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Εισαγωγή 
 

Στη διατριβή αυτή, ο κύριος στόχος ήταν να δημιουργηθεί μία χημική συνταγή για τη 

δημιουργία δισδιάστατου κρυστάλλου περοβσκίτη αλογονιδίου και επίσης μια τεχνική 

επεξεργασίας τελευταίας τεχνολογίας, προκειμένου να ενσωματωθεί σε οπτικές κοιλότητες. 

Δύο μέθοδοι χρησιμοποιήθηκαν για να δημιουργηθεί όσο το δυνατόν καλύτερης ποιότητας 

κρύσταλλος: η μέθοδος υγρής αποφολίδωσης (Liquid Exfoliation) και η μέθοδος διαλύματος 

(Solution method). Χρησιμοποιώντας τεχνικές όπως  XRD και εικόνες μικροσκοπίας/SEM, 

χαρακτηρίσαμε επιτυχώς τη δομή των υλικών και με οπτικές μετρήσεις όπως τη 

φωτοφωταύγεια (Photoluminescence), την ανακλαστικότητα (Reflectivity), όπως και 

μετρήσεις θερμοκρασιακής εξάρτησης και εξάρτησης ισχύος ακτινοβολίας, εξήγαμε δεδομένα 

σχετικά με την εξιτονική εκπομπή του υλικού. Η μέθοδος υγρής αποφολίδωσης δεν ήταν 

επιτυχής λόγω της παραγωγής φθαρμένων κρυστάλλων και πολύ μεγάλου πάχους, και 

προκειμένου να εισαχθεί ο περοβσκίτης σε κοιλότητες, χρειαζόμασταν λεπτότερο πάχος 

κρυστάλλου, καθώς και καθαρή και μεγάλη εξιτονική εκπομπή. Η δεύτερη μέθοδος μας 

παρείχε πολύ καλύτερα αποτελέσματα τόσο στο σχήμα όσο και στη δομή των υλικών όσο και 

στην εξιτονική τους εκπομπή. Με το υλικό να βελτιστοποιείται με επιτυχία, ενσωματώθηκε σε 

δύο τύπους οπτικών κοιλοτήτων σε θερμοκρασία δωματίου. Ο πρώτος τύπος ονομάζεται 

“ανοιχτή-κοιλότητα”, ο οποίος αποτελείται από ένα «Κατανεμημένο Ανακλαστήρα Μπραγκ» 

(Distributed Bragg Reflector-DBR) με τον κρύσταλλο περοβσκίτη στην κορυφή. Με λευκό 

φως, χτυπήσαμε το DBR υπό γωνία 89 μοιρών για να δημιουργήσουμε ένα πολωμένο οπτικό 

τρόπο ταλάντωσης κοντά στην εξιτονική εκπομπή του κρυστάλλου και να εξερευνήσουμε την 

αλληλεπίδρασή τους. Αυτή η τεχνική μας παρέχει πλεονεκτήματα, όπως λιγότερα βήματα 

ανάπτυξης λόγω της ανάγκης για μόνο για μια δομή DBR και παράγει επίσης μόνο έναν οπτικό 

τρόπο ταλάντωσης, συμπεριφερόμενο σαν μία πολύ μικρού πάχους κοιλότητα. Τέλος, 

χρησιμοποιήσαμε το βελτιωμένο υλικό σε μία κλασσική DBR μικροκοιλότητα και με επιτυχώς 

δημιουργήσαμε πολαριτονική κατάσταση σε θερμοκρασία περιβάλλοντος. 
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Abstract 
 

The main aim of this work was to fabricate high quality thin 2D Halide perovskite crystals and 

use them to demonstrate strong light-matter coupling in various device geometries.  We 

explored two alternative methods to fabricate crystals, namely, liquid exfoliation and solution 

method. We characterized the material structure using XRD as well as microscope/SEM 

techniques and employ optical measurements such as PL, Reflectivity, Power and Temperature 

dependence, to characterize exciton emission properties in this material. Liquid exfoliation 

method produced relatively small sized perovskite crystals not compatible with their 

introduction inside wavelength sized cavity. The second method, provided us with the much 

better results both in crystal size and structure as well as excitonic emission. Τhe successfully 

optimized material was then incorporated inside optical cavity and on top of a Bragg reflector. 

Large angle white light reflectivity measurements at room temperature revealed the appearance 

of resonant mode residing at the surface of the Bragg mirror whose coupling with overlaying 

perovskite excitons was studied.  Finally, strong-light matter coupling at room temperature was 

obtained when incorporating such crystals inside DBR mirror-based cavities demonstrating the 

great promise these materials pose for real world polaritonic applications. 
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1 Theoretical background 
 

1.1 Introduction 
Perovskite crystals have emerged as promising materials in the realm of advanced photonics 

and optoelectronics. Their exceptional optical properties and versatile synthesis methods have 

opened new avenues for cutting-edge device applications. This thesis explores the synthesis of 

perovskite crystals and their potential role in the development of polaritonic devices, where 

light and matter interact in unique and powerful ways. 

In the pages that follow, we will analyze and describe perovskite crystal synthesis, diving into 

their chemical composition, crystal structure, and methods for optimizing the material. 

Afterwards, we go into the fundamental principles of polaritons, which are hybrids of light and 

matter, and examine how perovskite crystals can be introduced into different types of cavities 

in order to achieve polariton state. 

 

1.2 Light – Electromagnetic waves 
Light is a fundamental phenomenon in physics. It is the result of the oscillation of electric and 

magnetic fields as they propagate through space. These oscillations occur perpendicular to the 

direction of light's travel, constituting a transverse wave. Light exhibits both wave-like and 

particle-like characteristics, which is known as wave-particle duality. This duality is a 

cornerstone of quantum mechanics and is exemplified by the behavior of light, where photons, 

discrete quanta of light, exhibit both wave interference patterns and particle-like energy 

quantization. Light is characterized by its wavelength and frequency, with different 

wavelengths giving rise to the visible spectrum of colors. The electromagnetic spectrum 

encompasses a broad range of light, including radio waves, microwaves, infrared, visible, 

ultraviolet, X-rays, and gamma rays, each with distinct properties and applications [1,2] 

 

 

 

1.2.1 Polarization 

Polarization of light is a fundamental aspect of lights behavior that is closely tied to the 

orientation of the oscillating electric and magnetic fields within an electromagnetic wave. To 

understand polarization, we need to recognize the relationship between the direction of these 

oscillations and the direction of wave propagation. When we have linear polarization, we speak 

about two polarizations, s and p. [3,4] 

When light propagates in a vacuum, it is unpolarized, which means that it can be described as 

a mix between the two linear polarizations s and p. Unpolarized, light has an equal amount of 

power in each two linear polarizations. 
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FIGURE 1-1: LIGHT AS AN ELECTROMAGNETIC WAVE 

Display of light as an electromagnetic wave as well as its 2 polarizations. Both 

polarizations are perpendicular to the axis of propagation (usually z-axis). The two-

polarization propagating perpendicularly to the z-axis are the Transverse Electric 

(TE) Polarization (p) and Transverse Magnetic (TM) Polarization (s). After going 

through a linear polarizer that is put correctly only for one of the two polarizations to 

be allowed through, exactly that happens and we can only observe the polarization 

desired. 

Image source: ScienceFacts.net/Polarization of Light 

 

 

 

 

 

 

 

 

1.2.2 Fresnel equations – S and P polarizations 

To put the two linear polarizations into perspective, we need to assume a situation of light 

hitting an interface. Let’s assume a light ray that hits a plane of incidence at an angle θ (Fig 1-

2). S and P polarizations refer to the plane in which the electric field of light is oscillating. S 

polarization -also called Transverse Electric (TE)- is the linear polarization component of the 

wave that is normal to the plane of incidence and P polarization -also called Transverse 

Magnetic (TM)- is the component parallel to the plane of incidence. To quantify these 

statements, we can use the Fresnel equations. These equations describe the reflection and 

transmission amplitudes of light when it hits a surface between two mediums. By applying the 

boundary conditions of electromagnetic waves that require that E and B components parallel 

to an interface to be continuous at the interface. The formulas that describe them are: 
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𝒓𝒔 =
𝒏𝟏 𝐜𝐨𝐬(𝜽𝟏)− 𝒏𝟐𝐜𝐨𝐬 (𝜽𝟐)

𝒏𝟏 𝐜𝐨𝐬(𝜽𝟏)+𝒏𝟐𝐜𝐨𝐬 (𝜽𝟐)
  EQ.  1-1 

S component 

𝒕𝒔 =
𝟐𝒏𝟏𝐜𝐨𝐬 (𝜽𝟏)

𝒏𝟏 𝐜𝐨𝐬(𝜽𝟏)+𝒏𝟐𝐜𝐨𝐬 (𝜽𝟐)
  EQ.  1-2 

 

𝒓𝒑 =
𝒏𝟐 𝐜𝐨𝐬(𝜽𝟏)− 𝒏𝟏𝐜𝐨𝐬 (𝜽𝟐)

𝒏𝟐 𝐜𝐨𝐬(𝜽𝟏)+𝒏𝟏𝐜𝐨𝐬 (𝜽𝟐)
  EQ.  1-3 

P component 

𝒕𝒑 =  
𝟐𝒏𝟏𝐜𝐨𝐬 (𝜽𝟏)

𝒏𝟐 𝐜𝐨𝐬(𝜽𝟏)+𝒏𝟏𝐜𝐨𝐬 (𝜽𝟐)
  EQ.  1-4 

 

Where r is the reflection coefficient (reflected amplitude divided by incident amplitude) and t 

is the transmission coefficient (transmitted amplitude divided by incident amplitude) 

Although reflection and transmission are dependent on polarization, for normal incidence there 

is no distinction between them so all polarization states have a single set of Fresnel coefficients. 

 

 
FIGURE 1-2 : S AND P POLARIZATIONS OF LIGHT 

When referring to polarization states, the s component refers to the 

polarization plane perpendicular to the plane of incidence. S polarization is 

also called Transverse Electric. P polarization refers to the polarization plane 

parallel to the plane of incidence. P polarization is also called TM 

 

 

 

1.2.3 Brewster Angle 
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In 1815, Sir David Brewster conducted experiments using superior-quality materials and 

successfully demonstrated that this angle indeed depended on the refractive index, a principle 

now known as Brewster's law [5,6]. The Brewster angle, denoted as θB, plays a significant role 

in optics, particularly when dealing with the interaction of light with dielectric surfaces [7]. It 

represents the angle of incidence at which the reflected light is completely polarized parallel to 

the surface, while there is no reflected light in the perpendicular plane. This phenomenon can 

be described by the Brewster's Law equation: 

𝐭𝐚𝐧(𝛉𝚩) =
𝐧𝟐

𝐧𝟏
    EQ.  1-5 

 

Here, θB is the Brewster angle, n1 is the refractive index of the first medium (typically the 

dielectric material), and n2 is the refractive index of the second medium (often air). Brewster’s 

law is directly derived from Snell’s Law: 

𝐧𝟏𝐬𝐢𝐧(𝛉𝟏) =  𝐧𝟐𝐬𝐢𝐧(𝛉𝟐)   EQ.  1-6 

 

The Brewster angle is not only a fundamental optical concept but also finds practical 

applications. It is frequently employed to reduce glare from glass surfaces, such as in anti-

reflective coatings for eyeglasses or camera lenses and can also be a very practical in optical 

setups and measurements. 

 

 
FIGURE 1-3: BREWSTER ANGLE 

Image representing how the angle of incidence plays a crucial role onto the genera 

light manipulation. As seen, unpolarized light coming from medium 1 -usually air- 

hits the interface and the reflected light becomes almost completely polarized, due to 

the angle of incidence being the critical Brewster angle, creating a 900 angle between 

refracted and reflected rays. 
 Image source: Wikipedia/Brewster’s Angle 
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1.3 Semiconductors 
 

A solid material whose electrical properties lie between those of a conductor and an insulator 

is called a semiconductor. These materials, often composed of elements from groups III and V 

or II and VI in the periodic table, possess unique electrical properties that lie between those of 

conductors and insulators. Under appropriate conditions, it can either conduct or block the flow 

of current based on specific requirements. Semiconductors are what an engineer would use to 

manipulate current flow in a system for example.  In every solid material, there are 

approximately 1023 atoms per cubic centimeter, and their electrons occupy different energy 

levels. Due to interactions with neighboring atoms, the energy levels of electrons combine and 

integrate. This results in the formation of multiple non-discrete bands (Fig.1-4) with each band 

filling up with electrons until it reaches its maximum capacity. The last level that is occupied 

in this manner is called the Fermi level and the energy of the last occupied level in a Fermi 

system at a given temperature is called Fermi energy. In semiconductors, the Fermi level is 

located between the energy bands. The band just below the Fermi level is filled with electrons 

and is called the Valence Band, while above the Fermi level, there are bands that lack electrons, 

with the lowest of these called the Conduction Band.  

