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Abstract 
 

This thesis concerns the fabrication and study of strongly coupled organic 

microcavities containing a series of different boron-dipyrromethene (BODIPY) 

fluorescent dyes dispersed in an optically inert polystyrene matrix.  

The photophysics of the different BODIPY dyes are first studied and it is shown that 

they are promising materials for polariton condensation. DBR-DBR microcavities 

containing thin films of dye/polystyrene blends are then investigated under angular 

white-light reflectivity and CW laser excitation; measurements that show that they can 

enter the strong coupling regime. Polaritons in such high quality factor structures are 

shown to undergo a phase transition when excited with a high density pulsed 

excitation, forming a polariton condensate. Power dependent and interferometry 

measurements are used to identify the condensation threshold and the spatial 

coherence length of the polariton condensate. 

Lower Q-factor microcavities, comprised of two silver mirrors are fabricated, 

containing two different BODIPY dyes. Energy transfer between the molecules is 

engineered using two different processes; (1) direct short-range dipole-dipole coupling 

between the molecules, and (2) polariton-mediated energy transfer. We assess the 

efficiency of the energy transfer by quantifying the polariton population density along 

each polariton branch following laser excitation. It is concluded that short-range (<3 

nm) energy transfer induced by dipole-dipole coupling is more efficient compared to 

long-range (60 nm) polariton-mediated energy transfer, although the long-range 

process is estimated to transfer up to 87% of states to the lower-polariton branch. 

The generation of anti-Stokes polariton fluorescence is studied in low Q-factor 

metallic cavities following resonant excitation at the bottom of the lower polariton 

branch. Here, it is concluded that thermal energy in the system provides the excess of 

energy needed for emission of photons having higher energy than that of the initial 

laser excitation. Using temperature dependent and time resolved measurements it is 

concluded that polaritons return to the exciton reservoir by optically pumping a 

molecule in a vibrationally excited ground state. The exciton created then emits 

fluorescence that populates polariton states with an energy higher than the laser energy 
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resulting in anti-Stokes polariton fluorescence. We believe such systems will be of 

significant interest in exploring laser-cooling phenomena in solid-state systems.  
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Chapter 1. Introduction 

 

Each and every photon that enters the Earth’s atmosphere interacts with matter through 

absorption or Rayleigh scattering with atoms and molecules. Blue photons are 

scattered more than red by particles in the atmosphere, and hence the sky appears blue. 

Light-matter interaction was studied by Newton more than three centuries ago when 

he used prisms to separate white light into its components.1 Since then, humans have 

manipulated light in many ways through light-matter interactions; ranging from 

fabrication of optical elements used in photonic experiments to contact lenses for 

vision correction. For this reason is very important to understand light-matter 

interaction. For instance, Raman spectroscopy utilises the ability of photons to scatter 

with matter to observe rotational, vibrational and other low frequency modes that helps 

us identify the chemical composition and structure of a sample.2 Photons, being 

“messengers” from the universe, allow astronomers to observe spectral lines in a star’s 

emission and analyse its constituents. Very recently, it was announced that laser light 

will be used to provide momentum to light-weight robotic spacecrafts that will be sent 

to the outer space, accelerating them to a speed as fast as one fifth of the speed of light 

in order to study the nearest stars to our solar system.3 

At small length-scales, nanostructures can provide confinement of a photon’s 

electromagnetic field. Usually, this is achieved by placing two highly reflective 

mirrors in close proximity, having a separation distance on the order of a micrometre 

or sub-micrometre. Such structures are termed microcavities. If a semiconducting 

material is placed in a microcavity in the vicinity of the confined electric field, with a 

transition resonant with the energy of the field, light (photons) and matter (matter 

excitations) start to interact with each other. This light-matter interaction can be 

described by two regimes. In the so-called weak coupling regime, Fermi’s Golden 

Rule is valid and the interaction can be described by perturbation theory. In the case 

of a reversible exchange of energy between light and matter (where the energy 

exchange rate is faster than the semiconductor exciton dephasing rate and the rate at 

which photons escape from the microcavity), the strong coupling regime is realised. 

In this regime, Fermi’s Golden Rule does not hold and new hybrid bosonic half-light 

half-matter eigenstates, termed cavity-polaritons, are formed.  
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Cavity-polaritons are a coherent superposition of excitons and photons and have 

properties of both.4 This matter component allows polaritons to interact with excitons, 

phonons and with other polaritons at high densities. However, polaritons have a very 

light mass (10-5 the mass of the free electron) because of their photonic character. This 

also leads to a short finite lifetime in the range of tens of fs to hundreds of ps. 

Polaritons are bidimensional quasi-particles, described by their energy and in-plane 

momentum. They have a distinctive near parabolic dispersion with an energy 

minimum at zero wavevector, and manifest themselves with a normal mode splitting 

at the energy where their constituent photon mode and excitons are degenerate. 

Strong coupling in planar microcavities was demonstrated for the first time more than 

25 years ago utilising inorganic quantum wells (QWs) at cryogenic temperatures,4 and 

using organic semiconductors at room temperature a few years later.5 Since then, great 

advancements have been made using polaritons in inorganic,6–14 organic15,16,25,17–24 

and hybrid structures.26,27 
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1.1. Thesis outline 

In Chapter 2, organic materials are introduced and the bonding between carbon atoms 

is used to explain how organic materials inherit their semiconducting properties. Next, 

the physics of confined photons in planar microcavities is discussed in detail with a 

focus on their interaction with organic semiconductor excitons. The weak and strong 

coupling regimes are explained and the physics of organic polaritons is introduced. It 

is shown how the half-light half-matter nature of polaritons can be used to study 

condensation, lasing and other interesting physical phenomena at room temperature. 

A historical review of important achievements in strongly coupled microcavities is 

then presented with a focus on organic semiconductor microcavities.  

The experimental Chapters in this thesis are based on published work undertaken by 

the author during the 4 year period of his PhD. Chapter 3 is a conventional thesis 

chapter composed of the author’s published and unpublished work. Alternative format 

Chapters 4-6 are comprised of three papers as they appear online in their published 

format or in the appropriate format needed during submission for publication. 

In Chapter 3, a comprehensive study of the photophysics of boron dipyrromethene 

(BODIPY) materials is presented. It is explained why such fluorescent dyes are 

favourable for application as the active layers in strongly coupled microcavities. The 

demonstration of strong coupling is then achieved in a series of microcavities filled 

with 5 different BODIPY derivatives. A standard two-level coupled oscillator model 

is used to describe the coupling between photons and excitons in such cavities. 

The low effective mass of organic-polaritons is a property inherited from their 

photonic component, and in combination with the large binding energy of Frenkel 

excitons, makes them a useful platform in which to study condensation and lasing at 

room temperature. In Chapter 4, a high quality BODIPY-filled strongly coupled 

microcavity is studied under intense optical excitation. At high pulsed excitation 

densities, a phase transition occurs and a polariton condensate in the yellow region of 

the spectrum is realised at room temperature. This “yellow polariton condensate” is 

manifested by a laser-like emission, an emission blueshift and a linewidth reduction 

above threshold. Interferometry measurements are then used to show that the 

condensate has a high degree of spatial coherence. 
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Chapter 5 describes how two different BODIPY dyes can be placed inside a 

microcavity in order to study the efficiency of energy transfer between the materials. 

This is achieved by probing the emission and population density of the different 

polariton branches. Two structural configurations are used; one which allows the 

coupling between the dipoles of the two different materials resulting in short-range 

energy transfer, the other induced by their hybridisation with the same confined optical 

mode (so-called polariton-mediated long-range energy transfer). It is concluded that 

the polariton-mediated energy transfer is not as efficient as the short-range energy 

transfer, which is based on Fӧrster resonant energy transfer and has an efficiency close 

to unity. 

Chapter 6 details how resonant excitation of the bottom of the lower polariton branch 

(LPB) of a BODIPY-filled strongly coupled microcavity is used to generate anti-

Stokes fluorescence (ASF) of polaritons along the LPB. Time resolved and 

temperature dependent photoluminescence measurements on films and cavities 

suggest that polaritons are injected in the bottom of the LPB upon laser excitation. 

These then optically pump a molecule that is initially in a vibrationally excited ground 

state. An excess of energy in the reservoir (provided by the thermal energy of the 

system), is then used to allow polariton states to be populated at higher energy than 

the energy of the laser excitation. This ASF process in cavities seems to be more 

efficient than ASF in control thin films.  We conclude that this enhancement in ASF 

occurs as Stokes emission is suppressed due to the fact that such modes exist at an 

energy below the cut-off energy of the cavity mode where the density of states is near-

zero. 
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1.2. Alternative thesis format 

The published papers incorporated in this thesis, form a coherent body of work and 

therefore, it was decided that the thesis should be presented in an alternative format 

consisting of published papers instead of conventional thesis chapters.  

In the first paper (Chapter 4), a polariton condensate is realised in a material system 

where the fluorescent molecules are dispersed in an optically inert polymer matrix. 

This allows the dye/polymer concentration ratio to be tuned. In addition, there are 

many different molecules that can be dispersed in polymers, spanning wavelengths 

from the UV to the IR, opening the possibility of achieving polariton lasing at spectral 

regions where lasing is not readily achieved (i.e. the yellow-orange region). A key 

component of reaching a condensation threshold is to efficiently populate the bottom 

of the lower polariton branch. Combining different materials in the same structure, as 

discussed in the paper of Chapter 5, can be used to control the energy transfer between 

molecules and efficiently populate the lower energy state. 

Organic materials have vibrational and rotational modes that are usually not taken into 

account when constructing microscopic models of polariton condensation. Although 

recent theoretical work has focused in this direction, there is very little in the way of 

underpinning experimental evidence to support theory. Finally, in Chapter 6, we 

demonstrate how rovibrational modes can interact with polaritons and how they can 

exchange energy leading to the generation of anti-Stokes fluorescence.  
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Chapter 2. Theory of microcavity organic exciton-

polaritons 

 

Chapter 2 aims to give an insight into the physics of organic semiconductors, optical 

microcavities and organic exciton-polaritons. As will be discussed, these are a useful 

platform for studying fundamental and intriguing physical phenomena. 

 

2.1. Organic materials 

There is no unambiguous definition of organic materials, but it is generally accepted 

that they are compounds rich in carbon and hydrogen, and sometimes contain nitrogen 

and oxygen. They are found in nature but can also be synthesised in the form of small 

molecules, monomers, oligomers and polymers. Changing the number of atoms and 

molecular configurations as well as the bonds between atoms can create an infinite 

number of combinations with each combination corresponding to a new organic 

material. Therefore, the optical and electronic properties of organic materials can be 

tailored depending on their application. 

In the past century, the inorganic semiconductor industry has led the development of 

modern technologies used in consumer electronics and optoelectronics. Silicon-based 

devices have been used to harvest the energy of sunlight for electricity generation and 

control the current flow in electronic circuits.1,2  However, such inorganic 

semiconducting materials and devices have some disadvantages compared to their 

organic counterparts. For example, the growth of silicon is a difficult process, 

requiring the use of expensive and time-consuming techniques, making it unsuitable 

for what it is called “disposable electronics”. On the other hand, solution-processed 

organic materials can be easily mass-produced at low cost, making them a strong 

candidate to replace mature silicon-based technologies. Organic optoelectronics have 

been expanding rapidly in the last couple of decades, with progress led by display 

technologies with devices using organic light emitting diodes (OLEDs)3,4 becoming 

widely available. 



22 
 

2.1.1. Organic semiconductors 

Inorganic materials owe their semiconducting properties to the periodic structure of 

the crystaline solid, which results in the formation of the valence band (VB) and 

conduction band (CB). These two bands are separated by an energy termed the band 

gap of the semiconductor. If a material has a band gap greater than around 4 eV, it is 

considered to be an insulator. If the two bands overlap resulting in zero band gap 

energy, the material is classed as a conductor (metal). In the case of semiconductors, 

the band gap energy lies somewhere between that of a metal and an insulator. Organic 

materials can form crystals but are often found in a non-crystalline form. However, 

they have a band gap similar to that found in inorganic semiconductors, with their 

semiconducting properties arising from the bonding of atoms. 

Electrons in atoms are confined in discrete energy states called orbitals, which are 

described by solutions of the Schrödinger equation. These can be characterised by 

different quantum numbers; the principal quantum number, 𝑛, takes values 𝑛 =

1,2,3, … etc., The size of the orbitals determines the size of the atoms; i.e. the larger 

the principal quantum number, the larger the orbital, and this consequently increases 

the size of the atom. The angular momentum quantum number of the orbital, 𝑙, can 

take values of 𝑙 = 0,1,2,3, … etc., or using the nomenclature 𝑙 = 𝑠, 𝑝, 𝑑, 𝑓, … etc., 

respectively, and it is responsible for the shape of the orbital. The magnetic quantum 

number, 𝑚𝑙, takes integer values between – 𝑙 and +𝑙, and defines the orientation of the 

orbital. For instance, for a given value of 𝑛, there is only one permitted orientation for 

𝑠 orbitals (𝑙 = 𝑚𝑙 = 0) which has a spherical shape. Dumbbell-shaped 𝑝 orbitals have 

three allowed orientations which are perpendicular to one another and are denoted as 

𝑝𝑥, 𝑝𝑦 and 𝑝𝑧. When orbitals of the same phase overlap with one another, they form 

bonding orbitals. Sharing electrons in bonding orbitals bind the atoms together causing 

the overall energy of the system to reduce. Overlapping orbitals with different phase 

result in the formation of so called anti-bonding orbitals where the atoms repel one 

another and the total energy of the system is higher than that of individual atoms. The 

overlap of orbitals can be “end-on” or “side-on”. End-on bonding (anti-bonding) 

results in a σ-bond (σ*-bond), whilst side-on bonding (anti-bonding) results in a π-

bond (π*-bond). The latter are weaker bonds and tend to be delocalized over one or 

more atoms or molecules. In more complicated systems, the concept of hybridisation 
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must be introduced in order to describe the bonding of atoms. In the following 

paragraphs, the bonding process between carbon atoms is used to explain the concept 

of hybridisation. 

