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CHAPTER 1: INTRODUCTION AND METHODS 

 

1.1 Foreword: a hitchhiker’s guide to the thesis 

The main aim of the research reported in this doctoral thesis is to explore, as the title suggests, 

the electronic and structural properties of quantum confined lead-halide perovskites. The drive 

for these kind of studies resides in the promising optoelectronic applications that such materials 

have due to their high defect tolerance, intense absorption and emission and high charge 

transport, aspects which will be covered later in the following sections. Despite the large amount 

of experimental literature on the interesting spectroscopic properties of such materials, some of 

the fundamental physics remains to be explored, especially in the case of confined systems, 

where additional factors come into play in determining the electronic structure and therefore 

the excitonic properties.  

The modelling methods employed are diverse according to the level of representation required 

to study different phenomena: in Chapter 3 an analytical model that uses first principle 

calculations as starting point is developed, as the main focus is constituted by the interactions at 

an atomic orbital level and their subsequent effects on the spectroscopic properties of 

nanocrystals, whereas in Chapter 2 Density Functional Theory (DFT) is used to study the structural 

variations of 2D halide perovskites due to different ligands or external conditions. 

It has been shown that the spectroscopic properties of such quantum confined perovskites can 

be improved via Purcell effect by coupling them to photonic structures that are able to enhance 

the electric field at particular wavelengths. The simplest and most practical of such structures is 

made by a series of alternated layers of a metal and a dielectric material. When the two external 

layers are metals, resonances occur in the system, Chapter 4 deals with elucidating the nature of 

such resonances through a parallelism with fundamental models from quantum mechanics. 

Indeed these nanocavities are confined systems for photons, therefore the most natural 

framework to address the resulting effects is the fundamental physics of the particle in a 

potential well.

 

1.2 A general introduction on hybrid lead-halide perovskites 

Hybrid organic-inorganic metal halide perovskites with general formula ABX3 (A = organic 

molecular cation; B = Ge, Sn, Pb; X = halide such as Cl, Br, I) have recently received attention 

because of their importance for third-generation solar cells1–3. Power conversion efficiency of 

solar cells based on such compounds has rapidly increased from 3.8% in 20094 to 23%5,6 , making 

hybrid perovskites one of the fastest advancing solar technology to date7. In particular lead-based 

perovskites have attracted interest due to the wide variety of optoelectronic properties that can 
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be accessed by substituting (also partially) the halide used, modifying the shape or the 

nanostructuring of the final material or using external stimuli such as pressure and temperature8.  

For example, while bulk perovskites with their low binding energy are excellent for charge 

separation, nanocrystals display high photoluminescence quantum yields; the emission 

wavelength can be tuned not only by acting on the shape and on the level of quantum 

confinement, or by changing the composition, but also by using different organic compounds 

that indirectly affect the electronic states. Moreover, the hybrid nature of such perovskites 

makes it possible to combine the easy solution processability, typical of organic materials, to the 

unique semiconducting properties of inorganic lead halides. The result is a flexible class of 

materials with potential applications not only in photovoltaics9 but as optoelectronic10,11, 

piezoelectric12,13, or thermoelectric materials14,15. 

An intense research effort concentrated on clarifying the fundamental properties of perovskites 

has shown that the impressive photovoltaic performance is ultimately derived from the lead 

halide inorganic sublattice. This provides not only high optical absorption, but also a  tuneable 

band gap within the visible range16–18, low exciton binding energies19,20, high carrier mobilities, 

of both electrons and holes based on small effective masses21–23 and long diffusion lengths24–26.  

Figure 1.1 depicts the structure of a general lead-halide perovskite. As aforementioned, most of 

the interesting optoelectronic properties are due to the band structure: the valence band is 

constituted by antibonding combinations of halide-p6 and Pb 6-s2 atomic orbitals while 

conduction bands main contributors are antibonding combinations of halide-p6 and Pb 6-p0 

atomic orbitals27–29. The role of the A-site cation is nevertheless important; although not directly 

involved in the optoelectronic properties, organic molecules used as countercations (generally 

organoammoniums such as methyl ammonium or formamidinium) can play a fundamental role 

in achieving structural stability and can indirectly influence the electronic structure by generating 

distortions and, especially in the case of confined systems, making the lattice more or less 

susceptible to the effects of external stimuli such as temperature and pressure30–33. Moreover, 

the presence of such cations which are not spherically symmetric can break inversion symmetry 

and therefore lead to the insurgence of Rashba splitting, as spin-orbit coupling is present in such 

systems containing heavy atoms34,35. Although Rashba splitting has been considered responsible 

for the long excitons lifetimes, several studies have shown that this effect is not large enough to 

account for the measured values even at the nanoscale36,37. Finally, it has been shown that the 

distortions caused by the orientations of such molecules, which can bind to halide anions strongly 

through H-bonds, can generate small variations in the bandgap and the directions of molecular 

motions are strictly related to the phase transitions occurring in bulk lead-halide perovskites38.  

It is therefore clear that different properties can be achieved by changing the chemical 

composition, acting either on the A-site cation, which can influence tilting and distortions of the 

octahedra (and therefore Pb-halide orbitalic overlap), or on the halide or mixture of halides in 

various ratios, provided that the requirements of the Goldschmidt39 or newly developed40  

tolerance factors are fulfilled (e.g. t ~ 1  or τ < 4). 
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Another way of modifying the electronic structure and the photophysical properties of lead-

halide perovskites resides in the reduction of dimensionality either at the atomic level or at the 

macroscopic shape level (in the review on the topic by Zhu and Zhu41 these two aspects are 

referred to as “material-level” and structure-level”). At the atomic level, quantum confinement 

can be achieved by reducing the interconnectivity between the octahedra: for example, using 

different A-cations in different concentrations can lead to layered materials (2D perovskites 

A2MX4 with confinement in one dimension), “wired” materials (1D perovskites AMX4 with 

confinement in two dimensions42) or “dotted” materials (0D perovskites A4MX6 with confinement 

in the three dimensions and all the octahedra separated43). On the macroscopic level, quantum 

confinement is achieved by forming nanostructures such as nanoplatelets, nanowires or 

nanocrystals of any of the aforementioned compounds. 

The resulting quantum confinement achieved by these approaches deeply influences electronic 

properties such as the bandgap or the exciton binding energy, as well as the ability to generate 

non-linear optical response. Among all these possibilities, this thesis will be focused on two 

specific aspects: the effect of different organic ligands on spectroscopic properties when only 

one dimension is confined and the development of a new approach to evaluate spectroscopic 

properties of 3D perovskites in the form of nanocrystals of different dimensions. 

 

1.3 An overview of 2D layered perovskites 

2D perovskites have been explored especially for their resistance to moisture and temperature 

coupled with a relatively simple synthetic route. These materials are made of (001) planes of 

octahedra separated by large organic A-site cations that can have either one or two binding 

functional groups. In the first case the crystalline structure forms due to the Van der Waals 

interactions taking place between such A-site cations with adjacent planes shifted along (110) 

(Ruddlesden-Popper structure, A2PbX4 formula unit), while in the second case the cation forms 

ionic and/or hydrogen bonds with each of two adjacent layers in an eclipsed geometry (Dion-

Jacobson, APbX4 formula unit), as shown in Figure 1.1b44. Layered lead-halide perovskites can be 

formed also by considering the (110) plane of 3D perovskite, but in this thesis we will focus 

exclusively on the aforementioned (001) 2D perovskites. These structures allow the formation of 

bulk crystals that retain the electronic properties of 2D structures as the final material is 

composed of layers of semiconductor separated by insulating organic ligands. The great 

advantages of such materials reside in the simple control of the electronic properties through the 

thickness of the inorganic layer, achieved by changing the synthesis procedure, and in the facility 

of handling the final product as it presents itself in a bulk form, although in the case of 

Ruddlesden-Popper structure can also be easily exfoliated45,46. The valence band maximum 

(VBM) and conduction band minimum (CBM) have been found to originate from the hybridization 

of Pb-6s2 and I-5px
2py

2 orbitals and from Pb-6p0 orbitals respectively, not only for one-

octahedron-thick structures (n = 1) but also for compounds featuring thicker inorganic layers
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 (n > 1)47. This points towards the optoelectronic response being mainly dependent on the in-

plane properties and geometry, although especially for n = 1 systems the dielectric environment, 

thus the ligand used, can affect the excitonic energy via Coulombic screening. 47–49. Furthermore, 

ligands have a strong impact on the excited state decay dynamics through electron-phonon 

interactions: in particular stiffer systems, where more rigid or strongly interacting ligands are 

used, weaken the electron-phonon coupling at room temperature thus increasing the exciton 

lifetime. Indeed, molecular dynamics studies as well as photoluminescence and electrical 

measurements have shown that the geometry and chemical bonding in the inorganic sublattices 

are dynamically affected by the interactions with the organic spacers, which therefore indirectly 

affect orbitalic overlap and transport properties50–53.  

One of the most intriguing and interesting properties that make n = 1 2D layered perovskites 

appealing for applications as light emitters, is the broad band white luminescence54 (Figure 1.1c), 

although it is not yet completely clarified which are the parameters that most enable and 

enhance this effect, with some studies hypothesizing self-trapped excitons being responsible for 

this emission well below the bandgap55–57. In brief, self-trapped excitons can be regarded as 

localised excitons that strongly couple to lattice distortions or phonons, similar to molecular 

excited states. Therefore the probability of forming such self-trapped excitons is once more 

related to the “softness”, to the possibility of geometrical movements in the lattice, which can 

be related to the presence of defects and vacancies and with the possibility of the ligands to 

move and rearrange, underlining once more their importance. Given all this information, we can 

understand that as a rule of thumb, Ruddlesden-Popper structures with alkylic ligands that are 

allowed many geometrical rearrangements enhance the intensity of the broad band 

photoluminescence, while more rigid ligands or Dion-Jacobson structures improve the charge 

transport and lifetime53. Ultimately, it is clear that understanding the role of ligands provides 

access to the vast library of organic compounds as a mean to finely control and design the optical 

and transport properties of 2D lead-halide perovskites. In Chapter 2 the effect of different 

binding groups and different chains on the spectroscopic properties of such materials are 

explored. 
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Figure 1.1: a) Schematic representation of general perovskite structure (reprinted with permission 

from ref. 45). b) Schematic representation of the Dion-Jacobson and Ruddlesden-Popper 2D 

perovskites: the green lines represent the organic ligands with the binding site highlighted by a 

circle. c) Emission spectrum of several 2D Ruddlesden-Popper APbBr3 crystals, from a just accepted 

work. d) Colloidal solutions of lead-halide perovskite nanocrystals with corresponding 

photoluminescence (PL) spectra as reported by Protesescu et al. (reprinted with permission from 

ref.58) e) Comparison between experimental and theoretical photoluminescence lifetime results  as 

an example of the theoretical attempts made to understand the physics of excitonic states in CsPbX3 

nanocrystals (reprinted with permission from ref.59). f) Excitonic level ordering in CsPbBr3 

nanocrystals as suggested in ref.60 (reprinted with permission from ref.60). 

 

1.4 Nanocrystals: confinement in 3D 

In 2015 Protesescu et al. published a synthesis procedure for all-inorganic CsPbX3 nanocrystals 

with high photoluminescence quantum yield, showing the dependence of the transition energy 

on the chemical composition and on the nanocrystals size (Figure 1.1d). The results of this work 

drew a lot of attention from the scientific community into seeking technological applications and 

in understanding the fundamental physics and chemistry that affect the optoelectronic 

properties.  These nanocrystals are usually produced in colloidal solution, and aggregation is 

prevented by using large amounts of bulky organic ligands. Further details on the various 

synthetic routes can be found in ref.8,61.  As we have seen in the general introduction, hybrid 

perovskites tend to be more stable as organic cations better occupy the A-site compared to Cs+, 

therefore facilitating the synthesis62, however they introduce complexity due to the dynamic 

distortions they can induce. Fundamental studies concerning nanocrystals have to account for
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 further issues as the increase of the surface to volume ratio brings about several phenomena 

such as exciton confinement, Coulomb screening from the environment, surface reconstruction 

due to non-perfect coverage by the ligands and in general a larger number of defects both in the 

crystal and at its surface that can affect the electronic properties, for example acting as trap 

states. Due to this increased number of parameters, theoretical studies on perovskite 

nanocrystals generally deal with CsPbX3 which can still give rise to distortions but without 

creating directional strong bonds with the halide anion, completely destroying the symmetry. 

Moreover, the most studied composition is the CsPbBr3 as many synthetic routes have been 

developed that produce stable crystals of various sizes, from bulk to 2-3nm, thus meaning that a 

lot of detailed experimental results are available. However, such materials emit primarily in the 

green-blue region of the visible spectrum. To access the low-energy range, which is useful for 

optoelectronics as well as for applications in solar cells, iodide-based compounds are necessary 

(chloride-based ones shift the emission further in the high-energy region of the spectrum), but 

experimental data concerning stable nanocrystals are much more difficult to retrieve. 

Most of the Density Functional Theory/molecular dynamics studies present in literature deal with 

the stability of nanocrystals and the effect of defects and vacancies both within the crystal and 

at the surface. These kind of studies revealed a relatively high tolerance to surface defects63,64, 

explored the nature and the mechanism of formation of trap states as stemming from interstitial 

excess or vacancy defects64,65, and were able to give an estimate of the bandgap at various 

temperature and in presence of methylammonium66. Further insight in the physics underlying 

the electronic properties of nanocrystals has been achieved through the development of 

analytical models (Figure 1.1e). Most of these models have been developed for the high-

symmetry phases (cubic and tetragonal) in order to be able to exploit the symmetry. They are 

built using 𝒌 ∙ 𝒑 methods to which subsequent corrections are applied to include the effects of 

crystal field, spin-orbit coupling, short- and long-range exchange59,60,67,68. The aim of most of 

these models is to explore the exciton fine structure of such nanocrystals and understand the 

ordering of the excited states as well as the phenomena that determine it. In particular, it has 

been shown how the dielectric environment60 and the exchange interactions67,68 affect each 

state: for the weak confinement regime each term can cause variations of the order of 1-2 meV, 

whereas in strong confinement regime (NC size smaller than 5 nm) dielectric confinement  are 

expected to cause splittings of up to 10 meV between the lowest excited state and the higher 

excited states, with the second to fourth excitons remaining almost degenerate. However a 

debate is still ongoing concerning the exciton binding energy and the role of Rashba splitting in 

determining the spectroscopic properties of each state. Models predict the Rashba splitting to 

cause an inversion of the singlet state with one of the triplet states, thus making the lowest state 

a bright triplet state, but this is in contrast with experimental measurement performed in 

presence of a magnetic field69 that assigned the lowest exciton to a dark singlet state, although 

similar measurements didn’t show such underlying dark state70,71. Note that the nomenclature 

“triplet” and “singlet” in the cited papers refers to the values for the total angular momentum 
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J = L +S as the orbital angular momentum L and the spin angular momentum S interact due to 

spin-orbit coupling.  

In Chapter 3 the effects of exchange and Coulomb interactions as well as surface screening on 

the excitonic states are evaluated using a tight-binding Hamiltonian built on the basis of atomic 

orbitals of NCs. This approach makes use of first principle calculations exclusively to obtain the 

tight-binding parameters, and the excitonic states are computed using the Bethe-Salpeter 

equation. 

Despite the aforementioned open questions, lead-halide perovskite NCs have been extensively 

studied for applications in LEDs and solar cells, and have been used as dyes together with other 

quantum dots to probe the electromagnetic properties of photonic systems72–74. These studies 

bring us to the last topic of this introductive chapter. 

 

1.5 Optical cavities: confining photons  

Lead-halide perovskite nanocrystals show high photoluminescence quantum yields, however 

their surface instabilities makes them prone to the formation of surface traps that might hinder 

the emission intensity.  A way to enhance their photoluminescence consists in increasing their 

radiative recombination rate by coupling them with an optical cavity, placing them either in 

proximity or inside the cavity72 (Figure 1.2a). The enhancement mechanism is called Purcell 

effect75 (Figure 1.2b) and it takes place due to the increase in the density of photonic states at 

the cavity resonance: if the resonance wavelength overlaps with that of the fluorophore’s 

absorption energy, the enhancement of the electric field due to the spatial proximity to the 

resonance increases the photoluminescence decay rate τR in accordance to the Fermi Golden 

rule, where the transition probability between an initial (i) and a continuum of final (f) states is 

given by: 

 Γ𝑖→𝑓 =
2𝜋

ℏ
|⟨𝑓|𝐻′|𝑖⟩|2𝑔(𝜔𝑡𝑟𝑎𝑛𝑠) =  

1

𝜏𝑅
 1.1 

 

With 𝐻′ being the time-dependent perturbation and ⟨𝑓|𝐻′|𝑖⟩ the transition matrix element, 

whereas 𝑔(𝜔𝑡𝑟𝑎𝑛𝑠) is the density of states at the transition energy  ωtrans.  

From a general, semiclassical perspective and considering a dipole in a cavity of volume V, it is 

possible to rewrite 𝑔(𝜔𝑡𝑟𝑎𝑛𝑠)  as  

𝑔(𝜔𝑡𝑟𝑎𝑛𝑠) =
𝜔2𝑉

𝜋2𝑐3
 

 
1.2 

(for a full derivation see Appendix C of ref.76) and the transition matrix element ⟨𝑓|𝐻′|𝑖⟩ as  

⟨𝑓|𝐻′|𝑖⟩ = 〈𝒑 ∙  𝑬𝒗𝒂𝒄𝒖𝒖𝒎〉 1.3 
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Where 𝒑 is the transition dipole moment between the initial and final states and 𝑬𝒗𝒂𝒄𝒖𝒖𝒎 is the 

vacuum field, a randomly fluctuating electric field that is present everywhere, also in vacuum and 

no photons are excited, with energy 
1

2
ℏ𝜔 (the existence and the energy of such field can be 

demonstrated when treating light as a quantised harmonic oscillator, for a full derivation Chapter 

7 of ref.76 is recommended).  

Averaging over all the possible orientations of the dipole and rewriting the vacuum field as 
1

2
√
ℏ𝜔

𝜀0𝑉
 

|⟨𝑓|𝐻′|𝑖⟩|2 =
𝜇𝑖𝑓
2 ℏ𝜔

6휀0𝑉
 

Γ𝑖→𝑓 =
𝜇𝑖𝑓
2 𝜔3

3𝜋휀0ℏ𝑐3
 

 

1.4 

With 𝜇𝑖𝑓 being the transition dipole moment expressed in atomic units. 

On the other hand the cavity density of states at the resonance can be expressed as a normalised 

Lorentzian function  

𝑔(𝜔) =
2

𝜋∆𝜔𝑟𝑒𝑠

∆𝜔𝑟𝑒𝑠
2

4(𝜔 − 𝜔𝑟𝑒𝑠)2 + ∆𝜔𝑟𝑒𝑠2
 1.5 

 

In the condition of resonance between a fluorophore and a cavity, thus when ω = ωres = ωtrans the 

density of states can be rewritten in terms of quality factor 𝑄 = 𝜔𝑟𝑒𝑠/∆𝜔𝑟𝑒𝑠  (∆𝜔𝑟𝑒𝑠 being the 

full width at half maximum of the cavity resonance peak) as: 

𝑔(𝜔𝑡𝑟𝑎𝑛𝑠) =  
2𝑄

𝜋𝜔𝑡𝑟𝑎𝑛𝑠
 1.6 

 

In a simple representation, the Purcell factor can be expressed as the ratio between the decay 

rate of the fluorophore in proximity of the cavity and far from it (in free environment), yielding76 

𝐹𝑃 =
3𝑄

4𝜋2𝑉
(
𝜆

𝑛
)
3

 1.7 

 

It is possible to observe that this factor depends on the quality factor Q, on the volume V of the 

resonant mode, on the refractive index n of the cavity material and on the cavity resonance 

wavelength λ. The Purcell effect can be exploited not only within the cavity, but also in its 

proximity due to the nanometrically confined evanescent waves rising from the plasmonic 

properties of thin metallic layers that can constitute the mirrors of the optical cavity. It has been 

shown that using this properties it is possible to obtain both surface plasmon enhanced 

absorption and surface plasmon coupled emission, halving the average lifetime of CsPbBr3 

nanocrystals excited states, by using a double optical cavity made of alternated metallic and 
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insulating layers72–74. These Metal/Insulator/Metal (MIM) optical cavities constitute extremely 

simple platform to study a large number of phenomena, from waveguiding modes77 (when 

photons impinge from the sides of the cavity) to surface plasmon polaritons and of course cavity 

modes with highly confined electric field78. Recently it has been demonstrated that MIMs support 

Fabry-Perot-like cavity modes in correspondence of which the MIM manifests effective dielectric 

permittivity close to zero79. Such a condition is called epsilon-near-zero (ENZ) and is associated 

to a plethora of remarkable unusual effects, such as super collimation or perfect lensing74,80,81. 

However, despite the experimental evidence, a clear demonstration of the ENZ nature of these 

modes, together with a thorough understanding of the physics inherent to them is still missing. 

The analysis of such physics is of utmost importance to achieve a full understanding, and 

therefore a full control on the design, of systems which are made of a large number of stacked 

MIMs and are called hyperbolic metamaterials.  

 

 

Figure 1.2: a) TOC image from ref.72 showing, from left to right, the two zero-crossing of the values 

of ε, the increase in photoluminescence intensity due to the interaction of the nanocrystals with 

the cavity modes and the variation in photoluminescence lifetime due to such coupling. b) PL decay 

time of bare CBP organic dye (black circles) and of periodic 20 nm CBP/15 nm Ag structure (red 

circles), schematically shown in c)75. d) Effect of the canalization propagation regime through a 

HMM, taken from ref.82 (reprinted with permissions from ref.72,75,82). 
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Hyperbolic Metamaterials (HMMs) are artificial periodic structures (Figure 1.2c) whose optical 

response can be engineered in order to manifest extreme anisotropy. Typically, the geometrical 

and optical parameters of the stacked, deeply subwavelength, metal/dielectric layers determine 

the overall response. Their 1D periodicity makes them birefringent, with two different dielectric 

permittivities, one along the periodicity axis 휀⊥, and another parallel to the surface plane 휀||, 

which can be modified by acting on the thicknesses 𝑡𝑚 and 𝑡𝑑   and the dielectric permittivities 

휀𝑚 and 휀𝑑 of the metal and of the dielectric respectively.  

휀⊥ =
휀𝑚휀𝑑(𝑡𝑑  + 𝑡𝑚) 

𝑡𝑑  휀𝑚 + 𝑡𝑚 휀𝑑
 

 

휀|| =
𝑡𝑑  휀𝑑 + 𝑡𝑚 휀𝑚
𝑡𝑑 + 𝑡𝑚

 

1.8 

 

When 휀|| = 0 and 휀⊥ =  ∞ a unique condition called epsilon-near-zero-and-pole is reached and 

extreme propagation regime is achieved, called canalization regime, in which the HMM is capable 

of collimating the light propagating though it in a diameter comparable to the periodicity of the 

HMM itself83,84 (Figure 1.2d). Such a noticeable feature makes therefore the canalizing HMM the 

ideal candidate for perfect-lensing at the nanoscale. It has been demonstrated that, in the case 

of low losses, for a given metal/dielectric combination, the HMM can manifest such behaviour 

only if the following constraints are fulfilled: 

휀⊥𝑡𝑚 = 𝑡𝑑 
 

휀𝑚 = −휀𝑑 
1.9 

 

Unfortunately, for each metal/dielectric pair only one canalization wavelength fulfils the 

abovementioned requirements, thus severely limiting the application range of these devices.  

These kind of systems are generally studied in the frame of the effective medium theory, which 

studies the object as a whole with a homogenised dielectric response, because of the nanometric 

thickness of the constituting layers. However it is clear that a deep understanding of the 

interactions of photons with such structures is fundamental for a rational design of optical 

systems. In the Annex, the interactions of photons with optical cavities are studied from a new 

perspective, developing a semiclassical model on the basis of the particle in a quantum well, 

where our particle is the photon and the potentials are the optical constants of the elements of 

the cavity.   
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1.6 Methods: a brief introduction to DFT  

The following works make extensive use of density functional theory (DFT) as a mean to evaluate 

the electronic structure as well as the geometry of the studied materials. In Chapter 2 it is applied 

on 2D perovskites to obtain insights on the relationship between the organic ligands geometry 

and the band structure, whereas in Chapter 3 it will be used exclusively to obtain the tight binding 

parameters in 3D bulk perovskites. Here, the fine details of DFT will not be discussed for the sake 

of conciseness, and instead a general overview of the theoretical background and the aspects to 

take into account when working with the studied systems will be given, following the works by 

Martin85 and Jensen86. 

First introduced by P. Hohenberg, W. Kohn and L. J. Sham87,88, the DFT approach is based on the 

idea that the energy of a many-body system can be written expressing it as a function of the 

electronic density, which in turn is a function of the spatial coordinates (henceforth “density 

functional theory”). 

 𝐸𝐷𝐹𝑇[𝜌(𝒓)] =  𝑇[𝜌(𝒓)] + 𝐸𝑛−𝑒[𝜌(𝒓)] + 𝐸𝑛−𝑛(𝑹) + 𝐽[𝜌(𝒓)] + 𝐸𝑥𝑐[𝜌(𝒓)] 1.10 

 

Where 𝜌(𝒓) is the electronic density at spatial coordinate r, T is the electronic kinetic energy, 

𝐸𝑛−𝑒, 𝐸𝑛−𝑛(𝑹) and 𝐽 are the Coulomb energy deriving from the nucleus-electron, nucleus-

nucleus (dependent on nuclear coordinates R) and electron-electron interactions respectively 

and 𝐸𝑥𝑐 contains the exchange and correlation energies deriving from electron-electron 

interactions. The advantage of using this expression of the energy resides in moving from a 

representation in 3N coordinates (N being the number of electrons in the system) to one in the 

3 spatial coordinates. It is important to notice that since every property of a system of interacting 

particles can be rewritten in terms of electronic density, the use of an exact ground state density 

𝜌(𝒓) will yield an exact solution of the time-independent Schrödinger equation. Two theorems 

define the energy density functional 𝐸𝐷𝐹𝑇[𝜌(𝒓)]:  

- The Hohenberg-Kohn existence theorem, which states that to each electronic density 

function is associated one energy value. This means not only that two different densities 

will be associated to different energy values, but also that if the exact expression of the 

density is known, the exact energy is obtained. 