 

Between the Valence Band and the Conduction Band, there is a region where electron states 

are not allowed. The energy difference between the upper limit of the Valence Band and the 

lower limit of the Conduction Band is called the energy gap, and it is the energy required for 

an electron to move from the Valence Band to the Conduction Band. As an electron jumps 

from the Valence Band to the Conduction Band, it leaves behind a vacant position that can be 

considered as a new particle with the same effective mass as the electron but with opposite 

charge. This particle is called a hole. In essence, to manipulate a material that falls under the 

umbrella of semiconductors, we just need to provide a certain amount of energy – that energy 

being of various types such as an electric field or a laser pump- and from there, multiple devices 

such as transistors, computational chips etc. can be produced [8]. 

 

 

 



12 

 

 
FIGURE 1-4: SEMICONDUCTOR 

Simple representation of a semiconductor band structure. Electrons fill the bands, 

resulting at the last electron filled band that is called “valence band”. When energy 

is introduced into this system – either optical or electrical-, the electrons go to the 

upper band, called the “conduction band”. Between the valence and conduction 

band, there is gap, which represents the amount of energy the system needs for an 

electron to go to the conduction band.  

         Image source: Collins, Philip G. and Avouris, Phaedon. Scientific American.  

Nanotubes for Electronics. Retrieved April 5, 2006. 

 

 

 

1.4 Excitons 
 

Excitons, as quasiparticles in semiconductors, arise from the strong interaction between an 

excited electron and the resulting hole in the valence band [9]. When an electron absorbs energy 

and transitions from the valence band to the conduction band, a positively charged hole is 

formed. The electron and hole, despite being physically separated, are electrically attracted to 

each other due to their opposite charges. This attraction leads to the formation of an exciton – 

a quasi-particle with distinct properties from those of an individual electron or hole. The 

interaction between the two charges results in the creation of an excitonic state, where the 

electron orbits the hole in a fashion similar to how an electron orbits the nucleus in a hydrogen 

atom.  The energy released during the formation of this bound state is the binding energy. The 

binding energy of an exciton, denoted as 𝐄𝐛
𝐧  , quantifies the strength of this binding. 

 

 Binding Energy 

The binding energy of an exciton can be determined by the equation [8-11]: 

 

    𝐄𝐛
𝐧  = −

𝐑∗

𝐧𝟐   EQ.  1-7                  
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where n represents the principal quantum number and R* corresponds to the effective Rydberg 

energy given by: 

R* = 
𝛍𝐞𝟒

𝟐ℏ𝟐(𝟒𝛑𝛆𝟎𝛆)𝟐   EQ.  1-8 

 

With   𝛍 =  [(𝐦𝐞
∗)−𝟏 + (𝐦𝐡

∗ )−𝟏]−𝟏 being the reduced mass of the electron (me) and hole (mh) 

system, ℏ the reduced Planck constant, e the charge of an electron, ε the relative permittivity 

of the material.  

 

The principal quantum number describes the spatial distribution and energy of the excitonic 

wave function. The negative sign in Equation 1 indicates the attractive Coulomb interaction 

between the electron and hole, resulting in a bound state. 

The total energy of an exciton, denoted as Ex, can be expressed as the difference between the 

bandgap energy (Eg) and the binding energy (Eb): 

     EX = EG – EB = EG - 
𝐑∗

𝐧𝟐
  EQ.  1-9 

 

 

The Bohr Radius is: 

𝛂𝐞𝐱
𝐛 =  𝛂𝐛

𝐇 𝐑𝟎
∗

𝐑∗𝛆𝐫
   EQ.  1-10 

With: 

• 𝛂𝐞𝐱
𝐛  = Exciton Bohr radius 

• 𝛂𝐛
𝐇=5.29*10-11m Hydrogen Bohr radius 

• 𝐑𝟎
∗  = 13.6 eV → Rydberg energy 

• 𝛆𝐫 = general permittivity 

 

This equation reflects that the exciton energy lies below the energy of an unbound electron-

hole pair by the amount of the binding energy. The exciton energy is influenced by the 

material's bandgap and the specific quantum state of the exciton. When an exciton cannot retain 

its energy, it undergoes a process called exciton relaxation or decay. This can happen through 

several mechanisms, including radiative and non-radiative processes. 
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FIGURE 1-5: EXCITON STATE 

This figure presents a simple representation of how an exciton is “created”. 

A form of energy – be it light or electric current- passes through the medium, 

exciting electrons from the valence band enough to overcome the bandgap 

energy and as such go to the conduction band. The interaction between 

electron in the conduction band and hole in the valence band is what is called 

an exciton. 
 Image Source: Fast-moving excitons observed for first time in metal, unlocking 

potential to speed up digital communication by City University of Hong Kong 

 

 

 

 

 

Photoluminescence (PL) 

 

Photoluminescence is a phenomenon in which a material absorbs photons (light particles) and 

then re-emits them as light of a longer wavelength, typically in the visible or near-infrared 

range. This process involves the absorption of energy by the material's electrons, which causes 

them to transition from lower-energy states to higher-energy states. Subsequently, these 

electrons return to lower-energy states by releasing the excess energy in the form of photons, 

leading to the emission of light. Photoluminescence is a key concept in understanding the 

behavior of materials in various scientific and technological applications, including 

semiconductors, nanomaterials, and biological systems [8,12]. 

As the excited electrons return to their lower-energy states, they recombine with the holes. 

During this recombination process, the excess energy acquired during excitation is released as 

photons. These emitted photons have longer wavelengths (lower energy) than the absorbed 

photons, as the energy difference between the initial and final states of the electrons is 

preserved in the form of light energy. The emitted photons are detected as light emission, 
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leading to a photoluminescence signal. The color (wavelength) of the emitted light depends on 

the energy levels involved in the electronic transitions and the band structure of the material. 

 

 
FIGURE 1-6: PHOTOLUMINESCENCE (PL) 

Photoluminescence representation displaying the basic characteristics.  The 

peak of the PL curve displays the wavelength of the exciton emission and the 

Linewidth of Full Width Half Maximum displays the stability of the emission. 

Linewidth is interconnected with the Binding Energy of the exciton and as 

such, the narrower the curve, the more stable the emission. 

 

 

1.5 Quantum Wells  
To further illustrate and calculate an electron-hole interaction (exciton), we can consider a 

simple quantum well (QW). Put simply, QWs are typically a sandwich structured by a thin 

layer (~ nm) of a semiconductor (e.g., GaAs) between two layers (of equal thickness) of another 

semiconductor (e.g., AlGaAs), Fig.1-7. We assume that the perpendicular direction to the 

layers is the z axis. In addition, we take as granted that the bandgap of semiconductor A (EgA) 

is smaller than B (EgB) [8,13]. This basically creates a containment. Because of the bandgap 

difference, a QW is created in the GaAs region and low energy carriers are confined. For the 

basic QW model the general solved wavefunction is: 

𝚿𝐧(𝐳) =  √
𝟐

𝐋
𝐬𝐢𝐧 (𝐤𝐧𝐳)   WITH KN = 

𝐧𝛑

𝐋
   EQ.  1-11 

With: 

• L = QW thickness  

• k = wavevector of each state 

• n = principal quantum number (n > 0) 
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• L = thickness of QW 

 

From the wavefunction, we can derive the discrete energies of the system: 

 𝐄𝐧 =  
ℏ𝟐𝐤𝐧

𝟐

𝟐𝐦𝛚
∗ =  

ℏ𝟐

𝟐𝐦𝛚
∗ (

𝐧𝛑

𝐋
)

𝟐
  EQ.  1-12 

 

 

 
FIGURE 1-7: SCHEMATIC REPRESENTATION OF A QUANTUM WELL 

This is schematic image of what a quantum well looks like. Like semiconductor theory, the 

Valence Band is below, also showing the heavy hole. The two AlGaAs layers act as potential 

barriers for the GaAs layer in between, making excited electron able to only go into the C1 

or C2 states as the don’t have enough energy to go further, making them confined spatially. 

 

 

 

 

1.6 Fabry-Perot Cavities 
Optical (micro)cavities have generally been developed for the purpose of successfully 

confining light, therefore increasing the photon life inside it and by that increasing the 

interaction of it with the active medium. Specifically, we will focus on the Fabry-Perot 
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architecture. Initially introduced by Charles Fabry and Alfred Perot for interferometric 

analyses, this cavity consists of two planar mirrors which are as parallel as possible and 

between them a certain medium. If the mirrors possess high reflectivity properties, the light 

fringes become sharper and this can be then employed in high-resolution spectral analyses. 

Through the years, this architecture became a very useful tool for laser setups as a passive 

optical structure able to tune emission properties embedded inside. In the figures below, we 

see an optical representation of this system [8,14].  

 

 
FIGURE 1-8: FABRY-PEROT CAVITY-CONSTRUCTIVE INTERFERENCE 

Both pictures exhibit essentially how a mode is realized inside a cavity. Light which is 

confined between two high quality mirrors and undergoes constructive interference 

which consequently realizes the mode. 

Image source: [8] 

 

In the figures above, we can see the path of light inside the cavity.  As seen in figure b, light 

passes inside the cavity and if the adjustments (cavity thickness, refractive indices of mirrors 

and correct geometry), light constructively interferes and losses decrease significantly. The 

whole reflectivity obeys the following equation: 

𝐑𝐜 +  𝐓𝐜 = 𝟏   EQ.  1-13 

With Rc being reflectance and Tc transmission. By calculating the reflectivity through transfer 

matrix, we show in the figure below the reflectivity minima (or transmission maxima) which 

correspond to optical resonant modes confined in the cavity. These modes are characterized 

by: 

 𝐤𝟎𝛅 = 𝟐𝐪𝛑   EQ.  1-14 
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With:  

● k0 = 
𝟐𝛑

𝛌
 

● δ = 𝟐𝐧𝐜𝐋𝐜𝐜𝐨𝐬(𝛉𝐢) →  light path inside the cavity times the medium’s refractive 

index (nC). 

● q being an integer. 

 

 

 
FIGURE 1-9: CAVITY MODES 

Simulation of the cavity modes in both a reflectivity and a transmission measurement. In a 

cavity, reflectivity (resp. transmission) is ideally almost 1 (resp. 0) and the mode reaches 

almost zero (resp. 1).  

Image source: [8] 

 

 

 

 

 

 

 

In a dispersion measurement the energy of the cavity modes is shown in the figure below: 
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FIGURE 1-10: DISPERSION REPRESENTATION OF CAVITY MODES 

This plot, is a schematic of an angular dispersion in an optical cavity. There are 

4 modes in total all having different Energies at zero momentum. To find the 

thickness of this cavity we need only to follow two consecutive energy modes and 

fine their zero momentum energy values. With the cavity’s refractive index known, 

we have all the necessary information about the thickness of the cavity. 

 

Followed by their equation 

E(K) = 𝐄𝐦,𝐩𝐡 +  
Ħ𝟐𝐤𝟐

𝟐𝐦𝐩𝐡
∗    EQ.  1-15 

 

           𝐦𝐩𝐡 =
𝐦𝛑Ħ𝐧𝐜

𝐜𝐋𝐜
    EQ.  1-16 

 

• 𝐦𝐩𝐡 = photon mass 

• m = mode number 

• 𝐧𝐜 =  𝐜𝐚𝐯𝐢𝐭𝐲 𝐫𝐞𝐟𝐫𝐚𝐜𝐭𝐢𝐯𝐞 𝐢𝐧𝐝𝐞𝐱  

• 𝐋𝐂 = 𝐂𝐚𝐯𝐢𝐭𝐲 𝐭𝐡𝐢𝐜𝐤𝐧𝐞𝐬𝐬 
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As follows from the equations, the refractive index plays an immediate role to the curvature of 

the modes.  

 

 

The cavity’s thickness Lc is calculated from the following equation: 

𝐋𝐜 =
𝛌𝟏𝛌𝟐

𝟐𝐧(|𝛌𝟏−𝛌𝟐|)
    EQ.  1-17 

• λ1,λ2 = consecutive wavelength peaks  

• n = refractive index of the medium 

 

 

1.6.1 Q-Factor 

The Q factor refers to the quality factor of a resonant optical system. It characterizes the 

behavior of optical resonators, such as optical cavities, microcavities, and photonic crystal 

structures. The Q factor in optics is analogous to the Q factor in other fields, like electronics 

and mechanics, but it pertains specifically to the behavior of light waves [8,Error! Reference 

source not found.]. 

The Q factor in optics is a measure of the efficiency and selectivity of an optical resonator in 

trapping and circulating light at a specific wavelength. It quantifies how well the resonator can 

store and sustain light within its structure before the light energy is lost due to absorption or 

scattering. A higher Q factor indicates a resonator that can store light for a longer time and over 

a narrower range of wavelengths. 

Mathematically, the Q factor in optics is defined as: 

𝐐 =  
𝛚𝐜

𝚫𝛚
=

𝐄𝐜

𝚫𝚬
≈

𝛌𝐜

𝚫𝛌
    EQ.  1-18 

Where E, λ represent the photon energy and wavelength respectively. When 𝛌𝐜 ≫ 𝚫𝛌 , the ≈ 

approximation is valid. Conclusively, the Q-factor measures efficiency in the optical by taking 

into account the FWHM. As it becomes narrower, the quality of the cavity increases. 