Carbon atoms have 6 electrons of which 4 are valence electrons that can take part in 

bonding. Carbon-based materials are bound together through covalent bonds by 

sharing electrons and tend to fill their outermost orbitals in order to minimise their 

energy. In its ground state, the electronic structure of a neutral and isolated carbon 

atom is 1𝑠22𝑠22𝑝2. The inner shell of the atom of carbon is filled (1𝑠2) with two 

electrons with opposite spin as required by Pauli’s Exclusion Principle, so they can be 

ignored when discussing the bonding of carbon atoms. However, when carbon atoms 

are involved in the formation of covalent bonds with other atoms, an electron from the 

2𝑠 shell is promoted to the 2𝑝𝑧 orbital creating the electronic configuration 

1𝑠22𝑠12𝑝3. The remaining 2𝑠 electron can hybridise with one, two or even all three 

2𝑝 electrons forming hybridised orbitals. The three different combinations can give 

rise to (i) two hybrid 𝑠𝑝 with two remaining 2𝑝 orbitals, (ii) three hybrid 𝑠𝑝2 with one 

remaining 2𝑝 orbital and (iii) four hybrid 𝑠𝑝3 orbitals, respectively.5 In 𝑠𝑝 

hybridisation the hybrid orbitals are at 180º to each other with the two remaining 2𝑝 

orbitals being perpendicular to the hybrid 𝑠𝑝 orbital. In 𝑠𝑝2 hybridisation, the three 

hybrid orbitals lie on the same plane at an angle of 120º to one another with the one 

remaining 2𝑝 orbital being perpendicular to the hybrid orbital plane. In the case of 

𝑠𝑝3, the four hybrid orbitals lie in a tetrahedral configuration separated by an angle of 

109.5º. The hybridisation process including the electronic configurations along with 

the orbital orientation is summarised in Figure 2.1. 

In the case where two 𝑠𝑝 hybridised atoms bond together, one 𝑠𝑝 hybrid orbital from 

the first atom overlaps with one 𝑠𝑝 hybrid orbital from the second atom, forming a σ-

bond. The two remaining 2𝑝 orbitals of each atom (which lay at a perpendicular 

orientation to the direction of the σ-bond) form two π-bonds. Therefore, 𝑠𝑝 hybridised 

atoms bond together through a so-called triple bond consisting of one σ-bond and two 

π-bonds. The remaining 𝑠𝑝 hybrid orbital that is not involved in the bonding process 

is free to bond to other atoms. 

When two 𝑠𝑝2 hybrid atoms bond to one another, a σ-bond is formed between two sp2 

hybrid orbitals. The one remaining 2𝑝 orbital from each atom overlaps to form a π-
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bond, resulting in a double bond that is composed of one σ-bond and one π-bond. 

Again, the two remaining 𝑠𝑝2 hybrid orbitals are available to form bonds with other 

atoms. 

In the case where two 𝑠𝑝3 hybridised atoms bond together, one of the four 𝑠𝑝3 hybrid 

orbitals from each atom overlaps to form a σ-bond. The remaining three 𝑠𝑝3 hybrid 

orbitals from each atom are then available to form bonds with other atoms. 

 

 

Figure 2.1. The hybridization process starting with the promotion of a 2𝑠 electron to 2𝑝𝑧. The three 

possible hybrid orbital electronic configurations are shown along with the orientations of the hybrid 

orbitals. 

 

As can be understood from the description of bonding between hybridised atoms, 

strong σ-bonds result from the end-on overlap between hybridised orbitals, whilst the 
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unhybridised 2𝑝 orbitals are responsible for weaker and more delocalized π-bonds. A 

very good example is the benzene ring, which consists of six 𝑠𝑝2 hybridised carbon 

atoms. The six carbon atoms are bound to each other, forming six σ-bonds through 

end-on overlapping of 𝑠𝑝2 orbitals of neighboring atoms. Each carbon atom 

contributes two out of three 𝑠𝑝2 hybrid orbitals to form σ-bonds with two neighboring 

carbon atoms, while the remaining 𝑠𝑝2 orbital of each carbon atom overlapping to 

form a σ-bond with the spherical 1𝑠 orbital of hydrogen. The 2𝑝 unhybridised orbitals 

of the six atoms are responsible for the formation of three π-bonds (in the lowest 

energy configuration). Therefore, the benzene ring has three single (σ-bonds) and three 

double bonds (consisting of one σ-bond and one π-bond) appearing in an alternating 

arrangement. Systems having alternating single and multiple bonds as a result of 

connected 𝑝-orbitals are known as conjugated systems, which generally are 

characterised by lower molecular energy and increased stability. The electrons of the 

π-bonds are delocalized over a large area above and below the hexagonal plane of 

benzene and since there are six out of plane 2𝑝 orbitals, there will be six possible 

molecular orbitals (MOs). 

Figure 2.2 shows the six possible molecular orbitals of the benzene ring with three 

bonding orbitals (lower energy MOs), and three anti-bonding orbitals (higher energy 

MOs). Each of the six 2𝑝 orbitals contains one electron and according to Pauli’s 

Exclusion Principle, two electrons with opposite spin can occupy each molecular 

orbital. Therefore the three lowest energy MOs are filled with six electrons (two 

electrons with opposite spin each) whilst the three highest energy MOs remain empty 

as shown in Figure 2.2. The highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO) in benzene consist of two energetically 

degenerate orbitals. An electron from the HOMO level can be promoted to the LUMO 

level following the absorption of a sufficient amount of energy (corresponding to the 

band gap energy). The promotion of an electron from the HOMO to LUMO leaves 

behind a positively charged hole. The electron-hole pair is a bound state called an 

exciton. The similarity of HOMO and LUMO levels in an organic semiconductor to 

the VB and CB band in inorganic semiconductors is clear, and qualitatively explains 

how organic materials obtain their semiconducting properties. 



26 
 

 

Figure 2.2. The six allowed molecular orbitals of benzene along with the π-bond configurations and 

the electron populations of the molecular ground state. 

 

2.1.2. Optical absorption, vibrational relaxation and emission 

Absorption of light by a medium usually occurs when a photon transfers its energy to 

a bound electron in a ground state and excites it to an excited state. For example, in a 

molecular system, a photon is absorbed by an electron in the HOMO and transfers it 

to the LUMO. This transition is only possible if the energy of the photon, 𝐸𝛾, is 

resonant or close to resonant with the energy levels of the material as shown in 

Equation 2.1, assuming the two energy levels being 𝐸𝐻𝑂𝑀𝑂 and 𝐸𝐿𝑈𝑀𝑂 

 

𝐸𝛾 = ℎ𝑣 =
ℎ𝑐

𝜆
= 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂                                   (2.1) 

 

Here, ℎ is Planck’s constant, 𝑣 is the photon frequency, 𝑐 is the speed of light and 𝜆 

the wavelength of the photon.  
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The probability of a photon being absorbed by a molecule is greater when the photon 

energy corresponds to an electronic transition. This probability for a photon of 

wavelength 𝜆 is defined by the absorption cross section, 𝜎(𝜆), which has units of area. 

The absorption coefficient, 𝛼(𝜆), for N molecules per unit volume, can be defined as 

the product of N and 𝜎(𝜆) and it is expressed as an inverse length. In other words, 

𝛼(𝜆) is the fraction of the power of a light beam absorbed per unit length when 

traveling in an absorbing medium.6 If the optical intensity of the propagating beam is 

initially 𝐼𝑜, after traveling a distance 𝑧 it is 𝐼𝑧, then for a distance 𝑑𝑧, the reduction in 

intensity 𝑑𝐼 (assuming no scattering) is given by 

 

𝑑𝐼 = −𝐼𝛼𝑑𝑧                                                    (2.2) 

 

Integration of Equation (2.2) gives rise to the Beer-Lambert law as shown in Equation 

(2.3) 

 

𝐼𝑧 = 𝐼𝑜𝑒−𝑎𝑧                                                     (2.3) 

 

The transmission of the beam, 𝑇, is defined as the ratio between the attenuated and 

unattenuated optical intensity 

 

𝑇 =
𝐼𝑧

𝐼𝑜
= 𝑒−𝑎𝑧                                                  (2.4) 

 

Equation 2.5 shows that the optical density (O.D.) of a medium, also known as the 

absorbance, 𝐴, is the negative base 10 logarithm of T and can be related to the 

absorption coefficient through Equation 2.6.6 
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𝐴 = −𝑙𝑜𝑔10𝑇 = −𝑙𝑜𝑔10
𝐼𝑧

𝐼𝑜
                                            (2.5) 

 

𝐴 =
−𝛼𝑧

−𝑙𝑜𝑔𝑒10
= 0.43𝛼𝑧                                                (2.6) 

 

A molecule can be visualised as a system where the atoms correspond to point masses 

and the bonds between them to springs. Such a system exists in its lowest energy when 

the bond (spring) is at its equilibrium length. Any stretching or compression of the 

bond results in an increase of the system’s energy. The energy of the system with 

respect to the separation of the atoms is represented by the Morse potential which is 

very similar to the harmonic oscillator potential (Figure 2.3). This atom-bond system 

can oscillate with allowed, discrete frequencies which manifest themselves as 

vibrational energy levels within the Morse potential as shown in Figure 2.3. At room 

temperature, an electron can usually be found at the lowest vibronic energy level, 𝑣𝑜, 

of the HOMO. Generally, the different orbitals represent different energy levels with 

the HOMO (ground state) and LUMO (first excited state) denoted using 𝑆0 and 𝑆1, 

respectively, where 𝑆 stands for singlet (spin-paired states in a multi-electron system). 

Higher energy orbitals are denoted with a consecutively increasing subscript. 

Following the absorption of a photon, an electron from the HOMO level is excited to 

the LUMO. The Frank-Condon principle states that the probability of the transition of 

an electron from the HOMO to a particular vibronic level in the LUMO depends on 

the vibronic wavefunction overlap of the initial and final states as shown in Figure 2.3. 

Greater overlap results in a greater probability for the particular electronic transition 

to take place, with this principle applying to all photon-mediated electronic transitions. 

Electronic transitions are spin conservative and therefore promotion of an electron 

from the singlet molecular ground state must be to a singlet excited state. The 

promoted electron leaves behind a positively-charged hole and the two can be bound 

together through Coulomb attraction and form a neutrally-charged bound state, known 

as an exciton. In organic materials the Frenkel-like excitons have a large binding 

energy (0.1-1 eV), unlike the binding energy of Wannier-Mott excitons (a few meV) 

in inorganic materials which suffer screening due to high dielectric constants and are 

usually unstable at room temperature. 
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Upon excitation to an excited electronic and vibronic state, the electron relaxes to the 

lowest vibronic level of the excited electronic state, 𝑆1𝑣𝑜
. From there, it can drop from 

LUMO 𝑆1𝑣𝑜
 to the HOMO 𝑆0𝑣𝑛

, with 𝑣𝑛 being determined by the Frank-Condon 

principle. The electron will eventually recombine with the hole (exciton decay). This 

recombination can be radiative resulting in the emission of a photon of lower energy 

than that of the absorbed photon, known as fluorescence (Figure 2.3). The energy 

difference between the absorbed and the emitted photon is equal to the loss of energy 

during the vibrational relaxation of the system. The strength of the emission transition 

is equal to the strength of the absorption transition due to symmetry considerations. In 

the case of the maximum absorption 𝑆0𝑣𝑜
- 𝑆1𝑣𝑜

 and maximum emission 𝑆1𝑣𝑜
- 𝑆0𝑣𝑜

, 

there is an energy shift between the two transitions which is called the Stokes shift 

even without vibrational relaxation. This loss of energy is dissipated in the system as 

heat and it is caused by interactions of the molecule with its surrounding medium and 

rotation of the molecular dipole in order to minimise its energy with surrounding 

dipoles. In an ideal system, the fluorescence can be considered as a mirror image of 

the absorption as shown in Figure 2.4. 

There is a small probability that an electron in the LUMO level, instead of radiatively 

decaying back to HOMO through fluorescence, can be transferred to the first triplet 

state, 𝑇1 (triplet denoted as 𝑇); a process called intersystem crossing (see Figure 2.3). 

In order to pass from 𝑆1 to 𝑇1, an electron will need to flip its spin in order to be parallel 

with the spin of the ground state electron in 𝑆0. Intersystem crossing occurs through 

spin-orbit coupling or through interaction with neighbouring molecules. After 

intersystem crossing, a transition from 𝑇1 to 𝑆0 is less probable as it is a spin-forbidden 

transition and occurs over longer timescales (miliseconds to minutes). The radiative 

decay from triplet to singlet is known as phosphorescence (Figure 2.3). It is possible 

that the electron could be transferred back to 𝑆1 and then decay through delayed 

fluorescence. 

Relaxation from an excited electronic state to the ground state can also occur through 

non-radiative decay pathways. There are instances where the higher-lying vibronic 

energy levels of the ground  state overlap with the lower vibronic energy levels of the 

first excited state. In this case, vibrational relaxation from an excited electronic and 
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vibronic state to the zero vibronic level of the ground state can occur, with all energy 

being dissipated in the system as thermal energy.  

The fluorescence efficiency of a material is defined by its fluorescence quantum yield, 

(𝛷). This is the ratio between the number of emitted and absorbed photons by a 

material. 

  

 

Figure 2.3. The dashed lines indicate transitions in the system - absorption and emission (fluorescence 

and phosphorescence) along with intersystem crossing. The solid lines show the non-radiative internal 

relaxation process. 
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Figure 2.4. The Frank – Condon principle results in the characteristic absorption and emission spectra 

of a molecule being mirror images and shifted in energy. 

 

2.2. Optical microcavities and cavity photons 

 

2.2.1. Confined photons 

A key requirement for the development of systems that can enter the strong coupling 

regime is to confine photons in a manner that allow their interaction with a 

semiconducting material. Microcavities are optical resonators that provide 

confinement of light through constructive interference in the form of standing waves, 

and have a size on the order of the wavelength of the confined photons. Depending on 



32 
 

the material system and application, different structures can be used to create 

confinement in one or more dimensions. This thesis concerns experiments where light 

was confined in one dimension, therefore the discussion will be limited to Fabry-Perot 

resonators. Fabry-Perot resonators are comprised by two planar, highly reflective 

surfaces that are separated by a distance 𝑑𝑐 as shown in Figure 2.5. This distance 

determines the photon wavelength 𝜆𝑐 that is confined between the mirrors, and can be 

described by the following expression 

 

𝜆𝑐 =
2𝜂𝑐𝑑𝑐

𝑞
cos 𝜃𝑖𝑛𝑡                                              (2.7) 

 

Here, 𝜂𝑐 is the effective refractive index of the medium between the mirrors at the 

resonant wavelength of the cavity, 𝑞 is the cavity order, which takes integer values 

𝑞 = 1, 2, 3, 4, … etc. and 𝜃𝑖𝑛𝑡 is the angle of propagation within the cavity with respect 

to the normal incidence of the cavity surface. 