- The Hohenberg-Kohn variational theorem, which states that the energy density functional 

obeys the variational principle, thus meaning that the density value that minimizes the 

functional is the exact ground-state density. 

Another important property of the energy density functional, is that this can be obtained via a 

one-electron expression 

 𝐸[𝜌(𝒓)] =  ∫ 𝑑𝒓𝜌(𝒓)𝑣(𝒓) with 𝑣(𝒓) =
𝜕𝐸[𝜌(𝒓)]

𝜕𝜌(𝒓)
 1.11 
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Thus meaning that the energy can be expanded in a basis of orthonormal orbitals, called Kohn-

Sham (KS) orbitals  

 

𝐸[𝜌(𝒓)] =  ∑⟨𝜙𝑖(𝒓)|𝑣(𝒓)|𝜙𝑖(𝒓)⟩

𝑁

𝑖=1

 

 

𝜌(𝒓) =∑|𝜙𝑖(𝒓)|
2

𝑁

𝑖=1

 

1.12 

 

Of equation 1.10, the 𝐸𝑛−𝑒[𝜌(𝒓)] and 𝐽[𝜌(𝒓)] terms have a known exact form in terms of 

monoelectronic orbitals (see Eq. 1.14), while the 𝑇[𝜌(𝒓)] and 𝐸𝑥𝑐[𝜌(𝒓)] terms do not. The kinetic 

energy can be written as the sum of a known part, the non-interacting single-particle kinetic 

energy Ts (of the form ∑ ⟨𝜙𝑖|−
1

2
∇2|𝜙𝑖⟩𝑖 ), and an unknown one that therefore gets included in 

the 𝐸𝑥𝑐[𝜌(𝒓)] term. The 𝐸𝑥𝑐[𝜌(𝒓)] thus accounts for the difference between classical and 

quantum mechanical electron-electron repulsion and the difference in kinetic energy between a 

non-interacting system and a realistic interacting system. 

𝐸[𝜌(𝒓)] =  𝑇[𝜌(𝒓)] + 𝐸𝑛−𝑒[𝜌(𝒓)] + 𝐸𝑒−𝑒[𝜌(𝒓)]  
 
𝐸[𝜌(𝒓)] =  𝑇𝑠[𝜌(𝒓)] + 𝐸𝑛−𝑒[𝜌(𝒓)] + 𝐽[𝜌(𝒓)] + (𝑇𝑖𝑛𝑡[𝜌(𝒓)] − 𝑇𝑠[𝜌(𝒓)] + 𝐸𝑒−𝑒[𝜌(𝒓)] − 𝐽[𝜌(𝒓)]) 

1.13 

 

With these premises in mind, it is possible to understand that if the exact form of the 𝐸𝑥𝑐[𝜌(𝒓)] 

term was known, the exact ground state energy of many-body systems could be computed.  

To find the ground-state energy, a self-consistent minimisation algorithm is employed, where a 

trial wavefunction, expressed as a Slater determinant of Kohn-Sham orbitals associated to a given 

external potential defined by 𝑣𝑥𝑐(𝒓) =
𝜕𝐸𝑥𝑐[𝜌(𝒓)]

𝜕𝜌(𝒓)
, is used to evaluate the energy contributions, 

and the diagonalization of resulting Kohn-Sham Hamiltonian �̂�𝐾𝑆yields a new wavefunction, 

which in turn is used to construct a new Hamiltonian, until the computed energy converges to a 

predetermined threshold.  

 

�̂�𝐾𝑆𝜙𝑖 = 𝐸𝑖
𝐾𝑆𝜙𝑖 

 

�̂�𝐾𝑆 = −
1

2
∇2 −∑

𝑍𝐴
𝑅1𝐴

𝐴

+ 
1

2
∫𝑑𝒓2𝜌(𝒓2)

1

𝑟12
+ 𝑣𝑥𝑐(𝒓) 

1.14 

 

Where A identifies each nucleus, Z its charge and R1A the distance of electron 1 from it, and r12 

identifies the distance of electron 1 from electron 2 in position r2.    
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The conclusion of this iterative procedure marks a reached self-consistency between the density, 

expressed in terms of Kohn-Sham orbitals, and the functional, as the variation in energy between 

consecutive iterations is smaller than the set threshold (which should therefore be small for 

accurate results). This process leads at least to a local minimum of the Kohn-Sham functional88. 

The success of this method relies on the ability to find local or semi-local approximations for 

𝐸𝑥𝑐[𝜌(𝒓)] that are able to reproduce at least some of the properties of the material. 

The single-particle set of functions used to represent the electronic wavefunctions and to 

evaluate the energy constitutes the basis set. There are various kinds of basis set depending on 

the DFT implementation and the type of effects that need to be accounted for in a certain 

material: given the extent of the studied systems (solid state crystals), the representation of 

choice inevitably falls on plane waves, that account for the periodic Bloch functions in the unit 

cell 𝜓𝒌 = 𝑒𝑖𝒌∙𝒓𝑢𝒌 (with the exception of the last paragraph of Annex, where localised functions 

are used to represent the wavefunction of a single molecule). The computational cost of 

representing the system with a combination of orthogonal plane waves can be reduced by 

introducing pseudopotentials, which essentially are potentials that aim at reproducing the effect 

of the atomic core (nucleus and core electrons) altogether. In this way the Coulomb interactions 

between valence electrons and nucleus take into account the screening by the core electrons 

without explicitly having to represent them that would require high energy terms (to account for 

the large number of nodes present in the plane waves representation of the core electrons), and 

therefore a large number of plane waves. Such pseudopotentials are formulated so that the 

wavefunctions feature a small number of nodes in the core but match the exact wavefunctions 

outside the core. This allows to represent exclusively the properties of the valence electrons, 

which are also the most relevant in describing chemical bonds and processes.  

In most of the following works, norm-conserving relativistic pseudopotentials89 are used in the 

Quantum Espresso90 and SIESTA91 codes, where the norm of each pseudo wavefunction is 

identical to that of the corresponding all-electrons wavefunction inside the core and relativistic 

and quantum effects like electron mass increase, orbital contraction and spin-orbit coupling can 

be taken into account (which are important for heavy atoms such as Pb). The choice of using such 

pseudopotentials stems from necessity: both the SIESTA code and the Quantum Espresso 

postprocessing code epsilon.x are implemented exclusively for norm-conserving 

pseudopotentials. 

The generalized-gradient approximation for the exchange-correlation density functional has 

been adopted in the Perdew-Burke-Ernzerhov formulation92. Generalized-gradient 

approximation functionals depend on both the electronic density and its gradient, and PBE and 

PBEsol have proven to be fairly reliable in representing the bandgap trends in lead-halide 

perovskites as well as their electronic structures32,49,93,94, although the bandgap is 

underestimated. In particular, PBEsol, where only two parameters concerning the gradient of the 

electronic density are changed compared to PBE, is meant to be more reliable for structural and 

geometrical properties as well as for surface energies in solid state systems95.Within the DFT 
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framework, calculations of lead-halide perovskite properties and of the effect of defects have 

been performed using hybrid functionals such as the Heyd–Scuseria–Ernzerhof (HSE)96. These 

kind of functionals include a certain amount of exact many-body exchange and therefore tend to 

be more accurate, however, using them is usually more time-consuming, therefore in the 

following chapters PBE and PBEsol will be used instead. 

DFT can be used also to calculate the ground state geometry of a system by minimizing the forces 

that act on the atoms within the system. In particular, the equilibrium geometry can be obtained 

when the total sum of the forces in the system is 0. To evaluate the forces, the first derivative of 

the energy should be considered 

  𝑭 =  − ⟨Ψ|
𝜕𝐻
𝜕𝑹

|Ψ⟩ 1.15 

 

Where the only energy terms that depend on R are 𝐸𝑛−𝑒 and 𝐸𝑛−𝑛. Minimization of the forces 

would require knowledge of the second derivative of the multidimensional potential energy 

surface (PES), the Hessian matrix, which is computationally expensive to compute. Therefore 

different levels of approximation and different algorithms exist that either move the coordinates 

on the PES according to a rescaled value of F and then recompute F (such as the steepest-descent 

algorithm) or use an approximated Hessian matrix that is updated at every new geometry 

reached. The latter approach is the one used in the Broyden–Fletcher–Goldfarb–Shanno 

algorithm (BFGS), which will be mostly used in the following sections. However, these methods 

lead to the closest minimum on the PES, therefore the choice of a reasonable starting geometry 

is of utmost importance to yield structural reliable results. It is important to point out that F = 0 

can also be related to saddle or maxima points on the PES (such as transition states), which can 

be distinguished due to the presence of at least some negative Eigenvalues of the Hessian matrix 

(signifying a “downhill” curvature in some direction on the PES). In the following studies we will 

focus exclusively on ground state geometry, which is considered achieved once the forces acting 

on the atoms are below a predetermined threshold, which is determined according to the 

purpose of the study. For example while it is not necessary to reach the DFT absolute minimum 

to calculate a band structure, a very tight geometry relaxation is required to correctly evaluate 

the vibrational mode of a system, which depend on the Hessian matrix (as will be explained in 

Chapter 2). However, because organic soft molecules, especially long hydrocarbons, tend to have 

a relatively flat PES with several configurational minima, forces minimization might require 

several steps (as each step is small) therefore every performed geometry optimization involving 

such compounds is restarted once or twice from the last set of coordinates of the previous run, 

to make sure that the relaxation is completed (within the pre-set thresholds).  

One of the properties that can be evaluated is the dielectric permittivity tensor, where the 

frequency-dependent diagonal elements of its imaginary part are obtained as a response 

function through perturbation theory. The real part of the dielectric permittivity can then be 

obtained through Kramers-Kronig relations. The imaginary part of the dielectric permittivity is 



1.6 Methods: a brief introduction to DFT 

17 
 

strictly related to the absorption coefficient (as reported in Chapter 2), however as it is computed 

within the random phase approximation framework, where electron and hole pairs are non-

interacting, it can give an idea of the optical anisotropies in a system but it cannot predict the 

actual absorption spectrum, where the formation of an exciton moves the transition energy 

below the bandgap. The amount of such variation is the electron binding energy, the gain in 

energy deriving from the electron-hole interactions. Nevertheless, the possibility to compute the 

real and imaginary part of the dielectric permittivity of a material can be extremely useful in 

understanding its possibilities to couple with or be part of an optical cavity. In the Annex it will 

be clear that the resonances of such cavities are determined (and therefore can be designed) by 

the refractive index of the used materials, and its real and imaginary parts (n and ĸ) are strictly 

related to the dielectric permittivity by 

 
 𝑛2 = 

|휀| + 휀𝑅𝑒
4

 

𝜅2 = 
|휀| − 휀𝑅𝑒

4
 

1.16 

 

1.7 Methods: notes on ellipsometry  

Ellipsometry is a spectroscopic technique that allows to evaluate absorption wavelengths as well 

as thicknesses and refractive indexes of solid state materials through measurements of 

reflectance and transmittance of polarized light shone upon a sample. This technique can be 

performed on a wide range of wavelengths (UV to IR) and at various angles, thus enabling to 

determine various properties of the material with high accuracy. The first value it is possible to 

get from an ellipsometry measurement is the change in polarization of the incident light, 

dependent on Ψ and Δ, which can be expressed as the ratio between reflection coefficients in 

the two polarizations states p- and s- (Fresnel ratio). 

 

  𝜌 =  
𝑅𝑝

𝑅𝑠
= tan(Ψ)𝑒𝑖∆ 1.17 

 

Here Ψ is such that it equals the magnitude of the ratio of the p- to s-direction complex reflection 

coefficients for the sample, while Δ is the phase difference between the same two coefficients. 

P- and s- polarizations are identified respectively as the polarizations in which the electric field 

oscillates parallel to and perpendicular to the plane defined by the incident and the reflected 

light beams. Any polarized light beam can be rewritten as a vector containing the two values of 

the electric field complex components, called Jones vector. Upon interaction with a material that 

can change the electric field polarization, the Jones vector is changed by multiplication with the 

Jones 2x2 matrix (specific for each sample and dependent on the material and the optical 

properties of the object). In this matrix, diagonal elements represent changes in phase and 
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amplitude of p- and s- polarized light components while off-diagonal terms account for energy 

transfer from p- to s- polarization and vice versa. If the surface of the sample is isotropic and not 

too rough, it is possible to approximate the Jones matrix representing the sample with 0 off-

diagonal elements.  

The detected Jones vector, representing the exiting electric field is then the product of Jones 

matrices for the analyser, the sample and the input polarizer and the Jones vector for the input 

beam. 

 

 

 𝑬𝑫 = 𝑨 ∙ 𝑺 ∙ 𝑷 ∙ 𝑩 = [Analiser][Sample][Polariser][Input beam] 
 

𝑨 = [
1 0
0 0

] ∙ [
cos 𝜃 sin 𝜃
− sin 𝜃 cos 𝜃

] 

 

𝑺 = [
𝑅𝑝 0

0 𝑅𝑠
] 

 

𝑩 = [
cos 𝑃 − sin𝑃
sin 𝑃 cos 𝑃

] ∙ [
1
0
] 

1.18 

 
Where P is the azimuthal angle between the polarizer axis and the plane of incidence while 𝜃 is 
the angle between the plane of incidence and the analyser axis. 
From a more practical point of view, elliptically polarized light reflected by the sample is collected 
by a rotating analyser thus allowing for evaluation of the reflected beam polarization state. The 
measurement is performed at various wavelengths and incident angles, as at least two values for 
Rp and Rs are required to compute Ψ and Δ. It is then possible to perform a fitting of the obtained 
curves using refractive indexes and thicknesses as variables: in this way both optical constants 
and thicknesses are calculated, thus allowing also qualitative analysis. 
As an example, ellipsometry measurements performed on an Ag layer is reported in Figure 1.3. 
The fitting performed with optical constants of Ag show good agreement with experimental data, 
enabling us to determine the thickness of the metallic layer of 25 nm. In principle it is also possible 
to characterize the compound qualitatively if the thickness of the material is known. It is possible 
to notice that at 327 nm Ψ shows a minimum while it remains approximately constant with high 
values in the whole visible range, meaning that the sample reflects visible light but shows a 
minimum at 327 nm. To understand what happens there, it is possible to perform a transmission 
measurement in the same setup and then evaluate absorption as 
 
 
 

 𝐴 =  1 − 𝑅 − 𝑇 1.19 

for each polarization, although excluding scattering and backscattering effects. 
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Figure 1.3: a) Ψ and b) Δ measured for a 25 nm thick Ag layer and fitted using Ag optical constants. 

 

Figure 1.4:  Optical parameters of Ag sample. ε’ and ε’’ refer to the real and the imaginary parts of 

the dielectric constant respectively. These values are linked to the speed of light in the material and 

to the absorption respectively, in accordance with Equation 1.5 

From Figure 1.4 it is possible to infer that the Ag has a bulk plasma frequency at 327 nm 

detectable as a zero in the real part of ε. At higher wavelengths, ε’ decreases to high negative 

values in the whole visible range, meaning that the light is completely reflected.
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CHAPTER 2: 2D LAYERED PEROVSKITES 

 

2.1 Introduction 

The strong correlation between structure and optoelectronic properties in lead-halide 

perovskites has inspired the investigation of crystals with different shapes and sizes8. In 

particular, 2D perovskites have attracted attention due to some peculiar properties such as: 

quantum and dielectric confinement49,97, narrow- and broadband emission54,98, fast radiative 

recombination99, long carrier diffusion lengths24,100, and large exciton binding energies48. These 

materials are obtained in a Ruddlesden-Popper structure by substituting the A-site cation with a 

large organic cation that can act as a spacer between layers of connected octahedra, and the 

presence of a small cation in the synthesis environment can lead to the formation of inorganic 

layers of different thickness (Figure 2.1a). The structure of these materials hints at an anisotropy 

of the optoelectronic properties in space, as the dielectric environment provides quantum 

confinement in the direction perpendicular to the octahedra layers. The chosen organic spacer 

plays a significant role as Van der Waals forces between chains and interactions of the binding 

group with the inorganic lattice can induce a distortion of Pb-X bond length and angles, thus 

affecting the orbitalic overlap and the charge carriers’ masses and recombination rates.  

Modulations in the optical response can be obtained through variations in external conditions 

such as temperature and pressure to induce phase transitions and lattice distortions101–103. For 

example, reversible photoluminescence (PL) changes have been studied using 3D lead-halide 

perovskite structures that have been subjected to high pressure conditions, with values ranging 

from a few GPa to ≈50 GPa104,105.  

In the following studies the space of the variables that affect the spectroscopic properties of 

monolayered (n = 1) 2D perovskites with A2PbBr6 general formula are explored, evaluating the 

effects of mild pressures, different binding groups, and different terminations of A-site cations. 

All the studies have been carried out with the experimental support of the teams coordinated by 

Dr. Arciniegas, especially for the synthesis and the structural characterization, and by Prof. 

Krahne, especially for the spectroscopic characterization. An exception to this is the last section 

of this chapter, where a quick glance will be taken at new layered perovskite materials, double 

perovskites, and at how organic ligands can affect phase transitions in such compounds. For this 

study, experimental work was carried out and coordinated by Dr. Martín-Garcia and Dr. Spirito. 

Therefore all the experimental data and statements related to them reported in this section have 

to be attributed to my collaborators unless stated otherwise. All the modelling and other 

discussions reported hereby are the results of my original work, supported by my background in 

chemistry of molecular materials.
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2.2 Revealing Photoluminescence Modulation from Layered Halide Perovskite 

Microcrystals upon Cyclic Compression  

To evaluate the effects of MPa-range pressures, crystals with decylammonium (DA) as A-site 

cations were synthesized using a facile one-pot reaction that produces n = 1 microscopic 

platelets106. An in situ study of the PL of this ensemble of platelets revealed strong variations 

upon cyclic uniaxial compression, from almost white emission to blue emission (Figure 2.1e). This 

is due to an increase in the ratio between the intensity of the 3.14 eV (395 nm) and 3 eV (412 

nm) peaks during the loading, and the striking feature is the complete recovering of the initial 

conditions once unloading. To gain deeper understanding in the origin of these two peaks and 

the effect of pressure, we performed a simulation of the dielectric constant ε of the 2D material, 

which is related to absorbance α via 

 𝛼 =
𝜔

𝑐
√√휀𝑖

2 + 휀𝑟2 − 휀𝑖 

 

2.1 

Where ω is the transition energy, c is the light speed constant and i and r subscript indicate the 

imaginary and real parts of the frequency-dependent dielectric permittivity. Calculations of the 

electronic structure of decylamine crystal107, performed with the Quantum Espresso software90, 

and TDDFT on the single molecule (Gaussian09, using hybrid B3LYP functional and 6-31G* basis 

set) allowed us to rule out any luminescence coming from DA itself, as in both cases electronic 

transitions take place above 4.5 eV, away from the region of interest. The structure of DA2PbBr4 

can not be inferred from the available experimental XRD data, as the only available parameter is 

a periodicity of the inorganic layers of 24 Å. The simplest possible structure that can be built with 

this information is therefore a tetragonal cell with a = b = 6 Å cell parameters coherent with those 

of the bulk 3D structure of cubic MAPbBr3 (MA = methylammonium) and c = 24 Å, with DA 

molecules tilting towards the crystallographic (111) direction. However this doesn’t allow to 

reproduce the Ruddlesden-Popper structure, that requires the presence of at least two inorganic 

layers to account for the (110) shift between them: the resulting unit cell would be extremely 

large with many C and H atoms, making the geometry relaxation computationally very expensive. 
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Figure 2.1:  a) Schematic representation of n = 1 and n = 3 layered lead-halide perovskites. b,c) SEM 

images of the produced imprint after indentation. The dashed yellow curve in c) denotes the 

boundary of the indented region. In b) the changes in the orientation of the platelets in the indented 

region can be observed, as they follow the direction of the compression by the spherical tip. d) 

Cartoon showing the indentation of the platelets by using a spherical tip. The sketches of the flakes 

show a possible alignment of the platelets when compressed. e) Experimental PL response of the 

DA2PbBr4 layered perovskite platelets under mechanical loading and unloading, collected from the 

layered perovskites. The arrows indicate the general behaviour of the two peaks upon loading. 

(Modified version of published figure106) 

One way to approach the problem is to use a known structure with a shorter carbon chain, such 

as BA2PbBr4
108, and evaluate the effect of an applied strain on the electronic properties.  The 

structure reported in ref. 108 was relaxed, keeping the cell fixed, with the VASP software while 

evaluation of the electronic properties were performed using Quantum Espresso (QE) package 

with  norm-conserving pseudopotentials89,109, including spin-orbit coupling and with the PBE 

exchange-correlation functional. The calculated bandgap is 1.68 eV, as expected below the 

experimental value, and has a charge-transfer character. The electronic density of states (DOS) 

shown in Figure 2.2c indicates that the lowest-energy electronic transitions take place from Br-

4p6 and Pb-6s2 to Pb-6p0 orbitals, as expected. The energy dependence of the absorption 

coefficient computed from diagonal components of the dielectric tensor is plotted in Figure 2.2b. 

The computed spectrum is strongly anisotropic: the absorption edge is dominated by transitions 

in the ab plane, while transitions along the c axis contribute to excitations at higher energies. 
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Figure 2.2: a) Optimized geometry of the BA2PbBr4 structure from ref.108. b) Simulated absorption 

coefficient of three linear light polarizations, a strong anisotropy in the three directions is clearly 

visible as the c-component of α shows relevant values well above 2 eV. For the calculation of the 

spectra the k-grid was chosen to be 12x12x1. c) Atomic species contributions to the electronic 

density of states. d) Computed band structure with d) a schematic representation of the Brillouin 

zone and the k-path. 

Experimentally, a small Stokes shift of around 20 meV between absorption and PL is observed, 

and hence the emission energies can be approximated by those of the absorption edge. In this 

approximation, we neglect the effects of electron-phonon coupling on the spectroscopic 

properties of the system, and consider the transitions related to the simulated absorption edge 

as representative of the emission, although being aware of the lack of electron-hole interactions 

description. 

The largest experimentally applied pressure brings about a strain of 1% of the macroscopic 

sample. Since it is not possible to tell how large the subsequent deformation on the molecular 

scale is, we imposed a varying compressive strain reaching the maximum value of 10% along a, b 

and c axes to mimic compression along each single direction and we computed the absorption 

coefficients after optimizing the internal ionic coordinates (Figure 2.3). For this system a stiffness 

of 3.5 GPa is measured while that of 23.59 GPa is computed110, values that are in any case much 

larger than the applied pressures. The discrepancy could be due to local minima that DFT may be 

trapped in at zero temperature. When strain along the c axis is applied, the bandgap is reduced 

of about 0.2 eV: this can be explained by studying the geometry of the system once relaxed. To 

accommodate the organic ligands that are being compressed, the in-plane angles between the 

octahedra widen, enhancing the orbitalic overlap between Pb and Br, which increases the energy 

of the valence band more than that of the conduction band30. However the reduction of the 

bandgap produces a redshift of the absorption, in disagreement with the experimental 
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enhancement of the highest energy peak. Evaluating the variations in the optical properties, we 

found that 10% of variation in lattice constant does not result in significant changes of the 

electronic structure and optical absorption (Figure 2.3) that can explain the observed 

experimental behaviour, therefore ruling out lattice deformation as the cause of the 

spectroscopic response to the applied pressures. 

 

 

Figure 2.3: a)-c) Simulated absorption coefficient of three linear light polarizations when a 

compressive strain of 10% is applied in each direction of the cell. Variations in the a and b polarized 

absorption intensities appear as in-plan compression is applied, but the absorption edges maintain 

similar characteristics and ratios. d)-f) Simulated band structures of the compressed materials. In-

plane compression changes the bands dispersion but leaves the bandgap almost unchanged. On 

the other hand compression along c reduces the bandgap 

To evaluate the effect of the stiffness of the ligand on the total Young modulus of the compound, 

the simple hypothetical cell described above for DA2PbBr4 was used for a similar analysis. The 
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geometry was optimized with QE, using norm-conserving pseudopotentials89,109 with PBEsol 

exchange-correlation functional and Van der Waals corrections in the DFT-D2 formalism, leading 

to a monoclinic distortion and minor changes of lattice constants (below 0.3 Å), and a bandgap 

of 2.1 eV. Also in this case the absorption coefficient is strongly anisotropic (Figure 2.4).  

 

 

Figure 2.4: a) Optimized geometry of the hypothesized DA2PbBr4 structure. The [PbBr4]2− octahedra 

layers are aligned on the ab plane. Alkylammonium headgroups are located at the A site of the 

standard perovskite structure.. b) Atomic species contributions to the electronic density of states. 

c) Simulated absorption coefficient of three linear light polarizations using a 20x20x5 k-grid. 

The same procedure described before was used to evaluate the stiffness tensor, yielding an out 

of plane Young Modulus of 38 GPa, which is again significantly larger than the experimental value 

of 1.9 GPa reported for analogous systems containing amines of similar chain lengths (8-12 C 

atoms)110. A strain of up to 1% did not cause any significant variation in the computed absorption 

spectra (Figure 2.5a-d), therefore we confirm that a compressive stress in the range of few tens 

of MPa is not capable of inducing significant changes to the crystal structure and its intrinsic 

optical properties. The directional dependence of the transition dipole moments in our 

simulation points to changes in the collective orientation of the platelets under pressure as the 

most probable origin of the observed pressure-induced modulation of the emission, as 

schematized in Figure 2.5e. 
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Figure 2.5: a) Simulated absorption spectrum for the starting structure with a constrained 6Å x 6Å 

x 24Å cell and relaxed ions. b), c), Computed absorption coefficient after applying a compressive 

strain along the c axis by b) 0.5% and c) 1%. Although some features of the relative peaks change, 

the electronic transitions take place at the same energies. This indicates that, even for pressures 

slightly larger than the experimentally applied ones, the electronic properties of the structure are 

not changed. d) Computed absorption spectrum for the same structure under a compressive strain 

of 1% along the b axis: the distortion affects the octahedra, thus provoking a blue shift (< 0.2eV). 