 

 

 

 

1.7 Distributed Bragg Reflectors (DBRs) 
A Distributed Bragg Reflector (DBR) serves as a fundamental building block within optics, 

notably in lasers and photonic systems, facilitating the creation of efficient mirrors targeted at 

specific light wavelengths. It is constructed by strategically layering two distinct materials, 

each characterized by a different refractive index. These layers are meticulously engineered to 

harness a pronounced reflective effect within a particular range of wavelengths. It takes form 
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through the alternation of layers comprising two materials, each distinguished by its unique 

refractive index. Usually, one material exhibits a higher refractive index (referred to as the 

high-index material), while the other manifests a lower refractive index (referred to as the low-

index material). As light transitions across the interface between materials with distinct 

refractive indices, a portion of the light is reflected, and another part is transmitted. This 

reflected light engages in constructive or destructive interference, contingent upon the layers' 

thicknesses and refractive indices. This interaction gives rise to a series of closely spaced 

reflection peaks, with each peak corresponding to a specific wavelength. For constructive 

interference to manifest, the following equation must be obeyed [8,15]. 

𝐝 =
𝛌

𝟒𝐧
   EQ.  1-19 

where: 

• d = layer thickness 

• λ = Bragg wavelength  

• n = Refractive index 

 

1.7.1  Transfer Matrix Method 

 

To craft a DBR, firstly simulation is needed. The usual simulation is called “Transfer Matrix 

Method (TMM)”. The transfer matrix method is a mathematical approach that simplifies the 

analysis of electromagnetic wave interactions with layered structures. In this approach, every 

layer is symbolized by a transfer matrix that elucidates alterations in the electric field of light 

upon entry and exit from the layer. This matrix factors in the layer's refractive index and 

thickness. By sequentially multiplying these matrices for each layer within a multi-layer 

arrangement, it becomes possible to compute how the characteristics of light evolve as it 

traverses the complete stack. In the figure below, there is a simulated DBR of ten pairs of 

TaO5/SiO2 and the same system but with air medium in between showing the cavity mode 

[8Error! Reference source not found.]. 
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FIGURE 1-11: DISTRIBUTED BRAGG REFLECTOR (DBR) 

10 Pair (TaO5/SiO2) DBR reflectivity simulations. 

a) Representation of a DBR reflectivity displaying the Bragg modes as well 

as the distinct stopband where reflectivity tends to go to 1 with center 

wavelength at 745 nm. 

b) Representation of a DBR cavity. In a cavity, two DBRs are facing each 

other and with correct thickness, a resonant mode at appears at the middle 

of the stopband. 
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1.8 Exciton – Polaritons 
Polaritons are pseudo-particles formed by the coupling of electromagnetic waves and the 

excitation of electric dipoles. They are created when photons (modes) and excitons undergo 

strong coupling. Due to imperfections in the crystalline system, polaritons are destroyed at the 

crystal's surface attributed to light losses and weak coupling with excitons. In semiconductor 

microcavities, polaritons are created with the coupling of the cavity's photon (mode) and a 

significantly larger exciton, resulting in an observable longer lifetime. Due to the microcavity's 

properties, there are considerably fewer photon losses, leading to more frequent couplings and 

therefore more polaritons. These polaritons exhibit both light-like and matter-like properties. 

They behave as bosons, which makes them potentially condense into a macroscopic state 

known as Bose-Einstein condensation. If the coupling is weak, it can be treated as a simple 

perturbation, and the system can be approximated by photons and excitons without interaction, 

known as weak coupling. Conversely, if the coupling is strong, referred to as “strong coupling 

interaction”, the system includes interaction between photons and excitons. The resulting new 

pseudo-particle is called a polariton, describing this particular state [8]. 

In a microcavity, the exciton-photon detuning is defined as δ = Ec - Ex, where Ec is the 

independent energy of the photon in the cavity and Ex is the independent energy of the exciton. 

The detuning changes experimentally either by changing the temperature or by altering the 

cavity's thickness. In weak coupling, in absorption measurements of the system, as the energy 

of the photon approaches that of the exciton, we observe that the absorption peaks of the two 

entities merge without interacting and simply put, “pass each other by”. In strong coupling 

however, there is a minimum energy distance between the two peaks due to the now robust 

interaction. This minimum distance is called Rabi splitting = hΩ. This behavior is 

experimental evidence of polariton creation. Representing this behavior on an energy-detuning 

diagram reveals two distinct branches of the polariton, the Upper Polariton Branch (UPB) and 

Lower Polariton Branch (LPB), and this is called anti-crossing. Examples of such diagrams are 

shown below." 
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FIGURE 1-12:WEAK AND STRONG COUPLING REGIME 

a, b) Plot onto the right is displaying a system abiding by the strong coupling regime 

realizing a polariton. What is seen is that one peak stays frozen in one place and the other 

is steadily progressing towards it. At a certain energy distance (Rabi splitting), the two 

peaks do not approach each other anymore due to their robust interaction (strong 

coupling). On the contrary, when the interaction of the entities is weak, it is seen through 

the two peaks simply interchanging. 

c) In this figure, with dashed lines is displayed the strong coupling regime which is indicated 

through the exciton and photon lines crossing each other and on the other hand, the bold 

line presents an anticrossing, forming two polariton branches known as Upper Polariton 

Branch (UPB-Representing the exciton) and Lower Polariton Branch (LPB-Representing 

the photon).  

Image source: [8] 

 

1.8.1 Quantum description of Exciton-Photon Coupling 

The quantum description of a polariton is based on electromagnetism. Initially, in its classical 

form, it treats photons as an electromagnetic field and excitons as dipole oscillators. The energy 

of the exciton is described through the dipole oscillator relationship. Subsequently, in its 

quantum form, the photon-exciton coupling is described as a coupled oscillator, ignoring 

exciton-exciton interactions. It assumes that the exciton and the photon have known wave 

vectors k, and their states are |Xk> and |Phk>, respectively, with 𝐚𝐤
†
 και 𝐛𝐤

†
 being the creation 

and annihilation operators, respectively. Based on these, the Hamiltonian describing the system 

– without considering the photon-exciton interaction yet – is: 

𝐇𝐤
𝟎 =  𝐄𝐗(𝐤)𝐛𝐤

†𝐛𝐤 + 𝐄𝐩𝐡(𝐤) 𝛂𝐤
†𝐚𝐤  EQ.  1-20 

Where 𝐄𝐗 and 𝐄𝐩𝐡are the energies of the exciton and the photon for wave vector k, respectively. 

The eigenstates of 𝐇𝐤
𝟎can be written as |𝐧𝐤

𝐗 , 𝐧𝐤
𝐩𝐡

>, where 𝐧𝐤
𝐗 and 𝐧𝐤

𝐩𝐡
are the numbers of 

excitons and photons in the system, respectively. These states are called "bare" states, as they 

describe non-coupled particles with independent physical properties. The interaction between 

exciton and photon also includes optical transitions, with their Hamiltonian being: 

𝐇𝐤
𝐢𝐧𝐭 = 𝐠(𝐛𝐤

†𝐚𝐤 +  𝛂𝐤
†𝐛𝐤)   EQ.  1-21 

Where 𝐛𝐤
†𝐚𝐤 (respectively 𝛂𝐤

†𝐛𝐤) represents the absorption of the photon (emission 

respectively) and 𝛂𝐤
†𝐛𝐤 represents the exciton creation (destruction respectively). 
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The systems complete Hamiltonian is as follows: 

𝐇𝐤 =  𝐇𝐤
𝟎 +  𝐇𝐤

𝐢𝐧𝐭 =  𝐄𝐗(𝐤)𝐛𝐤
†𝐛𝐤 + 𝐄𝐩𝐡(𝐤)𝛂𝐤

†𝐚𝐤 +  𝐠(𝐛𝐤
†𝐚𝐤 +  𝛂𝐤

†𝐛𝐤 EQ.  1-22 

Now we reform the Hamiltonian in a matrix form as such: 

(
𝐄(𝐤)𝐗 𝐠

𝐠 𝐄(𝐤)𝐩𝐡
 ) 

 

Through this matrix, the energy eigenvalues can be obtained: 

𝐄𝐋𝐏(𝐤) =   
𝐄𝐗(𝐤)+ 𝐄𝐩𝐡(𝐤) 

𝟐
−  

√(𝐄𝐗(𝐤)−𝐄𝐩𝐡(𝐤) )𝟐 +𝟒𝐠𝟐

𝟐
 EQ.  1-23 

𝐄𝐔𝐏(𝐤) =  
𝐄𝐗(𝐤)+ 𝐄𝐩𝐡(𝐤) 

𝟐
+  

√(𝐄𝐗(𝐤)−𝐄𝐩𝐡(𝐤) )𝟐 +𝟒𝐠𝟐

𝟐
 EQ.  1-24 

 

With those energies’ normalized eigenvectors being: 

( 𝐂𝐗(𝐤) 𝐂𝐩𝐡(𝐤)  ) AND ( 𝐂𝐩𝐡(𝐤)  − 𝐂𝐗(𝐤)  )  EQ.  1-25 

 

In which we have: 

𝐂𝐗(𝐤) =  
𝟏

√𝟏+(
𝐄𝐋𝐏(𝐤)− 𝐄𝐗(𝐤) 

𝐠
)𝟐

  EQ.  1-26 

𝐂𝐩𝐡(𝐤) =  
𝟏

√𝟏+(
𝐠 

𝐄𝐋𝐏(𝐤)− 𝐄𝐗(𝐤)
)𝟐

  EQ.  1-27 

 

For zero detuning and k = 0,  

𝐄𝐔𝐏(𝟎) − 𝐄𝐋𝐏(𝟎) = ℎ𝛺 

With Ω being the Rabi splitting. 

From these equations we have ELP(k) and EUP(k) being the Lower Polariton Energy branch 

(LP) and Upper Polariton Energy branch (UP) and these energies are effectively the 

eigenenergies of the coupled system. The two coefficients CX(k) and Cph(k) are known as the 

Hopfield coefficients and they obey the following equation 

|𝐂𝐗(𝐤)|𝟐 +  |𝐂𝐩𝐡(𝐤)|
𝟐

= 𝟏 EQ.  1-28 

 

From eq. 1.23, the states ||LPk >> = ||1,0 >> and ||UPk >> = ||0,1 >> can be re-expressed as: 

||LPK >> = 𝐂𝐗(𝐤)|XK > + 𝐂𝐩𝐡(𝐤)|PHK >  EQ.  1-29 
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||UPK >> = 𝐂𝐩𝐡(𝐤)|XK > - 𝐂𝐗(𝐤)|PHK >  EQ.  1-30 

 

 

Therefore, the |CX(k)|2 and |Cph(k)|
2
  are fractions of the exciton (photon, respectively) and 

photon (exciton, respectively). Below, a diagram is shown with the Hopfield coefficients as a 

function of detuning, as well as an energy - wavevector diagram illustrating the distinct 

energies of the polaritons (UPB and LPB) for zero detuning. Such an energy - momentum 

diagram with two separate branches serves as further evidence for the existence of polaritons 

in experimental measurements of angular dispersion. 

 

 
FIGURE 1-13:POLARITON STATE – HOPFIELD COEFFICIENTS 

This figure exhibits the Hopfield coefficients of exciton (RED) and Photon (Black) in 

a plot of Energy vs Detuning. 

Angular Dispersion of lower and upper polariton branches in a microcavity at zero 

detuning (Dashed Lines) and positive detuning (Bold Lines).  

Image source: [8] 

 

 

 

 

 

 

 

 

 



27 

 

2 2D MATERIALS 
Two-dimensional materials, including graphene, carbon nitride, and pseudo-2D materials, have 

gained attention in research circles due to their wide-ranging applications in optics, sensing, 

energy, electronics, and more. These materials exhibit unique characteristics owing to their 

distinct dimensions, leading to variations in their optical and electrical properties due to 

electron confinement. Moreover, a notable feature is their exceptionally high surface-to-bulk 

ratio,  

 

Primarily, these materials consist of sheet-like layers, characterized by strong hydrogen bonds 

within the plane and comparatively weaker van der Waals bonds perpendicular to it. 

Consequently, they manifest many intriguing properties and have a good degree of adjustability 

[17-19]. 

2.1 Perovskite Crystals – Properties 
 

Following up, this work means to introduce methods of optimization of perovskite crystals 

through chemical syntheses, fabrication and growth techniques.   

With origins in the 19th century, Perovskite crystals derive their name from a mineral boasting 

a similar crystal arrangement. Their history within materials science is substantial, and they 

have garnered recognition for their exceptional traits and practical uses. This traces back to 

their discovery in the Ural Mountains of Russia, credited to Lev Perovski, a Russian 

mineralogist, in 1839 [20]. However, it wasn't until the later part of the 20th century that 

researchers began delving into the potential of perovskite oxides across various technological 

domains. 

A pivotal moment for perovskite crystals occurred during the 1980s, when certain perovskite 

oxide compounds exhibited high-temperature superconductivity [21]. This discovery 

uncovered the material's intriguing and unconventional optoelectronic characteristics, like 

tunable bandgap energies, large room temperature excitonic emissions and used multiple 

methods of fabrication [22-24]. 