 

 

Figure 2.5. Schematic of two planar mirrors separated by distance dc and confined optical modes of 

cavity order q=1,2,3. 
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In Fabry-Perot resonators, the confinement of photons occurs in a direction 

perpendicular to the cavity surface. The total wavevector of the confined photons 𝑘𝑜 

can be written as 

 

𝑘𝑜 =
2𝜋

𝜆𝑐
                                                          (2.8) 

 

and combining (2.7) and (2.8), it can be expressed as 

 

𝑘𝑜 =
𝑞𝜋

𝜂𝑐𝑑𝑐

1

cos 𝜃𝑖𝑛𝑡
                                                  (2.9) 

 

The total wavevector can be resolved in its two components 𝑘𝑜
2 = 𝑘⊥

2 + 𝑘∥
2; the 

perpendicular 𝑘⊥ and the parallel 𝑘∥ component as shown in Figure 2.6. In order to 

obtain constructive interference after one total round-trip between the two mirrors, we 

can define the wavevector perpendicular to the surface of the cavity using 𝑘⊥ =

𝑘𝑜 cos 𝜃𝑖𝑛𝑡 7, and we can write 

 

𝑘⊥ =
𝑞𝜋

𝜂𝑐𝑑𝑐
                                                        (2.10) 

 

For 𝜃𝑖𝑛𝑡 ≠ 0 an additional component, which corresponds to a wavevector parallel to 

the cavity surface 𝑘∥ = 𝑘𝑜 sin 𝜃𝑖𝑛𝑡, must be taken into account (Figure 2.6). This is 

expressed as 

 

𝑘∥ =
𝑞𝜋

𝜂𝑐𝑑𝑐
tan 𝜃𝑖𝑛𝑡                                                 (2.11) 
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As it can be seen from Figure 2.6 and Equations 2.10 and 2.11, 𝑘⊥ remains fixed with 

𝜃𝑖𝑛𝑡 while 𝑘∥ increases with increasing angle, causing the total wavevector to increase 

with angle too. Equation 2.12 expresses the energy of the cavity mode  𝐸𝑐, which is 

proportional to 𝑘𝑜 and increases with angle as follows 

 

𝐸𝑐 =
ℎ𝑐𝑘𝑜

2𝜋
=

ℎ𝑐𝑞

2𝜂𝑐𝑑𝑐

1

cos 𝜃𝑖𝑛𝑡
= 𝐸𝑜(1 − sin2 𝜃𝑖𝑛𝑡)−

1

2                      (2.12) 

 

All measurements are generally performed with respect to the external viewing angle 

𝜃𝑒𝑥𝑡, therefore by applying Snell’s law 𝜂1 sin 𝜃1 = 𝜂2 sin 𝜃2,  Equation 2.12 can be 

expressed as a function of 𝜃𝑒𝑥𝑡. Assuming that the medium outside the cavity is air 

with a refractive index of 𝜂𝑎𝑖𝑟 = 1, the energy of the cavity mode can be written as 

shown in Equation 2.13 

 

𝐸𝑐 = 𝐸𝑜(1 −
sin2 𝜃𝑒𝑥𝑡

𝜂𝑐
2 )−

1

2                                        (2.13) 

 

 

Figure 2.6. Schematic of a microcavity showing the total wavevector 𝑘𝑜 along with its perpendicular 

𝑘⊥ and parallel 𝑘∥ components at an internal angle 𝜃𝑖𝑛𝑡. 

 

 

 



35 
 

2.2.2. Cavity mirrors 

The ‘quality’ (vide infra) of the two mirrors defines the quality of the confinement of 

light in a cavity. An ideal cavity is one that has no absorption or scattering loses and 

the ‘quality’ is solely dependent on the reflectivity 𝑅𝑖 of the mirrors. The higher the 

reflectivity of the mirrors, the longer the confinement time of photons within the 

cavity. The finesse Ƒ of a cavity is a measure of the ‘quality’ of the cavity and it can 

be expressed using the reflectivity values 𝑅1 and 𝑅2 of the two mirrors as shown using 

Equation 2.14. 

 

Ƒ =
𝜋(𝑅1𝑅2)

1
4⁄

1−(𝑅1𝑅2)
1

2⁄
                                                 (2.14) 

 

As it can be seen from Equation 2.14, the finesse of a cavity is limited by the mirror 

with the lowest reflectivity value. Another measure of the quality of a particular cavity 

mode is the quality factor or 𝑄 factor. The 𝑄 factor can be described by the ratio of 𝜆𝑐 

to the full width at half maximum (FWHM) of the mode, 𝛥𝜆𝑐, at the central 

wavelength 𝜆𝑐 of the cavity, as well as in terms of energy 𝛦 and angular frequency 𝜔, 

as follows 

 

𝑄 =
𝜆𝑐

𝛥𝜆𝑐
=

𝛦

𝛥𝛦
=

𝜔

𝛥𝜔
                                            (2.15) 

 

Two different optical microcavity configurations can provide confinement of photons 

for relatively prolonged periods of time, ensuring that the interaction between excitons 

and photons can occur within the strong or weak coupling regime. In the first 

configuration, each reflective surface is composed of a metallic layer. The second 

utilises the total internal reflection at the boundaries of two different dielectric 

materials. This is termed a distributed Bragg reflector (DBR) and can have very high 

optical reflectivity.7 
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Metallic mirrors can be used as the two reflective surfaces in Fabry-Perot resonators. 

A metallic mirror can be thermally evaporated, a process that is easy and allows 

control of the reflectivity of the mirror via thickness tuning. The reflectivity values of 

metallic mirrors can be very high at certain wavelengths, however, metallic mirrors 

suffer losses due to absorption. The reflectivity of silver, aluminium and gold mirrors 

can be predicted using the refractive index (𝜂) and extinction coefficient (𝜅) in Frensel 

equations8, and plotted in Figure 2.7. 

A DBR is a planar periodically patterned microstructure consisting of alternating 

layers with each layer having a thickness on the scale of the resonant wavelength. The 

thickness of each alternating dielectric layer is 𝜆/4𝜂 where 𝜆 is called the Bragg 

wavelength, and is the desired value for the central wavelength of the DBR high 

reflectivity region (stopband) and 𝜂 is the refractive index of the material.  DBRs, 

unlike their metallic counterparts, can provide high reflectivity values with very low 

losses. Dielectric materials, having a large bandgap compared to conducting metallic 

materials, are used to provide reflectivity values of >99% and at the same time 

eliminate losses related to absorption. 

 

 

Figure 2.7. Reflectivity of silver (black), aluminium (red) and gold (blue) predicted using Fresnel 

equations and the measured values of the refractive index and extinction coefficient of the materials.8 
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Another advantage of DBRs over metallic mirrors is that their reflectivity can be 

tailored to match the needs of an experiment by altering the number, 𝑁, of alternating 

layer pairs, the refractive index contrast, 𝛥𝜂, of the two dielectric materials as well as 

the thickness of each of these layers. Figure 2.8 shows how each material or structural 

parameter can affect the reflectivity of a DBR using the transfer matrix method 

(TMM). TMM is described in detail by Hecht.8 In part (a), the thickness of each layer 

of the dielectric material is tuned to shift the Bragg wavelength and the stopband of 

the DBR. Part (b) shows how the number of alternating layer pairs, varied between 2 

(low reflectivity) and 12 pairs (high reflectivity), can increase the reflectivity of the 

DBRs. Figure 2.8 (c) shows the effect of the refractive index contrast between the two 

dielectric materials when it is tuned from 1.14 up to 1.92, with higher contrast creating 

a wider DBR stopband. Finally, in part (d), all three values that can be used to control 

the optical properties of a DBR are summarised. 

The reflectivity of a DBR stopband has an angular dependence. In Figure 2.9, a TMM 

model is used to simulate the angular dependence of transverse electric (TE – where 

the electric field is perpendicular to the plane of incidence) and transverse magnetic 

(TM – where the magnetic field is perpendicular to the plane of incidence) reflectivity 

spectra from a DBR microcavity for angles tuned between 0o and 70o. In the TMM 

model, the two reflectors comprised of 10 (bottom mirror) and 8 (top mirror) pairs of 

alternating layers with a refractive index contrast 𝛥𝜂 = 1.41. The spacing between the 

two mirrors is assumed to be filled by an optically inert polymer with an effective 

refractive index of 𝜂𝑐 = 1.59 in order to create a 𝜆/2 cavity with a cavity mode 

wavelength at normal incidence around the Bragg wavelength of the DBR. Figure 2.10 

shows experimental data of the angular dependent reflectivity (between 10 o and 70o) 

from a cavity having very similar values of 𝛥𝜂, 𝜂𝑐 and cavity length to those used in 

the TMM of Figure 2.9. In both simulated and experimental data, the near-parabolic 

dispersion of the photon mode described by Equation 2.13 is clearly visible. Figure 

2.11 shows a schematic of the DBR microcavity used in the TMM model of Figure 

2.9 and the structure used for the reflectivity experiments of Figure 2.10.  
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Figure 2.8. Simulated reflectivity of a DBR at normal incidence using the TMM for different (a) 

alternating layer thicknesses, (b) number of alternating layer pairs and (c) alternating layer refractive 

index contrast. (d) Summary of the design parameters and how they affect the optical properties of the 

DBR. 

 

 

Figure 2.9. Simulation of the TE and TM angular reflectivity of a microcavity using the TMM. The 

min and max intensity of the color scale ranges between 0.1 and 1, respectively. The modelled 

microcavity consists of 10 pairs of alternating layers (bottom mirror), an optically inert layer of effective 

refractive index of 1.59 and 8 pairs of alternating layers (top mirror). 
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Figure 2.10. Experimental TE and TM angular reflectivity measurement of a microcavity. The min and 

max intensity of the color scale ranges between 0.6 and 1, respectively. The microcavity consists of 10 

pairs of alternating layers of SiO2/Nb2O5 (bottom mirror), a thin layer of the optically inert polymer 

Polystyrene having a refractive index of around 1.59 and 8 pairs of alternating layers of SiO2/Nb2O5 

(top mirror). 

 

 

 

Figure 2.11. Schematic of the DBR microcavity used in the TMM model of Figure 2.9 and the 

experiments of the white light reflectivity of Figure 2.10. 

 

2.3. Exciton-polaritons 

The physics of planar microcavities and the confinement of photons were introduced 

in the previous section. Semiconducting materials can be placed between the two 
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mirrors of a microcavity structure. Light-matter interaction can occur if the electronic 

transition of the semiconductor is resonant with the energy of the confined photons. 

There are three parameters that define the strength of light-matter interaction, (i) the 

rate at which the cavity photons escape the cavity, 𝑘, (ii) the dephasing rate of excitons, 

𝛾, and (iii) the exciton-photon coupling constant, 𝑔𝑜. If 𝑔𝑜 ≪ (𝑘, 𝛾), where (𝑘, 𝛾) 

represents the maximum rate values for 𝑘 and 𝛾, the weak coupling regime is realised 

where the emission of a photon by an exciton is an irreversible process.9 In weakly 

coupled cavities, the effect of the cavity is small and therefore the light-matter 

interaction can be described by perturbation theory. The photon field is modified by 

the microcavity, which can then enhance spontaneous emission rates through the so-

called Purcell effect.10 This enhancement stems from the fact that the cavity, being 

resonant with the excitonic transition, enhances the photon density of states at that 

wavelength. A photon density of final states factor appears in Fermi’s Golden Rule as 

shown in Equation 2.16, where 𝛤𝑖→𝑓 is the transition probability of the initial state 𝑖 to 

the final state 𝑓, 𝑀𝑖→𝑓 is the matrix element for the transition and 𝜌𝑓 is the density of 

final states. This consequently enhances the radiative emission rate.7  

 

𝛤𝑖→𝑓 =
2𝜋

ħ
|𝑀𝑖→𝑓|

2
𝜌𝑓                                     (2.16) 

 

By enhancing the reflectivity of the cavity mirrors (minimising the values of 𝑘 and 𝛾) 

and by selecting the right semiconducting material (increasing 𝑔𝑜) allows us to obtain 

the requirement for strong coupling, which is 𝑔𝑜 ≫ (𝑘, 𝛾).9 In the strong coupling 

regime, the emission of a photon by an exciton becomes reversible leading to an 

oscillatory exchange of energy between light and matter. The energy exchange 

frequency is called the Rabi frequency, 𝛺𝑅𝑎𝑏𝑖, which describes the light-matter 

coupling strength. In the strong coupling regime, perturbation theory is not sufficient 

to describe exciton-photon interactions. Photons and excitons can not be described 

individually and a new hybrid bosonic quasi-particle, the cavity-polariton, is 

introduced, which is a linear coherent superposition of the two constituent 

components.11  
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Cavity-polaritons, hereafter referred to as polaritons, carry properties of both photons 

and excitons. Polaritons are usually referred to as half-light half-matter quasi-particles 

and are described by new eigenstates. The exchange of energy between light and 

matter, although being quantum mechanical in nature, can be described using a 

classical two-level coupled oscillator. In Equation 2.17,  𝐸𝐶 and 𝐸𝑋 are the energies of 

the cavity photons and the excitons, respectively, while 𝛬 is their mutual interaction 

potential. The polynomial Equations 2.18 and 2.19 can be solved using the quadratic 

formula to give the eigenvalues of the system, where 𝐼 is a 2x2 identity matrix. The 

allowed polariton energy values, 𝐸, can be determined by solving Equation 2.19, the 

solutions of which are defined in Equation 2.20. 