All the calculations were performed using a less dense 8x8x2 k-grid. e) Schematic representation of 

the reabsorption process that emitted photons undergo due to the reorganization of the platelets 

under MPa compression. (Modified version of published figure106) 

Figure 2.5b,c demonstrate that the platelets are more planar in the compressed regions, so it is 

reasonable to assume that this planar alignment is increased under pressure. The flake deposits 

that we investigated under pressure have macroscopic thickness in the range of tens to hundreds 

of µm. Such a deposit consists mainly of flake assemblies that have an approximate horizontal 

orientation (with angular deviations of some tens of degrees), however, locally also more or less 

vertically oriented stacks can be present. The applied pressure might therefore not be able to 

align all the platelets. With this scenario, we can explain the pressure induced modulation of the 

emission by reabsorption within the sample: for the pristine deposit many random orientations 

are present, giving rise to emission peaks from in-plane and out-of-plane transitions. Under 

pressure, the platelets partially align horizontally, which increases the absorption cross section 

for the low energy emission, and therefore favours reabsorption, reducing the intensity of the 



2.2 Revealing Photoluminescence Modulation from Layered Halide Perovskite Microcrystals upon Cyclic 
Compression   

27 
 

low energy peak. The detailed theoretical analysis of the stress tensor and of the dielectric 

permittivity allowed us to interpret the variations in PL intensity under MPa compression in terms 

of anisotropic reabsorption due to quantum confinement along the out-of-plane axis.  

 

2.3 Engineering the Optical Emission and Robustness of Metal-Halide Layered 

Perovskites through Ligand Accommodation 

Because electronic transitions take place within the inorganic layers, one might be led to think 

that the choice of the organic spacer should not affect the optoelectronic properties of the final 

material and can be changed according to convenience without causing alterations. If this is true 

in terms of hopping integrals, thus meaning that the ligands orbitals are very far in energy from 

the bandgap and therefore do not contribute neither to the conduction nor to the valence bands, 

still it is not possible to neglect the effect that they have on the structure. In fact, both the nature 

of the functional group that binds to the Br- ions and the interactions between the “tails” of the 

molecules can be crucial in determining the geometrical distortions as well as the presence of 

defects. Indeed, the very same “inorganic part” can give rise to blue or white emission111 and 

shift the positions of absorption and emission peaks according to the A-site cation involved, and 

several properties such as PL intensity, PL quantum yield and charge carriers lifetimes are 

affected108,112,113. The fine-tuning of these parameters requires a detailed understanding of the 

role of the organic cation in Ruddlesden-Popper 2D perovskites, and in order to address this issue 

we studied the effects of different binding groups and alkyl chains of different lengths on 

structural and photophysical properties.  

To investigate the local structure of the binding group, three alkyl-amines were used sharing the 

same molecular weight but different binding groups: we refer as type I to linear primary amines, 

type II to primary amines with a methyl ramification on the terminal C, and type III to secondary 

amines with a methyl group and the aliphatic chain as substituent groups (Figure 2.6a). From 

experimental data, it is clearly visible that differences in the binding site produce strong effects 

on absorption and emission energies as well as in photoluminescence lifetime, meaning that also 

the decay processes change drastically (Figure 2.6). 

Although experimentally it has been observed that to obtain the crystallization of the type III 

compound alkylic chains containing at least 10 C atoms are required, for a purely theoretical 

analysis we considered only 4 C atoms in each chain. This allowed us to decouple the effect of 

the different head groups from the interactions between the chains as well as to reduce the 

computational cost. Moreover, no crystal structure refinement is available for the experimental 

compounds, whereas for butylammonium lead bromide (BA2PbBr4) the crystallographic structure 

from ref.108 can be used. The same structure has been modified in order to obtain also type-II 

and type-III starting geometries. 
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Figure 2.6: a) schematic representation of the different terminations of type-I, type-II and type-III 

amine. b),c) Emission and absorption spectra collected from the crystals. d), PL decay curves 

acquired at the maxima of broadband emission of the samples. (Figure from just accepted work) 

Relaxation of both cell parameters and atomic positions has been performed using the VASP114 

software with the PBE exchange functional and including spin-orbit coupling. The relaxation leads 

for both type II and type III crystals to an increase in the cell surface ab to accommodate the 

bulkier “head” of the organoammonium cation. This reduces the energy increase due to steric 

hindrance while allowing the formation of the NH-Br bonds. For the type II structure (Figure 2.7b), 

three NH-Br bonds are formed, but at the expense of large steric hindrance due to the addition 

of the methyl group. In the case of the type III amine, the methyl group points to the centre of 

the octahedra void to minimize steric hindrance, slightly displacing the N in order to keep the 

length of the H-bonds constant to their minimum energy value. Here one direct NH bond is 

formed to an apical Br ion, and one is shared between apical and equatorial Br ions (Figure 2.7c).  
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Figure 2.7: Theoretical analysis of organic cations with different bonding motif at the anchor point 

on Ruddlesden-Popper layered perovskites. a-c), Relaxed type I structure calculated from ref.108 in 

a) and modified to obtain b) type II and c) type III configurations. Type I organoammonium features 

two and one shared NH-Br bonds, type II three NH-Br bonds, and type III results in one plus a shared 

NH-Br bond. d-f), The corresponding computed imaginary part of the dielectric permittivity, Im εij 

for the incident light polarized along x (in red), y (green) and z (blue) directions. We note that we 

obtain sharp peaks instead of the measured broadbands, which is due to the k-grid that we chose 

to be 12x12x1 to reduce the computational cost. g-i), Density of states (DOS) derived from the 

electronic structure, highlighting the contributions of the different atomic species for the structures 

with the different types of cations. (Figure from just accepted work) 

 

The type of organoammonium cation has a significant impact on the distortions of the octahedral 

lattice, thus this “chemical pressure” can strongly impact the optoelectronic properties115. The 

distortions can be quantified by using the octahedral quadratic elongation parameter116 (λoct) 

that can be obtained as 

 𝜆𝑜𝑐𝑡 =
1

6
∑(

𝑙𝑖
𝑙0
)
26

𝑖=1

 2.2 

where l0 and li are the distances between Pb and neighbouring Br ions in the bulk structure and 

in the 2D compounds, respectively. The resulting values of λoct are reported in Table 2.1 together 

with the Pb-Br-Pb angles. We found that for the type I amine the formation of three H-bonds 
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already results in a distortion, and the distortion is increased for the type II amines by the 

presence of the methyl group that is not in line with the rest of the chain and has to be 

accommodated in the octahedral void. This leads to an elongation of the Pb-Br bonds, and the 

calculated ab cell surface increases accordingly (Table 2.1) with aliphatic chains that are much 

more tilted compared to type I and type III. For the type III amines, the distortion parameter is 

smaller than 1, thus overall Pb-Br bond lengths decrease and the octahedra contract with almost 

no tilting of the in-plane angles. In the case of the type II structure the bonds length increases. 

The in-plane angles become increasingly wider as the number of H bonds decreases, thus creating 

more space at the A anchor site. For type-II amine, the side methyl group cannot access the void, 

and therefore an in-plane octahedral expansion is necessary to accommodate it. 

Table 2.1: Octahedral mean quadratic elongation parameter, λoct, and Pb-Br-Pb angles obtained from the 

computed structures shown in Figure 2.7. We used the bulk cubic structure of MAPbBr3 crystals as a 

reference.  

 Bulk cubic 
MAPbBr3 

Computed 
Type I-4C 

Computed 
Type II-4C  

Computed 
Type III-4C 

λoct 1 1.016 1.025 0.996 

Pb-Br-Pb angles 180° 151° 161° 176° 

 

The relaxed cells keep an almost orthorhombic structure, although some tilting appears, 
especially in the type II system, as shown in Table 2.2. 

Table 2.2: Cell parameters obtained for the relaxed computed structures. Type I parameters are 

reported from ref.108. 

 a b c α β γ 

Type I 8.25460 8.14220 27.46310 90 90 90 

Type II 8.91552 7.78136 26.21518 91.0271 90.1007 90.3503 

Type III 8.27451 8.34155 23.88864 91.1398 89.8136 90.0022 

The shortening of the c cell parameter is due to the shortening of the chain that effectively 
separates two neighbouring layers, while the binding site increases in size. It is interesting to 
notice that in the type II crystals, the a and b cell parameters are very different, as the chain tilts 
tend to align along the a axis, probably to reduce the steric hindrance. 
  

To model the absorbance of these structures, we compute the imaginary part of the dielectric 
permittivity, as reported above. As already stated, it is well-known that DFT strongly 
underestimates the bandgap, and consequently the excitonic energies, however its use is still 
reliable for the study of trends and qualitative analysis. Therefore even though the modelled 
absorbance strongly underestimates the experimental absorption spectra, the trend of its onset 
(Figure 2.6) is well reproduced, shifting to lower energies from type I to type II to type III (Figure 
2.7d-f). The distortions of the Pb-Br octahedra described above are known to widen the band 
gap30,38,117, thereby affecting the band structure and optical properties of the materials. Grote et 



2.3 Engineering the Optical Emission and Robustness of Metal-Halide Layered Perovskites through 
Ligand Accommodation 

31 
 

al.30 suggested this effect to be related to the lower Pb-Br overlap upon distortion, which 
decreases the energy of the valence band more than that of the conduction band. Furthermore, 
Figure 2.8 shows that stronger distortions as in the type II structures lead to an increased splitting of 
the energy levels. 

 

 

Figure 2.8: Band structures associated to the computed compounds using a) type-I, b) type II and c) 
type-III amines (Figure from just accepted work) 
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When using type III amines, it is possible to see that chains of variable length affect the PL lifetime 

and the quantum yield despite the fact that the orbitals of the organic compounds lie very far 

from the energy window in which the electronic transitions take place. 

 

Figure 2.9: a) Collection of XRD patterns acquired from the grounded crystals made with type III 
organoammonium of different aliphatic chain lengths: 10 C atoms, 12 C, 14 C, 16 C and 18 C. The 
periodicity of the diffractions peaks (marked with *) decreases with the length of the molecules 
located between single Pb-Br layers. b) PL spectra (solid line) collected at the maxima of the 
broadband emission compared with the absorption spectra (dashed line) for the studied type-III 2D 
perovskites. (Modified version of a figure from just accepted work) 

 
One possible reason for the observed dependence of the photoluminescence quantum yield on 

the organoammonium chain length is that the strong interaction between long aliphatic chains 

affects the degrees of freedom of the anchoring head group and more cation bending can occur 

when using longer chains, preventing the binding of neighbouring molecules. This could 

significantly affect the surface coverage, as it has been demonstrated, for example, in the 

assembly of thiol molecules on gold surface118. Our observations point toward two competitive 

driving forces: (I) Van der Waals interactions that are maximized by using longer molecules and 

(II) steric hindrance caused by the movements of the chains during the fast synthesis procedure, 

which increases with their degrees of freedom (number of possible molecule rotations rises with 

the number of atoms in the chain). Within this line of reasoning, the surface coverage might get 

reduced when synthesizing 2D layered perovskites with organic molecules containing more than 

14C due to their stronger ability to tilt and bend. Molecular bending is clearly visible in the 12C 
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structure for the initial C segments of the aliphatic long chain (Figure 2.10a), solved and refined 

from synchrotron single crystal X-ray diffraction data collected at 100 K. Therefore, aliphatic chain 

length has strong impact on the stability of the structure and defect passivation. Moreover, the 

emission efficiency is also clearly dependent on the aliphatic chain length, maximized when using 

a 12C chain. This could be related either to steric hindrance during the growth process, or to the 

rigidity of the organic layer that results in a compromise of structural stability and rotational and 

bending flexibility of the head group for the passivation of the Br ions. 

 

Figure 2.10: a) A view along 110 axis of the crystal packing of the (N-MDDA)2PbBr4 platelets showing 

the bending of the chains (red circle) in the vicinity of the anchor site. b) Schematic representation 

of the increase in length of an aliphatic chain upon addition of 2 C atom. c) Close view of the 

simulated (4C) and the experimental (12C) H-binding geometry for type III structure. d) Band 

structure and DOS of the calculated type III-4C structure and the experimental (N-MDDA)2PbBr4 

structure. While the nature and the dispersion of the bands does not change, the bandgap is 

reduced by 0.5 eV, thus making the use of C4 adequate exclusively for the study of the interactions 

between the N-H groups and the Br anions, as distortions due to the chains are not accounted for. 

(Modified version of figures from just accepted work) 

Through single crystal XRD refinement, it has been possible to obtain the structure of the 

compound obtained by using a secondary amine with 12 C atoms in the aliphatic chain as spacer 

((N-MDDA)2PbBr4), clearly showing how the molecules bend close to the amine group in order to 

maximize the Van der Waals interactions with molecules bound to the neighbouring layer in the 

rest of the chain (Figure 2.10a). In doing so, the final part of each chain is perpendicular to the 
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inorganic layers, which is further confirmed by the linear dependence of the d-spacing with 

respect to the lengthening of the aliphatic chain, where the increase of 2.6 Å is consistent with 

the addition of two 1.5 Å bonds with an angle of 113°, typical in linear alkanes. To explore the 

effect of the length of the organic cation on the electronic structure, we compared the band 

structure and the density of states of the experimental (N-MDDA)2PbBr4 structure and of the 

artificial structure with a shortened cation (4C) with the same binding group (type III) using the 

SIESTA code91, given the large number of atoms in the unit cell. We found that the dispersion of 

the bands near the gap is not strongly affected, while the band gap is increased by 0.5 eV in the 

artificial 4C structure (Figure 2.10d). Therefore shorter-chain systems may serve as an adequate 

model that allows to address the effect of the head group on the optical properties at a lower 

computational cost, as the matching between the experimental and the simulated H-binding 

geometry shows (Figure 2.10c), but it is of limited use for describing the full complexity of the 

properties since interactions between longer chains can give rise to different distortions. This 

also points towards the blueshift of the absorption and emission peaks upon increased length of 

the ligands as the result of an interplay between the variation in dielectric environment (with the 

dielectric permittivity decreasing with longer chains) and the distortions driven by the 

interactions between the chains47,119. Our study can not explain the reason for the presence of 

an emission broadband below the exciton energy, however we can think that the presence of 

deformations or of local defects, like the aforementioned ”pinholes”, in a soft lattice such as the 

one of 2D perovskites could support the insurgence of electron-phonon coupling or to self-

trapped excitons, which are known to produce wide emission with a large Stokes’ shift120.  

In conclusion, through our analysis we have been able to provide insight into how the chemistry 

of different ligands affects the structure and ultimately the optical properties of 2D Ruddlesden-

Popper perovskites, although the effects on lifetime are still under investigation. These structure-

property relationship can be useful for the rational design of these materials for diverse 

optoelectronic applications.  

 

2.4 Directional Anisotropy of the Vibrational Modes in 2D-Layered Perovskites 

The previous study as well as other reported literature57,121 has shown how easy it is to affect the 

optoelectronic properties of 2D monolayered lead-halide perovskites, by acting on them even in 

a very indirect way, such as by changing the length of the organic ligand. This leads towards an 

interpretation of these crystals as “soft” materials, thus meaning that we could expect phonons 

to appear at relatively low energies. Experimentally this has been investigated through Raman 

spectroscopy122, and to gain further insight, more measurements were carried out with a system 

that enables the user to introduce polarizers in front of both the light source and the detector. 

This kind of setup allows us to align the main axes directions of the octahedral lattice (identified 

by the sharp and regular edges of the flakes exfoliated from the platelets) with the linear 

polarization of the incident and detected light and to change their relative polarization (polarized
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 or depolarized), thus providing extra useful information about the directionality of different 

vibrational modes. Measurements were performed at various temperatures from 4K to room 

temperature. The studied materials were 2D Ruddlesden-Popper phenethylammonium lead 

bromide (PEA)2PbBr4 and butylammonium lead bromide (BA)2PbBr4 , for both of which the 

crystallographic structure is available108. A theoretical analysis of the modes can shine some light 

on the nature of the observed modes and on the role of different organic cations in determining 

both the frequency and the symmetry of the vibrations. 

 

Figure 2.11: Ultralow-frequency Raman spectra of individual (PEA)2PbBr4 and (BA)2PbBr4 perovskite 

flakes recorded at various temperatures. The individual flakes are oriented with one main axis of 

the pseudocubic octahedral lattice parallel to the linear polarization of the excitation laser. 

(Modified version of published figure123) 

At room temperature, the peaks appear as large bands that become narrower with lower 

temperatures, eventually showing the sharp structure visible in Figure 2.11 at 4K.  

The single peak M1 in both BA and PEA systems is associated with the twisting/rocking motion 

of the octahedra, thus its position is not expected to depend largely on the organic ligand122. 

Interestingly, the number of peaks for (BA)2PbBr4 is much smaller than for (PEA)2PbBr4, as the 

M2 and M3 bands split into fewer modes. The M4 and M5 bands that are broad at room 

temperature in both systems turn into two well-defined peaks at low temperature. A comparison 

between the positions of the vibrational bands (in frequency), indicated by the coloured 
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rectangles in Figure 2.11, shows that overall the vibrational frequencies are red-shifted in the BA 

system with respect to the PEA one. This behaviour can be rationalized by the higher stiffness of 

the PEA molecules, where π interactions take place, while BA molecules have more torsional and 

bending freedom as interactions are of Van der Waals type and their steric hindrance is smaller. 

Spectra performed with polarized and depolarized light are reported in Figure 2.12. 

 

Figure 2.12: Polarization and orientation dependence of the vibrational bands. Polarized Raman 
spectra recorded from a,b) (PEA)2PbBr4 and c,d) (BA)2PbBr4 flakes at T=4K under laser excitation at 
633 nm. Unpolarised spectra are plotted in black, polarized spectra with polarizer and analyser in 
parallel direction in blue, and depolarized spectra with polarizer oriented perpendicular to the 
analyser in red colour. The insets show optical microscope images of the investigated flakes and 
their orientation, and the blue circles indicate the positions chosen for collecting the spectra. The 
analyser was kept in vertical direction with respect to these images. (Modified version of published 
figure123) 

Under different polarizations, M2 and M3 bands in (PEA)2PbBr4 flakes show complementary 

behaviours (Figure 2.12b), with the M2 band appearing only in the polarized spectrum, while the 

M3 band is present only in the depolarized one. This indicates a strong anisotropy induced by the 

PEA molecules, and the intense M3 band under 45° polarization hints at a configuration of the 

phenethyl rings along the diagonal directions of the pseudocubic octahedral lattice. Instead in 
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(BA)2PbBr4 no significant anisotropy is present as all Raman peaks under the diagonal direction 

appear in both polarized and depolarized spectra (Figure 2.12d).  

From a theoretical point of view, it is possible to evaluate the frequency of the 3N-6 normal 

modes (where N is the number of atoms in the system) by diagonalising the Hessian matrix 

associated to the ground state geometry. The Hessian matrix is a 3Nx3N matrix containing the 

second derivatives of the energy with respect to geometry weighted by mass, and its Eigenvalues 

are the vibrational frequencies associated to the normal modes, represented by the 

Eigenvectors. 

 𝐻𝑖,𝑗
𝑣𝑖𝑏 = (

𝜕2𝐸

𝜕𝜉𝑖𝜕𝜉𝑗
) × (𝑚𝑖𝑚𝑗)

−
1
2 2.3 

This holds only if the displacements of the atoms are small (so that higher order, anharmonic, 

terms of the energy are negligible) and if the system is in its equilibrium geometry124. This means 

that one should be careful in tightly relaxing the geometry of the investigated compound and in 

using basis sets and exchange-correlation functionals consistently between the relaxation and 

the calculation of the normal modes. The three translational and the three (or two for linear 

molecules) rotational modes, yield 0 frequency eigenvalues, unless internal coordinates, that 

eliminate such degrees of freedom, are used.  

Normal mode analysis was computationally performed for the (PEA)2PbBr4 and (BA)2PbBr4 

structures in their crystalline form after geometry relaxation at the Γ point. The relaxation and 

the normal mode analysis were carried out using a DFT approach as implemented in the CP2K 

software125 using the PBE exchange-correlation functional. The experimental structures108 were 

allowed a tight relaxation (10-6 Bohr/Hartree threshold for forces, and 10-10 Hartree threshold for 

energy) to the ground state geometry. Goedecker-Teter-Hutter pseudopotentials126 and the 

MOLOPT-DZVP basis set were employed within the Gaussian and plane waves (GPW) formalism. 

The evaluation of the second derivatives required for the construction of the Hessian matrix takes 

place through the finite-difference approximation, implemented in the CP2K software, where the 

atoms are displaced by a small amount from their equilibrium positions, the energy and gradients 

of the new structures are computed analytically and then the second derivatives are computed 

numerically. Periodic boundary conditions produce the n = 1 multilayer crystalline structures that 

correspond to the investigated flakes. To identify possible interlayer coupling effects we have 

also computed the modes of a single layer structure that was obtained by adding vacuum in the 

out-of-plane direction. The calculated mode distributions are plotted in Figure 2.12, and display 

a very rich mode spectrum that makes it difficult to assign individual modes to the observed 

Raman peaks. However, it is still possible to draw some conclusions: in certain frequency ranges 

the density of the computed modes is particularly high, for example around 40 cm-1 and 70 cm-1, 

and in these two bands the dominant vibrational motions are related to Pb-Br bond bending, and 

around 70 cm-1 also some scissoring modes can be observed (Figure 2.13a). For (PEA)2PbBr4, 

these vibrations of the inorganic lattice go along with strong bending of the bulky and rigid PEA 

molecules and torsional motions of the phenethyl ring (Figure 2.13b, c).  
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Figure 2.13: PEA modes at a) 76 cm-1, b) 43 cm-1 and c) 59 cm-1. The original videos were created 

using the MOLDEN127,128 software. In a) the scissoring mode between the apical and equatorial Br 

atoms is clearly visible. In b,c) it is possible to appreciate how the PEA molecules are bent as well as 

their torsional motions.  (Frames from published videos123) 

Due to their smaller steric hindrance and their softer structure, the BA molecules in (BA)2PbBr4 

multilayers perform rotations and vibrations and therefore are not particularly in resonance with 
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the vibrations of the inorganic octahedral lattice. Compared to the multilayer structures, the 

modes in the single layers are shifted to lower frequencies, in agreement with the increased 

torsional and rotational freedom of the molecules in this configuration. In particular, in the single 

layer (PEA)2PbBr4 structure, the bending of the N-C-C angle is released and the molecules unfold. 

Furthermore, the multilayer structures manifest a larger number of modes with respect to the 

single layers, which is more prominent for the (PEA)2PbBr4 system. This is in agreement with 

experimental data and further supports interlayer coupling as the cause for modes splitting.   

In order to analyse the symmetry of the Raman active modes, group theory evaluations were 

performed based on DFT calculations on a single Cs4PbBr6 octahedron in vacuum after geometry 

optimization using the ADF software129.  Cs was used as A-cation to keep the charge balance 

neutral and to reduce the computational cost. 

 

Figure 2.14: Normal mode analysis by density functional theory (DFT) calculations for multi- and 
single layer (PEA)2PbBr4 and (BA)2PbBr4 structures. (Modified version of published figure123) 

 

Based on the temperature, polarization and orientation dependent Raman spectra and our 

modelling results, we make a tentative assignment of the observed Raman peaks to the possible 

vibrational modes of the 2D layered perovskite flakes. The lowest frequency band, M1, can be 

associated to a rocking/twisting vibration of the heaviest subsystem, represented by the 

[𝑃𝑏𝑋6]
4−octahedra, in agreement with other Raman studies on layered perovskites122. This 

octahedral vibration occurs along the main pseudocubic lattice directions, and should have one 

coupled phase across the octahedral plane, therefore it does not split. The next higher frequency 
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vibrations should be dominated by Pb-Br bonds within the octahedra, and simulations show that 

in the frequency range between 30 and 80 cm-1 Pb-Br bond bending oscillations are mostly 

present. It is therefore reasonable to relate the M2 and M3 bands to vibrations of these bonds. 

The M2 band is intense under excitation with linear polarization parallel to the main pseudocubic 

axes of the octahedral lattice in polarized configuration, while the M3 band is strong under an 

angle of 45° in the depolarized configuration. This behaviour points towards a vibrational motion 

along the two main pseudocubic axes for M2, and to vibrations along the diagonal of the lattice 

for M3. Here, the possible oscillations in the three different spatial directions of the 2D layered 

system could be the reason for the splitting of M2 into three modes, as it is observed for the 

(BA)2PbBr4 flakes. The additional mode splitting that occurs in the (PEA)2PbBr4 flakes, resulting in 

six peaks of the M2 band, is highly peculiar. It could originate from the ordered orientation of the 

phenethyl ring with respect to the octahedral lattice that induces directional anisotropy, or from 

vibrational coupling between adjacent octahedral layers that is enabled by the relatively rigid 

PEA linkers (but not by the softer BA ones). Concerning the M3 band, directionality along the 

diagonal of the octahedral lattice should play a strong role, and this could be induced by bending 

and scissoring of the in-plane Pb-Br, and Br-Pb-Br bonds, respectively. The stiffness, thus the 

interlayer coupling, and an induced in-plane anisotropy of the PEA ligands could be at the origin 

of the splitting of the M3 band into four peaks. The fact that M4 and M5 bands are much weaker 

and broader compared to M1-M3 points to damping induced by the organic moieties, which for 

Pb-Br bond stretching in the out-of-plane direction is reasonable. Here the splitting in two modes 

could result from in- and out-of-phase oscillations. The frequencies of the different peaks that 

were identified in the low-temperature Raman spectra, the symmetry of the modes from group 

theory analysis performed on a single octahedron, and the assignment of the vibrational motion 

according to the discussion above are summarized in Table 2.3. 

Even within this simplification of the system, it has been possible to assign an irreducible 

representation of the D2h symmetry group to the main vibrational motions, in agreement with 

the ones reported in ref.130,131 . 
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Table 2.3: Frequencies of the vibrational modes discerned in the Raman spectra for (PEA)2PbBr4 and 

(BA)2PbBr4 flakes at T = 4K, together with their symmetry, and the tentative assignment of the 

dominant vibrational motion. 

