SMM and analytical dispersion relation is perfect. (b) Even (red circles) and odd modes (blue 
diamonds) calculated as a function of the variation of the thin Ag tunneling front layer thickness via the exact 
dispersion relations in Equation 5.16 and Equation 5.17, compared with the SMM calculated even (red dashed curve) 
and odd (blue dashed curve) modes (A=1-T-R). The thickness of the dielectric core is kept fixed at 150 nm. Once 
more, the agreement between the analytical and the numerical solutions is perfect. (c) SMM calculated absorbance for 
three different superabsorbing structures as defined in (a) in which the thickness of the dielectric core is respectively 
equal to 90 nm (black curve), 130 nm (red curve) and 170 nm (blue curve). All the considered structures show 
absorbance higher than 99 %, with an outstanding peak of 99.77 % in the case of tD=130nm. 

 
Even though the symmetry of the system is broken by the thick metallic layer, it is still possible to 
look for an analytical expression of the quasi-bound modes of the MIM super-absorber. Since the 
photon tunnels twice through the potential barrier constituted by the top Ag layer, Equation 5.7 
and Equation 5.8 can be modified accordingly: 
tan( 𝑘A𝑛Ü
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Equation 5.16 constitutes the exact dispersion relation for the even modes, while Equation 5.17 is 
related to the odd ones. Figure 5.5a shows a comparison between the quasi-bound modes 
calculated by means of Equation 5.16 and Equation 5.17 (dotted curves) and those calculated via 
SMM (dashed curves), for a MIM with Ag = 35 nm and Al2O3 dielectric core whose thickness is 
varied between 40 nm and 200 nm. The almost perfect correspondence confirms the validity of the 
expressions proposed in Equation 5.16 and Equation 5.17. Figure 5.5b shows the dependence of 
the quasi-bound ENZ modes on the thickness of the top metallic layer. The bottom Ag layer is 
fixed at 200 nm while the dielectric cavity thickness is 150 nm. Once more, the correspondence 
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between the modes calculated via SMM and the analytical dispersion relations is very good, but 
slightly diverges for thicknesses of the top metal layer close to its percolation threshold.     
 
5.8 Epsilon-Near-Zero Resonant Tunneling Modes of the MIMIM: 
When stacking a second MIM nanocavity on top of the single MIM, thereby building a MIMIM 
structure, the two cavities interact with a strength that is directly dependent on the thickness of the 
central Ag layer. Such a scenario retraces the case of two pendulums in which the two bobs are 
connected via a spring. The analogy can be understood considering the two MIM cavities as the 
two pendulums and the central metal layer shared between the two cavities as the connecting 
spring. The thickness of the central metal layer plays the role of the stiffness of the spring. When 
the central Ag layer is too thick, the interaction between the two cavities is very weak, and the two 
MIMs behave as two independent systems. On the other hand, if the central Ag layer is thin 
enough, the two nanocavities can exchange energy with an efficiency proportional to the tunneling 
probability through the central metal barrier. Such interaction induces a hybridization of the 
resonant modes of the MIMIM system, resulting in two new resonances whose energies are 
respectively higher and lower than the one of the original MIMs. This phenomenon is known as 
strong coupling and is typical of all the systems in which two or more oscillators are somehow 
connected and can efficiently exchange energy. In particular, for MIM like resonators it has already 
been widely investigated previously.54 The MIMIM system is therefore characterized by two 
resonances holding symmetric (Figure 5.6d-f) and anti-symmetric (Figure 5.6a-c) field profiles 
which can be seen as, respectively, the in-phase and out-of-phase superposition of the field profile 
of the independent constituent MIMs. Figure 5.6a-c show the X and Y electric field profile, 
together with the norm of the electric field calculated for the anti-symmetric mode of a MIMIM, 
composed by a 30/112/30/105/30 nm alternated Ag/Al2O3 layers, while Figure 6.6d-f show the 
same parameters for the symmetric mode. It can be immediately seen that the propagation length 
of the symmetric and antisymmetric resonances in the X direction are different, as expected for 
these modes.49 Moreover, the analysis of the norm of the electric field, reveals that the two resonant 
modes are effectively confined inside the cores of the two cavities. One of the main advantages of 
the model proposed in Equation 5.15 is that it can be readily extended to structures composed by 
multiple connected MIM cavities simply by adding additional oscillator with suitable parameters. 
In the case of the considered structure, the new equation is: 

∈¼åå,MæM=	∈ù−
𝜔𝑃
2

(𝜔2+𝑖𝛾𝜔)
+

𝛼1𝜔𝑀𝐼𝑀
2

;r-Pr�,òóòÃ�
- P9ôòóòÃ�r>

+ 	
𝛼2𝜔𝑀𝐼𝑀

2

;r-Pr�,òóòÃ-
- P9ôòóòÃ-r>

                              (5.18)
 

 



 57 

 
Figure 5.6: (a) Vertical and (b) horizontal component and (c) norm of the Electric Field inside a MIMIM cavity made 
of Ag/Al2O3 layers of 30/112/30/105/30 nm evaluated at the antisymmetric mode (λ=468nm) via COMSOL based 
FEM simulations. The model is excited via a monochromatic plane wave impinging at 40° angle. (d-f) Same 
parameters evaluated for the symmetric mode. (g) Real and (h) imaginary experimentally (black solid curve) and 
theoretically modeled via Equation 5.18 (red dashed curve) part of the effective dielectric permittivity for the 
considered MIMIM. A very good agreement is found in all the salient features (Ag volume plasmon, low and high 
energy ENZ modes) (i) absorbance of a MIMIM cavity made of Ag/Al2O3 layer of thickness 30/112/30/105/30 nm 
measured by ellipsometry  

 
where γAg=0.021 eV, εinf=6.8 eV and ωP=13.825 THz (corresponding to 9.1 eV). Once more, it is 
useful to consider energies rather than angular frequencies, so that E0,MIM-1=2.452 eV, E0,MIM-

2=2.7382 eV, γMIM-1=0.075 and γMIM-2=0.07, being these last four parameters experimentally 
retrieved by means of Ellipsometry. Moreover, when determining the strength of each single 
oscillator, it is more convenient fixing the parameter  and correct it by means of a suitable 
correction constant that considers the change in effective mass of the electrons in the cavities for 
the two different modes. The term at the numerator of each oscillator is, therefore, composed by a 
fixed  and a correction coefficient αi (where i is the considered resonance) and, in this case, 
α1=0.35 and α2=0.3. Figure 5.6g,h show the real and imaginary part of the effective dielectric 
permittivity measured by Ellipsometry (solid black curves) and modeled by means of Equation 
5.18 . Once more, the model is able to reproduce the experimental effective permittivity measured 
by means of Ellipsometry with very good precision. Figure 5.6i shows the ellipsometrically 
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measured absorbance of the considered MIMIM. As expected, two maxima are present, 
representing the two ENZ resonant tunneling modes of the structure. It is worth noting that the two 
low-loss zero crossing points of the real dielectric permittivity of the MIMIM either measured by 
Ellipsometry or calculated by means of Equation 5.18 correspond to the experimentally measured 
resonant tunneling modes detected as maxima in absorbance, thus confirming their ENZ nature.   
 
5.9 Strong Coupling Demonstrated as Mode Anticrossing in the MIMIM 
Structures: 
 
For a sufficiently thin central Ag layer, the plasmons in the coupled cavities can mutually exchange 
energy very efficiently before decaying, and strong coupling can be achieved. In this regime, a 
clear splitting of the two resonances occurs, generating two new εNZ resonances at higher and lower 
energies with respect to the unpertubed modes. The splitting of two resonances determine how 
strongly the two modes coupled to each other and can be termed as coupling strength and can be  
experimentally evaluated as the energy difference between the two absorbance peaks at the center 
of the anticrossing. ℏΩ is approximately twice the coupling constant g between the two systems,112-

115 that determines the coupling strength. The strong coupling regime is reached when the condition 
 is fulfilled,112, 116 from which also the crucial importance of the damping  

of the unpertubed MIM εNZ resonances (γMIM) can be appreciated. Moreover, it has been 
demonstrated that if the additional condition  is satisfied, a regime called Ultra-Strong 
Coupling is achieved, for which a variety of novel phenomena have been predicted.117-120 The 
distinctive signature of the strong coupling between two oscillators is the anticrossing of their 
hybridized energies that occurs if the frequency of one oscillator is varied across the frequency of 
the second one. To reproduce this scenario, five MIMIM structures have been fabricated, in which 
the thickness of one dielectric layer (the bottom one) was varied in the range from 60-160 nm, 
while the thicknesses of all other layers were kept fixed. Here the thickness of all three Ag layers 
was 30 nm, and the top alumina layer had a thickness of 112 nm. Figure 5.7a shows the typical 
anticrossing behavior of the high-energy (blue markers) and low-energy (red markers) hybridized 
εNZ resonances in the MIMIM structures that were ellipsometrically detected as maxima in their 
absorption spectra. The corresponding spectra are shown in Figure 5.7b. The black markers in 
Figure 5.7a report the GPP energies of the corresponding MIM structures, and the grey dots give 
the GPP energy of the MIM with 112 nm alumina thickness. We note the excellent agreement with 
Scattering Matrix Method (SMM) simulations that are shown as dotted lines in Figure 5.7a.  
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Figure 5.7. Strong Coupling and typical anticrossing of the hybridized εNZ resonances: (a,c) Anticrosscing of the high-
energy (blue) and low-energy (red)  εNZ modes in MIMIM structures where the thickness of the bottom dielectric layer 
was varied, while all other layers were kept fixed with two different silver thickness 20 and 30 nm. (b,d) p-pol 
absorbance at 40° for two metal thickness of 20 and 30 nm with varing bottom layer di-electric thickness. The 
thickness of the Ag metal layers and of the top dielectric were 30 nm and 112 nm, respectively. 

 
The coupling strength in Figures 5.7a,c is 536 and 278 meV, respectively, evaluated by our 
simulations  as the energy difference between the two resonances of the MIMIM structure at the 
center of the anticrossing. Figure 5.7c shows experimental and simulated data for MIMIM 
structures where the thickness of the metal layers is varied while the dielectric layers were kept 
fixed (at a thickness of 100 nm in the simulation, and close to 100 nm in the experiments). The 
coupling between two successive MIM can be significantly increased by reducing the thickness of 
the screening metal layers, and our experimental data set converges to maximum value of 536 meV 
corroborated with the simulations, for a thickness of the Ag layers of 20 nm. Since the damping 
relates to the Q factor (Q = ω

Δωü = ωτ), we see that a higher metal thickness leads to a higher Q 
factor, and therefore to a longer lifetime of the plasmon in the cavities. Figure 5.7d demonstrates 
that very narrow resonances, with γ of around 50 meV, are achievable at the price of lower 
coupling strengths.  
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5.10 Chapter Summary: 
In this chapter we investigated the epsilon-near-zero nature of the resonant tunneling modes of 
MIM nanocavities. An analytical expression has been found for the exact prediction of the ENZ 
resonances, providing an easy way for the engineering of customized MIMs showing ENZ features 
where desired in the visible range. The results we found are in excellent agreement with SMM and 
Finite Element Method (COMSOL) simulated structures. A quantistic insight to the physical origin 
of these modes has been provided, clarifying the reason why such modes can be excited without 
any need for momentum matching techniques. A phenomenological model for the effective 
permittivity of the MIM nanostructure has been provided, overcoming the well-known 
inaccuracies of the classic Effective Medium Theory, showing excellent agreement with 
experimentally fabricated structures and pinning the epsilon-near-zero nature of the described 
resonant modes. We also demonstrate how this model can be easily extended to describe the 
features of more sophisticated multiple cavities systems such as MIMIM structures. As a 
noticeable application, we demonstrate the possibility of realizing a customizable perfect absorber 
working at the ENZ resonant tunneling modes of suitably designed MIM structures. The systems 
we propose constitute the basic brick for completely tunable artificial ENZ materials, proposing 
as the fundamental technological framework for a plethora of applications like refractive index 
sensors and perfect absorbers, configuring at the same time as an intriguing and easy toolbox for 
the investigation of more sophisticated quantum scenarios. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(Note: Results presented in this chapter are under submission. My personal contribution to this 
work includes sample fabrication and characterization, as well as the ellipsometry analysis)  
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Chapter 6 
 