 

𝐴 = [
𝐸𝐶 𝛬
𝛬 𝐸𝑋

]                                                       (2.17) 

 

det (𝐴 − 𝐸𝐼) = [
𝐸𝐶 − 𝐸 𝛬

𝛬 𝐸𝑋 − 𝐸
]                                    (2.18) 

 

(𝐸𝐶 − 𝐸)(𝐸𝑋 − 𝐸) −  𝛬2 = 0                                        (2.19) 

 

𝐸 =
𝐸𝐶+𝐸𝑋

2
±

1

2
√(𝐸𝐶 − 𝐸𝑋)2 + 4𝛬2                                    (2.20) 

 

As it can be seen from Equation 2.20, there are two possible solutions corresponding 

to two different polariton energies. The cavity photon energy, 𝐸𝐶, carries an angular 

dependence as shown by Equation 2.13 and hence the two polariton energies will also 

have an angular dependence which allows their separation in to two branches; the 

lower polariton branch (LPB) and the upper polariton branch (UPB). The energy 

difference at normal incidence, 𝐸𝐶 − 𝐸𝑋, is called the photon-exciton detuning, 𝛿. In 

the case of zero photon-exciton detuning, where 𝛿 = 0 , the photon and exciton 

energies are degenerate at normal incidence and the separation of the LPB and UPB 
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has the smallest possible value known as the Rabi splitting energy, ħ𝛺𝑅𝑎𝑏𝑖. The Rabi 

splitting energy can be calculated using Equation 2.20, following the requirement 𝛿 =

𝐸𝐶 − 𝐸𝑋 = 0, and it is described by Equation 2.21. 

 

ħ𝛺𝑅𝑎𝑏𝑖 = 2𝛬                                                     (2.21) 

 

In the case where 𝛿 < 0, known as negative detuning, the photon and exciton energies 

are degenerate at a higher angle, 𝜃𝑟𝑒𝑠, where the energy difference between the LPB 

and UPB takes its minimum value corresponding to the Rabi splitting energy. There 

is a third case, where the photon energy is higher than the exciton energy (positive 

detuning, 𝛿 > 0) with no crossing point between them. The LPB, UPB, photon (𝐶), 

and exciton (𝑋) energies are shown in Figure 2.12 (a-c) for three possible detunings. 

Polariton branches have an angle dependent photon-exciton mixing fraction that is 

contained in the eigenvector of 𝐴. The squares of the two mixing coefficients, also 

known as Hopfield coefficients, give the photonic |𝛼𝐶|2 and excitonic |𝛼𝑋|2 

weightings of the polaritons in the LPB and UPB at each angle. An expansion of 

Equation 2.22 gives Equations 2.23 and 2.24, which can be solved for |𝛼𝐶|2 and |𝛼𝑋|2 

(Equation 2.25 and 2.26) by taking into account the constraint |𝛼𝐶|2 + |𝛼𝑋|2 = 1 and 

eliminating the interaction potential 𝛬 using Equation 2.20. 

 

[
𝐸𝐶 𝛬
𝛬 𝐸𝑋

] [
𝛼𝐶

𝛼𝑋
] = 𝐸 [

𝛼𝐶

𝛼𝑋
]                                                (2.22) 

 

|𝛼𝐶|𝐸𝐶 + |𝛼𝑋|𝛬 = |𝛼𝐶|𝐸                                                 (2.23) 

 

|𝛼𝐶|𝛬 + |𝛼𝑋|𝐸𝑋 = |𝛼𝑋|𝐸                                                 (2.24) 
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|𝛼𝐶|2 =
𝐸𝑋−𝐸

𝐸𝐶+𝐸𝑋−2𝐸
                                                        (2.25) 

 

|𝛼𝑋|2 = 1 − |𝛼𝐶|2                                                       (2.26) 

 

In Figure 2.12, parts (d-f) show the Hopfield coefficients of the LPB corresponding to 

the three different detunings presented in parts (a-c). The Hopfield coefficients of the 

UPB can be readily extracted by simply switching those of the LPB; namely |αC,LPB|2 

= |αX,UPB|2 and |αX,LPB|2 = |αC,UPB|2. Generally, strong coupling is manifested through a 

characteristic anticrossing of the two polariton branches at the resonant angle, 𝜃𝑟𝑒𝑠, at 

which the photon and exciton energies are degenerate. At 𝜃𝑟𝑒𝑠 the polaritons in the 

LPB and UPB comprised of 50% photon and 50% exciton. 

We can generalize the physics of strong coupling between a photonic mode and an 

electronic transition to a coupling to more than one excitation. For example in the case 

where two different materials are placed between two mirrors, having electronic 

transitions which are both resonant with the energy of the confined electric field.12 

Another example is when an organic material has, apart from an electronic transition, 

a vibronic transition. In this case both excitations can strongly couple if they are 

resonant with the photonic mode.13 When describing coupling between a photonic 

mode (𝐶) and two excitations (𝑋1 and 𝑋2), we use a three-level coupled classical 

oscillator model as shown in Equation 2.27. 

 

[
𝐸𝐶 𝛬1 𝛬2

𝛬1 𝐸𝑋1 0
𝛬2 0 𝐸𝑋2

] [

𝛼𝐶

𝛼𝑋1

𝛼𝑋2

] = 𝐸 [

𝛼𝐶

𝛼𝑋1

𝛼𝑋2

]                                  (2.27) 

 

The system has three unique solutions corresponding to three different polariton 

branches. Aside from the LPB and UPB, a new branch is now present, termed the 

middle polariton branch (MPB). The eigenvectors of the system give the Hopfield 

coefficients of LPB, MPB and UPB. Figure 2.13 (a-f) shows strong coupling between 
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the photon mode and the two electronic transitions and the characteristic anticrossing 

between the polariton branches as well as the mixing between the three constituents 

of the LPB. 

 

 

Figure 2.12. Lower polariton branch (LPB) and upper polariton branch (UPB) energies (black lines) 

along with photon (C) and exciton (X) energies (red dashed lines) with angle for a cavity with (a) 

negative detuning δ=-50 meV, (b) zero detuning δ=0 meV and (c) positive detuning δ=+50 meV. 

Hopfield coefficients of the LPB describing the photonic |αC,LPB|2 and the excitonic |αX,LPB|2 fractions of 

the branch at different angles for (d) δ=-50 meV, (e) δ=0 meV and (f) δ=+50 meV. 
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Figure 2.13. Lower polariton branch (LPB), middle polariton branch (MPB) and upper polariton branch 

(UPB) energies (black lines) along with photon (C) and exciton (X) energies (red dashed lines) with 

angle for a cavity with (a) negative detuning δ=-50 meV, (b) zero detuning δ=0 meV and (c) positive 

detuning δ=+50 meV. Hopfield coefficients of the LPB describing the photonic |αC,LPB|2 and the two 

electronic |αX1,LPB|2, |αX2,LPB|2  fractions of the branch at different angles for (d) δ=-50 meV, (e) δ=0 meV 

and (f) δ=+50 meV. 

 

Generally, the classical coupled oscillator model can be used to describe the coupling 

between an infinite number of oscillators involved in the cavity as shown in Equation 

2.28. Different structure designs allow one excitation to couple to two interacting 
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photonic modes in the case of coupled cavities14 or very thick cavities containing many 

high order cavity modes resonant with an excitation.15 

 

[
𝐸1 ⋯ 𝛬𝑛−1

⋮ ⋱ ⋮
𝛬𝑛−1 ⋯ 𝐸𝑛

] [

𝛼1

⋮
𝛼𝑛

] = 𝐸 [

𝛼1

⋮
𝛼𝑛

]                                  (2.28) 

 

2.4. Polariton condensates and lasers 

Lasers are devices emitting coherent monochromatic light induced by stimulated 

emission of photons from atoms or molecules. They find applications in every aspect 

of life, i.e. CD/DVD players at home, local fast communications networks and 

medicine. They usually utilise inorganic semiconductors that are either (i) embedded 

between two reflectors in the configuration of vertical-cavity surface emitting lasers 

(VCSELs) or (ii) periodically structured as a diffraction grating in the configuration 

of a distributed feedback (DFB) laser. Both types of lasers create a cheap and low-

energy consumption device for all sorts of applications, particularly in photonics. The 

basic principle of operation is that of population inversion, namely the number of 

electrons that exist in the conduction band must be larger than the number of electrons 

in the valence band. Spontaneous emission of a photon will then induce stimulated 

emission of other photons having the same phase and energy, which leads to light 

amplification (see Figure 2.14). Each of the three processes shown in Figure 2.14 

(absorption, spontaneous emission and stimulated emission) are related to the so-

called Einstein coefficients. The Einstein A coefficient is related to the rate of 

spontaneous emission and the Einstein B coefficients are related to the rate of 

absorption and stimulated emission.  A population inversion (Figure 2.14 (b)) can be 

obtained by optical or electrical injection; however, this prerequisite can result in 

conventional lasers having a large operational threshold. As is discussed below, 

polariton lasers have the advantage over conventional photon lasers as they do not 

require a population inversion, and thus the injection density needed to reach lasing 

threshold can be two orders of magnitude lower.16 
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The condensation of bosonic particles is based on their indistinguishability. This 

means that, unlike fermions which are restricted by Pauli’s exclusion principle, bosons 

can arbitrarily occupy the same quantum state. When the occupation of the lowest 

bosonic quantum state exceeds unity, a final state bosonic stimulation occurs which is 

a key feature of condensation (see Figure 2.15). As a result of Bose-Einstein statistics, 

the rate by which bosons scatter to a final state containing N particles is N+1. 

Polaritons, being bosonic quasi-particles, can thus occupy the same quantum state at 

the bottom of their dispersion at zero in-plane momentum which forms a trap in 

momentum space.  If sufficient polaritons scatter to this momentum trap, they can be 

described using a single wavefunction and form a macroscopic quantum condensate, 

also known as a non-equilibrium polariton Bose-Einstein Condensate (BEC). The 

luminescence from this polariton decay via photon emission is a form of lasing, as the 

spontaneously emitted photons all carry the same energy, phase and momentum as the 

condensate. 

 

 

Figure 2.14. Photon lasing process. (a) Absorption of a photon and promotion of an electron from the 

ground state to the excited state. (b) Population inversion where the number of electrons in the excited 

state is larger than the number of electrons in the ground state. (c) Spontaneous emission of a photon 

following the decay of the electron from the excited state to the ground state. (d) The spontaneous 

emission of a photon induces stimulated emission of other photons having the same phase and energy. 

 

Each and every particle has a wave associated with it. The so-called de Broglie 

wavelength of a particle, 𝜆𝑑𝐵, is related to its momentum, 𝑝, as defined in Equation 

2.29. The thermal wavelength of a particle in a gas is therefore given by Equation 2.30, 
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considering that the momentum of a particle at the peak of the Maxwell-Boltzmann 

distribution is √(2𝑚𝐾𝐵𝑇), where 𝐾𝐵 is the Boltzmann constant and T is the 

temperature of the gas. 

 

𝜆𝑑𝐵 =
ℎ

𝑝
                                                       (2.29) 

 

𝜆𝑑𝐵 = √
2𝜋ħ2

𝑚𝐾𝐵𝑇
                                                 (2.30) 

 

As it can be seen from Equation 2.30, the de Broglie wavelength of such particles is 

inversely proportional to both their mass and temperature. At high temperatures, the 

particles in a gas have much kinetic energy and therefore elastically scatter from one 

another. When the temperature is reduced below a critical temperature, 𝑇𝑐, the kinetic 

energy is small and the thermal de Broglie wavelength becomes comparable to the 

distance between neighbouring particles, causing their wavefunctions to overlap. The 

particles then undergo a phase transition where they all occupy the same macroscopic 

quantum state and are described by a single wavefunction forming a BEC (see Figure 

2.16). The critical temperature at which condensation occurs, 𝑇𝑐, can be calculated by 

considering the condensation particle density, 𝑛𝜆𝑑𝐵
3 = 2.612. 

 

𝑇𝑐 =
2𝜋ħ2

𝑚𝐾𝐵
[

𝑛

2.612
]

2

3
                                              (2.31) 

 

From Equation 2.31, it is clear that in order to increase the critical temperature of 

condensation, the mass of the particles should be reduced and at the same time, their 

density should be maximized. Polaritons inherit their light mass (many orders of 

magnitude lighter than atoms and electrons) from their photonic component and 

therefore it is obvious that they can undergo condensation at much higher temperatures 

compared to ultra-cold atomic gases. An important further difference between cold 
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atomic-gas condensates and polariton condensates is that the latter are intrinsically 

non-equilibrium systems due to very short polariton lifetimes. Polariton condensates 

can be described theoretically using mean field theory. In particular, a generalized 

Gross-Pitaevskii equation (GPE) describing the macroscopic wave function including 

loss and amplification terms is often used to model such non-equilibrium systems.17 

To account for the non-equilibrium nature of such condensates it is also necessary to 

include dissipation and pumping terms that are coupled to a rate equation that 

describes the incoherent reservoir that populates the polariton states.17 

 

 

Figure 2.15. Exciton-polariton condensation process. When the occupation of the lowest bosonic state 

(𝑘 = 0) exceeds unity, final state bosonic stimulation occurs (magenta line). A polariton BEC is formed 

at the energy trap (𝑘 = 0). 

 

Both atomic gas BECs and polariton condensates exhibit high degree of spatial 

coherence, which is a signature of a macroscopically occupied quantum state. The 

most common way to evaluate the first order spatial coherence of a polariton 

condensate is by interferometric measurements. A modified Michelson’s 

interferometer equipped with a retroreflector is usually used for these measurements. 

Above condensation threshold, mirror-symmetric points possess a phase that have a 

fixed relation, resulting in a high degree of spatial coherence. A typical image of an 
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interferometric measurement using a modified Michelson’s intereferometer in the 

mirror-retroreflector configuration is shown in Figure 2.17. In both parts (a) and (b) it 

can be seen that the visibility of the fringes is high. The coherence length of the 

condensate can be estimated by fitting a cross-section through the image with a 

modulated Gaussian function as will be discussed in more detail in Chapter 4. Part (b) 

demonstrates the spontaneous formation of a pair of vortices in the condensate. Here, 

the two forklike dislocations, seen in the fringes, are symmetrically located around the 

retroreflector axis.18 Such vortices form spontaneously when there is a rapid transition 

from incoherent to coherent phases and are pinned onto defects in the sample.19 

 

 

Figure 2.16. Particles in a gas. At high T, where 𝑇 ≫  𝑇𝑐 , the distance between neighboring particles 

is large and the particles have a large amount of kinetic energy which leads to elastic scattering. At low 

T, where 𝑇 >  𝑇𝑐, the particle de Broglie wavelength becomes comparable to the inter-particle distances 

and particles can be described as wavepackets. When 𝑇 =  𝑇𝑐 , the particle wavefunctions start to 

overlap and condensation occurs. At 𝑇 = 0, all particles are described by a single wavefunction and 

form a condensate. 
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Although the first demonstration of strong light-matter interactions and formation of 

polaritons in planar microcavities was achieved in 199211, Bose-Einstein condensation 

of cavity-polaritons was not realised until 2006.20 This demonstration stimulated much 

research in this area with many interesting findings underpinning the fascinating 

physics of polariton condensates.15,18,21–28  

 

        

Figure 2.17. (a) Interferogram of a polariton condensate. (b) Interferogram of a polariton condensate 

showing the spontaneous formation of vortices. 