Band 
(PEA)2PbBr4 

freq. (cm-1) 
(BA)2PbBr4 

freq. (cm-1) 

Irreducible 
representation 
(D2h symmetry) 

Vibrational motion 

M1 26.8 21.8 B1g, B3g Octahedra rocking/twisting 

M2 

52.4 
35.7 

Ag Pb-Br bond bending 

54.9 

56.0 44.9 

57.7 
50.3 

58.8 

M3 

70.3 

61.5 B2g 
Pb-Br bond bending and twisting;  
Br-Pb-Br scissoring in the octahedral plane 

72.0 

75.0 

78.5 

80 

M4 
95.1 83.6 

Ag Out-of-plane Pb-Br bond stretching 
105.3 89.1 

M5 
131.6 106.8 

Ag In/Out-of-plane Pb-Br bond stretching 
140.7 132 

 

In conclusion this detailed analysis of the modes and their symmetry allowed us to assign ultralow 

frequency Raman modes to the Pb-Br bond bending/scissoring and to elucidate the role of 

organic cations in determining the vibrational modes occurring in Ruddlesden-Popper 2D lead-

halide perovskites. Especially the stiffness and the nature of the interactions between the 

molecules are of utmost importance in determining the strength and the kind of vibrational 

coupling between the layers as well as the anisotropy in the spectroscopic properties of the 

material. 

A recent study on n = 2 layered perovskites interpreted these materials as superlattices made of 

stacks of different electronic as well as elastic properties (thus the organic and inorganic layers 

constitute the sublattice) and proposed ultra-low Raman frequencies as associated to collective 

vibrations of the entire periodic structure132. This interesting perspective opens new possible 

interpretations to the vibrational modes of these hybrid materials.
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2.5 Beyond Lead: the Role of the Organic Moieties in Phase Transitions of Low-
Dimensional Layered Double Perovskites 

One of the main disadvantages of lead-halide perovskites resides in the presence of Pb133, making 
the materials toxic both for humans and for the environment, especially when it comes to the 
recycling of used devices.  

We have seen that the valence bands of Pb-based perovskites are formed by a combination of 
Pb-6s2 and I-5p6 (Cl-3p6, Br-4p6) orbitals and the conduction bands are formed by Pb-6p0 orbitals: 
other computational works134 have shown this electronic structure to contribute to the long 
lifetimes of the carriers as well as to the shallowness of defect states while the high density of p 
states near the band edges accounts for the strong absorbance. Alternative stable cations that 
share the same electronic structure are Tl+ and Bi3+, of which only Bi3+ is nontoxic. However 
charge balance and radius-ratio rule require the presence of a monovalent cation of the right 
dimension to support the octahedral coordination in combination with Bi3+, and these 
considerations have pointed towards the use of Ag+ as second cation, thus moving to the field of 
double perovskites class of compounds of general formula A2B1B2X6 135. Devices based on the 
double perovskite Cs2AgBiBr6 have already shown good performances as solar cells136 and 
photodetectors137.  

The diversification in the optoelectronic properties of Pb-based perovskites produced by 
reduction in dimensionality and variation of the crystals shape44, has clearly pushed towards the 
exploration of double perovskites nanocrystals and 2D structures, which can be obtained 
according to the same principles of using surface ligands or large A-site cations138,139. 2D double 
perovskites have shown very interesting optoelectronic properties, which have been found to be 
strictly related to the structure and the amount of distortions. In particular it has been observed 
that bulk crystals and 2D structures as thin as two octahedra layers (2L) share the same band 
structure, with an indirect bandgap, whereas monolayered materials (1L) show a direct band gap 
and an extremely flat conduction band (Figure 2.15a)138. 

In a temperature dependent Raman study, we noticed that monolayered structures undergo a 
phase transition at different temperatures depending on the nature of the A-site cation. The 
phase transition is identifiable as a 2 cm-1 shift to higher energy and a broadening of all the Raman 
peaks above the critical temperature (Figure 2.15c). Moreover, photoluminescence 
measurements show a variation in the behaviour of the absorption peak below and above the 
transition temperature, which points towards a strong correlation between the distortions 
associated with the phase transition and the optoelectronic properties. In particular, it is clearly 
visible that in 1L structures the intensity of the PL peaks does not change in a continuous way, 
but rather shows a variation in the slope at the phase transition temperature (Figure 2.15d)  
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Figure 2.15: a) Band structure calculated in ref.138 at room temperature, reporting the various 
atomic orbitals’ contributions to the bands. b) Sketches of bulk and layered structures with n = 2 
and n = 1 (left to right). c) Temperature-dependent Raman spectra of layered double perovskites 
with n = 2 and n = 1 compared to the bulk structure. d) Temperature-dependent PL spectra (top) 
and intensity of the PL peak (bottom) of bulk, n = 2 and n = 1 PA double perovskite. 

 

To better understand the effects of the phase transition on the optoelectronic properties we 
calculated the low-temperature and room-temperature band structures of monolayered (1L) and 
bilayered (2L) materials with butylammonium (BA) as A-site cation, then we performed a 
comparison with the room temperature band structures of the same material with 
propylammonium (PA) in the A-site to evaluate the effects of different organic cations. 

Calculations have been carried out using the DFT approach of the codes SIESTA91 and Quantum 
Espresso90, and starting from the experimental structures reported in ref.138 and 139. All the 
calculations have been carried out using the relativistic optimized norm-conserving Vanderbilt 
(ONCV) pseudopotentials generated by D. Hamann’s code89,109 and PBEsol exchange correlation 
functional95. The presence of the heavy atom Bi3+ requires the use of spin-orbit coupling: if 
neglected, the 1eV splitting of the lowest conduction bands in 1L structures is not captured. 
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Figure 2.16: Band structure and projected density of states of a) 1L-BA at 100K without spin-orbit 
coupling, b) 1L-BA at 100K with spin orbit coupling, c) 2L-BA at 298K without relaxation of organic 
molecules and d) 2L-BA at 298K with relaxation of organic molecules only. The inclusion of the spin-
orbit coupling turns the indirect bandgap into a direct one for 1L compounds. (Modified version of 
published figure140) 

Room temperature structures report several configurations of the organic cations, and in those 
cases we selected only one configuration and allowed geometry relaxation exclusively for the 
atoms of the organic molecules. This is done in order to avoid artefacts related to the arbitrary 
choice of the organic molecule configuration, such as the flat C-2p band intersecting the valence 
band in Figure 2.16c, which suggests that the selected geometry is far from equilibrium. After 
relaxation, the band shifts lower in energy, far from the bandgap (Figure 2.16d) as chemical 
intuition suggests. 

Although the analysis of the band structure and of the density of states of both low- and room-
temperature band structures was performed only for 1L-BA and 2L-BA compounds 
(Figure 2.17a,b,c,e), we can expect a very similar behaviour for the 1L-PA system, since 1L-PA and 
1L-BA band structures at room-temperature (Figure 2.17c,d) are almost identical within the 5 eV 
wide energy window around the Fermi level. This is in line with the absence of organic states 
close to the Fermi level, and with the only difference between the two compounds being an extra 
CH2 group on the alkyl chain. Both 1L-PA and 1L-BA compounds are likely to have similar 
distortions of the inorganic framework, which is supported by calculations on the 2L-BA and 2L-
PA structures (Figure 2.17e,f)   
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Figure 2.17: Band structure and projected density of states of a) 1L-BA at 100K, b) 2L-BA at 100K, c) 
1L-BA at 298K, d) 1L-PA at 298K, e) 2L-BA at 298K and f) 2L-PA at 298K. The colours encode the 
contribution of corresponding atomic orbitals to the states at each k-point. Insets: a,c) distortions 
appearing in the low- and room-temperature phases and b) the Brillouin zone and high-symmetry 
points used in the band structure plots. (Modified version of published figure140) 

For 1L structures at low-temperature, the calculated bands and density of states are in 
agreement with those reported by Connor et al.138, showing a direct band gap at the Γ point with 
main contributions to the top valence bands coming from Br-4p and Ag-4d orbitals, while Bi-6p 
and Br-4p orbitals are forming the conduction bands. Consistently with ref.138, an indirect band 
gap is obtained for the 2L-system (Figure 2.17b, e, f).  

The crystal structure of 1L-BA features different octahedral tilt patterns at low- and room-
temperatures. At 298 K the octahedral tilts are within xz plane (a0b+c0  in Glazer´s notation141), 
while below the transition temperature a tilt in the xy plane appears (a0a0c-), as indicated in the 
inset of Figure 2.17a. A striking feature of 1L structures is a rather flat bottom conduction band 
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(CB), which in terms of the tight-binding model is related to the strong decrease of Bi-Bi hopping 
integral due to energetically well-separated Ag orbitals within the checkerboard ionic ordering of 
Bi3+ and Ag+ ions (Figure 2.18a). Indeed, in 2L structures with shorter Ag-Br bonds along the c axis 
and higher number of connected octahedra than the 1L systems, the dispersion of the lowest CB 
is much larger (~0.5 eV). The increased amplitude of the a0b+c0 octahedral tilt at room 
temperature causes the splitting of 0.1 eV of the lowest conduction and the highest valence 
bands. Combined with the flatness of the bands, this makes it possible for small distortions to 
produce significant changes in the band structure across the bandgap, thus affecting the optical 
properties. This could be at the origin of the change in PL intensity observed around the phase 
transition temperature for the 1L-PA sample (Figure 2.15). Since the CB is essentially flat, the 
transition energy remains almost unchanged, in good agreement with our absorption and PL 
results. Thermally excited polar modes could cause a shift in the CB minimum via the Rashba 
effect, leading to indirect bandgap, although these modes are not visible in the experimentally 
provided centrosymmetric 1L crystal structures: for example, applying a ferroelectric mode, such 
as Γ2+, with amplitude as small as 1:10 of that of Γ3+, the one already present at room temperature 
that causes the out-of-plane tilting of the octahedra, produces a shift in the position of the 
minimum of the conduction band, thus making the bandgap indirect (Figure 2.18b). 

 

 

Figure 2.18: a) Density of the Bi-centered Wannier function for the lowest conduction band of 1L-
BA at low-temperature that does not hybridize with high energy Ag orbitals, resulting in a 
wavefunction localization on Bi and Br atoms and a flat conduction band. The Wannier functions 
have been obtained with the Quantum Espresso-wannier90142 codes, used also to validate the 
SIESTA results. b) Band structure and projected density of states of the 1L-PA structure at room 
temperature with a small ferroelectric Γ2+ mode applied. The red asterisk marks the minimum of 
the conduction band. (Modified version of published figure140) 

 Overall, the analysis of the band structures of 1L-BA system above and below the phase 
transition temperature shows how variations in octahedral tilt patterns mostly affect the flat CB, 
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and opens interesting perspectives on the effects of electron-phonon coupling on these 
materials. 

 

Conclusions 

This set of studies has revealed the importance of the choice of the organic ligand when 

engineering a layered perovskite material. In particular it has been possible to appreciate how 

the access to the vast library of organic compounds could provide different spectroscopic 

response despite the energetic distance from the photoactive part of the material, namely the 

inorganic layer. This effect is obtained indirectly, by acting on the geometry and on the strain 

through the H-bonds or through the electrostatic interactions between the ligands themselves. 

In the last section we glimpsed at novel, alternative materials while addressing the important 

impact that these ligands have on the mechanical properties and the phase transitions.
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CHAPTER 3: A GW/BSE APPROACH FOR  

MAPbI3 NANOCRYSTALS 

 
Despite the tremendous amount research effort dedicated to understanding the characteristics 
of lead halide perovskites, some fundamental properties have not been established yet. Among 
these is the exciton binding energy, around whose values there is still an open debate even for 
bulk materials, although it is generally accepted that they are expected to be low (~10 meV), in 
agreement with long decay lifetimes and efficient charge separation upon photoexcitation8,143. 
It is also known, however, that the exciton binding energy can be several times larger in quantum 
confined structures, that constitute an important field for applications in nanotechnologies, 
optoelectronics10,61,144–146, photonics72,147, spintronics148. Another important debate has recently 
emerged, concerning the assignment of the spin multiplicity to the excited state. In particular it 
is unclear the relationship between the dimension of the nanocrystal (NC) and the multiplicity of 
the first excited state, which is of utmost importance in understanding the photophysical 
properties of the ground state exciton, as selection rule dominate them59,60,67,69. 
In this picture, an analytical tight-binding approach that makes use of parameters obtained 
almost completely from DFT-based first principles calculations is proposed. A combination of GW 
approximation for self-energy corrections and Bethe-Salpeter equation (BSE) has been employed 
as a many-body approach to evaluate the electronic structure and the excitation energies. The 
novelty of the work lies in the development of a model that retains atomistic detail in the study 
of systems of finite dimensions, such as nanocrystals, similarly to what has been proposed for 2D 
perovskites of varying thickness in ref.47. 
As a system, methylammonium lead iodide (MAPbI3) is considered: its bulk properties have been 
extensively studied, also within a GW formalism23, while experimental data concerning 
nanocrystals are lacking due to their low stability with the current synthetic routes. Moreover, as 
aforementioned, this material has shown to have a low lasing threshold149 and understanding of 
its properties is important to move the applications of perovskite nanocrystals in the visible 
range. As stated in the introduction, it is well known that the A-cation in lead halide perovskites 
doesn’t contribute to the bands between which the electronic transitions take place, but rather, 
it plays a role in determining the structure150. Thus, our real-space tight-binding model can be 
built on the basis of the I-5s25p6 and Pb-6s26p0 spinorbitals. It is important to point out, however, 
that the relaxation of such hybrid system allows us to include the effects of distortions arising 
from the strong H-bonds between the MA+ molecule and I– ions32. Indeed, the relative orientation 
of MA+ molecules has been shown to affect the bandgap in bulk lead-halide perovskites by up to 
0.06 eV38. In addition, the importance of Rashba splitting in determining the optoelectronic 
properties of both the bulk and the nanometric systems is still a matter of debate59,60,67,69, and 
the studied configuration accounts for such effect as inversion symmetry is removed. In this study 
the MAPbI3 formula unit is considered with all the MA+ molecules oriented in the same direction, 
a configuration commonly used in bulk studies, although this is known to be one of the highest 
energy possible configurations and it is ferroelectric, which has been shown to appear very rarely 
in bulk36,37.  For all the surfaces, halogen termination was considered (Figure 3.1b). 
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The following work has been carried out in strong collaboration with Yeongsu Cho from Prof. 
Berkelbach’s group during my stay at Columbia University.  
 
The tight-binding parameters have been obtained after wannierization of bands computed via 
DFT performed on an orthorombic cell with spin-orbit coupling (SOC) included. All the DFT 
calculations have been carried out using the Quantum Espresso package90 and PBE exchange-
correlation functional, while maximally localised Wannier functions were obtained using the 
Wannier90 code142.  
Wannierization is a process that produces orthonormal functions from a unitary transformation 
of the bands. This means that Wannier functions provide a localised real space representation of 
the electronic structure, obtained by calculating the Fourier transform of the Bloch functions at 
different k-points. For a single band: 
 

  |𝑹𝑛⟩ =
𝑉

(2𝜋)3
∫ 𝑑𝒌𝑒−𝑖𝒌∙𝑹|𝜓𝑛𝒌⟩
𝐵𝑍

 3.1 

 
Where |𝑹𝑛⟩ is the Wannier function in cell R, with R being a real-space lattice vector, associated 
to band n, V is the volume of the primitive cell in real space and the integration is carried out on 
the whole Brillouin zone BZ. A detailed analysis of the construction of Wannier functions and the 
challenges associated with this procedure will not be reported here for the sake of conciseness, 
an interested reader might refer to the enlightening review by Marzari et al. on the topic151. For 
the scope of this work, it is sufficient to understand that this representation allows to study the 
nature of the bonds within a material and to obtain accurate parameters of the tight-binding 
Hamiltonian without extracting them from experimental, macroscopic, observations. 
Since DFT is well-known to underestimate the bandgap, a self-energy correction Σ accounting for 
all the possible many-electrons processes is required. Calculation of a more accurate bandgap 
can be achieved using, instead of DFT, the GW approximation, which can be derived from a many-
body approach to evaluate the interacting part of the Hamiltonian describing the system. 
Recalling the electronic energy from DFT and comparing it with the many-body solution:  
 

 

  (𝑇[𝜌(𝒓)] + 𝐸𝑛−𝑒[𝜌(𝒓)] + 𝐽[𝜌(𝒓)] + 𝐸𝑥𝑐[𝜌(𝒓)])𝜓𝑖(𝒓) = 𝐸𝑖
𝐷𝐹𝑇𝜓𝑖(𝒓) 

 

 (𝑇(𝒓) + 𝐸𝑛−𝑒(𝒓) + 𝐽(𝒓))𝜓𝑖(𝒓) + ∫Σ (𝒓, 𝒓
′, 𝐸𝑖)𝜓𝑖(𝒓

′)𝑑𝒓′ = 𝐸𝑖𝜓𝑖(𝒓) 
3.2 

 
 Σ would then contain exchange and correlation interactions, acting as a dynamically screened 
Coulomb interaction between electrons152, and can be seen as a frequency-dependent 
perturbation acting on the non-interacting Hamiltonian. In the approximated form Σ = iGW, 
where W is a screened Coulomb interaction and G is the Green function of a non-interacting 
particle153. The W term can be obtained via the linear response theory, as screening generates 
polarization, which in turn induces more electronic density movements, giving rise, in the end, to 
a feedback loop. This is generally evaluated in the random phase approximation, which accounts 
for the screened exchange. However, the development of a GW scheme is beyond the scope of 
this project, and the main objective is instead to evaluate the optical properties starting from the 
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correct band structure. Therefore we modify the computed band structure by adding a few 
parameters to the tight-binding Hamiltonian, in order to retrieve the band structure computed 
at an ab initio GW level by Umari et al.23, reported in Figure 3.1a. The fitting yields a bandgap of 
1.57 eV, 0.1 eV lower than the one calculated in ref. 23 thus a 0.1 eV scissor operator is applied 
to the final eigenvalues of the GW-corrected Hamiltonian.  
 

 
 𝐻𝑖𝑗

𝐺𝑊 = 𝐻𝑖𝑗
𝐷𝐹𝑇 + Σ𝑗𝛿𝑖𝑗 

𝐻𝐺𝑊𝐶 = 𝐶𝜖 
3.3 

 
with i and j being the atomic orbitals and Σ𝑗 the fitting parameters. 

When dealing with finite size crystals, the k-dependency is lost, thus the tight-binding 
Hamiltonian contains the contributions from all the I and Pb atoms present, leading to an increase 
in its dimensions with increasing dimensions of the crystal, and its eigenvalues are molecular 
orbitals (MO) as the system is finite. The correction introduced in Equation 3.3 doesn’t take into 
account the important effect of the variation of dielectric environment at the surface of the NC 
finite system, which is therefore included using a model dielectric function and the static 
screening approximation, perturbatively correcting the eigenvalues ϵ 
 

 

 𝐸𝑐 = 𝜖𝑐 +∑|𝐶𝑐𝑖|
2𝑉(𝑟𝑐𝑖)

𝑖

 

 

𝐸𝑣 = 𝜖𝑣 −∑|𝐶𝑣𝑖|
2𝑉(𝑟𝑣𝑖)

𝑖

 

3.4 

 
where c and v identify empty (“conduction”) and full (“valence”) molecular spin-orbitals, and 
each of them has mixed spin character. Table 3.1 reports the amount of spin-up and spin-down 
contribution to some of the molecular orbitals, where it is clearly visible how spin-orbit coupling 
affects more strongly the LUMO and LUMO + 1, mainly constituted by Pb orbitals. Indeed they 
show an almost balanced mixing of the two spin states, whereas HOMO and HOMO – 1 orbitals, 
mostly I-based, have a more unbalanced composition, in agreement with what is reported from 
DFT studies on the bulk material34. 𝑉(𝑟) accounts for the screened Coulomb interactions, but 
since an analytical form for a pseudocubic-shaped crystal is not readily available, we approximate 
the nanocrystals to spheres (Figure 3.1c) and use the model proposed by Brus154. 
 

 𝑉(𝑟) =
𝑒2

2𝑅
∑

(
휀2
휀1
− 1)(𝑛 + 1)

휀2(
휀2
휀1
𝑛 + 𝑛 + 1)

(
𝑟

𝑅
)2𝑛

𝑛

 3.5 

 
Where 휀1 and 휀2 are the dielectric constants of the surrounding environment, thus the surface 
ligands, and of the NC material respectively, while 𝑅 is the radius of the NC (its diagonal) and r is 
the distance of the atomic orbitals i (Equation 3.4) from its centre.  
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Table 3.1: spin contribution to molecular orbitals of a nanocrystal made of a single unit cell.  
 

Molecular orbital Spin-up contribution % Spin-down contribution % 

HOMO – 3 46.4 53.6 

HOMO – 2 53.1 46.9 

HOMO – 1 33.8 66.2 

HOMO 66.7 33.3 

LUMO 57.6 42.4 

LUMO + 1 41.8 58.2 

LUMO + 2 61.8 38.2 

LUMO + 3 38.6 61.4 

 

 
 

Figure 3.1: a) GW + SOC band structure reported from ref.23 used to evaluate the GW correction. b) 
Example of built structure: a NC made of two unit cells per side. c) Approximation of a NC with a 
sphere according to ref.154. 

 
To evaluate the optical properties we employ the Bethe-Salpeter equation (BSE) on the basis of 
the corrected molecular orbitals155,156. The BSE accounts for the interactions between the 
electron and the hole generated in a transition: the response function is obtained via four-particle 
terms that can be rewritten on the basis of the transitions157. When the interaction energies are 
much smaller than the bandgap, the Tamm-Dancoff approximation can be employed, and the 
BSE can be solved as an eigenvalue problem of the following form 
 

 
𝐸𝑋𝐴𝑐𝑣

𝑋 = (𝐸𝑐 − 𝐸𝑣)𝐴𝑐𝑣
𝑋 + ∑  (−𝐾𝑑 + 2𝛼𝐾𝑥)𝐴𝑐′𝑣′

𝑋
𝑐′, 𝑣′  

 
3.6 

that contains a non-interacting term and an interaction kernel. This second term is composed of 
two two-electrons integrals: an attractive screened Coulomb interaction and a repulsive 
exchange interaction. 
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 𝐾𝑑 = ∫𝑑3𝒓∫𝑑3𝒓′ 𝐶𝑣𝐶𝑐

∗𝑊(𝒓, 𝒓′)𝐶𝑣′
∗ 𝐶𝑐′ 

𝐾𝑥 = ∫𝑑3𝒓∫𝑑3𝒓′ 𝐶𝑣𝐶𝑐
∗𝑉(𝒓, 𝒓′)𝐶𝑣′

∗ 𝐶𝑐′ 
3.7 

 

Each of these integrals can be evaluated on-site (atomic orbitals are located on the same atom) 
or off-site (atomic orbitals are located on different atoms). The α coefficient acting on the 
exchange term in Equation 3.6 is 0 for triplet states and 1 for singlet states. Since in this case the 
MOs themselves have mixed spin character, exchange is included for all the atomic orbitals 
combinations that give rise to singlets when computing the terms of the BSE matrix when they 
are rewritten in the atomic orbital basis, where i and j indicate atomic orbitals. 
  

 

 𝐾𝑑 = (𝑐𝑣|𝑊|𝑐′𝑣′) =  ∑𝐶𝑖𝑐
∗ 𝐶𝑖𝑣𝐶𝑗𝑐′

∗ 𝐶𝑗𝑣′𝑊𝑖𝑗

𝑖,𝑗

 

𝐾𝑥 = (𝑐𝑣|𝑣′𝑐′) = ∑ 𝐶𝑖𝑐
∗ 𝐶𝑗𝑣𝐶𝑗𝑣′

∗ 𝐶𝑖𝑐′(𝑖𝑗|𝑗𝑖)

𝑜𝑛−𝑠𝑖𝑡𝑒

𝑖≠𝑗

+∑𝐶𝑖𝑐
∗ 𝐶𝑖𝑣𝐶𝑗𝑣′

∗ 𝐶𝑗𝑐′𝑉𝑖𝑗
𝑖,𝑗

 

3.8 

 
When i and j are on the same atom, 𝑉𝑖𝑗 = 𝑊𝑖𝑗 = (𝑖𝑖|𝑗𝑗) and the on-site integrals (𝑖𝑗|𝑗𝑖) and 

(𝑖𝑖|𝑗𝑗) have been evaluated ab initio using the PySCF code158, while for off-site terms Equations 
3.9 were used for a screened Coulomb potential159 and an unscreened exchange potential, with 
Pn being a Legendre polynomial and 𝜃 the angle between 𝑟𝑖 and 𝑟𝑗 measured from the centre of 

the NC. 
 

 

𝑊𝑖𝑗
𝑜𝑓𝑓−𝑠𝑖𝑡𝑒

= −
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The dielectric environment surrounding the NC acts on the electronic energies as well as on the 
excitonic transitions in terms of Coulomb screening. Figure 3.2a reports the behaviour of both 
the HOMO-LUMO and the excitonic energies: the decrease in the exciton binding energy with 
increasing dielectric permittivity is visible, as a more polarizable environment better screens the 
charges, thus decreasing the energy gained in forming an exciton. From the plot, the size effect 
is also clear, as larger NCs are progressively less affected by the variation in the external dielectric 
environment. As dielectric permittivity of the surrounding environment two values will be 
considered:  휀1= 2.1 and 휀1= 3.9 (a general organic ligand, such as butyl ammonium, and SiO2, 
both commonly used in synthetic procedures to stabilise small NCs8,61,160–163). 
The Eigenvalues of the BSE matrix are the excitonic states, thus the exciton binding energy is the 
difference between the lowest HOMO-LUMO electronic transition and the lowest BSE 
Eigenvalue. Because the BSE approach is based on the interactions between electronic 
transitions, the precision with which the exciton energy is obtained depends on the number of 
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transitions, and therefore MOs, included in computing it. In order to consider all the MOs that 
share the same character, and thus possibly contribute in a similar way to the electronic 
transitions, one can think of using a fixed number of orbitals per unit cell (MOs/cell). However, 
this means that the size of the BSE matrix increases very quickly with the dimension of the crystal. 

 
Figure 3.2: a) Dielectric effect on HOMO-LUMO transition energies (BG, triangles) and excitonic 
energies (opt BG, dots) for NCs of n = 1, 2 and 3 unit cells per side (blue, green and red respectively). 
The excitons were computed using the BSE on the basis of 4 MOs per unit cell. b) Dependence of 
the excitonic energy on the number of MO per unit cell included in the BSE.  