 

2.1.1 Perovskite structure and optical properties (3D vs 2D) 

Perovskites in general possess multiple properties that are mainly derived from their structural 

properties as well as fabrication manipulation. Initially discovered as an ore, with characteristic 

formula CaTiO3  and orthorhombic structure.3D halide perovskites have the molecular formula 

ABX3, where A represents organic or inorganic monovalent cations (e.g., MA+, FA+, Cs+), B 

is divalent cations within the cubic crystal, and X stands for halogens (Cl−, Br−, I−). General, 

3D perovskite structures exhibit low binding energy and due to their bulky nature, it is difficult 

to implement them in for optical devices. However, their 2D counterpart is proving to obtain 

more useful properties.  The formation of a 2D perovskite involves the introduction of an 

organic functional group into a 3D perovskite. This is achieved by adopting a Ruddlesden-

Popper crystal structure with the chemical formula(RNH3)2An−1 BnX3n+1, where 'n' can be 

any integer (1, 2, 3, 4, and so on). In this structure, (An−1BnX3n+1)2−represents a conducting 

layer derived from the original 3D perovskite, such as cesium lead iodide (CsPbI3) [25]. This 
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conducting layer is effectively separated or isolated by R-NH3, which is a large aliphatic or 

aromatic alkyl ammonium spacer cation. Examples of spacer cations include butylammonium 

(BA) and phenethylammonium (PEA). When 'n' equals infinity (n = ∞), it corresponds to a 

typical 3D perovskite structure. When 'n' is equal to 1 (n = 1), it signifies a pure 2D structure, 

and for intermediate values of 'n,' it represents a quasi-2D structure [26-28]. In contrast to 3D 

perovskites, 2D perovskites exhibit an enhanced hydrophobicity in their structure, primarily 

attributed to the organic spacer cation. Additionally, these spacer cations can decelerate 

secondary reactions, rendering the material less susceptible to moisture. Furthermore, the 

nearly constant conductivity within the perovskite conductor layer, along with the conductive 

insulation provided by the organic spacer layer, gives rise to a naturally occurring multiple 

quantum well structure [29,30]. Here, the organic spacer layer serves as a "barrier," while the 

perovskite layer acts as a "reservoir." When a 2D material is stimulated, the confinement effect 

leads to an increase in binding energy, resulting in the formation of excitons rather than 

electrons and holes. Experiments have also demonstrated a preference for charge migration 

along the iodide surface, known as "well transfer." Reducing the value of 'n' reveals distinct 

exciton absorption and peak emission phenomena, causing a blue shift.  

Furthermore, 2D layered perovskites break free from the constraints of the tolerance factor 

concept, offering remarkable structural adaptability [31]. The continuous adjustability of 

exciton absorption and excitation energy, achieved through the quantum confinement effect by 

altering parameters like 'n' and 'R' [32-34], proves their versatility. 

Lastly, a standout advantage of 2D perovskites over their 3D counterparts lies in their 

adaptability through the molecular design of the spacer cation. Alterations such as changing 

the ammonium ion, varying the alkyl chain length, or introducing π-conjugated fragments 

enable a wide spectrum of applications for 2D perovskites, driven by their diverse photoelectric 

properties and compositional design possibilities. 
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FIGURE 2-1:3D VS 2D LEAD IODIDE PEROVSKITE CRYSTAL 

3D Perovskites vs 2D Perovskites. The crystal in its 3D form can be forced into self-assembly 

onto a 2D structure by introducing a suitable organic compound. This organic material acts 

as “molecular scissor”, and invades between the perovskite, making it assemble into layers. 

Image source: [27] 

 

 

 

2.1.2 Perovskite QWs  

As mentioned, 2D perovskites possess the interesting property of being natural quantum wells 

due to their structure. This allows through chemical fabrication tuning, to adjust optical 

properties such as exciton binding energy – through spacer changes- and also 

photoluminescence wavelength tune – through the n value-. [27,33] 

 

 
FIGURE 2-2: QUANTUM WELL CORRELATION WITH PEROVSKITE STRUCTURE 

Perovskite structure performing as a natural Quantum Well. The crystal structure is 

inorganic and has a natural V that is less than the organic barrier, hence the ability of the 

perovskite structure to confine electrons in plane.  

Image source: [27] 
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2.1.3 Perovskite Optical characteristics 

As shown below (Fig. 2-3,2-4), by tuning the crystals chemical synthesis, we can achieve 

different exciton emissions and with ease so as to match the demands of what the experiment 

needs. For example, if the needs of an excitonic peak is at around 650 nm, the crystal can be 

simply made with different chemical components with the same chemical synthesis and simply 

adjust the individual amounts of reactants used. By doing this, the crystal’s structure will now 

have 4 layers between the organic barrier and the “QW” now possesses different thickness, 

thus producing the different excitonic emission needed. As such, the new crystal can now obey 

the different demands of the system [25]. 

 

 
FIGURE 2-3: PEROVSKITE “N” STRUCTURES WITH CORRESPONDING EXCITON 

EMISSIONS 

2D structure of Perovskite Crystal for different n values. As mentioned, n values 

can be tuned through tinkering of the initial synthesis formula, therefore changing 

the thickness of the QWs. This has as a result, different exciton energies and as 

such, emissions. Image source: [25] 
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Further evaluation of the optical properties of the 2D perovskite crystal in Fig. 2-4. As 

exhibited, the perovskite crystal’s behavior -be it in 3D or 2D- does not depend on the “n” 

value. This means that we expect the same optical behavior -emission wavelengths peaks of 

course are different- between the different crystal’s regardless of their initial “n” character. We 

also observe that the absorption of the perovskite has a small energy difference ranging from 

10-15 nm regarding its PL exciton peak. This is assigned to the Band gap of the different n 

crystals [27]. Finally, the sharp absorption edges of the crystals suggest direct band gap. 

 

 

 

 
FIGURE 2-4: PHOTOLUMINESCENCE PEROVSKITE CRYSTALS N = 1-7 

Different Pl and Absorption spectra for multiple values of n. By changing the formula of the 

perovskite, we can achieve different values of n and thus achieving easily, tunable exciton 

emission. In addition to this, we also observe that the crystal’s optical behavior is hardly 

“n” dependent meaning that in both PL and Absorption spectra, the optical behavior of the 

perovskite is basically the same regardless of its “n” value. The n = ∞ value indicates 3D 

structure.  

Image source: [27] 
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2.1.4 Perovskite Reflectivity 

The reflectivity of perovskite materials depends on various factors such as the composition, 

crystal structure, and surface morphology. In general, perovskite materials exhibit high 

reflectivity in the visible and near-infrared regions due to their high refractive index and low 

absorption coefficient. However, the reflectivity can be affected by the presence of defects, 

impurities, and surface roughness, which can lead to scattering and absorption of light [35-39]. 

The crystal in general is uniaxial [35], which adds its birefringence into the equations. This 

ultimately means that, the reflectivity measurements will change according to what polarization 

we are collecting into the measurement itself. 

 

 
FIGURE 2-5: PEROVSKITE CRYSTAL N = 4 REFLECTIVITY MEASUREMENTS FOR NORMAL AND 

GRAZING INCIDENCE 

Reflectivity measurements in a perovskite of n = 4 value in both room and low temperature. (a): Room 

temperature reflectivity at normal incidence depicting that the signal has both crystal reflectance and 

exciton nature. (b) Low temperature and polarization dependent measurements at grazing incidence 

suggesting that for perpendicular polarization (TM), intensity rises and sharpness falls and vice versa 

for parallel polarization (TE). Finally, by comparing the room and low temperature measurements we 

deduct that the measurement signal is hard to acquire due to the crystal’s scattering.  

Image source: [37] 

 

As indicated by Fig. 2-5, the reflectivity of the material, not only is extremely different at room 

temperature compared to its low temperature counterpart, but it also contains polarization 

preference [37,39]. In room temperature and with normal incident light (Fig. 2-5 (a)), the 

reflectivity of the crystal is like a peak, corresponding to both exciton and crystal reflection 

nature. Also, the first phase transition of the crystal is visible. In low temperature however, the 

situation changes dramatically. In Fig. 2-5(b), we see the reflectivity measurement at grazing 

incidence and at 1.6 K. Due to the crystal’s high scattering property, the reflectivity signal had 

to be times 3 so as to be included into the plot visibly. This proves that the crystal surface can 

-and will- most likely be rough, making it difficult to collect the signal. Furthermore, we can 

see the polarization dependance as well. In the upper curve of (b), the polarization vector is 
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perpendicular to the growth axis of the crystal (meaning TM Polarization) and we can see that 

its intensity is high and its sharpness low. In the other curve, the polarization is parallel to the 

growth axis (meaning TE Polarization) and from this is seen that the intensity falls significantly 

but the sharpness gets better. Finally, we can safely suggest, that the perovskite’s optical 

behavior possesses minor changes in behavior corresponding to “n” values. Important 

distinction, the perovskite reflectivity is in general much easier to measure under low 

temperature environments. 

2.1.5 Temperature Dependence and Phase transitions 

Another interesting property that arises from the different n values, is the structural change that 

births from different temperatures in which the crystal is introduced. Taking for example the n 

= 3 crystal structure, we can clearly see that upon arriving temperature of approximately T = 150 

K, there is a clearly visible blue shift as the perovskites PL goes from ~ 620 nm to ~ 610 nm. 

This is called a “phase transition” [27,40]. Near room temperature environments, 

methylammonium halide perovskites (3D) are generally structured as orthorhombic. At the first 

phase transition, the structure of the 3D crystal undergoes a change, from cubic to tetragonal 

hence the change in its photoluminescence. Despite the fact that information is known about the 

3D n = 1 crystal, the structural changes for the homologous n =1 -4 2D crystals are not yet fully 

known. Sure enough, we can know that these transitions exist due to their direct result in the 

optical behavior of the compounds. For, example, the n = 3 crystal displays 3 visible phase 

transitions:  

1st: 270 K – PL Emission: ~615 nm 

2nd: ~150 K – PL Emission: 600 nm 

3rd: 50 K – PL Emission: ~ 610 nm 
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FIGURE 2-6: PEROVSKITE CRYSTAL N = 1-4 TEMPERATURE DEPENDENCE 

Temperature Dependent Measurements for different n values of Perovskite. As it is seen 

from the plots, the perovskite structure depends on the temperature and we can optically 

observe this phenomenon through PL. For example, the n=3 perovskite makes a distinct 

phase transition at around 150K, abruptly shifting its emission from approx. 620 nm to 

610 nm and another one at approximately 50K. 

Image source: [25] 

 

 

2.2 State of the Art 
In 2023, polariton applications in general, represent a rapidly advancing field with significant 

potential. They have many applications like highly efficient polariton lasers, quantum 

information processing, nonlinear optics, sensing, quantum simulation, optomechanical 

applications and terahertz. [41-46]. Moreover, polaritons contribute to the exploration of 

fundamental physics and condensed matter science. One very interesting property of polariton 

states, is Bose-Einstein condensation (BEC) [47,48]. A wide variety of methods and techniques 

is being integrated for the realization of polariton states and BEC as well as numerous active 

mediums. One of the standard ways to realize polariton state is to implement a DBR 

microcavity with an active exciton medium material in between so as to have strong interaction 

between light and matter. Under this scope, a number of reliable material categories has come 

to be semiconductors like GaAs quantum wells and others [49,50]. In this point of view, there 

are many more materials able to successfully realize polariton states. Firstly, there is a variety 

of Transition Metal Dichalcogenides (TMDs) like MoS2, WS2 -both in room and low 

temperature environments,[51,54] as well as organic materials like organic dyes etc. [55,58]. 

Under the motivation of this thesis, one of the most upcoming materials is the perovskite 

crystal. Now the perovskites have been implemented in various types, structures and 

environments for polariton states as well as solar cells, transistors etc. Many works have been 

done in the perovskite n = 1 3D structure in both pure inorganic and hybrid organic-inorganic 
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forms at room and low temperature [59-63]. Moreover, there have been various works done in 

the perovskites n = 1 2D form for photovoltaics [64] as well as solar cells [65], transistors [66] 

and polaritonic devices [67,68]. In addition, work has been done in 0D perovskite crystal 

analyzation [69,70] for LEDs and/or detectors [71,74]. For the purposes of this thesis’ 

motivation, there are more techniques so as to realize strong coupling regime like implementing 

the method of angle resolved – open cavity approach [75,76] which will be analyzed here with 

the active medium being 2D lead iodide perovskite as will the standard cavity method 

approach. 

 

 

 

 

2.2.1 High – Angle strong coupling realization in DBR Half-Cavity 

In addition to the standard cavity exciton-polaritons, there is another technique that can be 

implemented in order for a system to realize strong coupling regime. This application revolves 

around just one DBR and the medium either on top of it or QWs epitaxied between its layers 

[75]. In the standard version, to create a mode, you need two DBRs so as to create the 

electromagnetic resonance between them-a.k.a. mode-. But in this method, you can achieve a 

resonant evanescent mode onto the DBR at an angle of incidence approximately at 890. This 

high-angle incidence mode, can be accessed from the side of the DBR without any need for a 

prism or a grating and it is confined between the reflection of the interface of first layer of the 

DBR and the air above it. Surface Bloch waves (SBWs) have been a well-established 

phenomenon for an extended period. They manifest as localized waves occurring at the 

junction between a one-dimensional (1D) quarter-wave stack and an unbounded medium 

characterized by a lower refractive index, such as air. The initial theoretical descriptions delved 

into the study of entirely localized eigenmodes within semi-infinite multilayers. These 

descriptions considered solutions with exponential decay along the growth direction, both 

within the medium of lower refractive index (e.g., air) and within the multilayer structure itself. 