 

2.5. Strong coupling in planar microcavities: A historical review 

The interaction between light and matter is a prerequisite for all known optical 

processes, i.e. it gives rise to absorption, spontaneous emission and stimulated 

emission. Generally, such weak interactions of the electromagnetic field with matter 

do not significantly modify the electronic transitions of the atoms or molecules 

involved, and can be approximated by perturbation theory. In the case of strong light-

matter interactions, this approximation is not valid and the photonic and matter 

components must be hybridised with each other to form a new quasiparticle, the so-

called polariton. Polaritons were experimentally realised for the first time in bulk ZnO 

crystals in 1965 by Hopfield.29 Interestingly, polaritons can occur naturally in bulk 

crystalline semiconductors and molecules,29,30 however, in order to be observed they 

must travel to the surface of the bulk material resulting in the loss of their polaritonic 
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nature.31 Planar microcavities are favourable for the study of strong coupling and 

polaritonic effects because they allow the photonic component of polaritons to escape 

through the mirrors and then be ‘interrogated’ through photoluminescence, carrying 

information about their polaritonic properties (i.e. energy, momentum, phase, spin). 

The first demonstration of strong coupling in a Fabry-Perot microcavity was made by 

Weisbuch in 1992.11 

The observation of strong coupling in planar microcavities containing inorganic 

semiconducting materials was a stepping-stone toward many significant 

developments. In 2000, polariton parametric amplification and photoluminescence 

were observed32,33 and a few years later, Bose-Einstein condensation (BEC) and lasing 

of polaritons was achieved following laser excitation.20,21,34–36 Electrically driven 

polariton lasers have been also demonstrated,37,38 with novel structural designs 

allowing for room-temperature operation.39 BECs are an exotic state of matter and 

have resulted in the demonstration of many interesting many-body quantum 

phenomena in inorganic semiconductor polaritonic systems, such as superfluidity and 

spontaneous formation of quantum vortices.18,19,23,40 Recently, a number of authors 

have suggested that polariton condensates can be used in practical applications;41–43 

for example complex multivariable problems can be simulated using arrays of 

polariton condensates.44 

Wannier-Mott excitons, found in inorganic semiconductors,45 have small binding 

energies (1-10 meV), as a result of screening caused by large dielectric constants, 

which reduces the coulombic interactions between electrons and holes. Therefore, 

excitons in inorganic semiconductors suffer thermal dissociation and the strong 

coupling regime can only be realized, in many cases, at cryogenic temperatures. 

Frenkel-like excitons in organic semiconductors,46 have larger binding energies (0.1-

1 eV) and therefore are relatively smaller and more localised. This allows Frenkel 

excitons to be stable at room temperature, which is a necessary requirement for 

practical applications. While room-temperature emission from weakly coupled 

organic semiconductor microcavities was studied extensively,47–53 it was only in 1998 

that Lidzey et al. demonstrated strong coupling in a planar microcavity containing an 

organic semiconductor.54 In this work, a porphyrin molecule was placed in the spacing 

between a DBR and a metallic mirror and was coupled to the confined electromagnetic 

field at room temperature. A maximum Rabi splitting energy of 160 meV was 
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reported, which at the time was one order of magnitude larger than those observed in 

II-VI quantum-well microcavities55 and more than 30 times those reported in 

microcavities containing III-V quantum-wells.11,56,57 Later on, larger Rabi splitting 

energies were reported in organic semiconductor microcavities (~0.4-1.1 eV)58–60 

which in some cases classify the system as operating in the ultra-strong coupling 

regime.61 Note that in the original observation of strong coupling by Lidzey et al., 

polariton emission was absent because the photonic mode was strongly coupled to the 

non-radiative Soret band, with excitons rapidly relaxing to the lower-lying q-band, 

depleting emission from polaritonic states.54 In a second follow-on paper, Lidzey et 

al. showed that room-temperature polariton photoluminescence could be emitted from 

a strongly coupled organic microcavity containing a J-aggregated cyanine dye.62 

White-light reflectivity and photoluminescence from a strongly coupled J-aggregate 

containing microcavity is shown in Figure 2.18.62 

 

 

Figure 2.18. (a) Reflectivity and (b) photoluminescence emission from a strongly coupled microcavity 

containing a cyanine dye. Spectra were recorded at different viewing angles. Figure taken from Lidzey 

et al.62 
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2.5.1. Polariton lasing 

Advancements in organic semiconductor microcavities followed those in inorganic 

microcavities, with the first demonstration of organic polariton lasing at room 

temperature reported in 2010.24 Here, Kéna-Cohen and Forrest placed a melt-grown 

single crystal of anthracene between two DBRs, and following optical excitation they 

observed polariton lasing.24 Organic polariton BECs were also reported by Plumhof25 

and Daskalakis26 almost simultaneously in 2014 as shown in Figures 2.19 and 2.20. In 

the first paper, a ladder conjugated-polymer was sandwiched between two highly 

reflective mirrors and in the latter, a fluorene oligomer was used as the organic 

semiconducting material. In both cases, the authors reported a polariton energy 

blueshift and a high degree of spatial coherence, which  is  thought  to  be a “smoking 

 

 

Figure 2.19. Time-integrated polariton emission for laser excitation densities (a) below, (b) near and 

(c) above threshold. (d) Non-linear increase in the photoluminescence emission with excitation density 

(inset: emergence of a second peak above threshold corresponding to a polariton condensate).                  

(e) Energy blueshift of the condensate emission and decrease of the linewidth above threshold. Figure 

adapted from Plumhof et al.25 
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gun” for polariton condensation.25,26 More demonstrations followed,15,27,63 with work 

by Diedrich et al. showing polariton lasing in a strongly coupled microcavity filled 

with a Green Fluorescent Protein. In this work, a transition from the strong to weak 

coupling regime at high excitation densities resulted in conventional photon lasing.15  

 

 

Figure 2.20. Polariton photoluminescence emission for low pump fluence (below threshold) for 

detunings of (a) Δ=-375 meV and (c) Δ=-440 meV. Polariton photoluminescence emission above 

threshold showing the energetic collapse of the emission to the polariton ground state for detuning of 

(b) Δ=-375 meV and (d) Δ=-440 meV. Figure adapted from Daskalakis et al.26 

 

Although organic polariton LEDs have been reported by a number of authors,64–66 

electrically injected polariton lasing and condensation in organic semiconductor 
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microcavities remains elusive due to low charge-carrier mobilities and carrier-related 

loss mechanisms.43 Promising steps toward this direction have been recently made, 

when Graf et al. reported room-temperature electroluminescence from a strongly-

coupled microcavity containing single-walled carbon nanotubes.67 

 

2.5.2. New effects in organic microcavities 

In addition to allowing the study of interesting many-body quantum phenomena, 

strong coupling can be also used in the linear regime to generate new effects. For 

example, by placing two different organic semiconductors in a microcavity having an 

excitonic energy separation that is commensurate with the typical Rabi splitting 

energy, the confined optical mode can be used to hybridize both excitations.12 The 

three new resultant hybrid polariton states (LPB, MPB and UPB) are described as 

admixtures of all three constituents (see Figure 2.21).12 Here, it has been shown that 

such hybridisation can be used to drive energy transfer between the different organic 

materials,12,68,69 even if they are spatially separated by a significant distance.70,71  

A number of authors have also explored the direct strong coupling of a cavity photon 

to the infra-red active vibrational transitions of a series of molecular materials.72–75 

Here, it has been predicted that the hybridization of an optical resonance with a 

vibrational mode associated with a chemical bond may weaken the strength of the 

bond, leading to a modification of the ground-state energy landscape.72 By using such 

an approach in a liquid phase, it is hoped that such bond softening could be used to 

modify targeted chemical reactions.73 

 

2.5.3. The importance of the exciton reservoir 

The photophysics of organic semiconductor microcavities are dominated by the 

exciton reservoir (ER). The concept of the ER is generally used to describe an 

ensemble of excitons that remain uncoupled or weakly coupled to the confined 

photonic mode. The existence of an exciton reservoir is at present an active field of 

research, and its validity is still a matter of debate. The ER is thought to consist of 

uncoupled molecular excitations that are of the same nature as those undergoing strong 
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coupling.76 The maximum density of states in the ER is usually energetically located 

around the bare uncoupled exciton energy and the properties of the ER are material- 

and possibly sample-dependent.77 It has been shown that scattering from such 

uncoupled states to polariton states, and vice versa, is assisted by absorption or 

emission of a molecular vibrational quanta.78–82 It is also possible, in materials with 

strong vibronic replicas, to have an ER which radiatively pumps polariton states, with 

this process being mediated by vibronic states.24,83,84 The concept of an ER is in fact 

similar to the picture of excitons that exist at high wavevector in inorganic 

semiconductor microcavities that limit the relaxation process.85 

 

 

Figure 2.21. (a) White-light reflectivity data along with a fit using a three-level coupled oscillator 

model for a cavity containing two different molecular J-aggregates coupled to the same cavity mode. 

(b) Hopfield coefficients of the middle polariton branch as calculated from the coupled oscillator model 

showing that the hybrid polariton state is an admixture of all three constituents. Figure taken from 

Lidzey et al.12  
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Early work by Lidzey et al. studied the emission from a strongly coupled microcavity 

containing molecular J-aggregates.86 They showed that following non-resonant 

excitation, an ER was created which then populated coherent polaritonic states. A rate 

model was used to demonstrate that polaritons in the UPB could scatter to the LPB 

faster than the radiative rate of polaritons, depleting most of the emission from the 

UPB. Therefore the majority of emission came from the LPB.  It was argued that the 

rate of scattering from the UPB to LPB is proportional to both exciton fractions of the 

initial and final states and their model agreed with the experimental results. They also 

suggested that a reservoir of incoherent exciton states could populate polariton states, 

with the efficiency of this process being proportional to the exciton fraction of the final 

state. This is a one-way process because the radiative rate of polaritons is high and it 

is more likely to emit a photon rather than scattering back to the ER.  In both processes 

(inter-branch scattering and reservoir-to-polariton scattering) the emission or 

absorption of a vibration quanta is a prerequisite to ensure conservation of energy and 

momentum.86 While the concept of reservoir-to-polariton has been demonstrated 

experimentally,82 the inter-branch population transfer process has not yet been 

evidenced by experiments although it is known that upper branch polaritons are able 

to rapidly scatter back to the exciton reservoir.87 

An early theoretical paper by Agranovich et al. investigated the optical properties of 

cavity polaritons in microcavities containing disordered organic semiconductors using 

a macroscopic model.88 Here, it was shown that microcavities filled with molecular J-

aggregates could support the coexistence of two different excitations; namely coherent 

states (cavity-polaritons) and incoherent states. It was concluded that coherent 

polariton states exist only in certain restricted intervals where the wavevector is a good 

quantum number; i.e. the wavevector (𝑘) was much greater than the wavevector 

broadening (𝛿𝑘). States that did not have well-defined wavevectors were regarded as 

being incoherent. Here, states located at very small wavevectors on the LPB (𝑘 → 0), 

can be regarded as incoherent, although they still have polaritonic nature. However, at 

higher 𝑘, LPB states were considered to be uncoupled to the cavity photon, and were 

similar in nature to excited states found in a non-cavity film. Considering this picture, 

exciton and polariton relaxation processes were investigated.88 Non-resonant laser 

excitation was used to create states that were mainly incoherent, forming an ER. Any 

polariton states created on the UPB quickly relaxed (time-scale of 50 fs) into the ER 



59 
 

which exists at an energy similar to that of the bare exciton. Photoluminescence from 

such incoherent states in the ER pumped the coherent polariton states of the LPB and 

the UPB. The fast relaxation of the UPB polaritons into incoherent states was expected 

to cause an imbalance in the emission intensity between the two polariton branches, 

with more intense emission coming from the LPB.  Although this paper focused on 

microcavities based on J-aggregated molecular dyes, it has been suggested that other 

disordered and crystalline organic semiconductor systems also support the coexistence 

of coherent and incoherent states with similar relaxation and polariton population 

mechanisms.88 The arguments about the coexistence of coherent and incoherent states 

were later substantiated using a microscopic approach.76 

Another theoretical paper concluded that coherent and incoherent states can coexist in 

a microcavity.80 Here, they showed that following non-resonant laser excitation, an 

incoherent ER was formed which then populated coherent polariton states by two 

principal processes (see Figure 2.22). In the first, incoherent states in the ER optically 

pumped polaritons in the LPB and UPB. In the second, emission of intermolecular 

vibrations assisted uncoupled exciton states within the ER to scatter into coherent 

polariton states; here it is critical that the Rabi splitting energy is on the order of a 

Raman-active mode in the semiconducting material, creating an efficient relaxation 

route.80 Following this, Michetti and La Rocca introduced a model that described the 

photoluminescence intensity from the LPB and UPB in such microcavities.78,79 It was 

found that scattering of reservoir excitations to the UPB is subject to thermal 

activation78,79 and that the bottleneck effect strongly depends on the Rabi splitting 

energy.79 

It has been shown that incoherent ER states are not always those that undergo strong 

coupling to light and that the efficiency by which they populate polariton states (by 

optical pumping) is directly related to the photonic component of the polaritons.77 

Indeed, Lodden and Holmes exploited this effect and incorporated an additional 

weakly coupled emitter into a strongly coupled microcavity and thus engineered the 

structure of the ER.89 Using photoluminescence and electroluminescence 

measurements, they showed that weakly coupled excitons of the emitter could 

radiatively pump polariton states in the upper and lower branch.89 This approach offers 

an efficient polariton population mechanism in systems where the polariton states 
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cannot be populated because uncoupled excitons rapidly relax to lower-lying non-

emissive states.54,71 

 

      

Figure 2.22. Schematic representation of possible relaxation processes in a microcavity. (a) Non-

resonant excitation and relaxation to an incoherent exciton reservoir. Luminescence from incoherent 

states in the reservoir pumps coherent polaritonic states. (b) Non-radiative decay of incoherent states in 

the reservoir to coherent lower polariton states following emission of a vibrational quantum. Figure 

adapted from Litinskaya et al.80  
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Chapter 3. Exploring the photophysics of BODIPY-core 

materials as microcavity active layers 

 

3.1. Introduction 

As discussed in Chapter 2, the condition 𝑔𝑜 ≫ (𝑘, 𝛾) must be met in a microcavity in 

order to enter the strong coupling regime. Apart from the quality of the cavity (which 

determines the photon decay rate), the properties of the semiconducting material 

placed in the active region play an important role and can define whether the 

microcavity will enter the strong coupling regime. Materials having a transition with 

a relatively narrow linewidth and high oscillator strength are more suitable for 

microcavity active layers as narrow transitions minimise the emission into modes not 

resonant with the cavity. It has been shown that materials with broad electronic 

transitions can enter the strong coupling regime, however, to do this, it is necessary 

that such materials possess very high oscillator strength.1,2 

In all the experiments described in this thesis, boron-dipyrromethene (BODIPY) core 

materials were used as the active semiconducting materials. The different BODIPY 

derivatives were synthesized by Marco Cavazzini and Francesco Galeotti at ISMAC 

and ISTM – CNR, Milan Italy and Lizhi Gai and Zhen Shen at Nanjing University, 

Nanjing China. BODIPY-core materials are fluorescent dyes that have a relatively 

narrow electronic transition and possess high oscillator strength. They are very good 

candidates for sensing and labelling applications3,4 due to their stability and high 

quantum efficiency.5,6 This class of material is very soluble in toluene and makes 

smooth films of low roughness when dispersed in a polystyrene (PS) matrix at high 

concentration (up to 20% by mass). Figure 3.1 shows an atomic force microscopy 

(AFM) image of a film of a BODIPY dye dispersed in a PS/toluene matrix at 10% 

concentration by mass. The RMS roughness of the film shown in Figure 3.1 was 

measured to be less than 1 nm. It is important to emphasize that the quality of the film 

is crucial for the fabrication of high quality microcavities. A rough surface layer would 

compromise the quality of the top mirror, and consequently reduce the Q factor of the 

cavity. Large fluctuations of the active region thickness over small length scales would 

affect the cavity length and induce broadening of the cavity mode. 
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Figure 3.1. AFM measurement of a film of a BODIPY dye dispersed in polystyrene at a concentration 

of 10% by mass with measured roughness RMS < 1 nm. 