 
In Figure 3.2b the results of tests performed on NCs of different size using a different number of 
MOs per unit cell are reported. The lowest excitonic states differ in energy by less than 0.1 eV, 
and can therefore be described even using minimal “basis set” of 4 orbitals per unit cell, in 
principle. However, it will be clearer later that a larger basis is desirable for a better description 
of more than the lower exciton energy, thus the results presented hereafter are computed using 
12 MOs/cell up to n = 3 (NC with 3 unit cells per sides), for larger NCs a fixed number of 256 MOs 
has been used to build the BSE. 
In Figure 3.3 the dependence of the exciton and exciton binding energy on the dimension of the 
NC is shown, at least for small NCs, as solutions for larger systems are under development: the 
difference between the HOMO-LUMO energy and the excitonic energy is the exciton binding 
energy, while in green the only available PL experimental data for such small NCs are reported162. 
The behaviour is consistent as the excitonic energy approaches the bulk optical bandgap (1.67 
eV) with values that are similar to the measured data. As expected, larger NCs are not strongly 
affected by the dielectric environment and both the computed sets of data match quite well with 
the experimental one, small discrepancies might be due to small variations in shape and size 
distribution of the experimental sample68. The exciton binding energies decrease with increasing 
dimensions of the NC, as the exciton can be more delocalised. Results are reported in Table 3.2. 
Figure 3.3b shows the contributions to the excitonic energy due to exchange and Coulomb 
interactions between the electron and the hole: exchange accounts for a few meV, in agreement 
with ref.60,67, while the Coulomb interaction has a larger effect. Both contributions decrease with 
increasing nanocrystals size. 
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Table 3.2: exciton binding energies in NCs of increasing dimensions. 

 

NC diameter (nm) Exciton binding energy (eV), 휀1= 2.1 Exciton binding energy (eV), 휀1= 3.9 
0.63 2.513 2.002 
1.25 1.382 1.203 
1.88 0.932 0.743 
2.51 0.523 0.422 
3.13 0.430 0.343 
3.76 0.347 0.267 

 

 
Figure 3.3: a) Dependence of the electronic and optical transition energies on the dimensions of 
the NCs. 12 MOs per unit cell are used until n=3, then 256 MOs/cell are considered. Green squares 
are experimental PL data reported from ref.162 for comparison. b) Contribution of the exchange 
(light blue) and of the Coulomb (orange) interactions to the excitonic energy in meV and in eV 
respectively. 

 
As the BSE Eigenvectors are the excitons wavefunctions, it is possible to use the Wannier 
functions as atomic orbitals 𝜙 to obtain a real-space representation of the excitons, choosing a 
definite position for the hole, for example in the centre of the NC (rh = [0, 0, 0]). 
 

 
𝜓(𝒓𝒆,𝒓𝒉=[0,0,0])
𝑋 =∑𝐴𝑐𝑣

𝑋

𝑐𝑣

∑𝐶𝑖𝑐(𝒓𝒆)
∗ 𝐶𝑗𝑣(𝒓𝒉=[0,0,0])

𝑖𝑗

𝜙𝑖
∗𝜙𝑗 

 

3.9 

As expected, the excitonic wavefunction is localised mostly around the position of the hole. It is 
clearly visible how the function is spatially confined (Figure 3.4), in agreement with the small 
dimensions of the NCs and with the expected smaller exciton binding energies for larger systems. 
 



3 A GW/BSE approach for MAPbI3 nanocrystals 

55 
 

 
Figure 3.4: Plotted excitonic wavefunction for NCs with dimensions a) n = 2, b) n = 3 and c) n = 5. 
The hole is placed in the centre of the NC in all case, thus the wavefunction, built on the basis of 
Wannier functions as atomic orbitals, is located mostly close to the centre. 

 
With all the gathered information it is also possible to produce an absorption spectrum and, using 
the BSE eigenvectors, associate every peak to the MO taking part in the transitions that mostly 
contribute to them. To do so, the Fermi Golden rule is employed, which requires the momentum 
dipole elements pcv from the Wannier functions obtained from DFT.  

 𝐼(𝜔) ∝  ∑|∑𝐴𝑐𝑣
𝑋 𝝀 ∙ 𝒑𝑐𝑣

𝑐𝑣

|

2

𝛿(ℏ𝜔 − 𝐸𝑋)

𝑋

 3.10 

Where λ is the light polarization vector. The obtained excitonic spectrum can look more realistic 
by replacing the obtained delta functions with Lorentzians. The resulting intensity values have 
meaning only in terms of ratios, thus they are useful only to identify differences in brightness 
between the various peaks. Figure 3.4a reports the spectra for small nanocrystals computed 
using 12 MOs per unit cell, while in Figure 3.4b the contribution of the electronic transitions are 
reported for the bright excitonic peaks computed  for the NC made of one unit cell using 4, 8 and 
12 MOs (the smallest crystal was chosen for a matter of clarity).  
Figure 3.5a shows the expected redshift of the absorption onset due to reduced quantum 
confinement and an increased structuring of the spectra as more and more transitions are 
included in the BSE. Figure 3.5b shows the effect of the increased number of included MOs: while 
the lowest exciton is correctly represented, with a very small difference in energy between the 
three “basis sets”, in agreement with the plot in Figure 3.2b, the higher energy transitions are 
clearly different. The second excitonic peak’s energy is overestimated by more than 0.5 eV   when 
4 MOs are used, and clearly all the higher energy transitions are not present as only four excitonic 
states can be computed (the other two are dark and their energy is below 3 eV). It is therefore 
understandable that a larger number of transitions better accounts for the interactions taking 
place in the excited states and gives access to an accurate evaluation of transitions that are higher 
in energy than the first exciton, which instead is already well represented even using a small 
number of MOs. 
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Figure 3.5: a) Comparison between computed absorption spectra of NCs of different dimensions, 
where n indicates the number of unit cells per side. The excitonic states have been computed using 
12 orbitals per unit cell for n<4. b) Analysis of the n=1 spectrum: the arrows indicate which ones 
are the electronic transitions that mostly contribute to (or better describe) the excitonic state. c) 
Comparison between the computed absorption spectra of n = 1 NC using 12 (red), 8 (dark blue) or 
4 (light blue) MOs per unit cells to build the BSE matrix.  

 
Assigning a spin multiplicity to excitons of a system in which molecular orbitals have mixed spin 
character and no symmetry is present, is an extremely complicated task. In particular, because 
of spin-orbit coupling, S2 is not a good quantum number and therefore its use in indentifying the 
spin multiplicity clearly can be tricky. However, it is possible to evaluate the effect of SOC on the 
excitonic states and on their spectroscopic properties by including it gradually, which can be 
achieved using a tight-binding Hamiltonian modified according to Equation 3.10.  
  

 𝐻 = 𝐻𝑛𝑜𝑆𝑂𝐶 + 𝜆(𝐻𝑆𝑂𝐶 − 𝐻𝑛𝑜𝑆𝑂𝐶) 3.10 
 

Where 0 ≤ 𝜆 ≤ 1, and 𝐻𝑛𝑜𝑆𝑂𝐶 is constructed by assigning the same tight-binding parameters to 
terms that belong to the same atomic orbitals but have different spin multiplicity, and by 
removing opposite-spin hopping terms.  
To avoid confusion concerning the spin multiplicity of the states, only 4 transitions are used as a 
basis for the BSE matrix. The n = 3 (about 2 nm),  n = 7 (about 4.38 nm) and n = 9 (about 5.63 nm) 
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NCs have been used for this test, and the energies of the states as well as the transition dipole 
moments (TDM) associated to them are reported in Figure 3.6 (n = 3) and Figure 3.7 (n = 7). It is 
clearly visible from both the energy and the TDM behaviours that, as expected, when no SOC is 
included the three lowest excited states are degenerate, forming a triplet to which transitions 
are spin-forbidden (TDM = 0), with a singlet state at higher energy. When increasing the amount 
of SOC the degeneracy between the triplet states is lifted and the character of the states mixes, 
as visible in the changing values of the TDMs. Interestingly, in n = 3 around 70% of SOC inclusion, 
the highest “triplet” state and the “singlet” state energies cross, which is visible also in the TDM 
values as the brightest state becomes the 3rd state.  
 

 
Figure 3.6: a) Energy of the four excitonic states of a NC with n = 3 unit cells per side. In absence of 
SOC, the three lowest states are degenerate and constitute a triplet, but as the amount of SOC is 
increased the degeneracy is removed and in general the energy decreases. b) TDM behaviour of the 
excited states upon increasing SOC. States are not identified by their energy but only by numbers 
1-4 with 1 being always the lowest in energy and 4 being always the highest in energy. 

 
In n = 7 a similar behaviour is observed: the same “swap” in character between the 3rd and 4th 
states takes place when around 30% SOC is included, whereas the “crossing” in energy is still 
happening at around 70% SOC, where instead the 2nd state becomes the brightest and the TDM 
of the 3rd state lowers. However, both these sets of results seem to hint at the lowest state being 
close to a triplet in character, which is very visible also in the spectra of the NCs where the first 
state generally has a lower intensity compared to other peaks. In general, it is interesting to 
notice that the inclusion of SOC decreases the overall excitonic energy by about 0.8 eV (observed 
also in n = 9), underlining how important it is to include this effect in the description of these 
materials. Figure 3.8 reports similar behaviours of the TDM and of S2 for both n = 7 and n = 9, 
with the first exciton always showing a low value of TDM and a high value of S2, reinforcing our 
hypothesis of the lowest exciton state having mainly triplet character. The colours used in Figure 
3.8 identify the relative energy of the states: blue is the energetically highest exciton, red the 
lowest. However, in n = 9 the differences are only of a few meV as the MOs are closer in energy: 
clearly here exchange plays an important role in determining the order of the excitonic states.  
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Figure 3.7: a) Energy of the four excitonic states of a NC with n = 7 unit cells per side. In absence of 
SOC, the three lowest states are degenerate and constitute a triplet, but as the amount of SOC is 
increased the degeneracy is removed and in general the energy decreases. b) TDM behaviour of the 
excited states upon increasing SOC. States are not identified by their energy but only by numbers 
1-4 with 1 being always the lowest in energy and 4 being always the highest in energy. 
 

 

 
Figure 3.8: Behaviour of the |TDM|2 of NCs of a) n = 7 and c) n = 9  as a function of 𝜆. b,d) 
corresponding values of S2. Blue dots identify the excitonic state with highest energy, with green, 

orange and read identify decreasing energy. As expected, when 𝜆 = 0 it is not possible to associate 
a clear spin multiplicity to the states however the very high values of S2 and low values of |TDM|2 
suggest a mainly triplet spin multiplicity for the lowest exciton. 



3 A GW/BSE approach for MAPbI3 nanocrystals 

59 
 

Conclusions: 
 
In this project we employed the most accurate, cutting-edge many-body approaches to evaluate 
the spectroscopic properties of MAPbI3 nanocrystals of different dimensions using a fully ab-initio 
parametrisation. The accessible dimensions are small, for now, but still allow us to evaluate the 
behaviour of the exciton binding energy and how differences in the representation of the system 
change the final result. For example it is possible to see how increasing the size of the BSE matrix 
increases the precision in the description and in the calculation, particularly of the higher energy 
excitons and their properties. The results of the BSE have been used in the Fermi Golden rule to 
compute the absorption spectra of the nanocrystals, whose results have been useful also to have 
a clearer understanding of the effect of SOC on the excited states, where it seems that its 
inclusion causes a swap in energy between the singlet state and a triplet state, although assigning 
a definitive spin-multiplicity remains a difficult task.  
The power of this approach resides in the inclusion of all the effects that, to the best of our 
knowledge, are relevant for the description of the optoelectronic properties of lead-halide 
perovskite NCs: SOC, Rashba effect, dielectric environment, dimensions, exchange and Coulomb 
interactions and basis set. The atomistic representation is preserved at all steps and this allows 
us not only to decouple the aforementioned parameters, but also to obtain a detailed physical 
insight in how each of them affects the final spectroscopic properties.
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CHAPTER 4: LIGHT IN THE TUNNEL - A QUANTISTIC VIEW ON 

METAL-INSULATOR-METAL CAVITIES  

4.1 Introduction 

The ability to evaluate the dielectric permittivity of a material is of utmost importance in the field 

of optics, and is strongly related to the properties of photonic structures and their applications. 

In this part of the thesis we study metal/insulator/metal (MIM) optical nanocavities as a 

fundamental building block: their simple fabrication makes them an ideal platform to study 

elaborate plasmonic structures such as negative index materials164,165, planar plasmonic 

waveguides77,166, colour filters, and superabsorbers167. The following studies are the result of a 

research line guided and coordinated by Dr. Caligiuri, within the optoelectronics group. Team 

work especially with him and Dr. Palei has been fundamental at all steps: from the fabrication 

and characterization of the samples to the development of the models to describe their 

interactions with light, although I have been mostly involved in the latter. The following 

paragraphs therefore report most of the results of our published works168–170, with a particular 

focus on the theoretical approaches.   

As reported in the introduction, MIMs are photonic cavities made of stacked layers of 

metal/insulator/metal materials, in which the thickness of these layers is of the order of 

nanometers. These kind of structures have been extensively studied as waveguides but the 

interest towards them is seeing a second rearing due to their extraordinary light confinement 

properties. Recently it has been demonstrated that MIMs support Fabry-Perot-like cavity modes 

in correspondence of which the MIM manifests effective dielectric permittivity close to zero. Such 

a condition is called epsilon-near-zero (ENZ) and is associated to a plethora of remarkable 

unusual effects: it constitutes the technological framework in which we find, for example, electric 

levitation171, energy squeezing172,173, sophisticated phase engineering of the electromagnetic 

radiation174, coherent perfect absorption80, and Purcell effect enhancement175. ENZ conditions 

occur naturally in some noble metals, for example, in Ag at 327 nm and in polar crystals at optical 

phonon frequencies176, and have been referred to as Ferrell-Berreman modes177–180. However, 

designing materials with a customizable ENZ response is highly challenging. One successful class 

of compounds to obtain the ENZ wavelength in the infrared is constituted by conductive oxides 

like indium−tin oxide (ITO) and aluminium-doped zinc oxide (AZO). These materials possess 

intrinsic ENZ characteristics at given wavelengths in the IR, which are tuneable via the 

concentration of their dopants, and they manifest strong nonlinear effects175,181–185. A broad 

tuneability of the ENZ response has not been achieved so far, and it is especially challenging in 

the visible range. A promising approach consists in engineering artificial structures whose optical 

response can be easily manipulated by acting on the optical and geometrical properties of their 

fundamental components, as is the case for MIM multilayers. 
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Despite the experimental evidence, a clear demonstration of the ENZ nature of the modes 

occurring in MIM structures, together with a thorough understanding of the physics inherent to 

them is still missing. Indeed, Fabry-Perot resonators are based on the phenomenon of 

interference from a structure made of two semireflectant layers and a dielectric one in between, 

therefore the same physics is not totally applicable to MIMs that instead feature two external 

metallic claddings.  

In order to gain further insight, we investigate MIM structures in both experimental and 

theoretical unconventional ways: on one hand photons are incident on the metallic cladding, 

where they are expected to be totally reflected, in the visible range, and on the other hand we 

treat them as quantum potential wells.  

From an experimental point of view, Ag/Al2O3/Ag cavities of variable thickness have been 

fabricated on glass substrates using a multistep procedure involving electron–beam-induced 

thermal evaporation of (I) the metallic layer and (II) the dielectric layer, or at least part of it to 

prevent the oxidation of the metal (Kurt J. Lesker PVD 75). The remaining thickness of the 

dielectric material would be added using thermal atomic layer deposition techniques, then the 

optical cavities would have been completed by depositing the last metallic layer with thermal 

evaporation. All the produced samples have been analysed via spectroscopic ellipsometry, using 

a geometry such that the photons would be impinging on the metallic layer at a definite angle.  

 

4.2 A Semi-Classical View on Epsilon-Near-Zero Resonant Tunnelling Modes in 

Metal/Insulator/Metal Nanocavities 

Performing ellipsometry on a pure Ag layer and then on a MIM structure having the same Ag 

thickness on top and a thick backreflector gives a counterintuitive result (Figure 4.1): the cavity 

shows a peak in transmittance very close in energy to a dip in reflectance in a spectral range in 

which silver is supposed to be completely reflective. As no transmitted light is measured, in 

correspondence of such dip in reflectance, a peak in absorbance is observed, where with 

“absorbance” we refer to light that is trapped inside the cavity: no photons are annihilated in 

such system as no visible-light-absorbing material is present. In other systems with a thinner back 

reflector, further on, in correspondence of the dip in reflectance there will be also a peak in 

transmittance and one in absorbance (for example in Figure 4.5). Having a peak in absorbance as 

well as in transmittance is curious, and one way of understanding it is by using the isomorphism 

between the propagation of light in a material with refractive index n, described by the Helmoltz 

equation (Eq. 4.1), and an electron in a potential quantum well, described by the time-

indipendent Schrödinger equation (Eq. 4.2)186,187. 

 𝑑2𝛹(𝑥)

𝑑𝑥2
+ 𝑘0

2(𝑛 − 𝑖𝜅)2𝛹(𝑥) = 0 
4.1 
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Where n and ĸ are the real and the imaginary parts of the refractive index of the material, and k0 

is the propagation wavevector in vacuum 𝑘0 =
2𝜋

𝜆
 with λ being the wavelength.  

 𝑑2𝛹(𝑥)

𝑑𝑥2
+
2𝑚

ℏ2
[𝐸 − 𝑈(𝑥)]𝛹(𝑥) = 0 

4.2 

 

The similarity between the two is visible and has been fruitfully exploited, for example, to 

describe the properties of a particular class of non-Hermitian systems constituted by the so-

called parity-time symmetric potentials188–190.  

 

Figure 4.1: Schematic representations of light impinging on a) a 40nm layer of Ag deposited on a 

dielectric material and b) the same system with an extra thick metallic layer. c) Experimentally 

measured reflectance of both a) (dashed blue line) and b) (solid black line) 

The study of these systems unveiled the role of the square of the refractive index as the “optical 

potential” acting on photons. The further expansion of the quantum analogy to metal−insulator 

systems encounters the problem of Hermiticity of the Hamiltonian, which is needed to obtain 

physical solutions but which is not necessarily fulfilled for a given material system as the 

refractive index is intrinsically a complex number. However, the second term of the Hamiltonian 

can become a real number if either the real or the imaginary part of the refractive index is 

negligible: this requirement is satisfied, in the visible range, in most metals and non-absorbing 

dielectrics. Indeed, the imaginary part of such dielectrics is approximately 0, and the propagation 

of light can be expressed as Ψ𝑑(𝑥) =  𝐴𝑒
−𝑖𝑘0𝑛𝑑𝑥. On the other hand, in metals the imaginary part 

dominates, while n is often negligible, therefore Ψ𝑚(𝑥) =  𝐴𝑒
−𝑖𝑘0ĸ𝑚𝑥. 

Determining when n is negligible is not always trivial, thus we define an empirical “Hermiticity 

limit” using the Scattering Matrix Method. This method, that numerically solves propagation 

through layered systems by matching the electric fields and their derivatives at the interfaces, 

has shown perfect agreement with the experimental data, as reported in later Figures, thus we 
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can consider the obtained results reliable. We observe that when different metals are used in 

MIMs featuring a same dielectric material (Al2O3), cavity modes are sustained only in certain 

regions of the spectra (Figure 4.2). These regions, for a given metal, fulfil the requirement 
𝑛

ĸ
<  0.2, and correspond to the frequencies at which no interband transitions occur. For 

example, in the case of Au, the cavity resonances are strongly hindered for wavelengths smaller 

than 500 nm, and it is impossible to distinguish well defined Lorentzian absorbance peaks. Among 

the considered metals, Mg would be ideal to perform our study in a wide electromagnetic 

spectrum, but its high reactivity makes it difficult to handle: for this reason we focus instead on 

Ag, which can be considered a “Hermitian metal” in the whole visible range, in combination with 

Al2O3 as a dielectric. 

 

Figure 4.2: a) Ratio n/κ for the most common plasmonic metals defining the “Hermiticity limit”, in 

which ENZ resonances can be sustained in MIMs. SMM calculated absorbance (obtained as 1-

transmittance-reflectance) for MIMs using b) Au, c) Al, and d) Mg as metals, for different 

thicknesses of the Al2O3 dielectric layer. 

On these premises we can study the MIM system as a square potential well, within the quantum 

mechanical analogy, where the metals constitute the barriers, and the dielectric constitutes the 

well. First of all we can derive the photons propagation regime in the metal and in the dielectric, 
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then we can evaluate the effect of both geometrical and optical parameters on the transmission 

coefficient, which is strictly related to the measurements performed.  

Let’s consider the simple case of a metallic layer in a dielectric environment, i.e. a potential 

barrier (Figure 4.3a): the Schrödinger equation outside the barrier can be written as: 

 𝑑2𝛹(𝑥)

𝑑𝑥2
+ 𝑘0

2𝑛𝑑
2𝛹(𝑥) = 0 

4.3 

 

Where the refractive index of the dielectric can be approximated to its real part only nd. Its 

solution is a complex exponential, thus representing a harmonic propagating wave. In the metal: 

 𝑑2𝛹(𝑥)

𝑑𝑥2
+ (𝑖𝑘0ĸ𝑚)

2𝛹(𝑥) = 0 
 

4.4 

Where the refractive index of the metal is approximated to its imaginary part only ĸm. Its solution 

is a decaying exponential. The wavefunctions in the various regions are summarized in Table 4.1. 

 

Figure 4.3: a) Sketch of the example case for the tunnelling of a photon through a barrier. The thin 
metal layer represents the optical potential barrier. Since the real part of the refractive index of the 
metal is negligible compared 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. b) Sketch 
of the tunnelling process in a double barrier. c) Sketch of the square quantum well that is the 
quantum analogue of a MIM system with metallic layers much thicker than the skin depth. The 
corresponding experimental system consists of Ag layers of 100 nm thickness and Al2O3 as a 
dielectric. Even and odd Eigenmodes are shown in red and blue, respectively. d) For thin metallic 
layers, a double barrier system with a finite tunnelling probability through the barriers must be 
considered. This “leaky” system confines “quasi-bound” Eigenmodes. e) Resonance wavelength of 
the even and odd Eigenmodes, calculated via Equations 4.14, vs the metallic layer thickness for a 
symmetric MIM. The dielectric layer is 160 nm thick. 
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 Table 4.1: wavefunction of a photon through a barrier 

Region I Region II Region III 

𝐴𝑒𝑖𝑘0𝑛𝑑𝑥 +  𝐵𝑒−𝑖𝑘0𝑛𝑑𝑥 𝐶𝑒−𝑘0ĸ𝑚𝑥 + 𝐷𝑒𝑘0ĸ𝑚𝑥 𝐹𝑒𝑖𝑘0𝑛𝑑𝑥 
 

Applying the proper boundary conditions to both the wavefunctions and their derivatives: 

 

{

𝐴 + 𝐵 = 𝐶 + 𝐷
𝑖𝑘0𝑛𝑑(𝐴 + 𝐵) =  −𝑘0ĸ𝑚(𝐶 − 𝐷)

𝐶𝑒−𝑘0ĸ𝑚𝑎 + 𝐷𝑒𝑘0ĸ𝑚𝑎 = 𝐹𝑒𝑖𝑘0𝑛𝑑𝑎

−𝑘0ĸ𝑚(𝐶𝑒
−𝑘0ĸ𝑚𝑎 + 𝐷𝑒𝑘0ĸ𝑚𝑎) = 𝑖𝑘0𝑛𝑑𝐹𝑒

𝑖𝑘0𝑛𝑑𝑎

 4.5 

 

The transmissivity of the system is represented by F/A, thus the tunnelling probability of the 

photon through the barrier is |F/A|2: 

 
|
𝐹

𝐴
|2 = 

4(𝑘0ĸ𝑚)
2(𝑘0𝑛𝑑)

2

((𝑘0ĸ𝑚)2+(𝑘0𝑛𝑑)2)2𝑠𝑖𝑛ℎ2(𝑘0ĸ𝑚𝑎) + 4(𝑘0ĸ𝑚)2(𝑘0𝑛𝑑)2
 4.6 

 

This can be approximated by a simpler expression 

 
|
𝐹

𝐴
|2 = 𝑒−2𝑘0ĸ𝑚𝑎 4.7 

 

It is possible to see that ĸm
2 represents the height of the potential barrier in which the 

wavefunction decays exponentially, while it propagates through the dielectric material. 

We can now extend this approach to the double barrier system, our MIM (Figure 4.3.b), where 

the tunnelling probability becomes L/A and outside the metal barriers there is air. The wave 

function of the cavity mode exponentially decays in the thick metals, while a standing wave is 

formed inside the cavity. 