Planar Double-Epsilon-Near-Zero Cavities for Enhancement of 
Spontaneous Emission and Purcell Effect  
 
6.1 Abstract 
Enhancing the photo-physical response of fluorophores constitutes a significant achievement 
towards the advance of photonic and optoelectronic technologies employing them as gain media. 
To this aim, the fluorophores are usually embedded in sophisticated photonic cavities or nano 
resonators. Such structures typically require nanoscale lithography processes, which are costly in 
fabrication and inadequate for implementation on large surface area. Moreover, in many cases the 
fluorophores are not deposited on the surface and therefore not available for the detection of 
biochemical reactions, for example by confocal fluorescence spectroscopy. The recent advances 
in the study of a promising extreme light propagation regime based on Epsilon-Near-Zero 
resonances, reveal extremely useful in this perspective. In this chapter, we design metal/dielectric 
nanocavities to be resonant with the absorption and emission bands of the employed light-emitting 
dyes. Using CsPbBr3 perovskite nanocrystal films as emitters, we study the spontaneous emission 
and decay rate enhancement induced by our Double Epsilon-Near-Zero (double-ENZ) structure. 
We experimentally demonstrate the existence of two ENZ wavelengths occurring at the two 
predicted Bulk Plasmon Polariton (BPP) modes by directly measuring their dielectric permittivity 
via ellipsometry analysis. Finite Elements Method simulations confirm the resonant nature of these 
modes, demonstrating strong electric field enhancement inside the nanometric dielectric layers. 
We show how the double-ENZ nature of this plasmonic nanocavity can be exploited to achieve 
both Surface Plasmon Enhanced Absorption (SPEA) and Surface Plasmon Coupled Emission 
(SPCE), inducing a noticeable enhancement of both the spontaneous emission and the decay rate 
of the perovskite nanocrystal film placed on top of the nanocavity. Tuning the thickness of the 
dielectric spacer layer on the surface allows to reduce the losses induced by the metallic layers and 
to maximize PL and quantum yield.  Finally, we discuss the possibility of tailoring the two ENZ 
wavelengths of this structure within the visible spectrum simply by finely designing the thickness 
of the two dielectric layers, which enables resonance matching with a broad variety of dyes. Our 
device design is appealing for many practical applications ranging from sensing to low threshold 
amplified spontaneous emission, because we achieve a considerable (four-fold) PL enhancement 
while enabling simple fluorophore deposition on a planar surface that keeps the fluorophores 
exposed and accessible if needed.  
6.2 Introduction 
 
Enhancing the spontaneous emission of a fluorophore is of great interest for a plethora of new 
emerging technologies spanning from optical biosensing121, low threshold lasers 122-123  and single 
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photon sources.124-126 In order to achieve such an effect many approaches have been proposed, 
most of which make use of an optical cavity to enhance the spontaneous emission rate of a 
fluorophore posed either inside or in proximity of it. Such an effect is known as Purcell Effect.127-

129 One of the most interesting ways to enhance the Purcell effect is to take advantage of a special 
propagation regime involving nanometrically confined evanescent waves rising from the 
plasmonic properties of very thin metallic films. 130-134Generally, the mechanisms governing such 
a phenomenon are two: Surface Plasmon Enhanced Absorption (SPEA) 135-136and the Surface 
Plasmon Coupled Emission (SPCE)137-140. The former is inherent to the enhancement of the 
absorbance of the fluorophore by means of a plasmonic absorber, while the latter refers to the 
possibility of improving its emission by exploiting the resonant properties of a plasmonic structure, 
acting as a cavity. Enhancement of the emission rate and photoluminescence by several orders of 
magnitude has been achieved by specifically designed nanoresonators that embed the fluorophore 
inside the plasmonic cavity. However, these approaches typically have two drawbacks: (i) 
fabrication of such structures is very demanding, and (ii) to obtain such record values the 
fluorophore has to be inserted at the position of highest field enhancement that extends only few 
nanometers in size, which might not be compatible with the size of target biomolecules, and the 
target molecule might not be exposed to the surface. In this respect, planar plasmonic multilayers 
can represent a very interesting alternative. It has been demonstrated that in a planar structure, 
metallic and dielectric multilayer can behave as an absorber (and as a resonant cavity) if its 
dielectric permittivity vanishes at a precise wavelength, manifesting a condition known as Epsilon 
Near Zero (ENZ)10, 12, 90, 95-96, 141-143.  Here, we show how to take advantage of both the SPEA and 
SPCE effects by making use of a plasmonic system, whose dielectric permittivity has been 
specifically designed to manifest a Double Epsilon Near Zero (double-ENZ) behavior. The first 
ENZ condition, occurring at smaller wavelengths is tuned to match the absorbance band of the 
fluorophore posed on the top, thus inducing the enhanced absorption properties. The second ENZ 
wavelength is tuned on the emission peak of the fluorophore, acting as a resonator to reach the 
plasmon coupled enhancement of the emission. As a fluorophore, we chose perovskite CsPbBr3 
nanocrystals emitting in the green spectral region144. Perovskite crystals as emitters are a 
particularly appealing material system for our approach, since their emission and absorption 
properties can be tuned across the entire visible spectrum both by chemical composition (through 
anion exchange), and via quantum confinement37, 144-148. Furthermore perovskite emitters manifest 
excellent optical properties such as high quantum yield reaching almost unity, narrow emission 
linewidth, and negligible influence of self-absorption and Förster resonance energy transfer149.  

We demonstrate that by exploiting the SPEA and SPCE effects the spontaneous emission of the 
perovskite nanocrystals layer is enhanced by a factor of 4 for MIMIM with respect to their emission 
from a layer on the bare dielectric substrate. In order to highlight the contribution of both ENZ 
conditions, we present a comparison with a plasmonic structure that manifests only one ENZ 
regime in the absorption band of the fluorophore. For such a system, only the SPEA effect is 
present, which enables us to clearly separate the SPEA and SPCE contributions to the fluorophore 
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emission. For the single ENZ case we observe a small increase in emission (about a factor of 1.5) 
and only a slightly reduced decay time, while for the double-ENZ one four-fold enhancement of 
the emission, accompanied by a significantly shortened decay time are observed. We demonstrate 
experimentally and theoretically that tuning the thickness of the dielectric surface spacer layer to 
some tens of nanometers maximizes the PL enhancement and quantum yield. 

Recently, the occurrence of the ENZ condition has been demonstrated, in particular in 
metal/dielectric multilayers known as hyperbolic metamaterials, consisting of a high number of 
periodically stacked subwavelength metal(M)/insulator(I) pairs150-161. Usually, the design of the 
ENZ wavelength in these systems is carried out in the framework of the Effective Medium Theory 
(EMT). Although the EMT is found useful for a high number of layers, it fails to predict the salient 
features occurring in plasmonic systems made of an finite and small number (1,2,3…) of 
metal/insulator cavities, like the MIM  and MIMIM structures discussed here and illustrated in 
Figure 7.1a,b.  

 

Figure 6.1. Sketches of the (a) single ENZ (MIM) and (b) double ENZ structures. A 50 nm thick Al2O3 layer has been 
deposited on the top of each structure as a spacer between the dye (CsPbBr3 nanocrystals) and the Ag layer. 

 
Figure 6.1b shows the double-ENZ system, consisting in a double metal/insulator (MIMIM) 
plasmonic cavity, in comparison with a single ENZ (MIM) one (Figure 6.1a). Ag has been chosen 
as a metal due to its very good plasmonic properties and low losses in the band of interest (around 
500 nm wavelength), while Al2O3 has been used as a dielectric due to both its suitable refractive 
index and high transparency in the visible range. Scattering Matrix Method calculations allowed a 
precise design of the thickness of the layers that yielded 20 nm for Ag and 80 nm for Al2O3. An 
exhaustive description of the propagation of the light inside a MIM structure has been given by 
Meier 45 and for the MIMIM structure by Avrutsky et. al105. The MIMIM double cavity system 
supports four modes, of which only the two with a symmetrical field distribution persist162.  These 
modes are denominated Gap Plasmon Polaritons (GPP) and are extremely confined inside the 
structure. When the number of adjacent nanocavities (intended as the number of dielectric layers 
sandwiched between two silver ones) increases, a mutual repulsion of these modal indices occurs. 
This interaction between these cavity plasmon modes induces their hybridization163-164, thus giving 
rise to strongly confined bulk modes called Bulk Plasmon Polaritons (BPPs)105.  
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6.3 Materials and Methods: 
6.3.1 Fabrication of the MIM and MIMIM Structures 
MIM and MIMIM multilayers have been fabricated following the procedure discussed in 
experimental section 5.3.1 in chaper 5. 

ALD of alumina: Atomic layer deposition was carried out in a Flexal ALD system from Oxford 
Instruments, using a thermal process with a stage temperature of 110 °C, resulting in an alumina 
deposition rate of  0.09 nm/cycle. Tri-methylaluminate (TMA) and H2O were used as precursors, 
and we performed a pre-heating step for 300 s before stating the ALD cycles. Each cycle consisted 
of a H2O/purge/TMA/purge with a pulse durations of 0.075/6/0.033/2 seconds, respectively. 

6.3.2 Spectroscopic Ellipsometry  
The optical constants and thickness of the Ag and Al2O3 single layers, as well as those ones of the 
MIM and MIMIM structures, have been obtained by spectroscopic ellipsometry carried out by a 
V-VASE ellipsometer (Woollam). Reflectance (R) and transmittance (T) spectra were 
ellipsometrically measured, while the absorbance (A) of the MIM and MIMIM structures has been 
calculated from the measured transmittance and reflectance data as A=1-(T+R). Such an approach 
gives precise results for multilayers of smooth films. 

6.3.3 Electromagnetic Simulation 
Finite Elements Method based simulations were performed with the commercial software 
COMSOL Multiphysics. Simulation are full field, considering a monochromatic plane wave 
impinging at an angle of 40° as an excitation source.    

6.3.4 Synthesis of CsPbBr3 Nanocrystal 
CsPbBr3 nanocrystals were provided by the Nanochemistry group at IIT, and synthesized by 
following the procedure of Protesescu et al. with some minor modifications.28 Lead(II) bromide 
(PbBr2, 99.999% trace metals basis), cesium carbonate (Cs2CO3, reagentPlus, 99%), octadecene 
(ODE, technical grade, 90%), oleylamine (OLAM, 90%), oleic acid (OA, 90%) Ethyl acetate ( 
90%) and Toluene (TOL, anhydrous, 99.8%) were purchased from Sigma-Aldrich. 0.3 mmol of 
PbBr2 and 10ml of octadecene (ODE) were loaded in a 25ml 3-neck flask and dried under vacuum 
for 30 min at 120 °C. Degassed OA (Oleic Acid, 0.8 ml) and OAm (Oleylamine, 0.8ml) were 
injected under nitrogen flow. After complete dissolution of the PbBr2, the temperature was raised 
to 170 °C and 0.6 ml of previously synthesized Cs-oleate (0.125 M in ODE) was swiftly injected. 
Immediately after the injection, the NCs solution was quickly cooled down to room temperature 
with an ice water bath and the NCs were collected via high-speed centrifugation (at 12000 rpm for 
10 minutes), followed by redispersion in 3ml of toluene. The purification process was repeated 
again by adding 1ml of ethyl acetate, and finally, the NCs were dispersed into 2ml toluene. The 
deposition of CsPbBr3 NCs has been carried out by spin-coating at 2000 rpm for 60 seconds.  
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Figure 6.2. SEM analysis demonstrating the homogeneity of the NC films deposited on (a) bare alumina substrate, 
(b) MIM and, (c) MIMIM samples. 