 

The photophysics of a series of BODIPY-core dyes were explored before any of these 

materials were incorporated into a microcavity structure. This allowed a better 

understanding of the optical properties of the materials to be gained before moving 

onto the more complex cavity experiments. 

The optical properties of the different BODIPY-core materials were adjusted by 

chemical modifications during synthesis.7–14 Figure 3.2 shows the absorption and 

photoluminescence (PL) of a number of BODIPY-core materials doped in PS matrix 

at different concentrations, along with their chemical structures. Here, all films were 

300 nm thick and deposited on quartz-coated glass substrates. To measure UV-Vis 

absorption, a Horiba Fluoromax 4 fluorometer was used equipped with a Xenon lamp. 

For the PL measurements a 473 nm laser diode was used to excite the films with the 

PL detected using a Newton CCD coupled to an Andor Shamrock spectrometer. The 

change of the PL spectrum with concentration is attributed to the formation of 

excimers and aggregates.15 We categorise the different materials into two classes as 

shown in Figure 3.2 E1, 2 and 3 and A1, 2 and 3, where E and A stand for excimers 

and aggregates respectively. In the E class, increasing the concentration yields a 

broadening at long wavelengths, consistent with the formation of excimers. In the A 

class, an increase in the concentration results in the formation of ground-state 

aggregates which manifest themselves as strongly red-shifted, highly structured 

spectral features.15 
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Figure 3.2. Chemical structures and normalised UV-Vis absorption (filled) and PL spectra (lines) of 

the BODIPY derivatives. Molecules were dispersed in polystyrene matrix, at three different loading 

ratios (1%, 10% and 20% by mass for E1 and 2%, 8% and 15% by mass for E2, E3, A1, A2 and A3). 

 

3.2. Photoluminescence quantum yield 

The photoluminescence quantum yield (PLQY) of BODIPY E2 and 3 and A1 to 3 was 

measured using an integrating sphere configuration as plotted in Figure 3.3. The films 

were mounted inside the sphere and excited using a frequency-doubled mode-locked 

Coherent Mira 900 Ti:Sapphire crystal pumped by a 532 nm Verdi V10. The PL was 

fibre-coupled from the sphere into an Oriel MS-125 1/8th m spectrometer. As it can be 

seen, the PLQY drops with increasing concentration, a result largely attributed to 

excimer-related non-radiative decay pathways.16 The PLQY of BODIPY E1 has been 

previously reported17 and exhibits a concentration-dependent PLQY drop similar to 

the materials shown in Figure 3.3. 
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Figure 3.3. Photoluminescence quantum yield (PLQY) of (a) E2, (b) E3, (c) A1, (d) A2 and (e) A3 

BODIPY derivatives with increasing concentration (6-15% by mass) 

 

3.3. Photo-oxidation 

We have explored photo-oxidation during laser excitation. This is an important 

property that determines which materials are most suitable for condensation 

applications in a microcavity. The relative PL efficiency as a function of illumination 

time of BODIPY dyes was measured following ~10 minutes of continuous 
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illumination, with PL recorded every 1 to 2 minutes. The laser used in these 

experiments was a Coherent Libra-HE+ frequency-doubled Ti:Sapphire pulsed laser 

(400 nm) with 1 kHz repetition rate and 100 fs pulse length. The measurements were 

taken at the femtosecond laboratory at the Dipartimento di Fisica, Politecnico di 

Milano in Milan, Italy with help and guidance provided by Sai Kiran Rajendran and 

Tersilla Virgili. The selection of the laser wavelength at 400 nm was intended to 

coincide with the excitation wavelength that would be later used for polariton 

condensation experiments (see Chapter 4). As it will be discussed later, in 

condensation experiments the DBRs were designed to have minimum reflectivity at 

400 nm, and thus this laser wavelength would be effectively coupled into the cavity.  

Dyes were spin-cast on quartz-coated glass substrates at a concentration of 12% by 

mass for E2-3 & A1-3 and 15% for E1. The value of the peak PL intensity was 

normalised to the initial peak PL intensity for each material at t=0 sec (Figure 3.4). 

For comparison, the perylene-based materials Perylene-Red (9.4% by  mass in 

PS/toluene)  and Lumogen-F Orange (LFO) (6% by mass in PS/toluene), were also 

tested under the same conditions. Perylene-Red and LFO both absorb light at a spectral 

region similar to that of BODIPY derivatives. As it can be seen, the perylene-based 

materials are more stable over time, while the different BODIPY dyes all undergo a 

similar PL efficiency reduction over time, with E1 being the mostly affected by laser 

excitation. Considering that E1 was dispersed at 15% by mass in PS compared to 12% 

used for the other BODIPYs, it is possible that this behaviour might be related to the 

higher concentration of the material. This concentration dependence of the relative PL 

stability over time is also shown in Figure 3.5 where the degradation of the different 

BODIPY dyes at two concentrations (4% and 12% by mass in PS/toluene) is plotted. 

It appears that the higher the concentration of the dye in the matrix, the quicker the PL 

efficiency reduces following laser excitation. 
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Figure 3.4. Relative PL efficiency as a function of time following 10 minutes of continuous laser 

excitation. Data plotted for thin films of BODIPY derivatives E1-3 and A1-3 as well as two perylene-

based materials, Perylene-Red and LFO.  

 

3.4. Amplified spontaneous emission 

Optical gain is an important requirement for materials that are used as laser media, as 

this it quantifies the efficiency of optical amplification within the material. Following 

optical excitation, spontaneous emission causes stimulated emission of identical 

photons, resulting in amplified spontaneous emission (ASE). This emission has a 

characteristic nonlinear behaviour with excitation density and is manifested by a laser-

like narrowing of the PL spectra, which indicates the gain spectral region of the 

material. An easy experimental approach to investigate whether a material undergoes 

optical gain is the stripe-length method.18 

Although it is not yet very clear which material properties are important in order to 

achieve polariton lasing and condensation in organic systems, efficient population of 

the bottom of the lower polariton branch appears to be a key ingredient in this process. 

Low optical loss within a material, which is directly related to whether or not the 

material can support optical amplification, is likely a desirable property for materials 

undergoing polariton condensation and lasing.19–21 We have therefore explored ASE 

measurements on the BODIPY-core materials in order to identify whether they 

undergo optical gain.  
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Figure 3.5. Relative PL efficiency over time following 10 minutes of continuous excitation for thin 

films of BODIPY derivatives A1, 2 and 3 and E2 and 3 at a concentration of 4% (black) and 12% (red) 

by mass. 

 

BODIPY E1 has been extensively studied in this thesis and it is also known as 

BODIPY-Br as it is a bromine-substituted variant upon boron-dipyrromethene. For 

this reason, BODIPY-Br (E1) has been studied in more detail compared to the other 

BODIPY derivatives in this chapter. For simplicity, from now on we will refer to 

BODIPY E1 as BODIPY-Br. 
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Experiments were performed at Politecnico di Milano using the laser described in 

Section 3.3. Experiments were performed at two different excitation wavelengths. 

Here, an optical parametric amplifier (OPA) was used to generate light at 500 nm. 

Laser light was focused onto the sample at normal incidence after having passed 

through a cylindrical lens in order to create a stripe excitation. The profile of the stripe 

beam is shown in Figure 3.6 (a), where its area is calculated to be 𝐴 = 0.0209 𝑚𝑚2. 

Following excitation of the film using the stripe configuration, PL was detected 

through the side of the sample, in a direction perpendicular to the excitation beam (see 

Figure 3.6 (b)). Unlike PL emission from a thin film (which is emitted in all 

directions), ASE is strongly directional. The stripe excitation method is based on a 

waveguide effect18,22 where spontaneous emission causes waveguided photons to 

propagate along the stripe, resulting in stimulated emission of identical photons and 

therefore optical amplification. 

 

 

Figure 3.6. (a) Stripe beam profile having an area of A = 0.0209 mm2. (b) Schematic of the waveguided 

ASE process showing the collimated laser beam passing through a cylindrical lens creating a stripe 

laser excitation. The ASE PL is waveguided along the laser stripe and exits from the side of the film. 
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The different BODIPY derivatives were spin-cast on quartz-coated glass, creating thin 

films having thicknesses of 200 nm and 300 nm. The concentration of the dyes in the 

polymer matrix (polystyrene) was also tuned between 2-15% by mass. The emission 

spectra of the dyes were recorded at low, medium and high excitation densities. Figure 

3.7 shows the normalised waveguided PL emission collected from the edge of a 300 

nm film of the dye BODIPY-Br at a concentration of 14% by mass, when excited at 

400 nm with a stripe configuration at three excitation densities (40 μJ cm-2,  200 μJ 

cm-2 and 240 μJ cm-2). It can be seen that the excitation density of 40 μJ cm-2 is well 

below ASE threshold (black), the 200 μJ cm-2 corresponds to the ASE threshold (red) 

and excitation at 240 μJ cm-2 is above threshold (blue).  

A series of BODIPY-Br films of concentrations 2-15% by mass and film thicknesses 

of 200 nm and 300 nm were excited using the stripe configuration in order to identify 

if they possess optical gain. The cut-off thickness (ℎ𝑐) at which no waveguided 

emission is expected to be supported by the films, was calculated using waveguide 

modelling. This is given by Equation 3.1 which defines the cut-off condition of the 

zeroth order mode.23  

 

ℎ𝑐

𝜆
=

tan−1 √(𝑛𝑠
2−𝑛𝑎

2)/(𝑛𝑓
2−𝑛𝑠

2)

2𝜋√(𝑛𝑓
2−𝑛𝑠

2)
                                       (3.1)  

 

Here 𝜆 is the emission wavelength, while 𝑛𝑓, 𝑛𝑠 and 𝑛𝑎 are the refractive indices of 

the organic film, substrate and air, respectively. We find that for a wavelength range 

corresponding to emission from BODIPY dyes, the cut-off thickness is well below the 

thickness of the films under investigation. 

Figure 3.8 shows the ASE threshold of 200 nm (black) and 300 nm (red) films when 

excited using laser light at 400 nm (solid squares) and 500 nm (solid circles). As it can 

be seen, the threshold excitation density, Pth, has a strong concentration dependence 

which we attribute to the following two reasons: (i) With increasing concentration the 

threshold is significantly reduced, indicating that at higher dye concentration in PS, 

intermolecular distances are reduced as there are a larger number of molecules per unit 
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volume leading to higher optical gain.23,24 (ii) Using waveguide modelling, it has been 

shown that the so-called ‘confinement factor’ (which is directly related to the ASE 

threshold)22 is strongly dependent on the effective refractive index of the 

waveguide.22,23 A higher concentration of a dye in the matrix, will increase the 

effective refractive index of the film, leading to a higher confinement factor and 

reduced ASE threshold.  

 

 

Figure 3.7. ASE measurement of a 300 nm film of BODIPY-Br at 14% concentration by mass in 

polystyrene when excited at 400 nm. Spectra recorded for 40 μJ cm-2 (black line), 200 μJ cm-2 (red line) 

and 240 μJ cm-2 (blue line) excitation densities. 

 

Note that the confinement factor is also related to the thickness of the film (ℎ) through 

the effective thickness (ℎ𝑒𝑓𝑓) of the waveguide. As shown in Equation 3.2 the effective 

thickness is the sum of the thickness of the film and the penetration depth of the optical 

mode into the media that surround the waveguide (the substrate, 𝑥𝑠 and air, 𝑥𝑎).22,23 

Here, the confinement factor is maximized when the effective thickness corresponds 

to the thickness of the film. Increasing the thickness of the film will result in a higher 
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confinement factor, which in turn reduces the ASE threshold as can be seen in Figure 

3.8.22 

 

ℎ𝑒𝑓𝑓 = ℎ + 𝑥𝑠 + 𝑥𝑎                                             (3.2)  

 

The excitation wavelength dependence of the ASE threshold is attributed to the fact 

that the dye absorption is higher at 500 nm compared to 400 nm where the absorption 

is minimum (see Figure 3.2). Therefore, exciting with 400 nm laser pulse leads to 

higher ASE thresholds compared to 500 nm pulse as shown in Figure 3.8. 