When the metallic claddings are very thick, the system recalls the textbook case of a potential 

well with infinitely large potential barriers (Figure 4.3c), for which the solutions can be obtained 

by exploiting the particular symmetry of the system, as it allows to look for symmetric and 

antisymmetric modes, considering only one half of the cavity. In the dielectric core, the 

wavefunction is equal to: 

 Ψ(𝑥)𝑒𝑣𝑒𝑛 = 𝐴 cos(𝑘0𝑛𝑑𝑥) 
Ψ(𝑥)𝑜𝑑𝑑 = 𝐴 sin(𝑘0𝑛𝑑𝑥) 

4.8 

 

while in the metallic layers 

 Ψ(𝑥) = 𝐵𝑒𝑘0ĸ𝑚𝑥 4.9 
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Setting the boundary conditions 

 

{
𝐴cos (

𝑘0𝑛𝑑𝑡𝑑
2

) =  𝐵𝑒𝑘0ĸ𝑚𝑥

𝐴𝑘0𝑛𝑑cos (
𝑘0𝑛𝑑𝑡𝑑
2

) = −𝑘0ĸ𝑚𝐵𝑒
𝑘0ĸ𝑚𝑥

 4.10 

 

Which allow to derive 

 
tan (

𝑘0𝑛𝑑𝑡𝑑
2

) =
ĸ𝑚
𝑛𝑑

 4.11 

 

For even modes, while for odd modes the following is obtained: 

 
−cotan (

𝑘0𝑛𝑑𝑡𝑑
2

) =
ĸ𝑚
𝑛𝑑

 4.12 

 

Decreasing the thickness of the metallic claddings makes the tunnelling probability of the 

photons significant and the MIM can be modelled as a leaky cavity (Figure 4.3d). Since photons 

can escape the quantum well, the modes are quasi-bound, however it is still possible to find 

Eigenstates of the leaky MIM. Since the wavefunction does not reach zero in the metal layers, an 

additional phase component has to be added. This phase delay is equal to the tunnelling 

probability of the photon through the metal barrier 𝑒−2𝑘0ĸ𝑚𝑎. The most convenient way to take 

this contribution into account is by directly adding the tunnelling phase component to the 

wavefunctions: 

 Ψ(𝑥)𝑒𝑣𝑒𝑛 = 𝐴cos(𝑘0𝑛𝑑𝑥 +  𝑒
−2𝑘0ĸ𝑚𝑡𝑚) 

Ψ(𝑥)𝑜𝑑𝑑 = 𝐴sin(𝑘0𝑛𝑑𝑥 +  𝑒
−2𝑘0ĸ𝑚𝑡𝑚) 

4.13 

 

Therefore the even and odd modes of leaky cavities occur at energies such that 

 
tan (

𝑘0𝑛𝑑𝑡𝑑
2

+ 𝑒−2𝑘0ĸ𝑚𝑡𝑚) =
ĸ𝑚
𝑛𝑑

 

−cotan(
𝑘0𝑛𝑑𝑡𝑑
2

+ 𝑒−2𝑘0ĸ𝑚𝑡𝑚) =
ĸ𝑚
𝑛𝑑

 
4.14 

 

Figure 4.3e shows that the wavelength of the quasi-bound modes in a symmetric MIM cavity 

decreases with increasing metallic layer thickness, asymptotically approaching the values of the 

square well system. The comparison between the quantum model, obtained by graphically 

solving Equations 4.14, and the classical treatment by Scattering Matrix Methods shows very 

good agreement (Figure 4.3e) and validates the quantum mechanical approach. 
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Now we consider transmission and reflection properties of a MIM system in which the metallic 
layers are much larger than the skin depth but still sufficiently thin to allow photons to tunnel 
through both barriers and, therefore, through the entire MIM. The wavelengths of the 
Eigenmodes (from Equations 4.14) and the tunnelling maxima as a function of the dielectric layer 
thickness are plotted in Figure 4.4b together with the results for the transmittance and 
absorbance peaks from classical SMM calculations, and they show perfect matching. This 
agreement corroborates our quantum modelling and furthermore demonstrates that the 
tunnelling maxima correspond to the Eigenmodes of the leaky quantum well and that 
transmittance maxima coincide with absorbance maxima, which at first seems counterintuitive. 

Finally, the odd modes are quenched for thin dielectric layers, when tan (
𝑘0𝑛𝑑𝑡𝑑

2
) <

ĸ𝑚

𝑛𝑑
 . A very 

similar effect has been reported by Avrutsky et al.78, describing Gap Plasmon Polaritons (GPPs) in 
MIM resonators. 
 

 
Figure 4.4: a) Results of the quantum modelling for quasi-bound Eigenmodes and tunnelling 
maxima and c) the transmittance and absorbance maxima obtained by classical SMM. b) The 
respective dispersions vs the thickness of the dielectric layer, demonstrating perfect agreement. 
The thickness of the metallic layers is 50 nm. 

 
The entire MIM system can also be viewed as a single, homogenized layer corresponding to an 
effective potential barrier, whose height is given by its effective dielectric permittivity. A classical 
harmonic oscillator model can be used to derive such an effective permittivity and describe the 
ENZ resonances of the MIM. The nanoscale thickness of the metallic layers confines electrons in 
the dimension perpendicular to the interface while allowing them to move freely in the plane 
parallel to it. Just as for localized plasmons in nanoparticles, this confinement introduces a 
restoring force and a central oscillation frequency ω0,MIM that depends on the thickness and 
refractive index of the dielectric material between the two metallic layers, on the thickness of 
the metal, and on the incidence angle. Losses, introduced by both the metal and the dielectric, 
result in damping denoted by γMIM. The overall optical response of the MIM can then be described 
as a harmonic oscillator. Under the driving action of the incident radiation, the electronic density 
undergoes a collective displacement δY from its equilibrium position, described by the equation 
of motion: 
 𝑚𝑒

∗ �̈�𝑌 −𝑚𝑒
∗𝛾MIM�̇�𝑌 −𝑚𝑒

∗𝜔0,MIM
2 𝛿𝑌 = −𝑞�⃗� (𝑡) 4.15 
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where 𝜔0,𝑀𝐼𝑀 is the unperturbed frequency of the free electron density oscillations in the MIM, 

and 𝛿𝑌 is the displacement of the free electron cloud in the MIM from its equilibrium position. 
The term  𝑚𝑒

∗𝜔0,𝑀𝐼𝑀
2 𝛿𝑌 is then the restoring force, and 𝑚𝑒

∗  is the effective mass of the electron in 

the cavity. 
The time dependence of the displacement  𝛿𝑌 can be obtained: 
 

𝛿𝑌(𝑡) = −
𝑞�⃗� (𝑡)

𝑚𝑒
∗(𝜔2 − 𝜔0,𝑀𝐼𝑀

2 − 𝑖𝛾𝑀𝐼𝑀𝜔)
 4.16 

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

 �⃗� MIM = qN𝛿𝑌(𝑡) = −
Nq2�⃗� (𝑡)

𝑚𝑒
∗(𝜔2 − 𝜔0,MIM

2 − 𝑖𝛾MIM𝜔)
 4.17 

 
Where q is the electronic charge, and N is the density of free carriers. The electric displacement 
vector induced in the MIM cavity can then be seen as sustained by an effective permittivity 
εeff,MIM: 

 �⃗⃗� MIM = 휀0�⃗� (𝑡) + �⃗� MIM = 휀0휀eff,MIM�⃗� (𝑡) 4.18 

                         
With Equations 4.17 and 4.18 we obtain a useful expression for 휀eff,MIM: 

 휀eff,MIM = 1 −
𝑞2𝑁

𝑚𝑒
∗휀0

1

(𝜔2 − 𝜔0,MIM
2 − 𝑖𝛾MIM𝜔)

 4.19 

                             

 𝜔𝑀𝐼𝑀 = √
𝑞2𝑁

𝑚𝑒
∗𝜀0

   , and we rewrite the previous as: 

 휀eff,MIM = 1 −
𝜔MIM
2

(𝜔2−𝜔0,MIM
2 −𝑖𝛾MIM𝜔)

  4.20 

                             
The response of the MIM is strongly related to the properties of the constituent metal, and  
Equation 4.20 can then be integrated with the well-known Drude model191, leading to the 
effective permittivity of a MIM system with Ag as metal: 
 

 휀𝑒𝑓𝑓,𝑀𝐼𝑀−𝐴𝑔 = 휀∞ −
𝜔𝑝
2

(𝜔2 + 𝑖𝛾𝜔)
+

𝜔𝑀𝐼𝑀
2

(𝜔2 − 𝜔0,𝑀𝐼𝑀
2 − 𝑖𝛾𝑀𝐼𝑀𝜔)

 4.21 

 
here we used the classic parameters for Ag: γAg=0.021 eV and ωP=2200 THz (corresponding to 9.1 
eV). 191,192 ω0,MIM and γMIM can be measured via spectroscopic ellipsometry.  
It is possible to compare the results of this model with the spectroscopic ellipsometry 
measurements performed on a MIM 30 nm/115 nm/30 nm Ag/Al2O3/Ag. The fitting of the 
measured ellipsometric angles Ψ and Δ give E0,MIM = 2.422 eV (∼512 nm), γMIM = 0.063 eV (∼13 
nm), and ωMIM = 2.998 eV (∼413.6 nm). To take the residual polarizability of the MIM into 
account, ε∞ must be adjusted from 5.75 (pure Ag) to 6.9. The real part of the effective dielectric 
permittivity in Figure 4.5a crosses the zero at EENZ,MIM = 2.202 eV (∼563 nm). This ENZ resonance 
occurs at the same energy of the symmetric mode calculated using the quantum mechanical 
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approach. The imaginary dielectric permittivity at this wavelength (Figure 4.5b) is sufficiently low 
to allow for an efficient coupling of the incident light with the MIM, resulting in a cavity-like 
resonance that shows the same behaviour as the Ferrell-Berreman mode occurring naturally at 
327 nm in Ag. COMSOL Finite-Element-Method simulations were carried out, showing the electric 
field distribution of the ENZ mode in the MIM after interacting with a plane wave impinging at a 
40° angle to the normal. The vertical (Y) component (Figure 4.5d) of the electric field in the cavity 
is responsible for the displacement δY of the electronic density and is at the origin of the 
plasmonic nature of the mode. On the other hand, the in-plane (X) component shows the 
symmetry of the ENZ mode and relates to the waveguiding in the plane of the MIM. Figure 4.5c 
shows that the experimental absorbance and transmission spectra have a maximum at the 
ENZMIM wavelength, while the reflection has a minimum. This wavelength corresponds also to 
the analytically calculated symmetric mode and to the tunnelling maximum of the MIM. 
We therefore conclude that the cavity modes occurring under p-polarized light with oblique angle 
of incidence in a subwavelength MIM are Ferrell-Berreman resonances that correspond to ENZ 
resonant tunnelling modes. The resonance frequency of these modes can be engineered by 
tuning the thickness of the layers composing the MIM and through the choice of the constituent 
materials. 
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Figure 4.5: Experimental ellipsometrically measured (black solid curves) and theoretically modelled 

(red dashed curves) a) real and b) imaginary dielectric permittivity, detected at 40°, of a symmetric 

MIM structure made of Ag = 30 nm and Al2O3 = 115 nm. The curves show perfect agreement on the 

Ag Ferrell-Berreman mode and the ENZ symmetric mode at E=2.202 eV. c) Experimentally measured 

absorbance (blue curve), reflectance (black curve) and transmittance (red curve). The inset in b) 

illustrates the MIM structure, and indicates the charge displacement in the dielectric layer. COMSOL 

simulation of the d) vertical and e) horizontal distribution of the electric field in the MIM at the 

resonant wavelength, calculated at 40°, together with the f) simulated norm of the electric field 

calculated as √𝐸𝑋
2 + 𝐸𝑌

2. 

With the approach of an effective permittivity, the MIM structure can be treated as an artificial, 

homogenized layer that can have either metallic (휀eff,MIM < 0) or dielectric (휀eff,MIM > 0) 

properties, or which acts as an ENZ layer when 휀eff,MIM = 0. This behaviour, seen as photons 

impinging on the effective MIM has insightful quantum mechanical analogies. The comparison 

between Helmoltz and Schrödinger equation also allows us to see how for the homogenized MIM 

the potential energy U(x) is the equivalent of −(𝑛𝑗 − 𝜅𝑗)
2 . Using 𝑈(𝑥) = 𝑉0 it is possible to 

express the optical potential in terms of wavevector 𝑘2 𝑘0
2⁄ , and three scenarios are possible 
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(Figure 4.6). When the photon lies in the energy range in which the MIM behaves as an effective 

metal, the photonic case corresponds to that of an electron tunnelling through a potential barrier 

(Figure 4.6a,b). Here k is purely imaginary in both cases and the wavefunctions are evanescent 

waves. In the energy range in which the MIM behaves as an effective dielectric, the analogy is 

with electrons scattered on a potential well, where the wavevector is positive and the 

wavefunctions are real propagating waves (Figure 4.6c,d). The case of  휀𝑒𝑓𝑓_𝑀𝐼𝑀
′ = 0 corresponds 

to electrons with an energy equal to the barrier height (Figure 4.6e,f), consequently the 

wavefunction is constant inside the barrier , which enables resonant tunnelling. In the latter case, 

it is possible to conclude that the wavevector for an electron is zero, since E=V0. In analogy, for 

photons propagating inside the effective MIM the wavefunction is equal to Ψ𝑒𝑓𝑓(𝑥) = 𝐴 𝑒𝑖𝒌𝒆𝒇𝒇𝑥. 

Therefore: 

 𝒌𝒆𝒇𝒇 = 𝑘0𝑛𝑒𝑓𝑓_𝑀𝐼𝑀 = 𝑘0√휀𝑒𝑓𝑓_𝑀𝐼𝑀
′ − 𝑖휀𝑒𝑓𝑓_𝑀𝐼𝑀

′′ = 0 4.22 

 

And for a low imaginary part (which is always the case for the considered resonances): 

 𝑘0√휀𝑒𝑓𝑓_𝑀𝐼𝑀
′ = 0 → 휀𝑒𝑓𝑓_𝑀𝐼𝑀

′ = 0 4.23 

 

which has been experimentally measured. This reveals that a vanishing permittivity naturally 

leads to a zero wavevector that reduces the wavefunction to a constant within the effective 

barrier constituted by the homogenized MIM. We can therefore conclude that the resonances of 

the MIM correspond to resonant tunnelling modes in which the wavevector is zero and the 

wavefunction of the photon can be seen to propagate as a constant through the homogenized 

MIM. This finding also elucidates why transmittance and absorbance maxima in MIMs occur at 

the same wavelength, since both effects are associated to the cavity resonances. It is important 

to point out that the ENZ nature of these cavity modes is supported by the fact that they can be 

excited with both s- and p-polarized light under incidence from any angle, even normal, while 

Ferrell-Berreman modes are known to require p-polarization and an angle with respect to the 

normal. 
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Figure 4.6: Quantum mechanical analogies of the MIM structure, treated as a homogenized layer. 

a) Photon tunnelling through a metal corresponds to b) electron tunnelling through a potential 

barrier. c) Photons scattered on a dielectric medium correspond to c) electrons passing over a 

quantum well, and e) photons impinging on an ENZ layer at resonance can be seen as the equivalent 

of f) resonant tunnelling of electrons through a potential barrier. Wavefunctions are sketched in 

grey with arbitrary scale of amplitude.  

At the beginning of this section, a special asymmetric case was shown in which the bottom layer 

was very thick. The quantum mechanical approach is able to describe also this kind of system, 

which acts as a superabsorber. In this case, the thick bottom layer acts as a backreflector, 

modelled as an infinitely thick barrier. The photon has to tunnel twice through the barrier (in and 

out), therefore the phase shift is twice as large as for the symmetric MIM.  
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With this consideration, we obtain the analytic dispersions for the symmetric and anti-symmetric 

modes as: 

 
tan (𝑘0𝑛𝑗

𝑡𝑑
2
+ 𝑒−4𝑘0𝜅𝑚𝑡𝑚) =

𝜅𝑚
𝑛𝑑

 

−cot (𝑘0𝑛𝑗
𝑡𝑑
2
𝑒−4𝑘0𝜅𝑚𝑡𝑚) =

𝜅𝑚
𝑛𝑑

 
4.24 

 

Figure 4.7b shows very good agreement between the analytical (quantum mechanical, Equations 

4.24) and the numerical (SMM-classical) calculated cavity Eigenmodes as a function of the 

thickness of the top metal layer of a superabsorber MIM with a 150 nm dielectric layer of Al2O3. 

The resonance wavelength of a superabsorber can be tuned via the thickness of the dielectric 

layer. Figure 4.7c plots the ellipsometrically measured and SMM simulated absorbance for 

dielectric layers with 85 nm and 162 nm thickness. The experimentally detected absorbance is 

above 95% for all the resonances, even and odd. The quality factor Q, represented by the ratio 

between the full-width-at-half maximum of a peak and the central resonance frequency, of the 

even mode at long wavelength is 48, which is a very high value for plasmonic and ENZ 

resonances193–195. Following an analysis reported by Ciattoni et al.196, we take the dispersion 

relation for transverse plane waves,  𝑘(𝜔) = 𝜔 𝑐⁄ √휀(𝜔) , and calculate the group velocity 

𝑣𝑔 (𝜔) = 𝑑𝜔 𝑑𝑘⁄ . With the relation for the dielectric permittivity of the effective MIM at 

resonance in Equation 4.21, we can express the group velocity as:  

 𝜐𝑔(𝜔) = 𝑐 [√휀𝑒𝑓𝑓−𝑀𝐼𝑀(𝜔) +
𝜔

√휀𝑒𝑓𝑓−𝑀𝐼𝑀(𝜔)
𝛼(𝜔)]

−1

 4.25 

 

where α(𝜔) =
𝜔𝑝
2

𝜔3
−

𝜔𝜔𝑀𝐼𝑀
2

(𝜔2−𝜔0,𝑀𝐼𝑀
2 )2

 . Equation 4.25 shows that the group velocity goes to zero when 

휀𝑒𝑓𝑓−𝑀𝐼𝑀(𝜔)~0, which reveals that slow-light propagation in the lateral directions should be 

expected. 
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Figure 4.7: a) Experimental p-polarized reflectance recorded from a 40 nm Ag film (blue dashed 

curve) and from a 40/162/200 nm Ag/Al2O3/Ag MIM. b) Even and odd modes (red circles and blue 

diamonds), calculated as a function of the top Ag layer thickness via Equations 4.24, compared with 

the SMM calculated even  and odd (red and blue dashed curves) modes. (Al2O3 = 150 nm). The inset 

sketches the shape of the even mode profile. c) Measured (dots) and SMM simulated (solid lines) 

absorbance for two superabsorbers tAl2O3=162 nm (black curve) and tAl2O3=85 nm (red curve) where 

the absorbance is obtained as 1-transmittance-reflectance. d) Experimental proof of the selectivity 

of a superabsorber: only the ket that resonates with the cavity is trapped in it. 

The tunnel effect in a MIM superabsorber is very sensitive to the refractive index of the material 

on the top thin (tunnelling) metal. Therefore, it can be used as a refractive index sensor, by 

considering a thin dielectric layer on top of it that causes an additional phase delay. An exact 

expression for the correction factor to describe this additional phase delay can be obtained by 

solving the system of equations that account for reflection and transmission at the barriers in the 

system, where the sensing material introduces another phase shift in the wavefunction, as 

illustrated in Figure 4.8a. Rigorously: 
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4.26 

 

A good approximation of the solution can be achieved by making some reasonable assumptions, 

for example that a phase factor in the form 𝜑𝑠 = 𝑘0𝑛𝑠 𝑡𝑠 (ts being the thickness of the sensing 

layer and ns its refractive index) can be expected for the sensing layer. Moreover from the 

behaviour shown in Figure 4.8b, it is possible to conclude that 𝜑𝑠 has to be corrected by a factor 

which considers the fill fraction of the sensing layer compared to the total thickness of the sensing 

doublet (the sensing layer and the tunnelling metal) into account. Therefore, it is straightforward 

to obtain the following phase factor 𝜑𝑠 = 𝑘0𝑛𝑠 𝑡𝑠𝑓𝑠 where fs is equal to ts/(ts+tm) , with tm as 

thickness of the tunnelling metal. This leads to a new dispersion relation for the symmetric and 

anti-symmetric modes of the MIM: 
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4.27 

 

This approximation still captures the physics behind the working principle of the superabsorber 

sensor and leads to a good approximation of the trend of the induced redshift of the ENZ 

wavelength when introducing a sensing layer. Moreover, SMM simulations show that the phase 

delay caused by the sensing layer is roughly proportional to its thickness and refractive index and 

is inversely proportional to the thickness of the tunnelling metal, which is clearly visible and 

quantified in Equations 4.27. The MIM superabsorber-based refractive index sensor has two 

fundamental advantages: (I) the operating spectral band can be tuned by the thickness of core 

dielectric layer of the MIM throughout the visible range, and (II) relies on a very simple 

fabrication. Figure 4.7b shows the refractive index dependence of the wavelength of the ground 

(even) mode absorbance peak for sensing layers with thickness of 10 nm, 30 nm, 50 nm, where 

the MIM consists of a 10 nm thick Ag top layer, 150 nm of Al2O3 as dielectric, and a Ag 

backreflector with 200 nm thickness. The sensitivity of plasmonic sensors is typically evaluated 

as the spectral shift of the plasmonic peak  per refractive index units (RIU): S=Δλ/Δns 

[nm/RIU]197,198. Here the response is slightly non-linear, with a higher sensitivity for higher 

refractive index, which results in different working regions: for 1<ns<2.2, typical of the most 

common oxides, the sensitivity is around 25 nm/RIU, for refractive index higher than 3 it is around 

45 nm/RIU. The sensitivity depends also on the top metal layer thickness, and can be tuned to 
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more linear behaviour with a slightly reduced sensitivity with an increased metal thickness, of for 

example 20 nm. We note that the performance of the superabsorber refractive index sensor 

cannot compete with highly sophisticated metamaterial sensors tailored for biomolecule 

detection as reported in literature199,200. However, our system can find an application range as 

sensors in thin film technologies, where larger changes in refractive index should be detected, or 

the effective refractive index of a composite material should be measured, for example of a 

nanocrystal solid, or where the layer thickness of a dielectric with a known refractive index is of 

interest. 

 

Figure 4.8: a) Sketch of the reflection, transmission and tunnelling processes at the top metal layer 

of a superabsorber coated with a thin dielectric (sensing) layer. b) Wavelength dependence of the 

even mode resonance on the refractive index of the sensing layer for a MIM with 10 nm Ag top 

layer, 150 nm Al2O3 core, and a 200 nm thick Ag backreflector. Dispersions for three different 

thickness of the sensing layer typical in thin film technology are shown. 

 

In conclusion, in this section we analysed the MIM system with a quantum mechanical approach 

that reveals the cavity modes as even and odd Eigenmodes of a quantum well system. This 

treatment enables analytical solutions for the resonance frequencies in two practically highly 

relevant cases: symmetric MIMs, and MIMs with one very thick metal layer that allows no 

transmission. Therefore, the analytical treatment provides an intuitive alternative pathway to 

numerical simulations commonly used in electromagnetic theory as well as new insight in the 

physics of MIM cavities. We empirically defined a non-Hermiticity limit that reveals why ENZ 
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resonances are forbidden in certain spectral ranges, due to the occurrence of interband 

transitions of the metals. The ENZ resonant modes can be seen as Ferrell-Berreman modes that 

can be excited without any need of momentum matching. The models we presented, and the 

analogy of the MIM as the optical counterpart to the electronic tunnel diode, is highly versatile 

for the design and understanding of complex metal-insulator structures such as multiple stacked 

MIM cavities. On one hand, this provides a design toolbox, while on the other hand it reveals 

underlying physical processes that can be exploited in novel devices.  

 

4.3 Angle and Polarization Selective Spontaneous Emission in Dye-doped 

Metal/Insulator/Metal Nanocavities  

In the previous study we noticed that the cavity modes can be excited both with p- and s-

polarized light, which allowed us to distinguish them from Ferrell-Berreman modes, calling them 

cavity modes instead, as the former can be excited exclusively with p-polarized light. However, 

mode frequency and line shape are slightly different for the two polarizations, as well as the 

quality factor Q (Figure 4.9). 

 

Figure 4.9: a) p- and s-polarization SMM calculated absorbance (1-T-R) for a 35/170/200 nm 

Ag/Al2O3/Ag MIM superabsorber. b) p- and s-polarization absorbance of a 35/150/200 nm 

Ag/Al2O3/Ag MIM as a function of the impinging angle. c) Quality factor Q for p- and s- polarization 

absorbance peaks of sample b). 

This discrepancy might be due to the mixed plasmonic-photonic nature of the p-polarized mode, 

in which two energy dissipation channels are present: the cavity losses and the plasmon. The s-

polarization resonances hold the features of cavity modes and no plasmonic losses are present, 

thus resulting in a slightly narrower resonance. In both cases, however, p- and s-polarized modes 

correspond to ENZ dispersion and produce cavity resonances, and as such the resonances depend 

on the impinging angle (Figure 4.9b).  

This feature can be exploited to control the polarization of the light emitted by a fluorophore 

embedded in a MIM cavity, which can find applications in the fields of optical information coding 

and multiplexing. Such control over the polarization of the emitted light is usually achieved by 

acting directly on the geometry of the emitting material201–203. To study this property we 

simulated the angular dispersion of the light emitted from a dipole in a superabsorber nanocavity 
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and we fabricated one with a novel organic push-pull chromophore in the dielectric layer ((E)-4-

(2-(9-ethyl-9H-carbazol-3-yl)vinyl)-5,5’-dimethyl-2-oxo-2,5-dihydrofuran-3-carbonitrile, from 

now on GE133)204. This molecule, synthesized by the group of Prof. Bretonnière at the École 

Normale Superieure de Lyon, features a large Stokes’ shift, a large transition dipole moment and 

a broadband photoluminescence, which allows us to explore both the dips in reflectance of the 

MIM due to the different polarizations. Moreover, the real part of its refractive index is very high 

(for a small organic molecule) and, close to the electronic transition, it is similar to that of Al2O3. 

This is due to the extended π - conjugation and to the push-pull character that allow a large 

polarizability, thus a large displacement of the electronic density, which is related to the dielectric 

permittivity (in the simple case of a lattice, via the Clausius-Mossotti equation). This matching of 

the real part of the optical constant allows us to  avoid abrupt changes in the optical properties 

at the interfaces, as visible in Figure 4.12a-h, and to design a priori the thickness of the cavity, 

using the results of the previous work, so that its resonance takes place at the emission 

wavelength of the fluorophore. The characterization of the fluorophore film was performed using 

a glass substrate. 

 

Figure 4.10: Ellipsometrically measured refractive index of a film of GE133, with chemical structure 

of the molecule and the molecular orbitals involved in the electronic transition. In the ground state, 

most of the electronic density is located on the fluorenilic portion of the molecule, whereas upon 

photoexcitation the density moves to the cyanofuranic portion. Excitation energy and molecular 

orbitals of the single molecule were computed using the OpenMolcas software employing a non-

relativistic Atomic-Natural-Orbitals Double Zeta Polarized basis set and a RASSCF-PT2 approach 

with active space (1,6;8,8;1,6). 
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The angular dependence of the light outcoupled from a 40/168/100 nm Ag/Al2O3/Ag MIM 

superabsorber with a point dipole representing a fluorophore embedded in the dielectric layer is 

shown in Figure 4.11. The profiles of the s-polarized (Figure 4.11a-h, dipole oriented vertically 

along y) and p-polarized (Figure 4.11i-p, dipole oriented horizontally along x) norm of the electric 

field (√𝐸𝑥2 + 𝐸𝑦2) calculated via finite element method (COMSOL) simulations are plotted. 