 

 
6.3.5 Fluorescence Spectroscopy 
Photoluminescence (PL) on MIM and MIMIM structures coated with perovskites films on the top 
was measured with an Edinburgh Instruments fluorescence spectrometer (FLS920), which 
included a Xenon lamp with monochromator for steady-state PL excitation. The PL spectra 
recorded from MIM and MIMIM were obtained with an excitation wavelength of 400 nm by 
keeping excitation and emission slit width fixed at 2 nm and 1 nm, respectively. The spectra were 
recorded with 2 nm resolution and 0.5 second dwell time. Time resolved PL decay was studied 
with a time-correlated single-photon-counting unit coupled to a pulsed diode laser. The PL decay 
traces were recorded by exciting the sample at 405 nm with a 50 ps pulse at a repetition rate of 
0.05 – 1 MHz. The signal was collected at PL peak wavelength with a bandwidth of 10 nm. The 
PLQY of the films has been measured with a calibrated integrating sphere and an Edinburgh 
FLS900 fluorescence spectrometer. All the measurements were carried out on spin-coated 
perovskite films on MIM and MIMIM substrate with dimensions of 1.6´1.3 cm2 at an excitation 
wavelength of 400 nm. The optical density of the spin coated films was kept around 0.1 at the 
excitation wavelength. The signal was collected with an excitation and emission bandwidth of 10 
and 0.40 nm, respectively. 

6.4 Spectroscopic Ellipsometry 
6.4.1 Comparison between Effective Medium Theory and Experimental 
Effective Dielectric Permittivity: 
The optical properties of metal/dielectric stacks made of a sufficiently high number of bilayers are 
usually calculated in the framework of the Effective Medium Theory (EMT). Such an 
approximation is able to take into account the extreme anisotropic nature of the multilayers, giving 
at the same time a very good estimation of some of their principal features such as the topological 
transitions121 .  According to the EMT, a metal/dielectric periodic multilayer exhibits two dielectric 
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permittivities, one parallel to the layers surface ( ) and one perpendicular to them ( ), whose 
well known expressions are:  

																																			𝜖∥ =
øÿaÿ[øòaò
aÿ[aò

                                                                  (6.1) 

 
																																																														𝜖! =
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                                                                                       (6.2) 

        
However, the resonant propagation regime occurring in stacks made of an exiguous number of 
metal/dielectric bilayers is completely neglected by the EMT. In order to demonstrate this 
discrepancy, we reported in Figure 6.3 a comparison between the real part of  and  calculated 
with the equation 6.1 and 6.2, together with the experimentally measured effective permittivity by 
means of ellipsometry:  

 
Figure 6.3: Comparison between the experimental, ellipsometrically measured effective dielectric permittivity and 

the EMT expressions of   and  . 

As we discussed above, a MIMIM subwavelength structure constitutes a double plasmonic cavity. 
As such, it is possible to confine two plasmonic modes, corresponding to the so-called BPPs inside 
the dielectric layers that are sandwiched between nanometric metal mirrors. Figure 6.3 
demonstrates that the plasmonic modes correspond to an ENZ response for each cavity that match 
exactly the confined wavelengths. The orange curve in Figure 6.3 represents the experimental 
ellipsometrically measured dielectric permittivity of the MIMIM structure. The occurrence of the 
ENZ condition at both the two BPPs, as well as at the Ferrel-Berreman mode (around 327nm) is 
well evident as a zero crossing (see red dotted circles) of the dielectric permittivity curve. The 
effective permittivities (red and black curves) calculated by EMT completely neglect these 
features, and therefore are unable to describe the propagation in the two epsilon-near-zero regimes 
as well as in the Ferrel-Berreman mode.         
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      6.4.2 Double Epsilon-Near-Zero Mode 
In Chapter 5 we had detailed discussion of existence Epsilon near zero mode in both MIM and 
MIMIM systems. In order to exploit the novel phenomena like infinite photonic density of states 
(PDOS) at ENZ wavelength, MIM and MIMIM can be coupled to fluorophore in which the 
absorption and emission of the fluorophore are in resonance with the ENZ mode of MIM and 
MIMIM.  

 

Figure 6.4. (a,b) Transmittance (blue), Reflectance (green) and Absorbance (red) of a) the MIM and b) the MIMIM 
systems. (c,d) Ellipsometrically measured real (black) and imaginary (orange) part of the dielectric permittivity of the 
MIM (c) and MIMIM (d) structures. 

Figures 6.4a and 6.4b show the p-polarized reflectance (R) and transmittance (T) measured with 
an ellipsometer at a grazing angle of 40° for the MIM and MIMIM nanocavities. The absorbance 
(A) was then calculated as A=1-(T+R). As expected, for the MIM structure a maximum in 
absorbance is detected very close to the dip in reflection (see Figure 6.2.a), corresponding to the 
BPP mode of this structure at 425 nm. For the MIMIM system, as predicted, two BPPs modes are 
observed as maxima in absorbance, the first one at 373 nm and the second one at 510 nm. Both 
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the MIM and MIMIM structures manifest a peak in absorbance at λ=327 nm due to the well-known 
Ferrel-Berreman mode. The Ferrel Berreman mode constitutes a particular case of very low-loss 
BPP resonance, whose ENZ nature has been extensively  investigated by theory52,53. Even though 
in the SPEA process we do not take its contribution into account, its presence is of crucial 
importance for validating our experimental investigations. As mentioned before, the optical 
constants of metal/dielectric multilayers are usually approximated in the framework of the EMT. 
For structures with only a small number of layers, this method does not yield zero crossings in the 
effective permittivity dispersions at the frequencies of the BPPs, and therefore completely neglects 
their occurrence. Therefore, a direct measurement of the dielectric permittivities of both the MIM 
and MIMIM system is required. For this purpose ellipsometry is a powerful tool, and Figures 7.5c-
d show the ellipsometrically measured real and imaginary dielectric permittivities of the MIM and 
MIMIM multilayers, respectively. The ellipsometric investigation of the optical response of the 
MIM and MIMIM structures allows for a homogenization of their dielectric permittivities, i.e. the 
optical properties of the plasmonic multilayer structures can be fully described by a homogenized 
permittivity function. This approach illucidates the ENZ nature of the BPPs originating from the 
plasmonic multilayers, and is corroborated by reproducing the experimental transmission and 
reflection spectra with good accuracy. Ellipsometric measurements confirm the presence of the 
Ferrel-Berreman mode occurring in both the structures around 327 nm, highlighting its low loss 
ENZ nature. For the MIM structure, one other low-loss ENZ wavelength is detected at λ=425 nm, 
the BPP1 for which a corresponding maximum in absorbance is found. For the MIMIM structure, 
two low-loss ENZ modes are detected apart from the Ferrel-Berreman mode, the BPP1 and BPP2, 
respectively at 373 nm and 510 nm, which correspond precisely to the two measured absorbance 
peaks. 
 
6.4.3 Finite Element Simulation: 
In order to confirm the plasmonic nature and the nanometric confinement of the electric field inside 
the dielectric layers sandwiched between the silver ones, Finite Elements Method based 
simulations have been performed by using COMSOL Multiphysics. Figures 7.5b-c show the 
electric field inside and around the MIMIM multilayer induced by illumination at an angle of 40° 
incidence for wavelengths at 384 nm and 510 nm (the ENZ wavelengths). Clearly the electric field 
is strongly enhanced in the dielectric layers of the MIMIM structure at the BPP frequencies, due 
to the ENZ condition. This affects also the wave fronts which are almost parallel to the layers in 
the plasmonic cavity. We note that the simulated absorbance peak is found at 373 nm and therefore 
slightly shifted with respect to the experimental one at 384 nm. Figure 6.5a shows a comparison 
between the experimentally derived absorbance and the COMSOL simulation (red curve), 
calculated by integrating the electric field inside the two dielectric layers. The very good agreement 
in spectral position between experiments and simulations confirms the ENZ nature of the two 
absorbance peaks.  
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Figure 6.5. a) Experimentally measured absorbance (black) of the MIMIM structure and the corresponding COMSOL 
(red) simulation. Field propagation profile simulated at the two ENZ wavelengths found based on the COMSOL 
simulation, respectively at b) 384 nm and c) 510 nm. In both cases, the electric field remained strongly confined in 
the dielectric layers. 

6.5 Purcell Effect Enhancement 
6.5.1 SPEA and SPCE effect 
 
Recently, it has been demonstrated that the weak coupling based interaction between a fluorophore 
and a plasmonic absorber in its proximity induces the SPEA phenomenon137. Moreover, the 
possibility of reaching an extremely high Photonic Density of States (PDOS) in the proximity of 
the ENZ wavelength has been extensively demonstrated143, 165-166.  The hyperbolic (or indefinite) 
isofrequency surfaces occurring in the ENZ regimes allow wave vectors up to infinitely high 
values to propagate inside the metamaterial, which are usually known as “high-k modes”151, 153, 160, 

167. This effect results in an extremely high PDOS at the ENZ frequency. Due to the high PDOS, 
a fluorophore in the proximity of an ENZ medium experiences a high Purcell effect and, as a 
consequence, its decay time is strongly reduced.151, 153-154, 158  Eventually, such a high PDOS can 
lead to the enhancement of the spontaneous emission of a fluorophore, an effect known as SPCE. 
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The MIMIM plasmonic multilayer allows to take advantage of both the SPEA and SPCE effects 
at the same time, thanks to its double-ENZ resonating nature. In order to evaluate the SPEA and 
SPCE contributions to the PL and decay time, we compare the results of the MIMIM and MIM 
structures. Due to its single ENZ behavior the MIM system can solely exploit one resonance effect, 
which for CsPbBr3 nanocubes as a  dye is the SPEA. For CsPbBr3 nanocubes, (i) their absorption 
band falls within both the single plasmon band of the MIM system and the first plasmon band of 
the MIMIM structure, while (ii) their emission matches the second ENZ wavelength of the MIMIM 
system. Figure 6.6a shows the absorption and emission of the CsPbBr3 nanocubes together with 
the absorption bands of the MIM and MIMIM structures, confirming the above described overlap. 
The size and shape of the CsPbBr3 nanocubes are evident in the Transmission Electron Microscopy 
(TEM) image displayed in Figure 6.6b. 