 

 

Figure 3.8. ASE thresholds for 200 nm (black) and 300 nm (red) films of BODIPY-Br doped in 

polystyrene at different concentrations when excited at 400 nm (solid squares) and 500 nm (solid 

circles). ASE thresholds for 200 nm (black) and 300 nm (red) films of BODIPY-Br/PS copolymers 

when excited at 400 nm (open stars) and 500 nm (solid stars). The ASE threshold is defined as the 

excitation density at which the FWHM is reduced to half of that of low excitation density.22,23  
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We have also studied a polystyrene copolymer onto which BODIPY-Br was attached 

to the polymer chain during synthesis. Four different copolymers were studied that 

contained BODIPY-Br at a concentration by mass of 5%, 5.6%, 7.3% and 8%. As can 

be seen in Figure 3.8 (star symbols), the ASE thresholds are similar to those of films 

of BODIPY-Br that are dispersed into PS. It is worth noting that in these copolymers, 

the concentration of BODIPY-Br is relatively low and cannot be adjusted (unless it is 

tuned during synthesis). For this reason these materials are not suitable for strong 

coupling in a microcavity due to their relatively low oscillator strength. Here, it was 

calculated that a BODIPY-Br / PS copolymer film of 5.6% by mass has 4 times smaller 

effective oscillator strength compared to a 10% by mass BODIPY / PS blend film. 

We find that the other BODIPY derivatives (E2-3 and A1-3) undergo optical gain with 

similar threshold concentration dependence to that of BODIPY-Br. This is 

summarised in Figure 3.9. Here 200 nm BODIPY-Br, E2, E3 and A1, A2, A3 films 

were excited using light at 500 nm in a stripe geometry. 

We find that the peak wavelength of the ASE is dependent on dye concentration and 

thickness of the films. With increasing concentration, the peak ASE wavelength of 

BODIPY derivatives undergoes a continuous redshift. Figure 3.10 shows this 

behaviour for BODIPY-Br films of 300 nm (black) and 200 nm (red) thickness when 

excited with 400 nm laser pulses. This effect has been previously observed and 

attributed to increased self-absorption at shorter wavelength and at higher 

concentrations. This reduces the optical gain in the high-energy spectral region, 

pushing the ASE to longer wavelengths.23 It has also been suggested that at higher 

concentrations the polarity of the film increases due to the polarity of the fluorphore.23 

Interestingly, Calzado et al.23 observed that the 0-0 PL emission wavelength at low 

excitation density also undergoes a spectral red-shift with increasing concentration. 

We have shown previously that BODIPY derivatives, exhibit a red shift in their 

emission spectra at higher concentration (similar to Calzado et al.23), which has been 

attributed to the formation of excimers and aggregates.15 It is likely therefore that these 

two effects (self-absorption and excimer formation) explain the red-shift of the peak 

ASE wavelength with concentration in BODIPY / PS films. 
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Figure 3.9. ASE thresholds for 200 nm films of BODIPY derivatives doped in polystyrene at different 

concentrations when excited at 500 nm. The ASE threshold is defined as the excitation density when 

the FWHM is reduced to half of that of low excitation density. 

 

In summary therefore, to find a material suitable for strong coupling and condensation 

we should consider the findings above. A material should have a high oscillator 

strength at moderate concentration to allow it enter the strong coupling regime without 

(i) compromising its ability to emit light efficiently (high PLQY) and (ii) being 

susceptible to significant photo-oxidation. In addition, it must support optical 

amplification. This will ensure that there are not significant optical losses following 
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high-density excitation, which is a desirable property of materials for polariton 

condensation.19 BODIPY-Br possesses all these properties, with its ability to emit light 

and support optical gain in the yellow-orange spectral region (a wavelength difficult 

to engineer using traditional inorganic semiconductors), making it a promising 

material system for room-temperature polariton lasing applications. For this reason, 

BODIPY-Br has selected as the active-material in the polariton condensate described 

in Chapter 4. 

 

 

Figure 3.10. Peak ASE wavelength of 300 nm (black) and 200 nm (red) thin films of BODIPY-Br 

when excited with 400 nm laser pulses at different concentrations in PS. 

 

3.5. Strong coupling in BODIPY-filled microcavities 

Before progressing to lasing experiments, this section describes the linear optical 

properties of a series of microcavities containing the different BODIPY-derivatives. 

Here, the cavities were based on two DBR mirrors. The bottom mirror was made out 

of 10 pairs of alternating SiO2 / Nb2O5 layers. These layers were deposited onto 

quartz-coated glass substrates using ion assisted electron beam evaporation (Nb2O5) 

and reactive sublimation (SiO2). After the deposition of the bottom mirror, the active 
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layer was spin-cast having an appropriate thickness to create a λ/2 cavity. The top 

mirror was then deposited on top of the organic material consisting of 8 pairs of 

alternating SiO2 / Nb2O5 layers. The ion gun was turned off during the deposition of 

the first few layers of the top mirror to avoid any damage to the organic film. 

All the BODIPY derivatives were dispersed in PS at a concentration of 10% by mass. 

The thickness of the active layer was tuned in order to fabricate a series of cavities 

with small (δ=-40 meV), intermediate (δ=-160 meV) and large (δ=-280 meV) 

negative photon-exciton detunings.  

Angular white-light reflectivity measurements indicate that all cavities appear to 

enter the strong coupling regime. Figures 3.11 and 3.12 show data from angle-

dependent white-light reflectivity (left) and angle-dependent PL (right) 

measurements made on cavities filled with thin films of BODIPY E2-E3 and A1-A3. 

All cavities were designed to have the bottom of the LPB around 570-575 nm; a 

wavelength region close to the maximum reflectivity of the DBRs. Data recorded on 

microcavities filled with the fluorescent dye BODIPY-Br is not presented here, as 

Chapter 4 is dedicated to the demonstration of strong coupling and realisation of 

polariton condensation in the BODIPY-Br system. 

White-light reflectivity measurements were performed using a goniometer 

configuration (see Figure 3.13). Two arms mounted on two concentric motorised 

wheels were used to change the angle of the incident light onto the microcavity as 

well as the collection path of the reflected light from the microcavity. A fibre-coupled 

Ocean Optics DH-2000 Halogen-Deuterium lamp was focused onto the surface of 

the microcavity using a collimating (l1) and a focussing (l2) lens both attached on the 

first arm. 

The reflected light was collected using two lenses (l3 and l4) that were attached to a 

second arm, with light focused into a fibre-coupled Andor Shamrock CCD 

spectrometer. For PL measurements, the microcavities were excited using a laser 

diode focused onto the cavity close to normal incidence with the laser beam having a 

slight downwards tilt to avoid direct reflection into the CCD camera. 
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Figure 3.11. Unpolarized angular white-light reflectivity data and PL emission from a DBR-DBR 

microcavity containing the dye BODIPY-E2 parts (a) & (b) and BODIPY-E3 parts (c) & (d), along 

with the LPB and UPB (dashed lines) and photon (C) and exciton (Ex) energies (solid lines) extracted 

from a standard two-level coupled oscillator model. 

 

Photoluminescence emission measurements were made following non-resonant 

excitation at 405 nm, with all measurements made at room temperature. Collection 

of the angular polariton emission was achieved through the collection arm used in 

reflectivity measurements (second motorised arm). As it can be seen in Figures 3.11 

and 3.12, the angle was tuned from 12º to 70º for the white-light reflectivity 

measurements and 0º to 70º for the PL measurements with an angle resolution of 1º. 

A standard two-level coupled oscillator model, which is explained in detail in Chapter 

2, has been used to describe the two polariton modes, LPB and UPB, along with the 

cavity mode (C) and exciton energy (Ex). This can be seen in Figures 3.11 and 3.12 
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Figure 3.12. Unpolarized angular white-light reflectivity data and PL emission from a DBR-DBR 

microcavity containing the dye BODIPY-A1 parts (a) & (b), BODIPY-A2 parts (c) & (d) and 

BODIPY-A3 parts (e) & (f), along with the LPB and UPB (dashed lines) and photon (C) and exciton 

(Ex) energies (solid lines) extracted from a standard two-level coupled oscillator model. 

 

as dashed (LPB and UPB) and solid (C and Ex) lines overlaying the experimental 

data. Strong coupling is manifested by a characteristic anticrossing of the LPB and 

UPB at the energy were the exciton and photon modes are degenerate. At this angle 

(𝜃𝑟𝑒𝑠) the energy separation between the two modes is at its minimum, corresponding 

to the Rabi splitting energy (ħ𝛺𝑟𝑎𝑏𝑖). Table 3.1 summarizes the values of 𝐶𝜃=0, 𝐸𝑥, 
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𝛿 and ħ𝛺𝑟𝑎𝑏𝑖 extracted from the coupled oscillator model for the cavities shown in 

Figures 3.11 and 3.12. 

 

 

Figure 3.13. Schematic of the angular white-light reflectivity and PL setup showing the sample, the 

two concentric motorized wheels and the two rotating arms used to excite the cavity and detect light 

emitted or reflected from the cavity at different angles. Lenses l1, l2, l3 and l4 were used to collimate 

and focus the light beams. 

 

Cavity Ex (eV) Cθ=0 (eV) δ (meV) ħΩRabi (meV) 

E2 2.475 2.190 285 75 

E3 2.436 2.198 238 75 

A1 2.449 2.178 271 120 

A2 2.451 2.185 266 97 

A3 2.446 2.213 233 93 

 

Table 3.1. Exciton (Ex) and photon (Cθ=0) energy values along with the photon-exciton detuning (δ) 

and the Rabi splitting energy (ħΩRabi) of cavities with BODIPY E2-3 and A1-3 shown in Figures 3.11 

and 3.12. 
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3.6. Analysis of PL distribution 

The angular PL emission of the different cavities (Figure 3.11 (b) and (d) and Figure 

3.12 (b), (d) and (f)) was analyzed in order to determine the polariton population 

distribution along the LPB at room temperature. This was achieved by dividing the 

peak PL intensity of each polariton state by its corresponding photon fraction. Results 

of this analysis are shown in Figure 3.14 (open squares) where we plot the normalized 

polariton population with energy for the different BODIPY microcavities. 

 

 

Figure 3.14. The open squares show the polariton population distribution along the LPB at room 

temperature that was obtained from microcavities containing the BODIPY derivatives E2, E3, A1, A2 

and A3. The red solid lines are fits to the experimental data. 
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In a study by Grant et al.17, it was suggested that when strongly coupled microcavities 

containing the molecular dye BODIPY-Br are excited non-resonantly, an exciton 

reservoir (ER) of weakly coupled states is formed. States in this ER are then able to 

radiatively pump polaritons in the LPB, with the efficiency of this process being 

proportional to the photon fraction of the polaritons (see Equation 3.3).17 The states 

responsible for pumping polaritons were identified as the weakly coupled 0-1 

vibronic transition and excimers of the molecular dye. The authors used up to two 

Gaussian functions to describe the ER and the polariton population distribution of the 

LPB was simulated by multiplying these Gaussian functions with the photon fraction 

of the polaritons.17 

 

𝑊𝑘←𝑥 = 𝑊1𝑒
−(𝐸𝑘−𝐸1)

2

2𝜎2 |𝑎(𝑘)|2                                   (3.3) 

 

Here, we have used a similar approach to describe the population distribution of 

polaritons on the LPB. Surprisingly however, we found that this approach only 

provided an acceptable fit to the LPB at relatively high viewing angles (θ>20º). At 

small angles (θ=0º→20º) however, it was found that there was a much larger 

population of polaritons than could be described using this model. Indeed, as can be 

seen in Figure 3.14, there is a very sharp increase in polariton density in all cavities 

around normal incidence. 

To address this issue, we have added an extra term to the model as advanced by Grant 

et al.17 and summarized in Equation 3.3. Here, we specifically included a term which 

arbitrarily describes a co-existing population of thermalized polaritons alongside the 

reservoir pumping term. We feel justified in doing this, as the Q-factor of the cavities 

explored here is around 3-4 times higher than those studied by Grant et al.,17 and thus 

the enhanced stability of the polariton states may allow some degree of thermalization 

to occur.  

Table 3.2 tabulates the centre energy and width of the Gaussian functions used to best 

fit the reservoir pumping term. 
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Cavity E1 

(eV) 

σ1 

(eV) 

E2 

(eV) 

σ2 

(eV) 

E3 

(eV) 

σ3 

(eV) 

E4 

(eV) 

σ4 

(eV) 

E2 2.134 0.266 - - - - - - 

E3 2.147 0.256 - - - - - - 

A1 2.166 0.177 1.933 0.066 1.865 0.039 - - 

A2 2.206 0.099 2.072 0.169 1.873 0.039 1.872 0.237 

A3 2.127 0.077 2.09 0.288 - - - - 

 

Table 3.2. Center energy (E) and width (σ) of the Gaussian functions that were used to fit the reservoir 

pumping term. 

 

As it can be seen in Figure 3.14, this simple model allows us to obtain a relatively 

reasonable fit of the population distribution (fit shown using red solid line). However, 

the thermalisation temperatures extracted from this model range from 80 to 150 K 

and are thus rather unrealistic, as this temperature is much lower than the temperature 

at which the measurements were made.  

A key assumption of our model is that thermalisation can occur within timescales 

defined by the lifetime of polaritons. The description of the ER using a series of 

simple Gaussian functions is also questionable. Nevertheless, the agreement between 

data and theory is reasonable. We believe therefore that our results must be 

considered as suggestive rather than conclusive, and we emphasize that a more 

detailed study is needed to identify the relaxation and population mechanisms of the 

system. 
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3.7. Conclusions 

Six different BODIPY-core materials were introduced in this chapter. These dyes are 

highly fluorescent and make smooth and relatively uniform thin films when dispersed 

into a PS/toluene matrix. They have narrow linewidths and high oscillator strength 

making them good candidates as the active semiconductor in organic strongly 

coupled microcavities. 

Before exploring their properties in microcavity structures, a series of experiments 

were conducted to study and understand their optical properties. It was concluded 

that the PLQY has a strong concentration dependence and the dyes seem to be stable 

following intense pulsed optical excitation. BODIPY-derivatives spin-cast onto 

quartz-coated glass substrates undergo optical gain, which leads to ASE following 

pulsed excitation using a stripe-pumping geometry. There is a clear concentration 

dependence on the ASE threshold as well as the peak ASE wavelength. Film 

thickness also affects the ASE threshold. These are explained with reference to a 

waveguide model and the photophysical properties of the dyes. 