These modes are authentic interface modes, and as such, they are entirely confined within the 

multilayer structure, possessing in-plane wave vectors (k∥) that extend beyond the boundaries 

defined by the light cone.  
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2.2.2 DBR wavelength shift vs Angle of Incidence 

As the angle of incidence of the light gets larger, the reflectivity of a DBR will not remain the 

same [77,Error! Reference source not found.]. To understand that, we need to recall Snell’s 

Law of refraction from eq. 1-6 and the DBR’s angular dependance from eq. 1-14.  

Eq. 1-14:  𝐤𝟎𝛅 = 𝟐𝐪𝛑 

In which δ has an angular dependence. As such when the optical path is at normal incidence, 

cos(θ) takes the value of 1 and basically ignored. But as the angle θ gets larger, cos(θ) cannot 

be neglected anymore and plays a role which increases in importance as the angles of incidence 

get bigger. The DBR’s stopband starts blueshifting as the angles of incidence become larger 

and the Bragg modes start to become extinguished. This process is shown for 5 different angles 

of incidence in Fig. 2-7. 

 

 

 
FIGURE 2-7: DBR VS ANGLE REFLECTIVITY SIMULATION 

DBR Angular dependance reflectivity measurements simulation. As calculated, we exhibit 

through different angles of incidence, that the DBR reflectivity has a visible stopband 

blueshift as well as its Bragg modes clearly extinguishing because of the optical path’s 

angular dependence. At 800, the resonant mode starts appearing because the reflectivity 

coefficients start getting close to π, thus having a phase shift which provides polarization 

dependent resonant mode. 
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2.2.3 Critical angle mode realization (Brewster-Cavity) 

To delve into the content of this chapter, it is essential to establish a clear understanding of 

"Surface Bloch waves." These waves, also referred to as surface electromagnetic waves, 

represent a distinctive optical phenomenon that manifests at the interfaces of periodic structures 

like photonic crystals and diffraction gratings. Their emergence is the consequence of 

constructive interference among light waves at the surface of such structured materials. In 

contrast to bulk electromagnetic waves that freely traverse through open space, Surface Bloch 

waves remain confined to the material's surface, bearing unique characteristics. They are 

confined waves between a 1-dimensional quarter wave stack and a semi-infinite medium of 

lower refractive index. [79].  

 

This system can basically be introduced a finite quarter wave stacked DBR and a mode that is 

confined on the first layer of it. At normal incidence, the reflectivity measurement will behave 

as expected, realizing the DBR’s Bragg modes and stopband. As the angle of incidence gets 

bigger, the whole situation splits into two, between the two polarizations of light. 

 

For all the possible in-plane wavevectors (k-vector), at Transverse Electric (TE) polarization 

the situation remains the same. Whatever the incidence angle of light, for TE polarization 

nothing will happen, because there is 00 reflection shift to all in-plane wavevectors within the 

light cone, meaning that it doesn’t depend on the angle and remains consistent for all angles.  

For the Transverse Magnetic polarization, the circumstances change. As the in-plane wave 

vector (k-vector) increases to angles beyond the Brewster angle for the top material/air 

interface, there's a significant change in the amplitude reflectivity coefficient. The Brewster 

angle is the angle at which light incident on a dielectric surface becomes purely polarized. 

Beyond the Brewster angle, the change in the amplitude reflectivity coefficient results in the 

addition of a π (pi) phase shift to the reflected light. This means that the reflected light 

undergoes a phase inversion compared to the incident light. This phase shift can have a 

significant impact on interference patterns within the DBR. Due to this phase shift and other 

factors, the first layer of the DBR (which is typically the high refractive index material) now 

supports a resonant mode at the center of the stopband inside the light cone. However, this 

mode is generally very obscure due to the strong imbalance between the DBR’s reflectivity 

and the reflectivity of the first layer-air interface. This imbalance is equalized only at the 

approach of the critical angle ≈ 900, where the reflectivity of the DBR and the first/layer 

interface is almost the same. At this point, the resonant mode appears strongly at the center of 

the stopband. Because this mode realization has similarity with the critical Brewster angle, the 

half-cavity mode will be called Brewster Cavity mode (BC mode). 
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FIGURE 2-8: TM POLARIZATION EVANESCENT MODE REALIZATION 

a, b) Transverse Magnetic (TM) vs Transverse Electric (TE) Polarization Reflectivity 

vs angle of incidence calculation of a ten-pair GaAs/AlAs DBR. For a quarter wave 

stack DBR, as the angle of incidence approaches the critical angle of almost 900, in 

the TM polarization, the half-cavity evanescent mode is realized. As per the TE 

polarization, the mode disappears. 

c) TE vs TM polarization reflectivity vs Energy. As seen, the TM mode appears only in 

the realization of the “Brewster angle” and TE polarization reaches peak reflectivity.  

d)Field distribution of the system showing a strongly confined mode in the air/first 

DBR layer interface. 

Image source: [75] 

 

The figure above is a theoretical calculation of a 10 pair GaAs/AlAs DBR. The number of pairs 

was kept small so as to easily depict the BC mode. Noting that for a bigger number of pairs, 

the BC mode becomes much sharper e.g., for 25 pairs the Q-factor corresponds to ~ 5400 for 

the TM polarization (TE polarization retains its high reflectivity.) In Fig. 2-8-d, the field 

distribution of the BC mode is presented, illustrating a well-confined standing wave near the 

interface between air and the Distributed Bragg Reflector (DBR). At the air/DBR interface, 
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there exists a node, attributed to a π phase shift, and this node repeats at all even DBR 

interfaces. Conversely, at every odd DBR interface, there is an antinode in the field distribution. 

It is important to note that the first layer’s thickness can be tuned differently to get similar and 

better effects. Any top layer that possesses thickness obeying 
pλ

2
 + 

λ

4
 ,with p being an integer, 

will consequently realize a TM BC mode. In contrast, if the thickness obeys 
pλ

2
 , the BC mode 

will appear in TE polarization [75]. This thickness tune can prove quite advantageous, 

considering that the Fresnel coefficients in the TE polarization are larger than the TM 

polarization ones thus in the TE polarization we will produce higher reflectivity. The Q-Factor 

of the aforementioned DBR is simulated at 5400, but by introducing a top λ/2 stack, it can 

exhibit a Q-Factor of 34000. In (Fig. 2-9), we present a simulation of this statement. The TM 

mode has a linewidth of 7 nm. The TE mode on the other hand has a linewidth of 1 nm. The 

Q-factor of the TM mode is 87 and for the TE mode is 629. Conclusively the Q-factor 

difference is large, making the TE polarization mode a better candidate. 
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FIGURE 2-9: DBR STRUCTURES REFLECTIVITY MEASUREMENT WITH UPPER LAYER BEING OF 

QUARTER WAVE THICKNESS (TOP GRAPH) AND HALF WAVE THICKNESS (BOTTOM HALF) AT 

GRAZING INCIDENCE. 

In these two graphs we present the difference of the resonant mode between a DBR 

structure with a λ/4 thickness on the top layer and another with λ/2 thickness on the top 

layer. The structure with the quarter wave on top, produces a resonant mode in the TM 

polarization and the half wave produces it in the TE polarization. Main difference is the 

linewidths of the modes. The linewidth of the TE polarization mode is 1 nm and the TM 

polarization mode is 7 nm. The TE mode is much sharper than the TM. 
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2.2.4 Brewster Cavity Strong-Coupling Regime 

Covering the resonant mode, we move to introduce an actual system that can achieve strong 

coupling as well as how we can attain and calculate it. 

 

 

 
FIGURE 2-10: HIGH-ANGLE SETUP – QW/DBR EFFECTIVE CAVITY 

Setup for High-Angle (Brewster), reflectivity towards strong coupling realization. The 

optical pathway is a straightforward one, having a lens to focus the light at the DBR-QW at 

grazing incidence. Afterwards, it is polarized and collected/collimated ending into the slits 

of a spectrometer.  

Lower Image Source: [75] 

 

Displayed in Fig. 2-10, the optical pathway for this particular method is explained. The exciton 

medium used is a DBR that has built-in QWs with quarter wave effective thickness so as to 

produce the Brewster Cavity mode in the TM polarization. The sample is put into a cryostat 

and cooled until approximately 15K, and a white light source is focused upon it at grazing 

incidence. Afterwards, the signal is conveyed into a TM polarizer and then collected into a 

spectrometer. The results are shown below. 
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FIGURE 2-11: REFLECTIVITY MEASUREMENTS REAVEALING STRONG COUPLING 

REGIME 

Brewster-Cavity in the strong coupling regime. (a) displays the experimental reflectivity vs 

detuning measurement, which reveals clear anticrossing. (b), (c) are theoretical 

calculations designed to fit and ultimately prove that the system is in fact in the strong 

coupling regime. From (b), which shows both experiment and simulation, the Ravi splitting 

is calculated at Ω = 5 meV. Image source: [75] 

 

In those high-angles, light becomes highly directionally dependent. Reflectivity measurements 

vs detuning as displayed in Fig. 2-11 (a), clearly prove that the system is in the strong coupling 

regime revealing clear anticrossing. Using a 2D theoretical model, it can be calculated with 

agreement to the experiment that the mode and exciton evidently anticross, revealing the Upper 

Polariton Branch and the Lower Polariton Branch. The reflectivity peaks are displayed vs 

sample position and with the help of simulation, the Rabi splitting is calculated at Ω = 5 meV.  
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2.3 Motivation 
Subsequently, the drive of this experimental work is to achieve thorough optimization of the 

perovskite material. This ultimately means that we will test and adjust chemical formulas so as 

to possess a complete high quality crystal formula well – behaved both in structural and in 

optical properties. As this is completed, we shall move onto the two projects that were explored. 

The first project searches the possibility of introducing the perovskite material onto a Half-

Cavity DBR and thus exploring strong coupling regime in such a system (Fig. 2-12(a)). The 

second project was a joint work done in collaboration with a colleague and it was to introduce 

this optimized material into a standard DBR microcavity so as to again explore strong coupling 

regime (Fig. 2-12 (b)). 

 
FIGURE 2-12: SKETCH REPRESENTATION OF THE TWO PROJECTS THAT WILL TAKE PLACE 

IN THIS THESIS 

(a) Image presenting the first experimental system for an optimized perovskite crystal introduced 

onto a DBR Half-Cavity in order to realize strong coupling regime. 
(b) Image presenting the second system which is a standard DBR microcavity with the perovskite material 

introduced between the two mirrors again for polariton application. 
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3 Experimental Results 
 

The experimental part of this thesis is divided into 3 chapters. The first chapter is focused in the 

perovskite crystal and how to optimize its fabrication as well as optical behavior. The second 

chapter is one of the two projects that were underwent. Specifically, a particular setup was used 

to attempt strong coupling regime with a perovskite crystal deposited upon a custom grown DBR 

creating a “half cavity”, in a certain light angle of incidence, particularly ≈ 890. The way this 

procedure works will be further analyzed in its respective chapter. The third chapter, is focused 

in creating a standard microcavity with the perovskite crystal being the active medium so as to 

again realize strong coupling.  

 

3.1 Experimental Setups  
In this sub-chapter, the setups created for all the experiments and measurements done are 

shown in the figures below. Divided as:  

1. Photoluminescence/Reflectivity/Dispersion 0 degrees Setup. (Fig. 3-1) 

2. Photoluminescence/Reflectivity/Imaging 60 degrees Setup. (Fig. 3-2) 

3. Reflectivity ~ 90 Degrees Setup. (Fig. 3-3) 
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FIGURE 3-1:NORMAL INCIDENCE OPTICAL SETUP 

Photoluminescence-Reflectivity-Dispersion setup. Starting from a Ti:S 800nm Pulsed 

Laser, we change the wavelength to 400 nm with a BBO (Birefringent material that is 

used for frequency doubling, phase matching etc.). After this, the laser passes through 

a Beam splitter and through an objective lens that lets the laser be introduced onto the 

substrate at a zero-degree angle with a spot size of 3 micrometers. The signal then gets 

through the same objective and into focused into the spectrometer. 
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FIGURE 3-2: 600 OPTICAL SETUP 

Photoluminescence-reflectivity-imaging setup. Starting with a Ti:S 800nm laser and a 

White light Tungsten lamp, we align the two separate light sources into the same optical 

pathway. The light then indices at a 60-degree angle and gets focused onto the substrate 

through an achromatic lens of focal length 10 mm. The signal then gets collimated by 

another 10 mm lens and either gets focused into an imaging camera or into the 

spectrometer depending on the measurement nature. 
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FIGURE 3-3:GRAZING INCIDENCE OPTICAL SETUP 

High-Angle (Approximately 90 Degrees) Reflectivity Setup. Starting from a White 

light source, we illuminate the substrate at an angle of approximately 90 Degrees 

which is focused with a 10 mm Lens and also collimated by another one. The signal 

afterwards, can pass through a polarizer and focused into the spectrometer. 
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3.2 Perovskite crystal optimization 
 

In this chapter, the main focus was to optimize the material which will be used as a medium 

for strong coupling realization. There are many types of perovskite crystals with various ways 

of fabrication, growth, structure and optical properties. This particular work contains one 

particular structure of perovskite called Ruddlesen – Popper perovskite. Particularly, this 

experiment used Butylammonium Methylammonium Lead Iodide ((HA)2(MA)2Pb3Br10), 

specifically a tri-layer (n=3) which is a Halide Perovskite as it will be mentioned again on the 

synthesis part. This structure is not as extensively analyzed as its n=1 counterpart.  