6.5.2 Purcell Effect 
 

The position of the fluorophore with respect to the plasmonic cavity plays a crucial role for the 
emission enhancement. One of the best ways to maximize their interaction is to embed the 
fluorophore inside the plasmonic cavity.168-169 However, this requires technologically challenging 
processes in order to prevent the fluorophore’s degradation, and to ensure a suitable spacing from 
the plasmonic metallic elements at the same time.  A more facile approach consists in placing the 
fluorophore outside of the cavity, and in this case the distance to the cavity determines the emission 
properties.  Here, we used an alumina layer as a spacer between the MIMIM cavity and the 
perovskite emitter layer, and we tuned its thickness from 5 nm to 100 nm. We find a maximum in 
PL for a layer thickness of 50 nm as shown in the inset in Figure 6.6c. Since the dielectric spacer 
layer is of the same material as the dielectric layers in the MIMIM structure (forming a MIMIMI 
multilayer), it strongly influences the electric field distribution.  Finite elements simulations using 
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Figure 6.6. (a) Normalized absorption (blue line) and emission (green line) spectra of the CsPbBr3 nanocubes are 
plotted together with the MIM (dashed black curve) and MIMIM (dash-dot black curve) normalized absorbance. (b) 
TEM images of the CsPbBr3 nanocubes. (c) Spontaneous emission and (d) decay times of CsPbBr3 nanocubes 
deposited on a bare Al2O3 substrate (black), a MIM (red) and MIMIM (blue) structure. The inset in (c) shows the 
experimental PL intensity versus the thickness of the dielectric layer at the surface, together with the results obtained 
for the electric field with finite elements simulations (COMSOL). 

COMSOL show that the electric field is maximized for a spacer layer of 50 nm, in excellent 
agreement with our experimental data. A spacer layer with 50 nm thickness also strongly 
contributes to minimize the losses in PL induced by the metallic layers in the MIMIM structure. 
We emphasize that the spacing of the fluorophores to the metallic cavity can be well controlled 
without technological difficulty, and that our planar structure with the emitter layer on the surface 
ensures facile fluorophore deposition and accessibility for further needs. 

 
The photoluminescence (PL) spectra of the CsPbBr3 nanocubes are reported in Figure 6.6c for the 
three different cases: with the CsPbBr3 nanocubes film on the top of: (i) a simple 80 nm Al2O3 
layer, (ii) the MIM covered with a 50 nm thick Al2O3 spacer layer ,  and (iii) the MIMIM structure 
covered with a 50 nm thick Al2O3 spacer layer. A small increase of PL is found in the case of the 
MIM system that can be attributed to the SPEA effect. For the MIMIM multilayer, the PL 
experiences a noticeable four-fold enhancement, indicating that in this case both the SPEA and the 
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SPCE effects are taking place. The Time Correlated Single Photon Counting (TCSPC) 
measurements displayed in Figure 6.6d allow to access the spontaneous decay rate, and the fitting 
results for the life times with a three-exponential decay are reported in Table 6.1.  

Table  6.1: Lifetime for the three systems consisting in simple Al2O3, MIM and MIMIM structures 
with a 50 nm thick Al2O3 layer on the top, obtained from fitting the decay traces with a three-
exponential function. The average life time and the measured quantum yields (QYs) are also 
reported, as well as the calculated average radiative and non-radiative decay rates that were 
obtained using equations 1&2. 

 

 τ1 (ns) τ2 (ns) τ3 (ns) τAVG (ns) QY (%) Γ  (µs-1) Knr (µs-1) 
Al2O3 2.14 5.74 23.26 9.77 50 51.16 51.16 
MIM 1.27 4.23 20.5 6.32 35 55.33 102.76 

MIMIM 1.34 3.58 15.67 4.59 75 163.09 54.36 
 

In the proximity of the MIM structure, the lifetimes are shortened with respect to those of the bare 
Al2O3. It is worth mentioning that the MIM structure in this spectral range is extremely reflective, 
manifesting a strong metallic behavior. This is well known to occur in MIM structures above the 
ENZ wavelength since in that regime they start approaching the features of a so-called type II 
anisotropy typical of a hyperbolic metamaterial in the hyperbolic region. This increases the PDOS, 
which in turn, enhances the spontaneous decay rate. Comparing the MIM and MIMIM structures, 
we find that their fastest life time components τ$ are very similar (their difference of 50 ps is below 
the time resolution of our setup), while we observe significant reduced life time components τ7 
and τQ for the latter. We assign this reduction in life time to the increased PDOS provided by the 
SPCE effect, i.e. to the coupling of the spontaneous emission with the ENZ regime of the MIMIM 
system at 510 nm wavelength.  

 

We have measured the quantum yield (QY) obtained from the perovskite film on the Al2O3, MIM, 
and MIMIM substrates, taking the absorbance of each non-coated substrate into account. We 
obtained a QY of 50% from the perovskite film on the Al2O3, 35% QY on the MIM, and a high 
QY of at least 75% on the MIMIM, as reported in Table 1. The decrease in QY from the Al2O3 to 
the MIM reflects the weak SPEA effect and the losses induced by the metallic layers, whereas the 
strong increase to 75% or higher for the MIMIM can be attributed to the plasmonic enhancement 
by the SPCE process. With the QY values and the values τ"#$ for average lifetime we can calculate 
the average radiative and non-radiative decay rates, using equation 2.26 and 2.27 (in chapter 2)                                                                                                               
We obtain a strongly enhanced radiative decay rate for the MIMIM structure, and enhanced non-
radiative decay in the MIM system that reflects the losses due to the vicinity of the metallic layers. 
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Since the PL and QY are strongly enhanced in the MIMIM structure, we can conclude that double 
ENZ condition leads to an enhanced PDOS that acts on the radiative decay of the nanocrystals, 
manifesting the Purcell effect. 

 
6.6 Chapter Summary  
 
We demonstrated the possibility to exploit the dual resonant nature of a specifically designed 
double-ENZ MIMIM multilayer in order to enhance both the absorbance, and the 
photoluminescence together with the decay rate of a film of CsPbBr3 perovskite nanocrystals 
deposited on the top of the layer structure. Thanks to the special plasmonic features of the MIMIM 
system, two ENZ wavelengths at 373 nm and 510 nm that represent the BPP modes of this structure 
could be theoretically designed and directly experimentally measured by means of spectroscopic 
ellipsometry. In the MIMIM system, the PDOS is greatly enhanced in the absorption and emission 
bands of the dye and therefore both the SPEA and SPCE phenomena take place. This leads to a 
noticeable enhancement of the spontaneously emitted photons and of their decay rates from a 
fluorophore layer at the surface, in comparison with the MIM system, where only the SPEA effect 
is present. We demonstrate the possibility to enhance the Purcell effect without metallic grating 
couplers and sophisticated lithography processes. The double-ENZ MIMIM multilayer shows 
wide design flexibility, since the two ENZ wavelengths can be tuned in the whole visible range, 
making this system compatible with all large variety dyes. The system we investigated here 
represents a versatile platform for engineering the PL and decay rate enhancement of a desired 
fluorophore, and allows for facile design and fabrication of the plasmonic cavity as well as for the 
deposition of the fluorophores. Furthermore, the ease of fabrication is suitable for large surfaces 
and compatible with requirements for biomedical sensing and low threshold lasers.   

 
 
 
 
            
 
 
 
 
 
 
(Note: Results presented in this chapter are already published (V. Caligiuri et al., ACS 
Photonics, 2018, 5 (6), pp 2287–2294, My personal contribution to this work includes sample 
fabrication and characterization, fluorescence spectroscopy measurements, ellipsometry analysis)  
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Chapter 7: 
 

Robust and Bright Photoluminescence from Colloidal 
Nanocrystal/Al2O3 Composite Films Fabricated by Atomic Layer 
Deposition 
 

7.1 Abstract: Colloidal nanocrystals are a promising fluorescent class of materials, whose 
spontaneous emission features can be tuned over a broad spectral range via their composition, 
geometry and size. However, towards embedding nanocrystals films in elaborated device 
geometries, one significant drawback is the sensitivity of their emission properties on further 
fabrication processes like lithography, metal or oxide deposition etc..  In this chapter, we 
demonstrate how bright emitting and robust thin films can be obtained by combining nanocrystal 
deposition from solutions via spin-coating with subsequent atomic layer deposition of alumina. 
For the resulting composite films, the layer thickness can be controlled on the nanoscale, and their 
refractive index can be finely tuned by the amount of deposited alumina. Ellipsometry is used to 
measure the real and imaginary part of the dielectric permittivity, which gives direct access to the 
wavelength dependent refractive index absorbance of the film. Detailed analysis of the 
photophysics of thin films of core-shell nanocrystal with different shape and different shell 
thickness allow to correlate the behavior of the photoluminescence and of the decay life time to 
the changes in the non-radiative rate that are induced by the alumina deposition. We show that the 
photoemission properties of such composite films are stable in wavelength and intensity over 
several months, and that the photoluminescence completely recovers from heating processes up to 
240 °C. The latter is particularly interesting, since it demonstrates robustness to the typical heat 
treatment that is needed in several process steps like resist-based lithography and deposition by 
thermal or electron beam evaporation of metals or oxides.  

7.2 Introduction:  
Colloidal nanocrystals  have recently drawn significant interest for applications in light emitting 
devices due to their size and shape dependent optical and electronics properties, like narrow 
emission band and ultra-high photoluminescence quantum yield (PLQY).78-81  In particular, core-
shell structures are an efficient structure to reduce the influence of surface defects and allow for 
more bright and stable emission.170-175 However, the stability of nanocrystals in thin films is 
significantly reduced, and their degradation caused by device fabrication processing and over time 
still hinders their use in effective optoelectronic devices.176-177 In order to overcome this limitation, 
several methods have been studied,  among which embedding the colloidal nanocrystals in a 
polymer matrix178-180 or coating them with dielectric oxides 64, 181-186 revealed promising.  
Concerning coating of nanocrystal films with dielectric oxides, Atomic Layer Deposition (ALD) 
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has the advantage that the voids present in the thin films constitute suitable sites for the gaseous 
precursors acting in ALD.64  Therefore ALD can efficiently infill these voids, which results in a 
compact composite film in which the nanocrystals are embedded in a dielectric matrix. 182-183, 186 
We deposit alumina via ALD on nanocrystal films consisting of CdSe/ZnS core-shell 
nanoparticles, called dot-in-dots (DiDs) in the following, and CdSe/CdS dot-in-rods (DiRs). We 
chose those two materials, because on one hand they are among the most prominent colloidal 
nanomaterials used for light emission,187-193 and because their difference in shape and architecture 
leads to different optical properties.194-195 For example, DiRs can manifest polarized emission, and 
their elongated shape results in more porous films obtained by spin-coating. Although the PL 
intensity of the nanocrystal films is reduced by alumina deposition with just a few ALD cycles, 
we find that it recovers significantly once the infilling of the film is completed, which typically 
happens at 20-50 ALD cycles. Furthermore, the refractive index of the composite layer can be 
tuned to higher values with increasing amount of deposited alumina, until it saturates when the 
film is fully filled and the overcoating of the nanocrystal layer takes place. Concerning the study 
of the optical properties of such films, ellipsometry is extremely useful, both for evaluating the 
refractive index (via the real part of the dielectric permittivity) and for measuring the absorbance 
of the thin nanocrystal films via the imaginary part of the permittivity. The latter is usually 
problematic to measure in detail in transmission experiments, due to considerable background that 
originates from light scattering. Finally, composites films, where the nanocrystal layer has been 
fully overcoated by alumina, are robust to temperature treatment up to 240 °C, and maintain their 
PL intensity over several months of storage. 
7.3 Materials and Methods: 
7.3.1 Nanocrystal Materials: CdSe/ZnS DiDs stabilized with octadecylamine ligands were 
purchased from Sigma Aldrich (product number 790192) and dispersed in toluene with a 
concentration of 5mg/mL.  