 

Figure 4.11: a-d) Norm of the electric field (√𝐸𝑥
2 + 𝐸𝑦

2) in a MIM superabsorber calculated via 

COMSOL simulations for a vertically oriented (y-direction) point-dipole at a) 610 nm,  b) 635 nm, c) 

670 nm and d) 692 nm. e-h) Polar diagrams relative to panels a-d). i-l) Profile of the norm of the 

electric field for a horizontally oriented (x-direction) point dipole at i) 600 nm, j) 635 nm, k) 670 nm, 

and l) 692 nm. m-p) Polar diagrams relative to panels i-l). 
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The results of Figure 4.11 are consistent with the angular dispersion obtained for the bare cavity 

(without fluorophores), where higher energy photons are both absorbed and emitted at large 

angles. Wavelengths between 680 nm and 690 nm give rise to a relatively flat angular dispersion, 

which leads to focusing of the radiated light in a narrow cone around the normal to the surface. 

For smaller wavelengths around 600 nm (for p-polarized light) the emission is almost at grazing 

angles to the surface of the MIM, resulting in a wave propagating on the surface of the MIM 

structure.             

To prepare the samples a multistep procedure similar to the one described in the introduction 

was used: I) Electron Beam deposition of the Ag thick backreflector, II) spin coating of a solution 

0.02 M of GE133 fluorophore in CHCl3 (2000 rpm, 1 min) measuring the film thickness via 

profilometry (Veeco Detak 150) and ellipsometry, III) Electron Beam deposition of Al2O3 thin films 

to tune the cavity resonance to the emission of the GE133, IV) Electron Beam deposition of the 

top 30 nm Ag layer to complete the cavity. The dye layer was measured to be 55 nm thick.  

In Figure 4.12a-h the profiles of symmetric and antisymmetric modes calculated via COMSOL 

simulations are shown. It is clearly visible that the symmetry is of such modes is slightly broken 

due to a not perfect matching of the refractive indices of the two dielectric materials. 

Nevertheless, the similarity between the refractive indices allowed us to design the thickness of 

this superabsorber d-MIM in order to match the emission spectrum of GE133 (almost identical 

to the emission spectrum of the open cavity reported in Figure 4.12j). The experimental p- and 

s- polarization reflectance spectra of the d-MIM are shown in Figure 4.12i. The absorbance of 

GE133 falls in the 400-500 nm range, highlighted in grey, leading to a broad dip in reflectance. 

The two modes labelled “A-s” and “A-p” are, respectively, the s- and p-polarized antisymmetric 

modes of the d-MIM, whereas the mode labelled with “F” is the aforementioned Ferrell-

Berreman mode of Ag. In Figure 4.12j the photoluminescence (PL) of GE133 in an open cavity 

configuration (without the top metal layer) is compared with that of the full d-MIM. 

As mentioned, the spectral shape of the open cavity system is very similar to that of the GE133 

film alone, however the time-resolved PL measurements feature a faster PL decay when the 

chromophore film is placed on the Ag backreflector, which can be explained by partial quenching 

of the emission due to the metal layer (Table 4.2). This can be avoided using an intermediate 

Al2O3 layer between the metal and the fluorophore. Indeed, by fitting the PL decay curves 

reported in Figure 4.13a with  
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Figure 4.12: Electric field profile across the d-MIM of the p-polarized a,e) symmetric and b,f) 

antisymmetric modes and s-polarized c,g) symmetric and d,h) antisymmetric modes. i) p-polarized 

and s-polarized reflectance spectra of the d-MIM system collected at an angle of 60° to the surface 

normal. The p- and s-polarized symmetric modes are present at  ~ 640 nm and ~ 600 nm. At shorter 

wavelength the Ferrell-Berreman mode (F), and the antisymmetric p- and s-polarized modes of the 

d-MIM cavity labelled “A-p” and “A-s”, can be identified. The absorbance range of the GE133 is 

highlighted in grey. j) Photoluminescence of the GE133 fluorophore acquired at an angle of 60° for 

an open and closed cavity. Spectral regions of enhanced and reduced emission are indicated by red 

and black arrows, respectively.      

The following parameters are obtained: 

Table 4.2: Life-time components 𝜏𝑖 and their relative weight 𝐴𝑖  obtained by fitting the PL decay 

with a three-exponential function.  

 A1 τ1 A2 τ2 A3 τ3 

Pristine 10112 0.82 1501 2.7 61 9.2 

d-MIM Open 13052 0.51 401.4 2.86 2.06 30.33 

d-MIM Closed  
(GE133 layer directly on Ag) 

12653 0.59 785 2.74 9.03 16.31 

d-MIM Closed (Al2O3 spacer layer 
between GE133 and Ag film) 

10257 0.8 1777 2.67 61.14 10.68 
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These results clearly show that the addition of an Al2O3 spacer results in a PL decay trace that is 

very similar to the pristine fluorophore one.  

 

Figure 4.13: a) Photoluminescence decay traces of GE-133 spin-coated films on bare glass (black), 

in an open cavity (green), in a closed MIM cavity (red), and in a closed MIM cavity with an Al2O3 

spacer layer between the GE133 layer and the bottom Ag film (blue). For the latter the layer 

sequence was Ag/Al2O3/GE133/Al2O3/Ag 100/50/70/50/40nm. b) Homogenized effective dielectric 

permittivity of the d-MIM cavity measured by spectroscopic ellipsometry at an angle of θ = 60° for 

p-polarization. 

The full d-MIM cavity shows a very different spectral response. In particular, the portion of the 

emission spectrum of GE133 which is off-resonance with the cavity is suppressed, whereas the 

portion that is in tune is enhanced, giving rise to two peaks- The high energy one corresponds to 

the s-polarization d-MIM symmetric mode and the low-energy one to the p-polarized symmetric 

mode.  

In the previous section we have seen that the full MIM can be treated as a homogenized layer 

with an associated effective refractive index. This is related to the effective dielectric permittivity 

real and imaginary parts  

 
휀′ = 𝑛2 − 𝜅2 

 
휀′′ = 2𝑛𝜅 

4.29 

 

The presence of a gain material, the dye, makes the evaluation of these effective quantities more 

demanding and gives rise to a much more complex dispersion of the dielectric permittivity (Figure 

4.13b). Indeed, the fluorophore introduces a negative band in the imaginary part of the effective 

dielectric permittivity, and since the emission band of the GE133 layer and the mode of the cavity 
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are tuned to the same wavelength, multiple zero-crossing of both the imaginary and the real part 

of the dielectric permittivity occur. Here, the negative ε’’ band stems from the gain component 

in the emission band of the GE133, while the zero crossing at ~ 640 nm is the ENZ mode of the d-

MIM cavity.       

To investigate the angular emission properties of the d-MIM we used a setup as sketched in 

Figure 4.14a. The chromophore is excited at a θin angle with a pulsed laser pump beam at 405 

nm, while its emission is detected by a collection lens and a fiber at an angle θdet complementary 

to θin. Figure 4.14b shows the PL spectrum of the d-MIM as a function of the detection angle θdet, 

where the sample was rotated with respect to the detection and pump paths. The dispersion of 

the emission peak with the detection angle is plotted in Figure 4.14c, and corresponds well with 

the angular behaviour of the absorbance resonances of a d-MIM measured by ellipsometry 

(dashed blue and red lines).   

 

Figure 4.14: a) Sketch of the experimental setup for the angle-dependent PL measurements. b) PL 

as a function of the detection angle (black curves), and the emission of the bare GE133 (red curve). 

c) Photoluminescence peak positions (markers) and experimentally measured p- and s-polarized 

absorbance modes of the d-MIM plotted vs the detection angle. 

The radiation that is outcoupled from the nanocavity preserves the polarization of the p- and s-

polarized resonances at the respective wavelengths. We confirmed this behaviour by introducing 
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an analyser in the detection path, as shown in Figure 4.15a. The PL was acquired for different 

analyser angles, from 0° (p-polarization) to 90° (s-polarization), and the corresponding spectra 

are plotted in Figure 4.15b. At 0° only the low-energy p-polarized PL peak passes the analyser, 

and at 90° only the s-polarized peak, confirming our polarization assignment. For intermediate 

angles, both p- and s- contribution pass the filter, with the expected gradual change in peak 

intensity from p to s with increasing angles.  

 

Figure 4.15: a) Sketch of the experimental setup for the detection of the polarization of the 

emission. b) Photoluminescence spectra acquired at different analyser angles (black curves), 

together with the not-analysed emission spectrum of the d-MIM. c) Polar analysis of the 

photoluminescence peaks as a function of analyser angle.   

The polar diagram of Figure 4.15c summarizes this behaviour, showing that the radiated field 

manifests the typical profiles of the polarized emission. The intensity of the low-energy p-

polarized mode is highest at 0° and lowest at 90°, while that of the s-polarized high-energy mode 

is complementary, with a maximum at 90°  and minimum at 0°. 

In conclusion, through this study we investigated the capability of a MIM nanocavity to reshape 

the photoluminescence properties of a fluorophore embedded in the dielectric layer, 

determining in particular the angular dispersion and the polarization state of the emitted light. 

d-MIM cavities  with such angular and polarization selective radiative properties are highly 

appealing for applications in integrated optical devices and waveguiding. On one hand, such 
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layered device structures can be prepared on wafer scale without the need of lithographic 

patterning while on the other hand, the discussed angular and polarization selective properties 

should not be limited to the optical far-field, and therefore could also unfold polarization 

wavelength division multiplexing (P-WDM) applications at the nanoscale.

 

4.4 Hybridization of Epsilon-Near-Zero Modes via Resonant Tunnelling in Layered 

Metal/Insulator Double Nanocavities 

The investigation of MIM cavities provided tools to predict and engineer resonances in desired 

frequencies of the spectrum by using different materials and different thicknesses of the 

dielectric cavity. However the accessible frequencies are limited to the various “harmonics” of 

the cavity mode. Given the developed parallelism with the quantum well, an intuitive way to 

solve this problem and engineer the frequencies that can be accessed would be to couple two or 

more resonators by stacking them one on top of the other. The minimal system to evaluate the 

viability of such solution is made of two stacked MIM cavities, a MIMIM, and the quantum 

treatment suggests that they can be represented as two interacting quantum wells whose 

coupling strength determines how large the deviation from the original Eigenvalues is.  

In order to investigate if our quantum mechanical approach still holds in the case of coupling, we 

studied these MIMIM structures both experimentally and theoretically, trying to unravel the role 

of each geometrical and optical parameter in determining the final energies of the ENZ modes. 

The simplest case is a MIMIM made of three equally thin metallic layers (Ag 20 nm) and two 

equally thick, or almost, dielectric layers (Al2O3 100 and 115 nm). This double cavity manifests 

two distinct peaks in absorbance and transmittance, and two corresponding minima in 

reflectance that occur at 470 nm and 610 nm, and which can be associated to the high and low 

energy cavity modes (Figure 4.16b). The real (휀′) and imaginary ( 휀′′) parts of the ellipsometrically 

measured dielectric permittivity are depicted in Figure 4.16c,d, respectively. The preparation and 

analysis of the samples is identical to the one described for the MIM  systems. 

It is possible to observe that the curve of 휀′ crosses the zero at five wavelengths, two of which 

(ωHE-ENZ and ωLE-ENZ) are characterized by a small imaginary part, which renders them high-quality 

ENZ modes, while one of them is the Ag Ferrell-Berreman mode and the other two have a large  

휀′′. To describe the effective dielectric permittivity of this double cavity it is possible to extend 

the analytical model developed for the single MIM by adding another damped harmonic 

oscillator to account for the second cavity, with the same parameters described above. 

 휀𝑒𝑓𝑓,𝑀𝐼𝑀(𝐴𝑔) = 휀∞ −
𝜔𝑝
2

(𝜔2+𝑖𝛾𝜔)
−

𝛼1𝜔𝑀𝐼𝑀
2

(𝜔2−𝜔0,𝑀𝐼𝑀1
2 +𝑖𝛾𝑀𝐼𝑀1𝜔)

−
𝛼2𝜔𝑀𝐼𝑀

2

(𝜔2−𝜔0,𝑀𝐼𝑀2
2 +𝑖𝛾𝑀𝐼𝑀2𝜔)

  4.30 

 It is convenient to fix the parameter  𝜔𝑀𝐼𝑀
2   (at 3.53 eV) and to express the difference between 

the two oscillators in the numerator by a coefficient 𝛼𝑖 (where i is the ith resonance). In this case, 
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𝛼1 =  0.35 and 𝛼2 = 0.3. The fitting with this approach is depicted by the open circles in Figure 

4.16c,d, and shows very good agreement with the experimental data. Again, we have a 

description of the MIMIM system as one homogenized layer with an effective dielectric 

permittivity.  

 

Figure 4.16: a) Sketch of the MIMIM structure with illumination from the top. b) Ellipsometrically 

measured p-polarized transmittance (blue), reflectance (green) and absorbance (black), detected 

at θ=40°, showing two absorbance maxima at the two low-loss ENZ wavelengths. c,d) Theoretically 

modelled (SMM, empty circles) and ellipsometrically measured (solid line) c) real and d) imaginary 

effective dielectric permittivity of a MIMIM cavity. Low-loss ENZ wavelengths are highlighted with 

a blue (high-energy) and red (low-energy) dashed circles. 
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Finite elements COMSOL simulations provide the norm of the electric field for the odd and even 

modes (Figure 4.17a,e respectively), demonstrating the field confinement inside the cavity at the 

two resonant modes. The x-direction E field of the odd mode (Figure 4.17b) presents the same 

features of the odd mode of a double potential quantum well and the same can be said for the 

even mode (Figure 4.17f). These two modes can be seen also as the out-of-phase (odd) or in-

phase (even) superpositions of the resonances of two coupled MIMs. The Y component of the 

electric field, as well as the Z component of the magnetic field show the longitudinal character of 

the waveguided mode, highlighting its similarity with the Ferrell-Berreman mode. 

 

Figure 4.17: Analysis of the a,e) electric field norm, b,f) x-direction electric field, c,g) y-direction 

electric field and d,h) z-direction magnetic field profile for the a-d) odd and e-h) even mode 

To gain physical insight it is necessary to treat the MIMIM as two resonators connected via the 

central metallic layer and understand how each component is reflected in the quantum 

mechanical approach. 

Two interacting atomic orbitals (quantum wells) are subject to stronger energy variations when 

they have similar energies and when their spatial overlap is large. In MIM cavities the ENZ modes 

energies are determined, for a given material with real refractive index nd, by the thickness of 

the dielectric layer, whereas the potential barrier, which affects the tunnelling probability and 

therefore the interaction probability, is represented, for a given metal with imaginary refractive 

index ĸm, by the middle metal thickness. As these geometrical parameters are relatively easy to 

tune, we performed two sets of tests. First we kept the thicknesses of all the layers fixed with the 

exception of the bottom dielectric layer, thus studying the effect of the detuning of the second 

cavity with respect to the first. Then we studied the effect of the thickness of the metallic central 

layer on the coupling strength by keeping all layers thicknesses fixed except the central one. 
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Figure 4.18: a) Modes anticrossing in a MIMIM system with 30 nm Ag layers and 112 nm Al2O3 as 

top dielectric layer, while the thickness of the bottom dielectric layer is varied. Experimentally 

measured data is shown with stars, and the simulated dispersion via SMM by dashed lines.  The 

grey markers (experimental) and lines (SMM simulations) show the case of non-interacting cavities. 

b) Absorbance spectra measured in p-polarization and obtained as (1-transmittance-reflectance) 

for the five MIMIM structures with different dielectric bottom layer thickness displayed in a). c) 

Ellipsometrically measured p-polarized absorbance curves for different thickness of the central 

layer. For a MIMIM with 20 nm central Ag layer we obtained a mode splitting of 447 meV that 

corresponds to about six times the linewidth of the antisymmetric mode. 
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Figure 4.18a shows the absorbance maxima of the high (blue stars) and low (red stars) energy 

resonances for 5 samples, where the bottom dielectric layer thickness was varied from 60 to 160 

nm, while that of the top layer was constant at 112 nm. We clearly observe the anticrossing 

behaviour that is expected for two coupled modes, corroborated by Scattering Matrix Method 

(SMM) simulations (dashed lines)83,205,206. Careful inspection of the experimental and simulated 

frequencies in the anticrossing region reveals that the shift of the high energy (HE-ENZ) mode 

from the unperturbed frequency (shown by the solid grey line) is larger than that of the low 

energy (LE-ENZ) mode. Such behaviour deviates from the classical coupled oscillator model 

where symmetric mode splitting occurs. The corresponding spectra are shown in Figure 4.18b, 

where we notice that the resonance associated to the top layer manifests a more pronounced 

absorbance peak outside the strong anticrossing region. 

In Figure 4.18c it is possible to appreciate the effect of the central metallic layer on the coupling 

strength, with its thickness varying between 20 and 100 nm.  As expected, the coupling strength 

(and therefore the modes splitting) increases with thinner middle Ag layers, as the tunnelling 

probability increases. Eventually, for very thick middle layers, the resonance frequencies collapse 

on the frequency of the top single MIM cavity.  

The only parameter whose effect remains to study, is the thickness of the external metallic layers. 

Changing their thickness while keeping the other layers constant makes it possible to observe 

that only the Q-factor is affected, while the modes splitting remains roughly constant (Figure 

4.19). In particular the Q factor is maximized when thick external layers are used, with linewidths 

as small as 25 meV. This is due to the reduced tunnelling probability associated to the increase 

in the thickness that therefore allows only photons with energy extremely close to the resonance 

to propagate. The side effect is that these increased losses affect also the resonant photons, 

reducing the intensity of the absorption peak.  

Having experimentally clarified the role of each geometrical parameter, it is now possible to 

proceed with the analogy between the MIMIM structure and a double quantum well. A MIM 

structure with thick external layers can be represented by a quantum well with infinitely thick 

external barriers. On the basis of the previously developed model and exploiting the symmetry 

of the system, it is possible to find the resonant modes by again solving the Schrödinger Equation 

in the three regions that determine half of the cavity (the central metal, I, the dielectric, II, and 

the thick barrier, III) and matching the solutions at the boundaries. 

Table 4.3: symmetric solutions of the Schrödinger Equation in three regions of a MIMIM cavity: I 

the central metal, II the dielectric layer, III the thick external metal 

Region I Region II Region III 
cosh(𝑘0ĸ𝑚𝑥) sin (𝑘0𝑛𝑑𝑥 + 𝜙) 𝐶𝑒−𝑘0ĸ𝑚𝑥 

 



4.4 Hybridization of Epsilon-Near-Zero Modes via Resonant Tunnelling in Layered Metal/Insulator 
Double Nanocavities 

90 
 

 

Figure 4.19: SMM simulations of the a) linewidth, b) quality factor, and c) mode splitting of a MIMIM 

system with 20 nm thickness of the central metal layer, as a function of the thickness of the external 

metal layers.   

The implicit dispersion relation can be found by solving the system 

{
  
 

  
 𝐴cosh (

𝑘0ĸ𝑚𝑡𝑚
2

) =  𝐵sin (
𝑘0𝑛𝑑𝑡𝑚
2

+ 𝜙)

𝐴𝑘0ĸ𝑚sinh (
𝑘0ĸ𝑚𝑡𝑚

2
) = 𝐵𝑘0𝑛𝑑cos (

𝑘0𝑛𝑑𝑡𝑚
2

+ 𝜙)

𝐵sin(𝑘0𝑛𝑑𝑡𝑇𝑂𝑇 + 𝜙) = 𝐶𝑒
−𝑘0ĸ𝑚𝑡𝑇𝑂𝑇

𝐵𝑘0𝑛𝑑cos(𝑘0𝑛𝑑𝑡𝑇𝑂𝑇 + 𝜙) = 𝐶𝑘0ĸ𝑚𝑒
−𝑘0ĸ𝑚𝑡𝑇𝑂𝑇

 4.31 

 

Where tTOT=tm/2+td, with td as the thickness of the dielectric layer, and tm the one of the metal 

layer. The same procedure used for the single MIM can be applied, yielding  

 

{
 

 
1

ĸ𝑚
tanh (

𝑘0ĸ𝑚𝑡𝑚
2

) =  −
1

𝑛𝑑
tan (

𝑘0𝑛𝑑𝑡𝑚
2

+ 𝜙)

tan(𝑘0𝑛𝑑𝑡𝑇𝑂𝑇 +𝜙) = −
𝑛𝑑
ĸ𝑚

 4.32 

 

The last equation can be rewritten as 

 𝑘0𝑛𝑑𝑡𝑇𝑂𝑇 + 𝜙 = arctan (−
𝑛𝑑
ĸ𝑚
) 4.33 
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Which allows to directly calculate the phase component. In particular, when angles are small, the 

arctangent value can be approximated with its argument, so that finally 

 𝜙~ − 𝑛𝑑 (
1

ĸ𝑚
+ 𝑘0𝑡𝑇𝑂𝑇) = −

𝑛𝑑

ĸ𝑚
−
𝑘0𝑛𝑑𝑡𝑚

2
− 𝑘0𝑛𝑑𝑡𝑑 4.34 

 

Replacing 4.34 in the system 4.32 yields 

 tanh (
𝑘0ĸ𝑚𝑡𝑚

2
) =

ĸ𝑚
𝑛𝑑
tan [−𝑘0𝑛𝑑 (

1

𝑘0ĸ𝑚
+ 𝑡𝑑)] 4.35 

 

The implicit dispersion relation for the antisymmetric modes comes by replacing the hyperbolic 

cosine with a hyperbolic sine function and, therefore 

 −coth (
𝑘0ĸ𝑚𝑡𝑚

2
) =

ĸ𝑚
𝑛𝑑
tan [−𝑘0𝑛𝑑 (

1

𝑘0ĸ𝑚
+ 𝑡𝑑)] 4.36 

 

We compared these results for variable thicknesses of the dielectric layers with results from 

SMM, obtaining excellent agreement (Figure 4.20c). However, for practical applications with 

illumination from the top, leaky Ag layers are required, which account for an additional phase 

−𝑒−2𝑘0ĸ𝑚𝑡𝑚  and yielding 

 
tanh (

𝑘0ĸ𝑚𝑡𝑚
2

) =
ĸ𝑚
𝑛𝑑
tan [−𝑘0𝑛𝑑 (

1

𝑘0ĸ𝑚
+ 𝑡𝑑)]−𝑒

−2𝑘0ĸ𝑚𝑡𝑚 

−coth (
𝑘0ĸ𝑚𝑡𝑚

2
) =

ĸ𝑚
𝑛𝑑
tan [−𝑘0𝑛𝑑 (

1

𝑘0ĸ𝑚
+ 𝑡𝑑)]−𝑒

−2𝑘0ĸ𝑚𝑡𝑚  
4.37 

 

In Figure 4.20d it is possible to see the modes computed as a function of the thickness of the Ag 

layer. There is a clear decrease in resonance frequency when the thickness of the external layers 

is smaller than 40 nm, thus identifying the leaky regime where the additional phase correction is 

necessary. The coupling strength between the two cavities is well described by the double 

quantum well model as tunnelling of the photon through the central metal layer. A strong 

coupling regime is achieved if  
4𝑔2

𝛾𝑀𝐼𝑀1 ∙𝛾𝑀𝐼𝑀2
> 1 , where g is the coupling constant (𝑔 =

ℏ𝛺

2
 ), with 

ℏ𝛺 being the mode splitting in meV, and  𝛾𝑀𝐼𝑀1  and 𝛾𝑀𝐼𝑀2  are the linewidths of the uncoupled 

modes. For an infinitely thin central metal layer the resonances approach the symmetric and 

asymmetric modes in a MIM system, and for a very thick central metal layer the bottom cavity is 

shielded by the top one, which leads to the optical response of a MIM superabsorber72,74,168. 
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Figure 4.20: a) Structure of a MIMIM with thick external metal layers as used for SMM calculations. 

b) The double quantum well that is the quantum mechanical analogue of the MIMIM structure. The 

y-scale for the optical potential is -(𝑘 𝑘0)⁄ 2 , and the origin of the x-axis is chosen in the middle of 

the central barrier. The barrier height of the potential for the photons induced by the metal layers 

is given by the square of the imaginary part of the refractive index 𝜅𝑚
2  , while the potential in the 

dielectric is at −𝑛𝑑
2 . c,d) Resonance frequencies calculated with the quantum approach (markers) 

and with numerical SMM simulations (dashed lines) for different thickness of the dielectric layers 

c) and of  the external Ag layers. e) Experimental (large markers), quantum calculated (small 

markers), and SMM simulated resonance wavelengths of MIMIM structures with different central 

metal layer thickness.  The mode splitting can be tuned from uncoupled resonators, through weak 

coupling, into the strong coupling regime. The largest experimental mode splitting is 477 meV for a 

central metal layer thickness of 18 nm, among the highest  values reported in literature.207,208,217,209–

216 

With this analysis it has been possible to demonstrate the presence of coupling between stacked 

MIM cavities and to understand the role of all the geometrical and optical parameters in 

determining the positions of the final resonances, thus providing a tool to accurately fine-tune 

the energy of the resonances as well as their Q-factor. Moreover, we proved the quantum 

mechanical representation still valid in such coupled system, actually providing further 

understanding of the behaviour of the resonance modes.
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4.5 One-Dimensional Epsilon-Near-Zero Crystals  

The natural expansion of the model developed so far, moves towards a stack of several coupled 

nanocavities, in order to gain accessibility to more and more resonances. Even further, it is 

possible to imagine a periodic arrangement of these MIM cavities, thus producing an Epsilon-

Near-Zero crystal, with a full band of accessible resonances whose energy can be easily designed. 

Hyperbolic metamaterials (HMM) are such kind of structures200,218,219, with the peculiar feature 

of the thickness of the dielectric layer matching that of the metal. However, HMMs designed in 

the framework of the classic Effective Medium Approximation (EMA) usually manifest a single 

ENZ wavelength and not a broadband ENZ response. A further elaboration on the previously 

developed analogy between potential quantum wells, or atomic orbitals, and MIM nanocavities 

is required to evaluate if such ENZ crystals are correctly described and to gain deeper 

understanding of the optical behaviour of HMM. 