 

3.3 Liquid Exfoliation Method 
The procedure of liquid exfoliation involves the separation of layers within a crystal using a 

suitable solvent and ultrasonic agitation. To achieve successful exfoliation, the crystal material 

must possess weak out-of-plane bonds. The process begins by dispersing the material in a 

solvent, forming a suspension. Ultrasonic agitation is then applied, typically using high-

frequency sound waves, which create pressure variations in the solvent. These pressure 

fluctuations induce mechanical forces that act on the crystal, promoting the delamination of 

layers along the weakly bonded planes. As a result, the layers are separated and suspended 

within the solvent [80,81]. 

 

The effectiveness of liquid exfoliation depends on several factors, including the properties of 

the solvent, the concentration of the material, and the duration and intensity of the ultrasonic 

treatment. The choice of solvent is crucial as it should provide sufficient solvation for the 

crystal material and minimize interlayer interactions. Additionally, the ultrasonic agitation 

should be carefully controlled to avoid excessive heating or damage to the material. 

 

Liquid exfoliation has been widely employed for various 2D materials, including graphene and 

transition metal dichalcogenides, as well as emerging materials such as perovskites. The 

resulting exfoliated flakes or nanosheets exhibit a significantly increased surface area, 

facilitating their utilization in various applications such as electronics, energy storage, and 

catalysis. The material is placed in a suitable solvent, and through ultrasonic agitation, the 

layers of the crystals are separated [82,83]. For this process to be successful, the active material 

used must have weak out-of-plane bonds. With exfoliation, it is possible to achieve a very large 

surface area on the order of up to 1000 m2/g. This method is widely used for other 2D materials 

such as graphene. Specifically, perovskite materials have strong in-plane hydrogen bonds and 

weak out-of-plane Van der Waals bonds. Due to this property, the crystals can be exfoliated, 

resulting in the formation of multiple nanometer-thick layers. 
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FIGURE 3-4:LIQUID EXFOLIATION PROCESS 

Liquid exfoliation Procedure. Initially, a vial with a layered material and 

solvent inside is introduced into a sonicator. Afterwards, through the 

sonicator’s waves, the material’s weak out of plane bonds start breaking which 

results in realizing multiple layers with the passage of time.  

Image source: [82] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.1 Crystal formation 

Starting with the first method of optimization, liquid exfoliation. After the crystal was formed, 

it was put in a Polystyrene/Toluene solution for humidity protection and into a sonicator bath 

for exfoliation, The whole procedure is shown in the figure below. Following that, a sample 

was collected from the vial for spin coating onto a substrate (mostly silicon for testing and after 

optimization we could proceed to a DBR).  
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FIGURE 3-5: LIQUID EXFOLIATION PEROVSKITE FABRICATION  

Whole Liquid Exfoliation Procedure. Starting from vials containing the perovskite crystals, we then add solvent 

mixed with PS. This step provides us with a final solution of Perovskite-PS-Toluene. The reason for the solvent 

is for optimal sonication conditions and the reason for PS is for the final result to be into a polymer matrix for 

better spin coating results. After sonication, the solution is then spin coated onto the desired substrate (Silicon, 

glass or DBR) and let to dry in ambient conditions. Afterwards, the sample is ready to be measured. 

 

 

Generally, this procedure was used due to its initially promising possibilities of adjusting the 

thickness of the perovskite crystals by controlling it with spin coating. It is important for the 

perovskite crystal to have controlled thickness because it will be put into cavities and cavities 

-either half-cavity or standard cavity- require small thickness for less losses. 

3.3.2 Optical and Structural Characterization 

The characterization mainly done was Photoluminescence measurements. As per Fig. 3-6,3-7, 

the sample was measured using a Ti:S pulsed laser –Mira Coherent- that produces 800 nm 

wavelength but as it passes through a BBO crystal, the wavelength that ultimately excites the 

material is 400nm. Initially, the results of course were not optimal as it is shown in Fig. 3-6. 
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FIGURE 3-6: INITIAL LIQUID EXFOLIATION PL MEASUREMENTS 

First PL measurements after liquid exfoliation procedure. There appear multiple 

peaks which are at: 620 nm (n = 3), 655 nm (n =4) and 720 nm (Edge Effect). 

Multiple peaks indicate that the crystal structure contains multiple values of “n”. 

 

 

The first tries show that the perovskite’s exciton emission is not pure. The PL shows multiple 

peaks, varying from 620nm –n=3- to 650nm – n=4 – as well as a peak at 720 nm known as 

“edge effect”. The edge effect peak generally refers to cracks at the edges of the crystal and 

all-around bad uniformity, realizing that 720 nm peak.  

After controlling as capable as possible the spin coating speed/time parameters as well as the 

chemical formula’s composition, the results were more promising from the perspective of 

photoluminescence exciton emission but the structure of the crystal was still far from standard 

results. The figures below show the final PL results as well as microscope and SEM 

measurements displaying the structure of the crystal. 
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FIGURE 3-7: FINAL LIQUID EXFOLIATION PL MEASUREMENTS 

Final PL measurement after procedure optimization. The measurement above, although 

it satisfies optical purity, is a unique measurement in the way that in the whole surface of 

the sample, this particular purity came from only one spot. Conclusively, even if the PL 

is satisfactory, the bad uniformity of the substrate brings a very large constraint. 

 

As it is exhibited in the figure above, the optical behavior of the crystal was managed to have 

the desired excitonic emission. We can clearly see only one peak at 620 nm -n=3- with 

linewidth of 25 nm. Conclusively, from the photoluminescence, we see that the crystal has the 

correct exciton emission. The bigger issue with this method comes from the crystal structures. 

 

 
FIGURE 3-8: MICROSCOPE PICTURES OF LIQUID EXFOLIATED CRYSTALS 

Microscope n =3 Perovskite crystals after the liquid exfoliation procedure. As displayed, the 

crystals have seemingly completely random shapes and sizes as well as cracks. This suggests that 

this particular procedure for this perovskite system proves inadequate. 
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FIGURE 3-9: SEM IMAGES OF LIQUID EXFOLIATED CRYSTALS 

SEM pictures of n =3 Perovskite crystals after the liquid exfoliation procedure. 

As it was partially shown with the Microscope pictures, the same basic 

principle applied with the SEM pictures. The crystals are very scarce and 

randomly shaped onto the substrate, not providing uniformity. As it was said 

above, this procedure does not satisfy. 

 

From the microscope and SEM measurements, we take the following conclusions. The crystal 

does not have the correct shape (usually a rectangle type of shape) and also has large 

thicknesses of 15 μm. We also observe many crystals that were seriously damaged with 

visible cracks as well as many samples having very little number of crystals. As such, even if 

the sample provides somewhat better photoluminescence measurements, the number of the 

crystals onto a substrate is considerably low.  

3.3.3 Conclusions 

Summarizing the whole procedure, the perovskite crystals were too damaged in this method 

and they didn’t have the correct thickness and shape overall. Best thickness achieved were 

close to 10 μm and the shape of the crystals was not achieved. It is essential for the crystals 

to have small thicknesses because they are being optimized so as to be incorporated into 

cavities. In addition, this method had too many parameters to control, such as spin coating 

time and/or acceleration as well as the need to find the correct amount of Polystyrene/toluene 

solution for the sample to be protected. All of the above couldn’t be sufficiently optimized 

using this method. We needed a better method to attain a better crystal structure. 
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3.4 Solution Method 
 

Following up, the second method that was implemented for the crystal optimization is called 

the solution method. In this chapter, we show the whole journey, from synthesis to fabrication 

to characterization and optimization of the perovskite crystals. In particular, our perovskite 

crystals obey the structure of 2D Halide Perovskites with the Halide component here being: 

Iodide (I) 

3.4.1 Synthesis 

The whole procedure of the crystal synthesis is as follows:  

Materials: Lead oxide (PbO 99.9%), hydroiodic acid (HI, 57% w/w in H2O), hypophosphorous 

acid (H3PO2, 50 w/w in H2O) and butylamine (BA) (>99.5%) were purchased from Merck and 

used as received. Methylammonium chloride (MACl from 37% HCl and 99% Methylamine) 

was synthesized in the crystal chemistry lab of University of Crete.  

Synthesis of (BA)2(MA)2Pb3I10 (n=3). 

PbO(s) (39.51mg, 1.77mmol) and methylamine (104μL, 1.2mmol were added in a 20mL 

scintillation vial and dissolved in a mixture of HI (aq) (2.6mL) and H3PO2(aq) (0.26 mL), under 

continuous stirring at 125oC. When the solution became clear, the butylamine (75μL, 

0.76mmol) was added. After 10 minutes, stirring was discontinued and the reaction was 

allowed to cool naturally to ambient temperature. After 10 minutes, dark red, plate-like crystals 

precipitated at the bottom of the vial. The resultant precipitate was isolated via suction 

filtration. Yield: (~51%). 

 The final vial, contains perovskite crystal solution with Hydrogen Iodide. In order for it to be 

used, it first needs to be brought to a correct temperature of approximately 80-900C and with a 

pipette, dropped onto the substrate. As the system cools, perovskite crystals can be seen 

growing live. As a general consequence of this particular method, we can easily tune the initial 

amounts of reactants to achieve the desired n value.   

The whole formula was synthesized and tuned by our colleagues in the crystal lab dpt. Run by 

Prof. Stoumpos, which are: Marios Triantafylloy, Apostolos Pantousas, Eleni C. 

Macropulos.  

In addition to the well-made chemical formula, a fabrication procedure was also devised so as 

to produce the optimal sample uniformity and to avoid crystal damage. In the figure below, is 

the whole setup that was used. When the materials are brought to a temperature of 700, a 

predetermined amount of it is then transferred onto a substrate with a pipette. The substrate sits 

upon a custom-made aluminum base. Immediately afterwards, the substrate is covered with a 

superstrate (generally the same type of the substrate), and from the top pushed by an also 

custom-made aluminum cap. The whole structure is uniformly pressured by two magnets from 

the bottom and top. This magnet/DBR setup (Fig. 3-10) was a joint idea by myself and 

Emmanouil Mavrotsoupakis who was a collaborator in the laboratory. 
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FIGURE 3-10: SOLUTION METHOD FABRICATION SETUP 

Fabrication procedure of the method. After the perovskite solution is heated to 80-

900C, it is immediately dropped onto the substrate and then into the aluminum setup 

which is pushed by a uniform magnetic force. This results to a very uniform sample. 

 

3.4.2 Structural Characterization 

At first, various “n” crystals were produced so as to explore the structure tunability of the 

formula. Particularly, there were crystals manufactured successfully from n=1 to n=4. Initially, 

microscope/SEM and XRD measurements for the aforementioned n values are shown below. 

Noting that the XRD measurements were executed by Eleni C. Macropulos which was one of 

the crucial members that also took part in the synthesis of the perovskite solution formula. 
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FIGURE 3-11: XRD MEASUREMENTS FOR PEROVSKITE CRYSTALS N = 1-4 

Theoretical XRDs (Red) vs Experimental XRDs (Black) for n=1,2,3,4. The crystal’s 

structural purity is proved by the data very satisfactory. This is indicated by the correct 

multiplicity of the peaks below and around 150-theoretical correspondence-, that are 

accurate indicators of a layered perovskite structure. 

 

 

Following up for this statement, in Fig. 3-11, the XRD measurements that were done to n = 1-

4 suggest high crystal structural quality of the crystal compared with its theoretical counterpart. 

The crystal’s “n” value is extracted through observing the plot’s peaks at around 0 to 15 degrees 

[27]. In this range, depending on the “n” value, we expect the same amount of low angle of 

peaks. For example, the n =1 XRD measurement exhibits only one peak in the aforementioned 

range and the n = 3 depicts three peaks. Important note, the measurements were done on a 

partially wet crystal incorporated onto a SiO2 substrate. This fact directly affects the large 

intensities of certain peaks in the measurements and because of this, it proves difficult for 

certain peaks to appear because of the high intensity of those that are in the spectra. Moreover, 

for the XRD measurement of the perovskite crystal n =4, the first peak of the quadruple 

multiplicity is not visible experimentally. This problem arises due to the difficulty of the XRD 

machine to not properly recognize peaks in very small angles probably because of alignment 

issues. Continuing with the crystal’s images below. 
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FIGURE 3-12: MICROSCOPE AND SEM IMAGES FOR SOLUTION METHOD N = 3 PEROVSKITE CRYSTAL 

Microscope and SEM measurements of n=3 Perovskite crystal. It is clearly exhibited, that the crystal 

is obviously layered and that the sample has an overall high crystal distribution as well as many of the 

individual crystals are proven to be of high quality through their orthogonal/tetragonal structure. 