               

Figure 7.1. (a) Transmission electron micrograph of CdSe/ZnS Dots-in-Dots NCs (b) Photoluminescence and optical 
absorption spectra of CdSe/ZnS Dots-in-Dots in solution. 
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The CdSe/CdS DiRs were obtained from Dr. Prachi Rastogi from our group. For the thin-shell 
CdSe/CdS DiRs, first the CdSe cores with diameter of 4.3 nm were synthesized and purified 
according to the procedure described by Carbone et al..174 For the shell growth, 90 mg of cadmium 
oxide was mixed together with 480 mg of ODPA, 3 mg TOPO and 60 mg HPA in a flask, and 
degassed at 130 0C for an hour. Then 100 µM of the CdSe cores dispersed in S:TOP(90 mg:1.5 
gm) were swiftly injected at 365 0C into the flask under nitrogen atmosphere. After 8 minutes, the 
growth was terminated by cooling down the reaction. The samples were purified by precipitation 
with methanol, followed by centrifugation and resuspension in toluene.  

 
Figure 7.2. (a) Transmission electron micrograph of CdSe/CdS Dots-in-Rods NCs (b) Photoluminescence and optical 
absorption spectra of CdSe/CdS Dots-in-Rods in solution. 

 
 The thick-shell DiRs were synthesized from CdSe cores with 4.2 nm diameter according to the 

procedure described in Rastogi et al..39 These DiRs had a diameter of 9 nm and a length of 17 nm. 

 
Figure 7.3. (a) Transmission electron micrograph of thick-shell CdSe/CdS Dots-in-Rods NCs (b) Photoluminscence 
and optical absorption spectra of thick-shell  CdSe/CdS Dots-in-Rods in solution. 

 
 
 

7.3.2 Film Preparation:  The DIR and DID films were spin-coated on glass substrates at 3000 
rpm for 1 minute, which resulted in a thickness of 33±3 nm and 25±2 nm for DIR and DID film 
respectively. The film thickness was measured with a Dektak profilometer. Figure 3.1(b,c) in 
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chapter 3 shows electron micrograph of spincoated DID and DIR film. SEM micrograph of ALD 
coated (100 cycles) DIR film and its cross-sectional image are shown in figure 3.6. 

 

 
7.3.3 ALD of Alumina: Atomic layer deposition was carried out in a Flexal ALD system from 
Oxford Instruments, using a thermal process with a stage temperature of 110 °C, resulting in an 
alumina deposition rate of  0.09 nm/cycle. Tri-methylaluminate (TMA) and H2O were used as 
precursors, and we performed a pre-heating step for 300 s before stating the ALD cycles. Each 
cycle consisted of a H2O/purge/TMA/purge with a pulse durations of 0.075/6/0.033/2 seconds, 
respectively.  
7.4 Ellipsometry on ALD Coated NCs Film 
 
7.4.1 Experimental Method 
Spectroscopic Ellipsometry has been performed by with a V-VASE ellipsometer by Woollam in 
the range from 300 nm to 900 nm. Spectroscopic analysis, reflectance and transmittance spectra 
have been acquired at three different angles (50, 60, and 70°). Additionally, in order to refine the 
fit, normal incidence transmittance has been collected as well and fitted in the model. All 
measurements have been conducted with a resolution of 3 nm, and have been normalized to the 
intensity of the Xe lamp.     

 
7.4.2 Tuning Refractive Index of ALD Coated NCs 
 
The infilling and overcoating of the nanocrystal layer with alumina can be expected to modify the 
dielectric properties of the composite film, therefore, we have analyzed the dielectric permittivity 
by ellipsometry. Figure 7.4a and Figure 7.4c show the real part of the dielectric permittivity of the 
composite nanocrystal/alumina films as a function of the number of ALD cycles, measured at their 
respective emission wavelength. As expected from filling the voids in the film with a high 
refractive index material such as alumina, 𝜀′, taken at the maximum of the PL peak, initially 
strongly increases with the number of ALD cycles (in the infilling regime), and eventually 
saturates in the overcoating regime. The DiD film manifests a sharp increase in dielectric constant 
within the first 20 ALD cycles, with a total increase from 3.41 to 3.62. For the DiR sample we 
observe an equally strong increase of 0.2 in 𝜀′ (from 3.52 to 3.72) in the infilling regime that occurs 
more gradually, which that can be related to the slower filling of the larger amount of voids present 
in the DiR nanocrystal film. In this respect, the data obtained by ellipsometry allows us to 
distinguish the infilling from the overcoating regime more precisely. 
7.4.3 Infilling and Overcoating Regime  

 
Another way to differentiate between infilling and overcoating regime was to measure the film 
thickness after each interval of ALD cycles and compare it to the ellipsometry data. For a small 
number of cycles, we can expect that the alumina fills the voids in the nanocrystal film, as 
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illustrated in Figure 7.5a, and refer to this process as “infilling” in the following. Once the voids 
have been completely filled, the ALD of alumina increases the thickness of the layer, which can 
be related to overcoating of the composite layer with alumina (see Figure 7.5b). Once the voids 
have been completely filled, the ALD of alumina increases the thickness of the layer, which can 
be related to overcoating of the composite layer with alumina (see Figure 7.5c). 

 
 

Figure 7.4 (a) and (c) depict the real part of the dielectric permittivity (ε’) acquired at the emission peak 
wavelength of DiD (a) and DiR (c), as a function of the number of ALD cycles. The shaded area highlights the 
infilling regime in which the permittivity increases. (b) and (d) show spectroscopic ellipsometry analysis of the 
imaginary part of the dielectric permittivity (ε’’) of the CdSe/ZnS DiD (b) and CdSe/CdS DiR (d) films. The 
contribution originating from the absorbance of the cores and the shells of the two systems have been fitted by 
means of lorentzian oscillators 

 
following. Once the voids have been completely filled, the ALD of alumina increases the thickness 
of the layer, which can be related to overcoating of the composite layer with alumina (see Figure 
7.5c). We measured the thickness of the films before and after the alumina deposition with a 
profilometer, as shown in Figure 7.5c. We find that up to around 20 cycles the film thickness 
remains more or less constant, followed by a linear increase. This allows us to distinguish the 
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infilling (flat) from the overcoating (linear increase) range, as illustrated by the shaded area in 
Figure 7.5c. 

 

 
Figure 7.5 (a,b) Simplified schemes of a partially infilled (a) and an overcoated (b) nanocrystal film on a planar 
substrate. (c) Film thickness versus number of ALD cycles for DiD (red) and DiR (blue) films. The shaded region 
indicates the “infilling” regime, in which the alumina is deposited within the nanocrystals in the film, i.e. without 
significantly increasing the thickness of the layer. 

7.4.4 Effective Tool for Determining Band gap for Thin Film 
The absorption spectrum of a thin nanocrystal film is often problematic to measure in optical 
transmission experiments, for example with a spectrophotometer, since the morphology of the film 
results in considerable scattering. This light scattering typically leads to a pronounced tail in the 
absorption spectrum that camouflages details in this spectral range, which can make the 
assignment of the precise onset in absorption difficult. Another option that works extremely well 
for thin nanocrystal films is to access their absorbance by measuring the imaginary part of complex 
dielectric permittivity by ellipsometry. Figure 7.6 shows a comparison of the measured absorption 
and dielectric permittivity spectra of a composite nanocrystal film.  The imaginary part of complex 
dielectric permittivity provides a direct measure of the absorbance, and allows for a very accurate  
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Figure 7.6. Comparison of the absorption spectra obtained via a spectrophotometer (Cary 5000) with the imaginary 
part of the dielectric permittivity measured with ellipsometry for DiD (a) and DiR (b) films on glass. Clearly, the 
features related to the optical transitions are more pronounced in the spectra obtained by ellipsometry. 

 
assignment of the absorbance onset (i.e. the optical band gap), and higher energy transitions, as 
can be seen in Figures 7.4b and 7.4d. In particular, the contributions to the total absorbance 
deriving from the CdSe cores and CdS shells of the nanocrystals are evident in the spectra. These 
contributions  can be quantitatively evaluated by modelling with damped harmonic oscillators111, 

196-197, which allows fitting of the resonances with the following complex term that contributes to 
the permittivity as given by equation 4.6 in chapter 4. In terms of the Lorentzian oscillator model, 
α is the oscillator strength, and β represents the damping of the oscillator. We note that eq. (8.1) is 
intrinsically Kramers-KrÖnig consistent, and that the real imaginary part of the function is 
equivalent to the description of light absorption in eq. (3) in Jellison et al.196 The parameters related 
to the optical transitions in the CdSe/ZnS DiD and CdSe/CdS DiR nanocrystal films assigned to 
the core-shell band structure are reported in Table 7.1. 
Table 7.1. Energy, oscillator strength and broadening of the core and shell transitions of the DiD 
and DiR nanocrystal films obtained by ellipsometry. 

 E0 (eV) Α Β  
DiD Core 2.09 0.015 0.199  
DiD Shell 2.67 0.081 0.507  
DiR Core 2.003 0.039 0.093  
DiR Shell 2.63 0.181 0.118  

 
7.5 Fluorescence Spectroscopy on ALD Coated NCs Film 

 
Experimental Method: PL on nanocrystals in solution and in films were carried out with an 
Edinburgh Instruments fluorescence spectrometer (FLS920), which included a Xenon lamp with 
monochromator for steady-state PL excitation. The PL spectra recorded from films were obtained 
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with an excitation wavelength of 400 nm by keeping excitation and emission slit width fixed at 2 
nm and 1 nm, respectively. The spectra were recorded with 2 nm resolution and 0.5 second dwell 
time. Time resolved PL decay was studied with a time-correlated single-photon-counting unit 
coupled to a pulsed diode laser. The PL decay traces were recorded by exciting the sample at 405 
nm with a 50 ps pulse at a repetition rate of 0.05 – 1 MHz. The signal was collected at PL peak 
wavelength with a bandwidth of 10 nm. The PLQY of the films has been measured with a 
calibrated integrating sphere and an Edinburgh FLS900 fluorescence spectrometer. All the 
measurements were carried out on spin-coated NCs film on glass substrate with dimensions of 
1.6´1.3 cm2 at an excitation wavelength of 400 nm. The optical density of the films was kept 
around 0.1 at the excitation wavelength. The signal was collected with an excitation and emission 
bandwidth of 10 and 0.40 nm, respectively. 

               Figure 7.7 shows the emission properties of the different films for CdSe/ZnS DiDs, and 
CdSe/CdS DiRs with respect to the number of ALD cycles. In all cases, we observe a rapid 
decrease in PL intensity within the first few cycles of ALD, followed by a recovery, and eventually 
again a much slower decrease. The maximum in recovery correlates very well with the transition 
from the infilling to the overcoating regime. For the DiRs, the photoluminescence quantum yield 
(PLQY) shows a similar behaviour as the PL amplitude, and in the case of the thick-shell DiRs, it 
reaches even higher values at 100 ALD cycles as compared to the PLQY of the initial DiR layer. 
Concerning the DiDs, the PLQY is overall lower and remains more or less constant, within the 
error margins. The average life time of the emission was evaluated by fitting the decay traces 
obtained in TCSPC measurements at the peak maximum with a three-exponential function. For 
the DiDs and thin-shell DiRs it decreases for few ALD cycles, recovers around 100 ALD cycles 
and for 200 ALD cycles the average life time is consistently larger than that of the bare nanocrystal 
layer. For the thick-shell DiR films no decrease, but just an increase of the average life time is 
observed, and the values of the average life times are much larger than those of the thinner shell 
nanocrystals. The overall much larger life time of the thick-shell DiRs is in good agreement with 
those reported in ref.198. Next, we calculate the average radiative and non-radiative decay rates 
using equation 2.26 and 2.27 (chapter 2). 