In order to do so, we explored both experimentally and theoretically the optical response of up 

to 10 stacked nanocavities. For this study, ITO was chosen as dielectric material as its high 

refractive index allows to visualize a large number of modes in the visible range, where Ag is 

Hermitian. Figure 4.21 serves as a visualization of the modes splitting, recalling the splitting of 

the electronic levels in interacting atoms when forming molecular orbitals. 

 

Figure 4.21: Illustration of the hybridization of resonances when several cavities are stacked. a) 

High-energy (HE) and low-energy (LE) absorbance peaks of a MIM  Ag/ITO/Ag 20/120/20 nm (black 

curve), giving rise to hybridized modes in MIMIM (red curve) and MIMIMIM (blue curve), leading to 

the formation of d) the High-Energy (HE) and Low-Energy (LE) band, separated by a bandgap.    

The unit cell of the ENZ crystal is the MIM, and if the dielectric is thick enough to sustain two 

modes in the part of the spectrum where Hermiticity requirements are fulfilled, the stacking of 

several cavities could produce ENZ bands separated by a bandgap (Figure 4.21). Following this 

approach, we fabricated metal/insulator stacks consisting of Ag (35 nm) and ITO (60 nm) layers 

with different numbers of cavities. 
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Figure 4.22: Experimental and SMM calculated a,b) s-polarization and c,d) p-polarization 

reflectance of stacks of up to ten MIM nanocavities. Ellipsometric measurements were carried out 

at an incidence angle of 30°. 

In Figure 4.22 the modes of stacks up to ten cavities are shown. As expected from previous 

results, the response is similar for s- and p-polarized light and SMM simulations are in good 

agreement with experiments. Up to 5 cavities, the modes can be clearly identified (highlighted 

with black circles), but a larger number of cavities gives rise to overlapping modes, forming a 

continuous dip in reflectance. For ten cavities, a band of around 140 nm of bandwidth is formed 

in the range from 380 nm to 520 nm. The measured effective dielectric permittivity and 

reflectance for three cavities are reported in Figure 4.23. The (near) zero-crossings that coincide 

with a small imaginary part fulfil the ENZ condition and are highlighted by the vertical dashed 

lines, showing the correspondence with reflectance minima.   
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Figure 4.23: a) Real and b) imaginary part of the effective dielectric permittivity of a multilayer stack 

made of three cavities seen as one homogenized layer. c) Experimental reflectance spectra for three 

coupled cavities. 

When dealing with crystals, thus a periodic arrangement of atomic orbitals, or potential quantum 

wells, the Kronig-Penney model is applied. To extend the analogy built so far, it is possible to 

apply it to our MIM arrays to obtain the dispersion relation 

𝑓(𝛼𝑡𝑚, 𝛽𝑡𝑑) =
𝛼2−𝛽2

2𝛼𝛽
𝑠𝑖𝑛ℎ(𝛼𝑡𝑚)𝑠𝑖𝑛(𝛽𝑡𝑑) + 𝑐𝑜𝑠ℎ(𝛼𝑡𝑚)𝑐𝑜𝑠(𝛽𝑡𝑑) = 𝑐𝑜𝑠(𝑘𝐿)                       4.38 

 

Where 𝑘 is the crystal momentum vector, the potential well width is 𝑡𝑑 and the barrier width is 

𝑡𝑚, thus L = 𝑡𝑚 + 𝑡𝑑 is the periodicity of the quantum well array. 𝛼 and 𝛽 are the wavevectors in 

the barrier and the well, respectively. Solid-state systems have as Eigenvalues the bands and as 

Eigenvectors the Bloch functions, which means that using a Kronig-Penney description for an ENZ 

crystal implies that the waves propagating inside it retain all the characteristics of Bloch 

functions. 

Moreover, just like Bloch functions in common electronic crystals191, the modes of the ENZ 

crystals can be seen as orbitals, and, as such, they follow similar hybridization rules. From our 

semi-classical approach, we know that 𝛼 and 𝛽 can be expressed as follows168: 
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𝛼 = 𝑘0𝜅𝑚 in the barrier (metal), and 𝛽 = 𝑘0𝑛𝑑 in the dielectric that corresponds to the well.  

Here k0 = 2π/λ. 

Substitution of 𝛼 and 𝛽 gives the dispersion relation for the ENZ crystal: 

𝑓(𝛼𝑡𝑚, 𝛽𝑡𝑑) =
𝜅𝑚

2 − 𝑛𝑑
2

2𝜅𝑚𝑛𝑑
𝑠𝑖𝑛ℎ(𝑘0𝜅𝑚𝑡𝑚)𝑠𝑖𝑛(𝑘0𝑛𝑑𝑡𝑑) + 𝑐𝑜𝑠ℎ(𝑘0𝜅𝑚𝑡𝑚)𝑐𝑜𝑠(𝑘0𝑛𝑑𝑡𝑑) = 𝑐𝑜𝑠(𝑘𝐿) 4.39 

 

The cosine form of such dispersion reveals that the ENZ condition is fulfilled, and thus light can 

propagate, only when −1 < 𝑓(𝛼𝑡𝑚, 𝛽𝑡𝑑) < 1. Outside this range, waves can not propagate, and 

such region acts as a bandgap. Using these results on the 10 cavities system 

 

Figure 4.24: a) Sketch of the ENZ metal/insulator crystal consisting in a periodic arrangement of 

potential barriers with a height 𝜅𝑚
2  (metal layers) and potential wells with depth -𝑛𝑑

2  (dielectric 

layers). The electric field profile of a Bloch wfunciton with bonding symmetry within the crystal is 

sketched in red. The arrow and the three dots indicate the infinite periodicity of the ideal crystal. 

b) Kronig-Penney function of the metal/insulator system c) Reflectance under p-polarization 

measured from ten cavities (Ag = 30 nm and ITO = 60 nm) under an angle of incidence of 30° d) 

𝑘𝑛𝑜𝑟𝑚 vs  𝜆 corresponding to the classic E(𝑘) diagram shown in the inset and, e) ENZ Density of 

States (𝑑𝑘 𝑑𝐸⁄ ) shown versus wavelength. f) Kronig-Penney function, g) reflectance at normal 

incidence, h) 𝑘𝑛𝑜𝑟𝑚, and i) |𝑑𝑘/𝑑𝐸| for a 20/120 nm Ag/ITO ENZ crystal made of 10 stacked MIM 

cavities. 
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The Kronig-Penney model identifies the spectral region in which the dip in reflectance appears, 

with the exception of the dip at 327 nm, the Ferrell-Berreman mode of Ag. This is the limit at 

which the used system can behave as an optical cavity since the real part of the dielectric 

permittivity of Ag crosses zero, and for higher energies Ag does not behave like metal anymore, 

as n and ĸ assume similar values both around 1220.  

Given the dispersion relation, it is possible to derive the dependence of the wavevector 𝑘 on the 

wavelength 𝜆, using for convenience 𝑘𝑛𝑜𝑟𝑚 = 𝑘(𝜆) ∙ 𝐿/𝜋. The dispersion of 𝑘𝑛𝑜𝑟𝑚(𝜆) is plotted 

in Figure 4.24d and corresponds to the more broadly used 𝐸(𝑘) band diagram of a crystal, as 

shown in the inset. By differentiating 𝑘𝑛𝑜𝑟𝑚 with respect to the energy E, we can express the 

density of epsilon-near-zero states (DoES) for the ENZ crystals (Figure 4.24e)191. In fact, the 

spectral distribution of the modes in the ENZ crystal is not homogeneous, but it manifests a larger 

number of modes near the band edges, as visible in Figure 4.22.  

Figure 4.24f-i show the same results with an analogous system featuring much thicker dielectric 

layers, which allow to observe the bandgap as the region where ENZ modes are not allowed. With 

120 nm ITO and 20 nm Ag, the MIM unit cell cavity shows two modes, at ~ 680 nm and ~ 375 nm, 

thus new allowed bands appear in the visible range related to higher-order modes and centred 

at the two modes of the repeated MIM. In Figure 4.24f the low and high energy modes are 

labelled A and B respectively, and they arise from the hybridization of symmetric and 

antisymmetric modes. The fact that the high-energy B band stems from the hybridization of high-

energy modes furthermore rules out backfolding of the low-energy dispersion into the first 

Brillouin zone due to superlattice effects as the origin of the high energy band.221 The insurgence 

of the two large minima in reflectance is due to the superposition of the modes resulting from 

the interaction of 10 cavities. In analogy with the electronic states in solid state crystals, the band 

is made of a large number of discrete allowed states, and if the spectral superposition of the 

modes in the band is sufficient, the band appears as a continuum, as in the case of the B band, 

that results in a smooth valley in reflectance.  

The 𝑘𝑛𝑜𝑟𝑚(𝜆) diagrams for the ENZ crystal can be conveniently reversed to obtain the more 

common 𝐸(𝑘𝑛𝑜𝑟𝑚) band diagram shown in Figure 4.25. Having assigned the high-energy band to 

the hybridization of antisymmetric modes and the low-energy band to the hybridization of 

symmetric modes, it is possible to observe that if a band derives from the hybridization of 

symmetric modes, its slope is positive, while it is negative if the band comes from the 

hybridization of anti-symmetric ones.  From the E (𝑘𝑛𝑜𝑟𝑚) dispersion, the group velocity of the 

propagating wave in the ENZ crystal can be obtained as191: 

 𝑉𝑔 =
1

ℏ

𝑑𝐸

𝑑𝑘
 4.40 
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For the high-energy band, 𝑑𝐸 𝑑𝑘𝑛𝑜𝑟𝑚⁄  is negative and, consequently, also the group velocity. 

Since the group velocity is associated to the energy propagation in the crystal191, a negative group 

velocity leads to negative refraction.  

 

Figure 4.25: E (𝑘𝑛𝑜𝑟𝑚) band diagram of an ENZ crystal with Ag (20 nm) and ITO (120 nm) 

The ENZ multilayer inherits the spectral characteristics from its fundamental MIM components 

as well as the coupling dynamics between adjacent cavities. Therefore, the centre-band position 

of the ENZ crystals can be tuned via the thickness of the dielectric layers similarly to the cavity 

resonance in a MIM system. The bandwidth of an ENZ crystal can be tuned via the thickness of 

the metal layers in analogy to the mode-splitting in a MIMIM structure. To prove it, we 

investigated the effects of the dielectric and metal layers thickness on the extension of the ENZ 

bands and the coupling between the various modes. 

For example, in Figure 4.26a the modes of a MIM made of Ag (20 nm) and Al2O3 (td = var.) are 

plotted as red (even), and black (odd) dashed lines, as a function of the thickness of the Al2O3 

layer, while the black and red circles represent respectively the upper and lower edges of the 

bands formed by stacking multiple unitary cells, calculated via the Kronig-Penney model. The 

centre-band wavelength is equal to the mode of the MIM, and the bands follow the same 

dispersion of the modes of the MIM. These results are confirmed by the reflectance (Figure 

4.26b) and transmittance (Figure 4.26c) spectra of the complete ENZ crystals calculated at normal 

incidence via SMM simulations, compared to that of the single MIM (Figure 4.26d,e). 
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Figure 4.26: a) Band dispersion (black circles for the low-energy and red for the high-energy band 

edges) calculated via the Kronig-Penney model for ENZ crystals as a function of the thickness of the 

dielectric layer compared with the modes of the original MIM (dashed red lines are the even modes 

while dashed black are the odd ones). b) Reflectance and c) transmittance of a 10-cavities ENZ 

crystal calculated via SMM simulations compared to d) reflectance and e) transmittance of the 

original single MIM.   

As demonstrated beforehand, the increase in tm decreases the coupling between the cavities, 

which has a counterpart in the superposition of atomic orbitals in forming molecular orbitals. The 

bandwidth of the ENZ crystal evaluated as the splitting between the high-energy (that we will call  

anti-bonding band-edge) and the low energy band-edge (that we will call bonding band-edge) 

exponentially decreases while increasing the thickness of the metal, with the same trend of the 
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mode splitting in a MIMIM. This behaviour is evident in the reflectance and transmittance spectra 

of the crystal (Figure 4.27b,c), calculated via SMM as a function of the thickness of the metals. 

Noticeably, when the thickness of the metals is of 10 nm (just above the percolation threshold of 

Ag), the bandwidth is equal to 475 nm, thus allowing light in the entire visible range to be coupled 

inside the ENZ crystal. The exponential decrease of the bandwidth is also respected by higher-

order modes, as evident from Figure 4.27d, that shows the evolution of the bonding and anti-

bonding band-edges of an Ag (tm = var.) / Al2O3 (470 nm) 10-cavities ENZ crystal calculated via 

the Kronig-Penney function. In Figure 4.27g it is possible to see how the analogy between the 

metallic barrier thickness and the atomic orbitals overlap holds: increasing the metallic layer 

thickness reduces the interactions of the modes just as distancing the atoms of a chain decreases 

the superposition of the orbitals, thus reducing the tunnelling of the electrons. The deepest 

molecular orbital energies of a decane molecule (inset) are plotted as a function of the distance 

between the C atoms in the chain, showing the same behaviour as the modes of the ENZ crystal. 

As the interatomic distance increases, the energies of the molecular orbitals collapse toward the 

energy of an isolated CH2 system and they become more localized on these fragments. These 

energies were computed through an SCF procedure using the OpenMolcas software222,223 and 

employing a non-relativistic Atomic-Natural-Orbitals Double Zeta Polarized basis set. 

Further insight in the coupling dynamics could be achieved by considering a MIMIM system as 

the unit cell of the ENZ crystal, in which one of the two cavities has a fixed thickness (td-fix = 100 

nm) while the other is variable (td-var = 2 - 200 nm). The coupling dynamics between the cavities 

can be retrieved again in analogy to the hybridization of atomic orbitals. Atomic orbitals with very 

different energies interact weakly if superimposed, thus causing only small variations in both 

character and energy of the starting orbitals. Orbitals with similar energies couple strongly, giving 

rise to larger energy splitting and character mixing. Therefore, when the thicknesses of the two 

subsets of cavities are very different (and, therefore, the resonances are far in energy), 

interactions between neighbouring cavities become negligible, and the ENZ bands arise mostly 

from interactions between cavities of the same thickness. Figure 4.28b,c show the norm of the 

electric field for the ENZ crystal depicted in Figure 4.28a with td-fix = 100 nm and td-var = 50 nm, at 

two wavelengths located slightly above the low-energy edges of the two ENZ bands, namely at 

λ=385 nm and λ=520 nm, respectively. Due to the mismatch in cavity thickness, the interaction 

between neighbouring cavities is weak at both wavelengths, and, in particular, the electric field 

of the high-energy mode is mostly confined in the thin dielectric layers. In comparison, the low-

energy mode resides mainly in the thick ones.  
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Figure 4.27: Bandwidth modulation of a 10-cavity Ag/Al2O3 ENZ crystal calculated via the Kronig-

Penney model for ENZ crystals as a function of the thickness of the metals, for two different Al2O3 

thickness of a) 100 nm and d) 470 nm. The bandwidth modulation is compared to the reflectance 

and transmittance response, calculated via SMM simulations, relative to both the b,c) 100 nm and 

e,f) 470 nm Al2O3 thickness. g) Lowest energy molecular orbitals of decane molecule (inset) as a 

function of the C – C interatomic distance: with increasing bond length, the orbitalic overlap 

decreases leading to smaller interactions between atomic orbitals and thus splitting of molecular 

ones. 
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One possible molecular analogue of this system is a chain of alternating atoms with different 

orbital energies consisting of, for example, five alternated oxygen and sulphur atoms. Figure 

4.28d shows some of the molecular orbitals of such a system ordered from the highest (top) to 

the lowest (bottom) energy. Even in this case, the lower energy orbitals tend to be located around 

the oxygen while the higher energy ones are found around the sulphur atom. The orbitals labelled 

with γ and δ can be seen as those corresponding to the modes depicted in Figure 4.28b,c, 

respectively. In both cases, the orbitals tend to be located on one of the two types of atoms, and 

the interaction with neighbours is weak. Noticeably, the lowest energetic orbital holds a strong 

bonding character. At the same time, the highest energy one features an anti-bonding character, 

in perfect agreement with the bonding and anti-bonding band-edge character given above for 

ENZ crystals.    

As in the case of molecular orbitals, the interaction between the modes of the ENZ crystal 

considered in Figure 4.28a becomes stronger as the resonance of the varying cavity approaches 

that of the fixed one. When the dielectric layer thicknesses of two subsystems are the same, the 

resonances of the modes belonging to each of the two ENZ bands strongly interact, giving rise to 

the phenomenon of the avoided crossings of the resonances. This leads to the splitting of the 

energy levels visible in Figure 4.28e, where the transmittance spectrum of the complete ENZ 

crystal, calculated via SMM simulations, is depicted. At the crossing point (dashed white circle), 

the transmittance of the ENZ crystal manifests a minimum where the single MIM component has 

its resonance and, therefore, shows maximum transmittance. The inset of Figure 4.28e depicts 

the reflectance of the system at the anti-crossing point magnified, manifesting a maximum where 

the single MIM would be at resonance with minimum reflectance. The occurrence of the 

minimum in reflectance at the same energy of the maximum in transmission highlights the ENZ 

nature of the modes.  

Such a scenario can be included in the framework of the ENZ Kronig-Penney model by taking a 

constant function 𝑓𝑓𝑖𝑥(𝛼𝑡𝑚, 𝛽𝑡𝑑) associated to the fixed sub-system, and a function 

𝑓𝑣𝑎𝑟(𝛼𝑡𝑚, 𝛽𝑡𝑑−𝑣𝑎𝑟) for the one with varying thickness. The function of the total ENZ crystal 

becomes then: 

   𝑓𝑡𝑜𝑡(𝛼𝑡𝑚, 𝛽𝑡𝑑) = 𝑓𝑓𝑖𝑥(𝛼𝑡𝑚, 𝛽𝑡𝑑) × 𝑓𝑣𝑎𝑟(𝛼𝑡𝑚, 𝛽𝑡𝑑−𝑣𝑎𝑟)   4.41 

 

Figure 4.28f shows the wavelengths at which 𝑓𝑡𝑜𝑡(𝛼𝑡𝑚, 𝛽𝑡𝑑) crosses 1 and -1, and the obtained 

pattern follows the band edges in Figure 4.28e. 
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Figure 4.28: a) Sketch of the analysed ENZ crystal made of MIMIM unit cell, with a fixed MIM cavity 

Ag/Al2O3/Ag (30/100/30 nm) coupled to a varying one (30/var./30). Distribution of the norm of the 

electric field calculated at b) λ=385 nm and c) λ=520 nm via COMSOL Multiphysics in an ENZ with 

two subsystems.  d) Molecular orbitals calculated for a chain of alternating oxygen and sulphur (red 

and yellow spheres respectively) atoms (red and green correspond to opposite phases). e) 

Transmittance of the ENZ crystals, calculated via SMM. The inset shows the reflectance around the 

anti-crossing point at a magnified scale. f) The edges of the ENZ bands calculated for the ENZ crystal 

consisting of two subsystems.  

 Having analysed in depth the properties and the physics of the 1D MIM crystal, it is now possible 

to compare the formalism used and the results obtained with the well-known HMM 

metal/dielectric multi-layered systems. These are usually treated in the framework of the 

Effective Medium Approximation (EMA), according to which metal/dielectric multilayers are 
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extremely birefringent materials, where the in- and out-of-plane optical constants can be 

expressed as follows: 

 
휀∥ =

휀𝑑𝑡𝑑 + 휀𝑚𝑡𝑚
𝑡𝑑 + 𝑡𝑚

 

휀⊥ =
휀𝑑휀𝑚(𝑡𝑑 + 𝑡𝑚)

휀𝑑𝑡𝑑 + 휀𝑚𝑡𝑚
 

4.42 

  

Here εm and εd are the dielectric permittivities of the metal and of the dielectric, respectively, 

and tm and td their thicknesses. It is broadly accepted that the EMA can be used to model 

metal/dielectric multilayers if the thickness of the layers is deeply subwavelength218,219,224,225. 

This consideration leverages on the assumption that either the electric field (concerning 휀∥) or 

the displacement field (concerning 휀⊥) have to be continuous at the metal/dielectric 

interfaces225. However, an upper limit for the layer thicknesses has not been set yet and the use 

of the simple adverb “deeply” does not quantify how much smaller the layer thicknesses have to 

be with respect to the operating wavelength. Moreover, it is immediately visible that these 

expressions associate the same optical constants to all systems with equal metal and dielectric 

layer thickness, regardless of the actual thicknesses of the layers. These systems are known in 

the HMM framework to manifest the so-called Epsilon-Near-Zero and Pole HMMs, to which many 

fascinating properties, from super collimation to laser emission, are associated82,83,205. In the 

spectral region in which 휀∥ >  0 and 휀⊥< 0 these systems are called Type I HMM, whereas in the 

opposite case they are called Type II HMM. Some HMM can undergo a transition between the 

two regimes at one given frequency, the Epsilon-Near-Zero and Pole. 

 Figure 4.29a shows the in- and out-of-plane effective permittivity derived by EMA for a 

metal/dielectric multilayer made of Ag and Al2O3 with equal thickness. In particular, two different 

Ag/Al2O3 multilayers of 20/20 nm and 80/80 nm metal/dielectric layer thickness are shown. The 

effective dielectric permittivities of these two systems, calculated via the EMA, are identical 

since, in this case, tm and td  cancel out, which leads to one single pair of [휀∥, 휀⊥ ] curves. The EMA 

cannot distinguish between the two HMMs, but their scattering response is very different, as 

visible in Figure 4.29b, where the Absorbance (1- (Transmittance + Reflectance)) of the two 

multilayers is reported. The 80/80 nm Ag/Al2O3 multilayer (blue curve) manifests a pronounced 

absorption band between 425 nm and 455 nm in the area highlighted with a blue background. 

This behaviour is neglected by EMA that predicts such a system to work in the very reflective 

deep Type II hyperbolic region. The ENZ Kronig-Penney representation shown in Figure 4.29c 

perfectly captures this absorption band, where the condition −1 < 𝑓(𝛼𝑏, 𝛽𝑎) < 1  for the 

allowed band is fulfilled in the range between 425 nm and 455 nm. Interestingly, the low-energy 

band limit related to the 20/20 nm Ag/Al2O3 system is very close to the Type I/Type II transition 

predicted by the EMA. Figure 4.29d reports the high- and low-energy band edges as a function of 

the dielectric layer thickness, together with the topological transition obtained from EMA. We 

find that the topological transition converges with the low-energy band edge for td < 13 nm, which 
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coincides with the smallest dielectric layer thickness at which a single MIM cavity can sustain a 

mode. This lower limit can be found by analysing the exact dispersion of the MIM cavity: 

 𝑡𝑎𝑛 (
2𝜋

𝜆
𝑛𝑑
𝑡𝑑
2
) =

𝜅𝑚
𝑛𝑑

 4.43 

This is geometrically solved in Figure 4.29e, as a function of the dielectric layer thickness. Below 

td = 13 nm (green curve) there is no intersection between the left and the right terms of the 

equation and no cavity mode can be excited. In this regime, the propagation in the 

metal/insulator multilayer is sustained only by evanescent waves and the EMA can describe the 

system with very good precision. Above this regime, the optical response of the multilayer system 

cannot be precisely described by the local EMA, and this thickness limit can be viewed as the 

boundary between HMMs and ENZ crystals. It is worth noticing that below this limit, the Kronig-

Penney model is still able to predict the Type I/Type II transition of an HMM as the low-energy 

edge of the allowed band.    

 

Figure 4.29: Distinguishing ENZ crystals and HMMs. a) Effective parallel (dot-dashed curve) and 

perpendicular (solid curve) dielectric permittivity calculated via classic Effective Medium 

Approximation (EMA) for multilayers with equal thickness. b) Absorbance (1-T-R) calculated via 

SMM simulations and c) metal/insulator Kronig-Penney function of the two different multilayer 

systems with 20 and 80 nm thickness of the metal and dielectric layers. d)  Low-energy band edge 

calculated by the Kronig-Penney model and topological Type I/Type II transition obtained by EMA 

versus the dielectric layer thickness with tm = 20 nm. e) Geometrical solving of Equation 4.43, 

showing that below td = 13 nm there is no solution (crossing of the black dashed line with the full-

coloured ones), and no modes can be excited. 
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4.5 Conclusions 

In conclusion, the parallelism drawn between a MIM cavity and a potential quantum well allowed 

us to describe and predict the optical response all the way up to multi-layered structures using 

the well-known physics of electrons in atomic and molecular orbitals up to crystals. Resonant 

tunnelling can then be identified as the interaction dynamics of photons with these optical 

cavities when the ENZ condition is met. In building this analogy, we tested and explored the role 

of each parameter in determining the final response, from the optical constants of the materials 

to the geometry of the cavities to the photons impinging angles, thus allowing us to set the 

boundaries of the model and to phenomenologically define the Hermiticity limit for a metal. The 

investigation of the coupling dynamics reinforced the parallelism and gave us access to the 

tailoring of the ENZ modes and their width, again through the optical and geometrical parameters 

of the full structure. When the number of cavities becomes large, the analogy is expanded from 

molecular orbitals to solid-state crystals in which the wavefunctions can be described by Bloch 

functions and the dispersion of the bands can be evaluated through the Kronig-Penney models. 

In particular, we have been able to predict that by reducing the thickness of the metal layers, an 

ENZ bandwidth of about 475 nm can be engineered, covering almost the entire visible range. The 

combination of the increased spectral bandwidth of the resonating cavity in ENZ crystals, 

together with the increased density of states at the band edge, provides highly promising 

conditions for laser applications if a gain material is embedded in the system226,227. 

Finally, our semi-classical model of metal/insulator multilayer structures also elucidates the 
boundary between ENZ crystals and hyperbolic metamaterials as the minimum thickness of the 
dielectric layer at which cavity modes can occur. For thicker dielectric layers that sustain cavity 
modes, EMA fails to describe the effective dielectric permittivity accurately and does not discern 
the influence of the layer thickness for systems with equal metal and dielectric layers. These 
properties, instead, are accurately captured by our Kronig-Penney approach, which therefore 
provides an insightful perspective on the physics behind metal/insulator multilayers, providing a 
versatile toolbox for the design of functional metamaterials. 
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