 

The pictures of the crystals are convincing enough to state that the crystal’s overall structural 

integrity is of good quality. Most crystals individually, possess a nice orthogonal structure and 

also have clean and clear surfaces. The material, is clearly layered with the layers being 

apparent in the upper right image. Lastly, crystal vs sample surface distribution is displayed to 

be very high, providing with a sample that can be mapped in a large area and has good quality 

material. Important note, even if the crystals mostly display good quality, there are many cases 

indicating the unfortunate randomness of angle development on the substrates and in addition 

to this disadvantage, the crystals have a relatively high thickness -resulting from the initial 

chemical formula’s composition to thickness ratio- which needs more adjustments for it to be 

incorporated into cavities. This, as it will be analyzed later in the next chapter- might prove a 

difficult obstacle for certain measurements and projects. 
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3.4.3 Optical Characterization 

Leaving the structural characterization, we proceed to assess and analyze its optical emission 

with measurements such as PL/Reflectivity/Power and Temperature dependence. Below there 

are various optical measurements of the perovskite crystal explaining its quality as well as the 

road to its accurate development. 

 

 

FIGURE 3-13: SOLUTION METHODPHOTOLUMINESCENCE MEASUREMENTS FOR N = 1-4 

Photoluminescence Measurements exhibiting perovskite crystals that were fabricated. As it is 

theoretically suggested, the difference of the n value is realized in difference of the exciton 

emission due to the change of the thickness between the organic barriers. 

 

In Fig. 3-13, PL measurements are seen for 4 different values of n. For all of them, the exciton 

emission peak is exactly where it was expected and also no other peaks are visible, suggesting 

that the majority of the sample’s crystals are correctly structured and pure, producing stable 

room temperature excitonic emission. 

The wet solution method provides a chemical synthesis formula that exacts promising and 

consistent results. As aforementioned, the n=1 perovskite crystal is extensively researched and 

studied and thus, this thesis is almost completely focused in the less known area of the 

perovskite crystal formula that provides the n = 3 structure. Going forward, fabrication and 

optimization of the perovskite crystal, includes only the n =3 variation. The next two chapters 

will focus onto the structural and optical behavior of this crystal showing a variety of 

measurements required so as for the material to be introduced into cavities for polaritonic 

applications. 
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After the chemical team tinkered with the formula’s components and amounts, we reached the 

final and fully optimized result shown in the figures below. From multiple measurements, we 

can finally see that the crystal resulted well. PL and Reflectivity measurements (Fig. 3-14, 3-

15) display perfect n=3 excitonic emission at room temperature and at low temperature and it 

also exhibits almost perfect optical purity -without any other “n” visible- as well as the expected 

blue shift originating from the structural change of the phase transition. Generally, the formula 

is expected and tuned for one value of “n”, but it is possible to end up with a crystal that 

possesses multiple “n” values. This is because the amount of the chemical components needs 

to be extremely accurate or else, we can end up with multiple crystal “n” values in the same 

solution. 
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FIGURE 3-14: ROOM TEMPERATURE PL AND REFLECTIVITY MEASUREMENTS OF 

OPTIMIZED CRYSTAL 

Perovskite crystal PL/Reflectivity measurements after completing fine tuning of the 

chemical formula and procedure. As observed, the excitonic peak in the PL is very pure. 

The reflectivity is somewhat more difficult to observe in room temperature due to the 

crystal scattering light. The “oscillations” that are exhibited, are assumed to be created 

because of light bouncing between the crystal’s many layers -due to its relatively high 

thickness-. 

 

 

 

Exhibited in Fig. 3-14, we display the PL and reflectivity measurements of the perovskite crystal at 

ambient temperature. The PL exciton peak depicted, clearly proves that the perovskite crystal is 

optically pure with emission at 620 nm and linewidth of . The excitonic emission in the reflectivity 

measurement is qualitatively found through the edge of the curve and is generally expected to be slightly 

blueshifted in the range of 10-15 nm [27]. This is somewhat obscure in the room temperature 

measurements as the reflectivity is broadened but it becomes very clear in low temperature 

measurements (Fig. 3-15). In addition, the perovskite scatters light somewhat significantly, making 

reflectivity measurements more difficult. The “oscillations” that are observed after the exciton emission 

in the reflectivity measurement are attributed to the thickness of the crystal, meaning that the light 

bounces between the crystal’s layers and produces this behavior. Note that this does not necessarily 

happen because the crystal does not develop fully flatly onto the substrate surface as seen from the SEM 

pictures. 
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FIGURE 3-15: LOW TEMPERATURE PL AND REFLECTIVITY MEASUREMENTS OF 

OPTIMIZED N=3 CRYSTAL 

Perovskite crystal PL and Reflectivity measurements after completing fine tuning of the 

chemical formula. As observed, the reflectivity of the perovskite crystal becomes more 

visible at low temperatures.  

 

Displayed in Fig. 3-15, the PL and Reflectivity measurements of the crystal at low temperature 

(12.5 K). The PL peak is as expected blueshifted and at 610 nm, because of the perovskite’s 

phase transition properties [25]. This will be backed up experimentally as well, a few pages 

ahead. As aforementioned, the reflectivity of the crystal is now much clearer due to the 

temperature difference and has its excitonic emission at around 600 nm, which is an acceptable 

shift from the PL’s peak as it was already stated in the theoretical part. 

Conclusively, to accurately measure the reflectivity of those crystals proves difficult due to 

mainly three facts. The crystals scatter white light too much, thus being difficult to focus the 

signal of the measurement. Secondly, the crystals tend to grow onto the substrate in angled 

positions, also making the signal hard to acquire -as already shown and explained from the 

microscope and SEM images-. Lastly, in grazing incidence -which will be approached in the 

second chapter- the perovskite crystals are susceptible to polarization changes and this tends to 

matter when the light angle of incidence gets larger. 
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3.4.4 Perovskite characterization at 600 incidence 

Before going directly to the high-angle reflectivity measurements, we first tried to achieve an 

angle of 600 so as to get a better look at how the exciton is behaving when the angle of incidence 

gets larger. 

 

 
FIGURE 3-16: 600 PL/REFLECTIVITY/IMAGING MEASUREMENT OF N=3 PEROVSKITE 

This plot presents 3 different measurements. PL/Reflectivity/Imaging. Using the 600 

optical setup, we can accurately pinpoint a perovskite crystal and image it with the 

help of a camera. Afterwards, we introduce laser to measure the PL of the crystal and 

white light to measure its reflectivity. The exciton emission is very pure as it only 

contains 618 nm emission. The reflectivity displays a “peak” also at 618 nm with 

oscillations following. 

 

The plot from Fig. 3-16, contains 3 different measurements that were all done onto the same 

exact point. Using setup no.2, we are able to accurately pinpoint one individual crystal using 

incident white light and collecting it into an imaging camera. Afterwards, the alignment of the 

setup allows us to hit a particular crystal with either laser or white light and collect both PL 

and Reflectivity measurements at almost the same time. 

From the data presented, we can extract that the exciton emission of the particular crystal is as 

expected at n =3 – 618 nm. The reflectivity is more broadened due to the angle of incidence 

being much larger than normal, but the exciton feature is still visible. It was anticipated for the 

larger angle to have lesser intensity signals but still, the measurements are similar. The 

reflectivity oscillations information is somewhat debatable if they are visible in this 

measurement, but it can be visible in other measurements. This can also be attributed to the 

large angle of incidence, creating more losses in the “cavity” between the crystal and the 

substrate. This one crystal point dataset that was made, allows us to make the assumption that 
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the exciton and oscillations information in reflectivity is retained through larger angles of 

incidence. 

Continuing below, the PL and Reflectivity temperature dependence measurements are 

displayed in Fig. 3-17. 

 

 
FIGURE 3-17:  TEMPERATURE DEPENDENCE PL AND REFLECTIVITY MEASUREMENTS FOR N = 3 

PEROVSKITE 

Temperature dependence PL (Left) and Reflectivity (Right) measurements. The resulted data 

are exactly as anticipated. Both theoretical phase transitions of the perovskite crystal are 

clearly visible at 140K and 50K. 

 

The crystal behaves as expected at room temperature, having an exciton emission of 618 nm. 

We can observe 3 separate phase transitions for this material and are certain that the structure 

somehow changes. Yet, it is still unknown what changes the structure undergoes. However, we 

do know that the temperatures and emissions for the transitions are as follows: 

1. ~260 K → Emission wavelength from 620 nm to 617 nm. 

2. ~150 K → Emission wavelength from 617 nm to 601 nm. 

3. ~50 K → Emission wavelength from 601 nm to 610 nm. 

Also known is the fact that at the first phase transition, the organic component of the perovskite 

crystal shrinks in size and at the second phase transition the inorganic component also shrinks 

in size. Little is known about the 3rd phase transition and its structural changes. 

PL power dependence measurement of the crystals also took place. As Fig. 3-18 exhibits, the 

perovskite crystal has approximately 1-1 power-PL intensity behavior as predicted. From these 

measurements, important result was the materials tolerance to power vs its optical behavior. 

The two datasets consist of power going from 100 μW to 900 μW upwards and the in the same 

manner downwards. 
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FIGURE 3-18: POWER DEPENDENCE PL MEASUREMENTS FOR N = 3 PEROVSKITE 

Power dependence PL measurements of the n=3 crystal. The crystal has an almost 

perfect 1-1 Power-Intensity behavior.  

 

 

3.4.5 Conclusions 

The perovskite crystal was put through an extended number of measurements, both structural 

(XRD, SEM) as well as optical (PL, Reflectivity at room and low temperatures, resulting in a 

pure excitonic emission of 620 nm and a clearly layered rectangle structure of thicknesses 

varying from 2-8 μm. The material is now optimized and can be introduced into a cavity (or 

on a half-cavity) in order to explore strong coupling. At the 600 incidence measurements, we 

provide the result of the perovskite crystal’s PL and Reflectivity emission and state that PL is 

visible and has the correct emission and reflectivity is broadened but still exhibits its features. 

The chemical formula as well as the fabrication method proved successful with little parameters 

to control. Main tuning happened to the chemical composition of the formula, temperature 

control and also different types of magnets were used so as to find a good result. In the next 

two chapters, two separate techniques are examined. The first one is introducing the perovskite 

crystal onto a DBR, creating a half-cavity for high angle reflectivity measurements towards 

strong coupling. The second, introduces the perovskite crystal into a standard cavity between 

2 DBRs for again for strong coupling. 
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4 Perovskite Half-Cavity strong coupling realization 
 

Concluding from the previous chapter, the perovskite crystal is now a good candidate to be 

introduced into a cavity in order to realize strong coupling. Main advantage of this crystal, is 

how easy and fast we can formulate and fabricate a high-quality sample for further 

investigations with facile solution process and low-cost components. In this chapter, the 

general idea was to a fabricate thin perovskite crystals on top of a DBR, which was specifically 

made to produce a mode matching this particular crystal’s emission, so as to observe polariton 

through reflectivity measurements at grazing incidence. At first, we will show the DBR’s 

spectra and high-angle reflectivity evanescent mode realization. 
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4.1 DBR characterization (TE vs TM Polarization) 
In this subchapter, we will, theoretically simulate and calculate as well experimentally compare 

the custom made DBR. All of the simulations and modeling was done in the program Igor Pro 

and the code itself was provided by colleague Dr. Giannis Paschos 

 

 
 

 
FIGURE 4-1: DBR SIMULATION VS EXPERIMENT ON NORMAL AND GRAZING INCIDENCE 

Upper Figure: Theoretical vs Experimental normal incidence Reflectivity measurement of the custom made 

10 pair (TaO5/SiO2) + a λ/2 TaO5 layer on top.  The middle stopband was calculated to be at 745 nm. 

Lower Figure: Theoretical vs Experimental 89.50 incidence Reflectivity measurement of the custom made 

DBR and calculated Field Distribution. The difference between the dips is very little, suggesting high 

quality DBR build. The expected nodes and antinodes in the field distribution are also apparent, showing 

a node at air/first layer interface followed by antinode and so on. 
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As we can see from the upper Fig. 4-1, the custom made DBR reflectivity measurement 

matches almost perfectly by its theoretically simulated plot slightly shifted by 4 nm. At grazing 

incidence, the differences between the simulation and the experiment are the linewidth of the 

modes which can be attributed to the fact the in the simulation we can just have one and only 

angle input whereas in the actual experiment we cannot have that accuracy. In actuality, even 

at grazing incidence, we cannot have just one angle, we have a range of angles of around 890 

± 10. Therefore, the experimental mode is broadened compared to the theoretical one. The 

stopband has its center at 745 nm with a slight wavelength shift of 2 nm, which can be attributed 

to a slight thickness difference of the real fabricated DBR. 

 

From the lower Fig. 4-1, we exhibit the calculated high-angle reflectivity of the same DBR as 

well as its experimental counterpart, comparing them with the state of the art. The TE polarized 

mode is most evident with a difference that in the experimental measurement, we cannot see 

any of the Bragg modes -most likely they are merged with the background noise- and the mode 

dip is slightly moved from 629 nm to 631 nm.  