The average radiative and non-radiative rates are plotted in the lowest panels of Figure 7.7. We 
find that the ALD coating mainly affects the non-radiative rate for the DiDs and thin-shell DiRs, 
while the radiative rate remains more or less constant. For the thick-shell DiRs the radiative and 
non-radiative rates are only marginally affected by the alumina coating.  
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Figure 7.7. Photo-physical properties of DiD (a), thin-shell DiR (b), and thick-shell DiR (c) films coated with alumina 
via different number ALD cycles. The PL amplitude at the peak maximum, the PLQY, average life time, and the 
radiative and non-radiative decay rates are reported.  

From this set of data, we can draw the following conclusions. For few cycles of ALD alumina 
coating the surface passivation of the nanocrystals, initially provided by the organic surface 
ligands, is deteriorated by the deposition of alumina that occurred at a temperature of 110 °C. 
Therefore, the non-radiative rate increases for the nanocrystals with a thin shell (DiDs and DiRs 
in (b)), which results in a decrease PL, PLQY, and average life time. Once the nanocrystal layer is 
completely filled and slightly overcoated with alumina (at 100 ALD cycles), the nanocrystal 
surface is again well protected from environmental influences that could quench the emission, and 
therefore the PL signal has recovered. The magnitude of the recovery depends on the quality of 
the surface passivation in the composite film, and on the sensitivity of the nanocrystal emission to 
surface effects. The DiDs that manifest more tightly confined excitons to the CdSe core region (by 
a thicker and higher bandgap shell) as compared to the thin-shell DiRs show an almost complete 
recovery of their PL (up to 96%), while the thin-shell DiRs recover only 70 % of their original PL. 
Also, the recovery of the PL in the DiD films occurs at lower number of ALD cycles (50 for DiDs, 
while 100 for DiRs), which directly relates to the faster infilling due to the much smaller void 
volume. The increase in PLQY and the much smaller impact of the alumina coating on the non-
radiative rate in the case of thick-shell DiRs can be related to their increased insensitivity to surface 
modifications188 and their long average PL decay times 198. 

 
7.6 ALD on Monolayer Films Fabricated by Langmuir Blodgett Method 
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7.6.1 Monolayer Film Preparation: 
Langmuir Blodgett troughs made from teflon with a volume capacity of 15 mL were filled with 8 
mL of diethylene glycol. 20 µL of DiD NCs solution in hexane (1 mg/mL) were drop-cast on the 
top of diethylene glycol and the wells were covered for 10 minutes to ensure slow evaporation of 
hexane. Then the cover was removed, and the residual hexane was left to evaporate. After this, a 
yellow-colored floating film was formed over diethylene glycol. The film was fished from the 
solution with a glass substrate of size 5´5 mm2, and dried on a hot plate at 80 °C to remove any 
remaining glycol. 
 
7.6.2 Photoluminescence: 
 
We coated a monolayer of DiDs that was fabricated by Langmuir Blodgett deposition with alumina 
by ALD in order to evaluate the influence of the NC film thickness on the emission properties. 
The results are depicted in Figure 7.8 and overall show a similar behaviour as the NC films 
described above, although the recovery in PL intensity reaches only up to 80 % and occurs slightly 
earlier (at 40 cycles). 
 
7.7 Stability 
7.7.1 Thermal Stability: 
Heat treatment: The substrates were placed on a hot plate under ambient conditions and the PL 
was collected, under excitation at 350 nm with diode laser, with a lens and optical fiber coupled to 
an Ocean Optics (HR4000) spectrometer. 

 
The overcoating of the nanocrystal films with alumina should lead to an improved stability of the 
optical properties towards harsh environmental conditions. Figure 7.9 and 7.10 shows the PL 
intensity recorded versus temperature in a heating and cooling cycle from 300 K to 520 K, 
normalized to its initial value at room temperature (300 K). In all cases the PL intensity strongly 
decreases with increasing temperature, following an Arrhenius behavior. However, for the non-
coated films we observe also a significant reduction of the PL at RT after a completed temperature 
cycle that can be related to heat-induced degradation of the nanocrystals in the film, or of their 
surface 
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Figure 7.8. PL spectra recorded for different number of ALD alumina coating cycles for a monolayer of DiDs 
fabricated by Langmuir Blodgett deposition. 
 

 
passivation. On the contrary, the alumina overcoated nanocrystal films are robust to this 
temperature treatment and maintain over 80 % of the PL for the DiDs, and 100% for the DiR after 
the cycle at RT (Fig. 7.9 and 7.10).  We tentatively attribute the slight decrease in PL observed for 
the alumina coated DiD films to temperature induced changes at their surface, since the 
octadecylamine ligands used for these commercially available CdSe/ZnS might suffer from 
degradation at this temperature. 
 
The robustness of the alumina overcoated DiR film to the heating up to 520K allows for fitting of 
the data with the Arrhenius formula:199-202, 203  

																									𝐼(𝑇) = 	 $

$[�	¼x�&P
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)Ì*

+
                                                                 (6.4)                                                                              

Where I(T) is the normalized PL intensity, C is a constant taking the non-radiative recombination 
into account, EA is the activation energy related to the non-radiative recombination process, and kB 
is the Boltzmann constant.   
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Figure 7.9. PL spectra recorded from non-coated DiD films (a-b), and from DiD films that were coated with 200 ALD 
cycles of alumina (c-d). 
 
 

The fitting in Figure 7.12(d) yields an activation energy of around 0.3 eV, which is in reasonable 
agreement with the trap depths estimated for CdSe/CdS core-shell structures in 200. The deposition 
of approximately 20 nm of alumina by 200 ALD cycles effectively protects the NC film from 
degradation due to oxidation at elevated temperatures, which indicates an effective sealing from 
the gases present in ambient atmosphere.  
7.7.2 Stability in Air: 

 
The ALD coating process with alumina is also able to protect the nanocrystal surface from 
degradation under ambient conditions for extended periods of time. Figures 7.11 (e,f) show the PL 
peak intensity,  normalized to its value measured directly after film preparation, after 3 months of 
sample storage for different number of ALD cycles, i.e. for different amounts of alumina 
deposition that result  in infilling and overcoating of the nanocrystal layer. 
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Figure 7.10. PL spectra recorded from non-coated DiR films (a-b), and from DiR films that were coated with 200 
ALD cycles of alumina (c-d).  

 
While partial filling of the nanocrystal layer does not increase the shelf stability, we clearly observe 
that overcoating the nanocrystal layer with 200 ALD cycles of alumina leads to stable emission 
intensity even after three months of sample storage. On the other hand, ALD infilling and 
overcoating of the NC layers results in a reduction of the conductance of the film if measured in 
vertical configuration.  

 
Figure 7.11. PL intensity versus temperature measured under ambient conditions for (a) non-coated DiD films, (b) 
DiD films coated by 200 ALD cycles of alumina, (c) non-coated DiR films and (d) DiR films coated by 200 ALD 
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cycles of alumina. (e,f) PL intensity recorded after 3 months of shelf time for nanocrystal films of DiDs (e) and DiRs 
(f) that were coated with  different number of ALD cycles. 

 
7.8 Chapter Summary: 

 
We reported the fabrication of composite colloidal nanocrystal/alumina films in which the infilling 
and overcoating regimes of the nanocrystal layer can be controlled precisely by ellipsometry. In 
the infilling regime, the dielectric constant of the composite film can be tuned by the amount of 
deposited alumina. PL intensity and decay dynamics recover close to their original values for 
alumina overcoated films. The alumina overcoated nanocrystal films manifest robust and stable 
PL emission, both over time and with respect to heating of the film. This improvement of the film 
stability enables post-processing of the films without deteriorating their emission, for example by 
lithography techniques and metal deposition. Together with the opportunity to tailor the optical 
properties like refractive index, these properties are highly advantageous for controlling, for 
example, the coupling to plasmonic structures that potentially can be fabricated on top of the 
overcoated films, and which can lead to increased performance in LEDs or in energy harvesting.  
Furthermore, robust layered structures are promising for applications in metamaterial based nano-
lasers, nano-lenses and sensors where highly emissive and high-refractive index gain materials are 
required. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(Note: Results presented in this chapter are already published M. Palei et al., ACS Appl. Mater. 
Interfaces, 2018, 10 (26), pp 22356–22362, My personal contribution to this work includes sample 
fabrication and characterization, fluorescence spectroscopy measurements, temperature dependent 
PL measurements, ellipsometry analysis)  
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Chapter 8 
 

Dye Inside a Planar Nanocavity: Coupling of Epsilon-Near-Zero 
Resonances with Excitons 
 
8.1 Abstract:  
Coupling between plasmons and emitters has attracted large interest. Plasmon-Exciton coupling 
gives rise to a mixed state that can be seen as a quasi-particle called “Plexciton”.59 Such a 
phenomenon has been demonstrated in nanostructured materials, manifesting strong light 
confinement at small volume, typically requiring very demanding nanofabrication processes. Here, 
we fabricate MIM cavities with emitters integrated in the insulator layer, thus in the region of the 
strongest field enhancement. The ENZ resonance of the MIM cavity is tuned to the emission 
wavelength of the emitters, which represent a necessary requisite to obtain strong coupling. The 
fabrication process followed the approach of fabricating planar nanocavities made of metal and 
insulator, where the emitting nanocrystal layer is embedded in the dielectric layer. By tuning the 
volume fraction of the emitter layer and cavity thickness, we achieved the resonance matching 
condition of the cavity resonance with the nanocrystal emission.  
 
8.2 Introduction:  
 
When two systems with equal natural frequency interact via an energy exchange channel, they 
hybridize their optical response and new coupled modes arise. The splitting of these hybrid modes 
directly depends on the coupling strength. The system is then said to be in the strong coupling 
regime. 
 
Strong coupling phenomena are observed in several fields. Among these, Light-Matter interaction 
stands out to be promising and shows a wide variety of strong coupling interactions. Gruber et. al. 
have shown strong coupling between silver nanowire and quantum dots where the quantum dot 
emission is strongly enhanced.204 Similarly, strong coupling between localized surface plasmon 
and excitons has been demonstrated in a silver nano-shell  geometry.205 Strong mode splitting in 
photoluminescence have been demonstrated recently for a single silver nanoprism coupled to 
quantum dot, which manifests plasmon-exciton coupling in a hybrid system.206 One possible 
alternative to such complicated nano-structures is constituted by systems showing optical 
transitions at the same frequency as the exciton. Among these, the ENZ MIM cavities considered 
in this work are very good candidates. 
 
 In Chapter 4 we have demonstrated strong coupling between two stacked passive MIM cavities. 
FEM analysis carried out in chapter 4 for MIM superabsorber suggests that, in the case of the even 
mode, the electric field confined inside the cavity is maximum at the center of the dielectric core. 
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Hence embedding the fluorophore inside the MIM and MIMIM nanocavities constitutes the most 
promising condition to reach the highest energy exchange between the fluorophores and the cavity.  
 
                                
The exciton-ENZ mode coupling has been investigated by Photoluminescence Excitation (PLE) 
of the fluorophore embedded in the cavity. This analysis reveals the occurrence of a new peak, that 
may be ascribed to the hybridization of the high energy ENZ mode and the exciton. These 
preliminary results constitute the basis for a more detailed analysis on the ENZ-exciton strong 
coupling regime.    
 
8.3 Materials and Methods: 
8.3.1 Fabrication of MIM and MIMIM 
MIM and MIMIM multilayers have been fabricated via a combined e-beam (PVD 75 from Lesker) 
/ALD (FlexAL from Oxford Instruments) multistep procedure, including the deposition of a QDs 
layer via spin-coating.  

Step 1: Ag (30nm) is deposited via E-beam evaporation.  

Step 2: Al2O3 (50nm) bilayer is deposited via E-beam evaporation on the top of the Ag layer. 

Step 3: A CdSe/ZnS (DID) quantum dot layer is spin-coated above the Al2O3 layer. 

Step 4: On the top of the QDs layer, a second 50nm Al2O3 film is deposited by means of thermal 
ALD at 110 °C. 

Step 5: A 30nm Ag layer is deposited via E-beam evaporation. 

This completes one MIM stack with an embedded emitter layer.  The procedure is repeated on the 
top of the MIM, starting from step 2, in order to create a MIMIM structure.  

ALD of Alumina: Atomic layer deposition was carried out in a Flexal ALD system from Oxford 
Instruments, using a thermal process with a stage temperature of 110 °C, resulting in an alumina 
deposition rate of  0.09 nm/cycle. Tri-methylaluminate (TMA) and H2O were used as precursors, 
and we performed a pre-heating step for 300 s before stating the ALD cycles. Each cycle consisted 
of a H2O/purge/TMA/purge with a pulse durations of 0.075/6/0.033/2 seconds, respectively. 

8.3.2 Nanocrystal Materials: CdSe/ZnS DiDs stabilized with octadecylamine ligands 
were purchased from Sigma Aldrich (product number 790192) and dispersed in toluene with a 
concentration of 5mg/mL. TEM, PL and absorbance of CdSe/ZnS DiDs (in toluene) are shown in 
figure 8.1.  
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Film preparation:  The DID films were spin-coated on glass substrates at 3000 rpm for 1 minute, 
which resulted in a thickness of 25±2 nm. The film thickness was measured with a Dektak 
profilometer.  

 
8.3.3 Ellipsometry on MIM and MIMIM with an Embedded QD layer  
 
The characterization of the optical properties of all the fabricated multilayer structures has been 
conducted by spectroscopic Ellipsometry with a Vertical Vase ellipsometer by Woollam, in the 
range from 300-900 nm. We analyzed both delta and psi step by step, after each layer is formed 
in MIM and MIMIM, which will give information about the thickness of each layer and hence 
the whole cavity in order to match with resonance of the cavity with fluorophore emission band. 
Spectroscopic analysis has been carried out at three different angles (50°, 60° and 70°) with a 
step of 3 nm. P-Polarized reflectance and transmittance measurements have been performed via 
ellipsometry, in a broad range of angles, which comprises the case of 40° discussed in this work. 
The resolution for recording the spectra was 3 nm, and all spectra have been normalized to the 
intensity of the Xe lamp. 

 
   
8.3.4 Fluorescence Spectroscopy 
 
PL and PLE measures on MIM and MIMIM with an embedded QD layer were taken with an 
Edinburgh Instruments fluorescence spectrometer (FLS920), which included a Xenon lamp with 
monochromator for steady-state PL excitation. The PL spectra recorded from MIM and MIMIM 
structures were obtained with an excitation wavelength of 400 nm by keeping excitation and 
emission slit width fixed at 2 nm and 1 nm, respectively. The spectra were recorded with 2 nm 
resolution and 0.5 second dwell time. PLE spectra were recorded keeping the emission at 620 nm 
and the excitation range from 400 to 600 nm. All the measurements were carried out on substrate 
of dimensions 1.6´1.3 cm2 at an excitation wavelength of 400 nm.  
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8.4 Results and Discussions: 
8.4.1 Spectroscopic Ellipsometry on MIM and MIMIM with an Embedded 
QD Layer  

 
Figure 8.1 (a,b) Shows p-polarized transmittance, reflectance, absorbance at 40º for MIM (a) and MIMIM (b) 
nanocavities with an embedded DID layer in the insulator layer, compared to the normalized PL and absorbance of 
the CdSe/ZnS DID  nanocrystal layers. (c,d)  Real and imaginary of dielectric constant over a spectral range from 300 
to 900 nm for MIM (c) and MIMIM (D) structures with NC films embedded inside. 
 
Figures 8.1a and 8.1b show the p-polarized reflectance (R) and transmittance (T) measured via 
ellipsometry at a grazing angle of 40° for the MIM and MIMIM nanocavities. The absorbance (A) 
was then calculated as A=1-(T+R). For the MIM structure, a maximum in absorbance is detected 
very close to the dip in reflection (Figure 8.1a) which corresponds to the  even ENZ mode at 530 
nm. For the MIMIM system, two ENZ modes are observed (Figure 8.1b) at 510nm (odd mode) 
and  at 606nm (even mode). Both MIM and MIMIM show a peak in absorbance at 327nm which 
is attributed to the well-known Ferrel-Berreman mode of silver. By embedding a layer of QDs, the 
MIM and MIMIM systems are no more like passive as described in chapter 5 and 6. In order to 
demonstrate the ENZ behavior of the resonance, a direct measurement of real and imaginary 
dielectric permittivity has been performed with the help of spectroscopic ellipsometer as shown in 
Figure 8.1c and d. The ellipsometric investigation of optical response of MIM and MIMIM with 
the DID layer embedded inside allows for homogenization of their dielectric permitivities, which 
means that the optical properties of the multilayer of metal/dielectric/DID layer can be described 
by homogenized permittivity function. For the MIM with DID layer embedded inside, the low-
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loss ENZ mode is at 𝜆 = 530𝑛𝑚, called the ENZ1 mode, where the maximum in absorbance was 
found. For the MIMIM with two DID layers sandwiched in each dielectric layer, two low-loss 
ENZ modes (absorbance maxima) are detected apart from the low loss Ferrel-Berreman mode at 
327, which are called ENZ1 and ENZ2 mode at 510 nm and 606 nm, respectively.  

 
8.5 Chapter Summary: 
 
In this chapter, we introduced simple realization of effective coupling between ENZ mode of MIM 
and MIMIM planar nanocavities with excitons of semiconductor QDs. A simple fabrication steps 
involving several deposition techniques are highlighted. The cavity resonances of MIM and 
MIMIM system are successfully tuned to QDs absorption and emission band in order to achieve 
maximum coupling between them. This paves the way of complicated nanostructuring processes, 
which has been a conventional technique to achieve strong coupling in light matter interaction. 
However, detail analysis related to fluorescent spectroscopic measurement are yet to be monitored. 
Understanding novel optical properties of such hybrid structure and simultaneously uncovering 
the hidden novelty of ENZ coupling with exciton will be the future direction of the work.  
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Chapter 9 
Summary and Outlook: 
 
In this thesis we have shown that MIM nanocavities can be used to tune the electromagnetic waves 
at frequencies in the visible, in a broad spectral range. We demonstrated that the resonant modes 
of MIM structures are low loss ENZ resonances. Thereby we circumvented the difficulty involved 
in realization of ENZ material in the visible. Moreover, the low loss ENZ mode are radiative by 
nature, and lead to a strong enhancement of the photonic density of states (PDOS). Coupling and 
hybridization of ENZ modes has been demonstrated in a more complicated system where one MIM 
cavity is placed above the other. These novel properties are further explored by coupling ENZ 
modes in MIM and MIMIM structures to fluorophores both placed above and inside the cavity. 
The planar and more straight forward fabrication technique involved in MIM and MIMIM hybrid 
system are promising for ‘flatland photonics’ devices.  
 
We investigated and discussed the resonant tunneling of photons in a layered metal/insulator/metal 
(MIM) quantum well system comprising of silver as metal layer and alumina as dielectric layer 
(chapter 6). An analogy between tunneling of electrons and photons has been discussed. The 
tunneling of a photon in a metal/insulator/metal system is analogous to the tunneling phenomena 
ocurring for electrons in a tunnel diode. Here, for photons, the square of the imaginary part of the 
refractive index of the metal layer behaves like an optical barrier potential. We experimentally 
verified that these resonant tunneling modes coincide with low loss ENZ modes and they can be 
tuned in the whole visible range by changing the dielectric layer thickness. Further investigation 
in this direction revealed that asymmetric MIM structures with a thick bottom metal layer acts as 
a superabsorber, and can be used as a versatile refractive index sensor. Moreover, strong 
hybridization of ENZ resonances has been demonstrated for coupled MIMIM systems, evidenced 
by mode anticrossing. We demonstrated how the strong interaction of the two MIM nano-
resonators composing the MIMIM takes place via the shared central Ag layer, which leads to a 
strong hybridization of the resonant modes, experimentally found in the order of 6 times the 
linewidth of the resonances, optimizable up to 20 times, as demonstrated theoretically.  The narrow 
mode linewidth, together with the high versatility of the MIMIM that allows fine positioning of 
the ENZ modes in the entire visible range, makes such systems an ideal platform for exploring the 
weak and strong coupling between ENZ modes and excitons.  The plasmonic nature of ENZ 
resonances is further exploited in chapter 6, where spontaneous emission of perovskites 
nanocrystals is enhanced by coupling to the planar nanocavities of MIM and MIMIM. We noticed 
a 1.5 times enhancement in PLQY and 3 times enhancement in radiative decay rate in perovskites 
nanocrystal by coupling to MIMIM nanocavities.  
 
Further, COMSOL simulation infer that the highest field enhancement is within the dielectric 
layers in the MIM and MIMIM nanocavities. This encouraged us to embed the emitter inside these 
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layers. However, the optical properties of colloidal NCs are strongly modified when surrounded 
by a different medium, which was the prime concern before embedding such emitters inside the 
cavity. Hence, in chapter 7 we demonstrated the fabrication of a composite film of alumina and 
nanocrystals, which is a necessary requisite for embedding it inside MIM and MIMIM 
nanocavities, and retaining the nanocrystal optical properties. We noticed a full recovery of 
photoluminescence properties of alumina/NCs composite films that were obtained by coating the 
NC film with few nanometers of alumina layer. Coating with alumina slightly enhances the 
refractive index of the composite layer and hence, which can be advantageous for  lasing and other 
optical devices. Moreover, long term stability has been demonstrated for alumina/NCs composite 
systems both in ambient and after heating processes up to 200°C, which increases their 
compatibility with fabrication processes and enables wide application in solid state optical and 
plasmonic devices.  This allows us to make hybrid MIM and MIMIM nanocavities with quantum 
dot layers embedded inside, as shown in chapter 8. We achieved low loss resonance matching 
conditions between ENZ modes of the MIM and MIMIM structures to the absorbance and 
emission of NCs.  
 
      Looking towards the future, epsilon near zero materials hold a great promise for future 
application in the field of quantum communication. There has been recent development of optical 
analogues of a lumped circuit element, where optical elements act as effective optical inductors, 
capacitors and resistors. Such optical circuitry requires the photonic equivalent of electrical wires 
that can carry optical frequency signals to and from the lumped circuit elements, with signal carrier 
wavelengths much larger than the size of the lumped elements. In this regard, metal/insulator/metal 
systems set an ideal platform. Together with their ENZ behavior, nanostructured MIM systems 
can be coupled easily to the free space radiation without any momentum matching, which gives 
immense advantages for transmission of optical signals both inside and outside of the nanocavity. 
Metal/insulator/metal systems have the potential to provide a key component and a realistic 
framework for designing optical circuitry. Moreover, epsilon-near-zero materials have become 
quite important for controlling the propagation of the light and it’s enhancement by several order 
of magnitude. Given this advance, it is very important to look for various quantum electrodynamic 
processes and information tasks near the ENZ materials. It is shown that with ENZ materials, a 
significant entanglement can be achieved over larger distances than for simple metallic films. MIM 
and MIMIM structures as planar systems provide an ideal platform for such quantum information 
processes. For example, one can study the entanglement between two two-level systems near the 
MIM and MIMIM ENZ cavities. Further, MIM and MIMIM hybrid systems with nanocrystals 
layer embedded inside hold great promise for efficient light matter coupling. In this thesis we 
established a method on how to integrate light emitting nanocrystal layers into MIM and MIMIM 
cavities. The next objective is to investigate if strong coupling, i.e. mode anticrossing, between the 
ENZ resonance and the emission of the nanocrystals can be achieved. We already have some 
promising, preliminary results on new peaks in the absorbance of such a composite structure that 
we obtained by PL excitation spectroscopy, and where we discerned additional peaks. These 
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observations need more detailed investigation. Furthermore, lateral structuring of the MIM and 
MIMIM systems will be highly interesting, and should provide novel properties and possibilities 
for light matter coupling.  
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Appendix A 
Polarization Dependent Plasmon Enhanced Fluorescence of 
Nanocrystals on Anisotropic Gold Nanostructures 
 
 
A.1 Fabrication of Gold Nanostructure: 
 The gold nanostructures obtained by shadow evaporation on etched glass substrates were provided 
by the group of Prof. Buatier. Detailed information about the sample fabrication can be found in 
the work of Repetto et. al. 207 The substrates are cut in to pieces of size 5´5 mm2 and cleaned with 
gentle flow of nitrogen gas. They are further analyzed by SEM to rule out any possible damage 
during cutting. Figure A.2a shows SEM micrograph of the nanostructured substrate. 
 