 

 

  

FIGURE 4-2: TE-TM COMPARISON FOR DBR REFLECTIVITY MODE REALIZATION 

Polarization Dependent reflectivity displaying the mode that appears only in the critical 

angle of ≈89 Degrees. 

a) Calculated Reflectivity of a 25 pair GaAs/AlGaAs DBR system realizing the evanescent 

mode in TM Polarization and not realizing it in the TE Polarization. 

b) Experimentally calculated reflectivity of a 10 pair SiO2/TaO5 DBR system 

 

 

From Fig. 4-2, we provide the necessary and clear evidence of the critical angle polarization 

dependence. With setup no. 3, by having the polarizer fixed at TM polarization, we hit the DBR 

at grazing incidence resulting in no resonant mode and reflectivity going to 1– black line at 
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(b)-. However, when the polarizer is changed to a fixed TE polarization, the resonant mode is 

now supported and is a clearly exhibited feature. Of course, the polarization of modes is 

swapped due to the aforementioned λ/2 thickness stack we have on our DBR structure. 

 

 

Conclusively, the experimental part of the Brewster-Angle half-cavity mode paid the expected 

results. The fabricated DBR with the λ/2 thick Ta2O5 on top, clearly provides the TE 

polarization mode dip at 630 nm (close to the perovskite’s 620 nm exciton emission) and with 

linewidth of 8 nm. As such we dive into the application of introducing the perovskite crystal -

fabricated as explained- to the custom made DBR so as to produce polariton state. 

 

 

4.1.1 High-Angle Characterization 

Having established a fabrication technique as well as non-normal incidence measurements for 

the material, we now dive onto the one of the two techniques for polariton state realization. 

The first method is inspired from the idea of the open cavity SCR approach [75,76]. The end 

goal for this perspective, was to successfully embed thin layer perovskite crystals, on top of 

the tailored DBR so as to inspect if it can attain SCR as a system. This point of view brings 

forth some advantages as well as some disadvantages. Mainly, the perovskite crystal sample is 

very easy to fabricate and takes little time to do so as well as it is a low-cost method. In addition, 

as the name “open-cavity” suggests, we only need one DBR for this system to work instead of 

two as it is in the standard cavity approach, need only to change the angle of light incidence to 

achieve the critical “Brewster-Angle”.  Last, this method provides only one resonant mode, 

similarly to a microcavity. The first attempts are seen in Fig. 4-3 below. 
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FIGURE 4-3: SIMULATION(BLACK) AND EXPERIMENTAL(RED) DATA OF A DBR+PEROVSKITE CRYSTAL 

SYSTEM AT GRAZING INCIDENCE -THICK CRYSTAL-. 

In this figure, we can see the grazing incidence reflectivity measurement of the perovskite crystal. In this 

sample point, the perovskite layer is way too thick -approximately 13 μm- and this results to two main 

facts. The DBR mode Dip cannot be detected and the only detectable signal is the oscillations created 

by the perovskite-DBR “cavity”. 

 

 

 

From this Figure, we have successfully embedded the perovskite material on top of the DBR. 

Initial tries prove that we can actually measure the perovskite material successfully. To support 

this claim, we have made simulations with the exact same DBR system, but on top of it we 

have incorporated a QW of similar optical parameters with those of the perovskite crystal -at 

the best of our capabilities- and have assimilated the same thickness with the experimental 

crystal. From the Fig.4-3, we provide qualitative evidence that the modeling of the system is -

at least partially- successful, suggesting that with the same simulated perovskite thickness as 

the crystal’s – approximately 13 μm by simulation’s calculations-, we observe the same 

behavior. This raises the need to make the perovskite crystal as thin as possible so as to 

minimize the losses that arise from the crystal’s scattering and observe the system in more 

depth. Note for Fig. 4-3 as well as the next two graphs (Fig. 4-4), we can observe a kind of 

beating behavior in certain wavelengths. For example, at wavelengths 670-680 nm, we can see 

this behavior.  It is assumed to happen because of the two polarization frequencies having 

phases close to one another. As such, as the two waves propagate, the two phases inevitably 

become opposite at one time, producing those beatings. 

 

In the Fig. 3-22 below, we managed to achieve somewhat better results. As displayed, the new 

tries of the system exhibit experimental thicknesses of the crystal at around 7 μm and 2 μm. In 

those measurements, the oscillations are still visible but clearly less than before, indicating a 

thinner perovskite sample. By comparing the model with the experiment, we come to assume 



70 

 

that the dip realized at 620 nm in (a) and 630 nm (b) is most likely purely the mode dip. The 

reason it has changed is most probably because of the crystal’s thickness difference. 

 

 

 
FIGURE 4-4 SIMULATION(BLACK) AND EXPERIMENTAL(RED) DATA OF A DBR+PEROVSKITE 

CRYSTAL SYSTEM AT GRAZING INCIDENCE -THINNER CRYSTAL-. 

As displayed in the figures above, we were able to manage fabricating a perovskite crystal sample 

that was of thinner nature. Specifically, in (a), we can see that the exciton-mode dip is now visible due 

to the thinner perovskite crystal’s less scattering – around 7 μm- and in (b) the perovskite is even 

thinner at around 2 μm. The oscillations are visible in both figures, although in (b) they are clearly 

less because of the thickness being less. 

 

 

 

Unfortunately, the fabrication method plus the chemical formula, does not allow us to fully 

control the size of the perovskite crystals and thus, we were not able to produce a thin 

perovskite Brewster Cavity System. The best thickness achieved, was a thickness of 2 μm. In 

spite of this, we qualitatively simulate the results with a Perovskite crystal of 150 nm thickness 

to provide insight as per the polariton state realization which is seen in the figure below. 
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FIGURE 4-5: DBR + QW HALF-WAVE LAYER THICKNESS SCR SIMULATION 

These plots, are a simulation of a 150 nm Perovskite with 620 nm emission, embedded on 

top of the DBR structure. The y-axis is many different plots stacked on top of each other for 

easier observation. By changing only, the DBR’s stopband center wavelength emission, we 

can tune the Brewster-Cavity mode in order to approach the exciton’s wavelength emission. 

As we can see in the first plot, only the DBR’s mode is displayed. In the next plot, we have 

embedded in the simulation the Perovskite layer 620 nm emission and immediate interaction 

can be seen, as the Perovskite dip appears at 610 nm and the mode at 646 nm.  Tuning the 

mode even closer, produces the behavior we would expect from strong coupling, seeing the 

two dips that approach at a minimum distance which gives the Rabi splitting of 100 meV 

and open their distance again. 

 

In this figure, we present a simulation reflectivity measurement which contains the actual 

DBR structure but instead of perovskite n =3 crystal, we have embedded a Perovskite layer 

of the 150 nm thickness and 620 nm exciton emission. As displayed at first, the DBR mode 

can be seen at 629 nm and when we incorporate the Perovskite layer, the two dips that appear 

are at 603 nm (QW emission) and 647 nm (mode). 

 

We can clearly see from Fig. 4-6, that by incorporating a thin layer of the exciton medium, we 

can directly see the system realizing SCR with Rabi splitting Energy at: 100 meV, which is 

an impressive number. By correlation, we can assume that our system containing the perovskite 

crystal needs only better thickness tuning for this project’s successfulness. 

 

 

 

 

4.1.2 Conclusions 

Summarizing, this procedure can prove very promising if the necessary adjustments are made. 

The perovskite crystal’s thickness proved problematic for this SCR approach, measuring from 

2-13 μm as well as problematic is the reflectivity behavior of the perovskite due to its high 

scattering. Best thickness achieved for the perovskite crystal was 2 μm and unfortunately we 

needed to tune it down to at least the hundreds of nanometers. Even so, many steps have been 

achieved for this project and by changing the thickness of the active layer, we could safely 

assume that we can provide a system producing polariton state at room temperature. 
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5 Perovskite cavity Room Temperature strong coupling 
realization 

 

In this third and final chapter, we dive into the standard situation for Strong Coupling 

realization. The perovskite crystal provides us with a very stable exciton emission at room 

temperature which is already proven above and is structurally suitable to be introduced into a 

DBR cavity. This chapter was a collaboration between myself and my Ph.D. candidate. The 

measurements provided below were done by Mr. Emmanouil Mavrotsoupakis with the 

perovskite crystal that was optimized by through this thesis. 

 

5.1.1 Cavity Modes 

In this subchapter, we present a DBR microcavity with n = 3 perovskite crystal introduced 

between it. The total dispersion energy of the system is as follows: 

So, to calculate the length of a cavity, we simply need to fine the arithmetic values of 2 

consecutive mode wavelength peaks at zero momentum energy and insert them to eq. 3-3. 

 

 
FIGURE 5-1: DBR-PEROVSKITE N = 3 CAVITY MODES 

Room Temperature Dispersion measurement of the Perovskite Cavity which mostly 

displays the cavity modes that are realized inside the cavity. The number of modes in 

the cavity, indicates that this particular cavity system has a relatively high thickness. 
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As seen from the figure above, this particular cavity thickness has: 

Lc ≈ 3.5 μm with the number of modes being 6 in total. The 2 modes distance Δd = 40 nm was 

acquired from mode with wavelength peak at 680 nm and its consecutive 720 nm. The first 

Bragg mode of the cavity is also visible at 610 nm. However, the exciton peak -which would 

be at n=3 emission of 620 nm- is not visible. 

 

5.1.2 Strong Coupling 

Moving forward, on a second point of the same sample as above, we acquire a dispersion 

measurement seen onto the figure below. 

 

 
FIGURE 5-2 DBR-PEROVSKITE N = 3 STRONG COUPLING REGIME 

Room Temperature Dispersion measurement displaying the Perovskite cavity system 

in the strong coupling regime. Perovskite n = 3 crystal’s exciton emission is visible 

at 620 nm. At high angles the 2 modes’ (640nm-curvature observed  at 150 and 680 

nm-curvature observed at 250) anticrossing is clearly exhibited, proving that the 

system has indeed realized a polariton state. 

 

The system is clearly in the strong coupling regime. Here, the exciton emission of the 

perovskite crystal is clearly visible at 620 nm which is now the Upper Polariton Branch (UPB). 

We can also observe that 2 cavity modes anticross with the exciton providing Rabi splittings 

of 100meV (1st LPB) and 75 meV (2nd LPB). Evidently the perovskite cavity system is 
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capable to produce polariton state at room temperature with two modes (LPB) interacting 

strongly at the same time with the exciton (UPB). 

5.1.3 Conclusions 

In summary, the DBR-Perovskite cavity system, produced a 3.4 μm thick cavity as we 

calculated. Even so, the crystal’s formula and fabrication technique allowed this cavity to 

achieve polariton state at room temperature with two separate modes strongly interacting 

with the exciton with Rabi splitting of 100 meV and 75 meV. As such we evidently prove that 

this system can effectively and directly realize a polariton state at ambient environments and is 

in general a quite competent system taking into account its simple fabrication and low-cost 

chemical ingredients. 

4. Conclusions 
 

Concluding this thesis, the Perovskite n = 3 crystal has been extensively analyzed. The 

fabrication and process suggestion for the material was made by two distinct methods that were 

1) Liquid Exfoliation and 2) Solution method. From the liquid exfoliation method, the results 

were consistently difficult. Through PL Reflectivity, microscope and SEM measurements we 

proved that the crystal was not providing good thickness values (mostly 8-14μm) or correct 

shape. Due to more parameters, such as spin coating times/speeds as well as correcting amounts 

of protection polymers, this method proved very difficult to control overall. On the contrary, 

the second method that was followed was much more fruitful. Through various structural 

characterization of the crystal such as XRD and SEM images, we concluded that the material 

was formulated to give high quality results. The optical measurements, such as PL or 

Reflectivity were also very conclusive and abided by the theory considerably, by producing 

stable room temperature n = 3 (620 nm) exciton emission as well as having all the visible phase 

transitions in temperature dependence measurements. After the perovskite crystal was 

successfully optimized with a crystal thickness of 2-3.5 μm, it was implemented into two 

different cavity methods in order to achieve polariton state. Many trials have been completed 

so as to implement this material for half-cavity polariton applications with its advantages being: 

less growth steps (because we only need one DBR) and easy resonant mode realization 

(provided the angle of incidence of light is the correct). However, additional work is required 

to fully realize this technique for polariton applications because of certain disadvantages that 

originate mainly from: perovskite crystal’s difficult reflectivity measurements due to its high 

scattering as well as the need to overcome the tricky situation of tuning the thickness of the 

material with this particular formula. However, the qualitative simulations show that with 

proper thickness of around the hundreds of nanometers, this technique can have the desired 

results of realizing strong coupling. This method can surely be approached and in the end be 

implemented for polaritonic applications as it was confirmed through qualitative simulations 

of a similarly behaving quantum well onto the DBR. Finally, the second technique used was 

the standard DBR cavity system with the optimized perovskite crystal being introduced inside. 

This system produced a somewhat thick cavity of 3.5 μm with many resonant modes inside. 

Despite this fact, the whole system was in the end a very successful one, providing polariton 

state at room temperature. 
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