A.2 CdSe/ZnS Nanocrystal Material: 
CdSe/ZnS DiDs stabilized with octadecylamine ligands were purchased from Sigma Aldrich 
(product number 790192) and dispersed in toluene with a concentration of 5mg/mL. TEM, PL and 
absorbance of CdSe/ZnS DiDs (in toluene) are shown in figure 8.1.  

 
            
A.3 Monolayer Film Deposition on Nanostructured Substrate: 
Langmuir Blodgett troughs made from teflon with a volume capacity of 15 mL were filled with 8 
mL of diethylene glycol. 20 µL of DiD NCs solution in hexane (1 mg/mL) were drop-cast on the 
top of diethylene glycol and the wells were covered for 10 minutes to ensure slow evaporation of 
hexane. Then the cover was removed, and the residual hexane was left to evaporate. After this, a 
yellow-colored floating film was formed over diethylene glycol. The film was fished from the 
solution with a nanostructured substrate of size 5´5 mm2, and dried on a hot plate at 80 °C to 
remove any remaining glycol. 
 
A.4 Fluorescence Spectroscopy on Monolayer of DID Deposited over 
Nanostructured Gold Substrate 
PL on nanocrystals in solution and in films were carried out with an Edinburgh Instruments 
fluorescence spectrometer (FLS920), which included a Xenon lamp with monochromator for 
steady-state PL excitation. The PL spectra recorded from films on nanostructured surface were 
obtained with an excitation wavelength of 405 nm diode laser by keeping excitation slit full and 
emission slit width fixed at 10 nm. The spectra were recorded with 2 nm resolution and 0.5 second 
dwell time. Time resolved PL decay was studied with a time-correlated single-photon-counting 
unit coupled to a pulsed diode laser. The PL decay traces were recorded by exciting the sample at 
405 nm with a 50 ps pulse at a repetition rate of 0.05 – 1 MHz. The signal was collected at PL peak 
wavelength with a bandwidth of 10 nm. All the measurements were carried out on monolayer DID 
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films on nanostructured gold substrate deposited by Langmuir Blodgett approach and with 
dimensions of 5´5 mm2 at an excitation wavelength of 405 nm.  

 
A.5 Results and Discussions: 
 
Here we used anisotropic gold nanostructure of thickness 22 nm and pitch 80 nm. LSPRs of such 
nanostructure are tuned to 620 nm in a substrate size of 5´5 mm2 as shown by reflectance spectra 
in figure A.1b. This overlap in frequency enables to couple to fluorophores whose emission 
maximum tuned to LSPRs of our gold nanostructure. However, the roughness and fragile nature 
of the gold nanostructures hinders the possibility of surface coating by means of spin coating. In 
order to overcome this issue, we adopted a Langmuir-Blodgett approach as explained in detail 
above. Figures A.1c,d show SEM micrographs of monolayer CdSe/ZnS DID film over 
nanostructure gold substrate coated by 5nm of alumina layer deposited by atomic layer deposition 
(ALD). The thin layer of alumina helps to avoid possible quenching due to metal. The 
nanostructured gold wires are known to have polarization dependent LSPRs response.  

 
Figure A.1 a) Scanning electron micrograph of nanostructured gold substrate b) Reflectance spectra taken at normal 
incidence with Cary 5000 spectrometer c,d) Scanning electron micrograph of monolayer CdSe/ZnS Dots-in-Dots 
deposited on nanostructured gold substrate 
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We probe both photoluminescence and lifetime of the DiD film by analyzing the polarization 
dependence of the emission.  Figure A.2 shows experimental set up for the measurement of PL 
and lifetime. The set up includes a diode laser at 405 nm passing through a quarter wave plate 
(QWP) oriented at 45° with its fast axis to the linear polarization of the laser. This gives a circular 
polarized beam which further passed through a lens before it is incident on the sample. Circular 
polarized light in the incidence was chosen in order to avoid any linear polarization influence from 
the excitation source.  

 
 
Figure A.2 Experimental setup for polarization dependent photoluminescence and lifetime measurements of DiD films 
on a nanostructured gold surface. 

 
 
The emission was detected in reflection mode using a lens, linear polarizer and a half wave plate 
(HWP) before it reaches to the detector. The linear polarizer is used to analyze the polarization of 
the emitted light, and the half wave plate (HWP) was used to restore the polarization alignment 
with respect to the detector, i.e. the linear grating of the spectrometer.  
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Figure A.3 Experimentally measured photoluminescence and decay lifetime with a circular polarized light (405nm) 
at excitation and by analyzing the linear polarization in detection a) NW axis perpendicular b) NW axis parallel to the 
0° axis. 

 
Although we would have expected and increased PL intensity and decreased lifetime when the 
polarizer was oriented perpendicular to the gold nanowire axis, i.e. when the emission polarization 
is in resonance with the LSPR of the nanowire structure, we did not observe any distinct 
polarization dependence. This was verified by rotating the sample by 90° with respect to the optics 
(as in Fig. A.3 (b)), which revealed that discrepancies in the signal were not systematic with the 
polarization angle. 
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Appendix B 
Tunneling of photons through a potential barrier 

 

Figure B1. Sketch of the photonic tunneling configuration. The thin metal layer represents the optical potential barrier. 
Since the real part of the refractive index of the metal is negligible with respect to the imaginary one, the propagation 
through the metal is purely evanescent. The thickness of barrier is given by the physical thickness of the metal layer. 

 
The Schrödinger equation outside the barrier, i.e. in the dielectric, is the one of a free particle: 

 

                                                                  (B1) 

kd=k0n , where k0 =2π/λ and n is the refractive index of the dielectric in which the propagation 
takes place. Since n is a real number, the solutions of Equation B1 assume the form of a complex 
exponential, representing an harmonic propagating wave. The wavefunction outside the barrier 
results, therefore, equal to:  
Region I: 

 
                                                                 (B2) 

Region III: 

 
                                                                  (B3) 

The Schrödinger equation in Region II, in the barrier, is can be written as: 

 

                                                                  (B4) 

being kM=ik0 κ, it follows that (kM)2 =-(k0κ)2 , such that solutions of Equation B4 are decaying 
exponentials in Region II, i.e. inside the barrier:

 Region II: 

 
                                                                 (B5) 

By applying suitable boundary conditions to the wavefunctions and their derivatives at the 
interfaces, we obtain the following set of equations, as depicted in Figure B1: 
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                                                     (B6) 

 
where kD= k0n. This system can be solved for the quantity F/A that represents the transmissivity 
of the system. The tunneling probability through the barrier is then equal to |F/A|2 : 

 
                                                               (B7) 

Even though Equation B7 provides the exact solution for the tunneling probability through the 
barrier, it is usually approximated by the more convenient expression:  

 
                                                                  (B8) 

Equation B8 expresses the approximated tunneling probability of a photon through a metallic 
barrier. 
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Appendix C 
Bound Modes and Quasi-bound Modes of Metal-Insulator-Metal 
(MIM) System  
 
C.1 Bound Modes for a Thick Metal Barriers Potential Well 
 
A MIM cavity composed by a dielectric core of thickness tD and real refractive index nD , and two 
metal layers with thickness tM (that is much higher than their skin depth) and an imaginary 
refractive index kM can be modeled as a finite potential well with infinitely thick barriers as 
depicted in Figure C1a:  
 

 

Figure C1. Sketch of the Finite Square Potential Well (FSPW) configuration with infinite thickness of the metal layers 
that reproduces with high accuracy the resonance frequencies of a MIM with thick metallic layers. The exact 
dispersion relation for these modes is given in Equation C6 and Equation C7. The even mode confined in the MIM 
has the shape sketched in red. (b) Sketch of the Leaky MIM that can be modeled by a double barrier potential well. In 
this case, the two potential barriers are too thin to lead to truly bound modes, such that quasi-bound modes with a 
dispersion relation described in Equation C10 and Equation C11 have to be used. This case models with very high 
accuracy the resonances of the Leaky MIM, in which the thickness of the metal layers is comparable to their skin 
depth. 

The Schrödinger equation in the dielectric medium is expressed in Equation B1 and returns 
harmonic propagating waves, while in the metallic claddings the wavefunction decays 
exponentially, since the Schrödinger equation in this region is the one reported in Equation B4. 
The particular symmetry of the geometry of the problem as modeled in Figure C1a allows to look 
for symmetric and antisymmetric modes, considering only one half of the cavity. Therefore, in the 
dielectric core, the wavefunction is equal to:  

 

 

                                                                  (C1) 
                                                                  (C2) 

 
while in the metallic layers the wavefunction decays exponentially: 

,
 

                                                                  (C3) 
 

);cos()( xkAx Deven =Y

);sin()( xkAx Dodd =Y

)exp( 0 xkB k-



 103 

An intrinsic expression for the dispersion relation of the even modes of the MIM cavity can be 
found by setting the equivalence between Equation C10 and C11 and of their derivatives at the 
interface of the two domains: 

 

                                                                (C4) 
                                                                (C5) 

Dividing Equation C5 by Equation C4: 

,
 

                                                                  (C6) 

Equation C6 equals Equation (6.3) of the main text, and can be solved graphically so that the 
crossing points between the two curves are the even modes of the MIM nano-cavity with very 
thick metal layers. When looking for odd modes, Equation C2 has to be considered instead of 
Equation C1, leading to: 

,
 

                                                                  (C7) 

 
Equation C7 is equal to Equation (6.4) of the main text, and represents the dispersion relation for 
the antisymmetric modes of the MIM cavity with thick metal walls. 
 
C.2 Bound Modes for a Thin Metal Barriers Potential Well 
 
When the thickness of the metal layers approaches the skin depth of the metal, a new scenario 
opens, in which the MIM can be modeled as a leaky cavity. Indeed, since photons can escape the 
quantum well, the modes are quasi-bound. It is still possible to find  eigenstates of the leaky MIM. 
Since the wavefunction does not go to zero in the metal layers, an additional phase component has 
to be added. This phase delay is equal to the tunneling probability of the photon through the metal 
barrier as expressed in Equation B8. The most convenient way to take this contribution into 
account is by directly adding the tunneling phase component to the wavefunctions in Equation C1 
and C2: 

 

 

(C8) 
(C9) 

Such approximation leads to the modified dispersion relation for the quasi-bound symmetric, 
Equation 6.5, and antisymmetric, Equation 6.6, modes of the leaky MIM cavity discussed in the 
main text: 
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