A series of DBR-DBR λ/2 cavities were designed and fabricated containing BODIPY 

films in a PS matrix at 10% concentration by mass. Angular white-light reflectivity 

and PL measurements were used to show that these cavities enter the strong coupling 

regime. A two-level coupled oscillator model was used to model the energy of the 

polariton branches along with the photon and exciton mode energy and the Rabi 

splitting energy of the system. The polariton population distribution along the LPB 

was calculated using the PL data and the photon fraction of the polaritons. A simple 

model combining radiative pumping of polaritons from an exciton reservoir and a 

thermalisation term was then used to describe the experimental results. 

All BODIPY derivatives have been proved to be good candidates for strong coupling 

experiments. In particular, BODIPY-Br exhibits high oscillator strength at moderate 

concentrations, and has a reasonably high PLQY, good optical gain and reasonable 

photostability. This material system has also the advantage of emitting luminescence 

at a spectral region not easily accessible using inorganic semiconductors, making it 

favorable system with which to explore non-linear effects in microcavities (see 

Chapter 4). As we discuss later in this thesis (Chapter 5), the slightly different exciton 
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energy of the BODIPY derivatives can allow two different dyes to be combined in a 

microcavity and then hybridized to the same optical mode.  
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Chapter 4. A yellow polariton condensate in a dye filled 

microcavity 

 

4.1. Motivation of work 

Because strongly coupled organic semiconductor microcavities operate at room 

temperature, they are a popular platform to study macroscopic quantum phenomena, 

with a number of researchers now considering practical applications of this 

technology. When this project was initiated, organic polariton lasers and condensates 

had only recently been reported1–3 using pure films of chromophores placed between 

two mirrors. Such systems operated at room temperature and emitted light between 

420 nm and 475 nm. In the following paper, we report a polariton condensate at room 

temperature that emits light in the yellow spectral region, a wavelength that is difficult 

to engineer using traditional inorganic semiconductors. Importantly, we use a dilute 

system in which small fluorescent molecules (BODIPY-Br) are dispersed in an inert 

polymeric matrix. This allows us to tune both the light-matter interaction strength and 

the photoluminescence quantum efficiency of the active layer through the dye/polymer 

concentration ratio. The new material system that we create opens the field to using a 

range of commercially available fluorescent molecular dyes blended in an inert matrix 

in microcavities; a prospect that will allow tuning of the polariton lasing wavelength 

over the entire visible spectrum to the near-IR. 
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Chapter 5. Control over energy transfer between 

fluorescent BODIPY dyes in a strongly coupled microcavity 

 

5.1. Motivation of work 

It has been shown that when two different semiconductors are placed in a microcavity 

they can hybridize via the confined photon modes, resulting in three different polariton 

branches. Energy transfer to the lower polariton branch (LPB) via hybridised 

polaritonic modes can occur in such hybrid systems, even when the molecular 

materials are physically separated by a “spacer layer”. 

Polariton condensation occurs following bosonic stimulated scattering to the bottom 

of the LPB when the occupation of this state exceeds unity. Efficient population of the 

bottom of the LPB is a key ingredient in order to achieve a high occupancy. Therefore, 

studying efficient mechanisms by which the LPB can be populated may allow the 

reduction of polariton condensation threshold.  

This work built upon work that showed that polariton states in the LPB in a range of 

molecular-barrier systems are populated from a reservoir of uncoupled excitons. Here 

we compare two microcavity structural designs. One type of cavity allowed short-

range Förster resonance energy transfer (FRET) to take place between molecules. This 

was compared with a second type of cavity that was designed to allow only long-range 

polariton mediated energy transfer. We showed that FRET creates an energetically 

low-lying exciton reservoir with an efficiency close to unity. The FRET process was 

shown to be more efficient than long-range energy transfer, although it was only 

created over very small distances.  

Here, it was concluded that in the multilayer microcavities, long-range polariton-

mediated energy transfer was dependent on the detuning of the microcavity. Positively 

detuned microcavities showed an incomplete energy transfer to the LPB with the 

majority of luminescence emitted by the middle polariton branches (MPBs). This 

observation was explained using the Hopfield coefficients of MPB states along with 

the fact that the energetic distribution of the two exciton reservoirs favoured 
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population of middle branch polaritons rather than polaritons on the LPB. When 

negatively detuned microcavities were investigated, it was shown that a more efficient 

energy transfer occurred toward states on the LPB with a significant redistribution of 

emission from the microcavity.  

In the case of microcavities where the two molecular dyes were blended together in a 

single layer, we showed that energy transfer occurred only in the exciton reservoir. In 

such structures, although MPB states are energetically accessible, luminescence is 

emitted only from the LPB suggesting a near-unity energy transfer. 

 

5.2. Author contributions 

K.G. designed and fabricated the microcavity structures and then performed the 

optical spectroscopy experiments. P.M. supported the theory for polariton population 

density calculations (included in SI). L.G., M.C. and Z.S. synthesized and provided 

the BODIPY derivatives. K.G. wrote the manuscript with significant input from 

D.G.L. who also supervised the project. 

 

5.3. Publication 

In the following, we present the publication, as it appears online in the Journal ACS 

Photonics.  

“Reprinted with permission from Georgiou K. et al., Control over energy transfer 

between fluorescent BODIPY dyes in a strongly coupled microcavity, ACS Photonics 

2018, 5, 1, 258-266. Copyright (2018) American Chemical Society.”
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Chapter 6. Generation of anti-Stokes fluorescence in a 

strongly coupled organic semiconductor microcavity 

 

6.1. Motivation of work 

In organic systems, it has been established that the vibrational modes of a molecule 

can assist the relaxation of uncoupled excitons from the exciton reservoir to polaritonic 

states in the lower polariton branch (LPB). Recently, a growing interest in how 

rovibrational modes of molecular materials interact with cavity polaritons has 

stimulated much theoretical work. In inorganic systems, similar processes have been 

studied theoretically and experimentally, where acoustic and LO phonons interact with 

polaritons, with anti-Stokes fluorescence (ASF) of LPB polaritons from an inorganic 

quantum-well strongly coupled microcavity recently reported. Here it was shown that 

polaritons that were optically injected at the bottom of the LPB could scatter to higher 

energy states along the same branch, utilising energy provided by phonons in the 

system. 

Organic semiconducting materials used in strongly coupled microcavities are rich in 

rotational, vibrational and other low frequency modes, however relatively little is 

evident in the way of underpinning experimental evidence of phonon interaction with 

polaritons to support theory. Here, we provide direct experimental evidence for the 

interaction between cavity-polaritons with the surrounding thermal bath in a strongly 

coupled organic semiconductor microcavity; a process that results in anti-Stokes 

fluorescence.  

First, we perform angular white-light reflectivity measurements to ensure that the 

microcavity operates in the strong coupling regime. Using temperature dependent 

photoluminescence measurements on control non-cavity films and on strongly 

coupled microcavities, we show that the excess energy needed to generate such anti-

Stokes fluorescence is provided by the ground-state vibrational energy of the 

molecules. Time-resolved photoluminescence measurements on microcavities when 

excited resonantly (resulting in ASF) and non-resonantly show that both processes 

have similar time dynamics suggesting a very similar underlying mechanism. It is 

concluded that polaritons that are optically injected at the bottom of the LPB, can 
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pump molecules that exist in a vibrational excited ground-state creating an exciton 

reservoir. The exciton reservoir can then populate polariton states that are at a higher 

energy than the energy of the initial laser excitation.  

By analyzing the angular PL distribution of the strongly coupled microcavities, we 

can convert PL intensity into relative polariton population. Following such analysis, 

we find that the relative population of cavity-polaritons corresponding to anti-Stokes 

fluorescence is up to 3 times higher compared to that of a comparable control film 

(shown in Figure 6, black and red lines). We believe this to be an important finding as 

the ability to generate anti-Stokes fluorescence efficiently may allow cavity structures 

to be created that undergo laser cooling. Indeed, it might even be possible to create an 

electrically pumped device that would undergo self-cooling by emitting polaritons. 

Work is currently planned to follow on such ideas and explore laser cooling in more 

detail. 

 

6.2. Author contributions 

K.G. designed and fabricated the microcavities. K.G. performed the white-light 

reflectivity measurements. K.G., R.J. and D.M.C. measured the room-temperature 

photoluminescence from strongly coupled cavities and control non-cavity films. K.G. 

performed the temperature dependent measurements. K.G. and A.A. measured the 

time-resolved photoluminescence. K.G. analysed the data. K.G. wrote the manuscript 

with significant input from P.G.L. and D.G.L. who also supervised the project. 

 

6.3. Publication 

In the following, we present the publication, as it appears online in the Journal ACS 

Photonics. 

“Reprinted with permission from Georgiou K. et al., Generation of anti-Stokes 

fluorescence in a strongly coupled organic semiconductor microcavity, ACS Photonics 

2018, 5, 11, 4343-4351. Copyright (2018) American Chemical Society.”  
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Chapter 7. Conclusions and future work 

 

7.1. Conclusions 

Organic semiconductors have been established as good material systems for use as the 

active layer in strongly coupled microcavities. This is due to their high binding energy, 

which allows the realisation of strong coupling at room temperature and also their 

large oscillator strength allowing for Rabi splitting energies on the order of 0.1-1 eV. 

Additionally, the ease with which these materials can be processed and deposited in 

microcavity structures is an advantage compared to inorganic semiconductors, whose 

growth requires difficult, expensive and time-consuming techniques. In this thesis, we 

have explored the fabrication and room-temperature optical characterisation of 

strongly coupled microcavities containing different fluorescent molecular dyes 

dispersed in a polymer matrix at relatively low concentrations. 

In Chapter 3, we introduced a series of BODIPY fluorescent molecular dyes. The 

photophysical properties of these different BODIPY derivatives were investigated 

using different spectroscopic experiments. We concluded that BODIPY dyes are good 

candidates to use as the active material in strongly coupled microcavities. Next, we 

fabricated a series of high Q-factor microcavities and showed using white-light 

reflectivity measurements that all the cavities can enter the strong coupling regime at 

room temperature. Following non-resonant laser excitation, room-temperature 

photoluminescence was emitted from such structures and from its analysis, the 

polariton population distribution along the lower branch was deduced. A simple model 

was then used to describe the population distribution considering the formation of an 

exciton reservoir of states that remain weakly coupled to the confined optical mode. 

In addition to the study of microcavities operating in the linear regime, non-linear 

effects from a strongly coupled microcavity containing a fluorescent BODIPY dye 

were discussed in Chapter 4. This structure utilised two distributed Bragg reflectors, 

which resulted in a high Q-factor microcavity. White light reflectivity and low laser 

excitation density measurements showed that the cavity operated in the strong 

coupling regime at room temperature. Following high-density laser excitation, the 

occupation of the bottom of the lower polariton branch exceeded unity and a phase 
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transition occurred. A room-temperature polariton condensate in the yellow region of 

the spectrum was realised. Power dependent measurements showed that above an 

excitation threshold there was a non-linear increase of the luminescence intensity 

accompanied with a drop in the linewidth of emission. A continuous energy blueshift 

of the emission was also observed with interferometry measurements confirming a 

high degree of spatial coherence.  

Chapter 5 described the hybridisation of the excitonic transitions of two BODIPY dyes 

by coupling them to the same confined optical mode of a metallic mirror microcavity. 

Two structural microcavity configurations were used: (1) A microcavity which 

incorporated a spacer layer to separate the two molecular dye layers, and (2) a 

microcavity which contained a film of the same dye molecules that had been blended 

together in a polymer matrix. The first configuration allowed for long-range energy 

transfer to take place while in the latter, direct dipole-dipole coupling was achieved 

which led to short-range Fӧrster resonance energy transfer. Using different 

spectroscopic experiments, we showed that the emission patterns from microcavities 

containing the spacer layer were depended on the exciton-photon detuning. In cavities 

containing the blend, fluorescence was emitted only from the lower polariton branch 

indicating almost complete energy transfer from the donor to the acceptor molecules 

within the exciton reservoir.  

In Chapter 6, polariton anti-Stokes fluorescence in a BODIPY-filled metallic mirror 

microcavity was demonstrated. Using temperature dependent measurements, we 

observed a reduction in the intensity of the anti-Stokes fluorescence at low 

temperatures indicating a thermally activated process. The polariton emission 

dynamics were investigated using a streak camera and found to be very similar to those 

following non-resonant excitation. Therefore, we concluded that polaritons that were 

injected at the bottom of the lower polariton branch interacted with an exciton 

reservoir before scattering back to ‘hot’ polariton states. We have proposed a picture 

to describe this process: Polaritons are generated at the bottom of the lower polariton 

branch when the microcavity is resonantly excited. Decay of these photo-generated 

polaritons pumps molecules that exist in a vibrationally excited ground-state forming 

an exciton reservoir. This reservoir is then able to optically pump and populate 

polariton states that have a higher energy than that of the initial laser excitation, 

leading to anti-Stokes fluorescence. The angle-integrated population of cavity-
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polaritons responsible for anti-Stokes fluorescence was found to be 3 times larger than 

that of ‘hot’ excitons in a non-cavity film. This enhancement of anti-Stokes 

fluorescence in a microcavity resulted from the fact that Stokes emission was 

suppressed as its energy was below the cut-off frequency of the cavity. Therefore, it 

was suggested that anti-Stokes polariton fluorescence could be used to explore laser 

cooling in solid-state systems.  

 

7.2. Future work 

In previous studies, polariton condensation has been achieved using pure films of 

organic fluorophores placed between two highly reflective mirrors. Here, we 

demonstrated that diluted molecular dyes can also undergo polariton condensation. 

This opens the possibility to use a range of molecular materials at relatively low 

concentrations that emit light at different wavelengths of the visible and near-IR 

spectrum. For example, we have very recently observed laser emission from the lower 

energy state of a strongly coupled microcavity containing a perylene-based molecule 

(Lumogen-F orange) dispersed in a polymer matrix. This material is more photostable 

compared to BODIPY dyes as was shown in Chapter 3. It would be interesting to 

create different patterns in such structures that will allow confinement of light to be 

achieved in more than one dimension. This might reduce condensation thresholds as 

well as allow different quantized optical modes to interact with molecular excitations. 

In the linear regime, it would be interesting to study multilayer microcavities, where 

the separation distance between the strongly coupled dyes is tuned. This will allow us 

to determine at which extent long-range energy transfer can be achieved in such 

structures and whether the separation distance can affect the efficiency of this process. 

Apart from traditional monolithic microcavities, a different approach to achieving this 

is by using an open cavity configuration where each of the two molecular materials is 

deposited on one mirror. Then air between the mirrors will act as the spacer between 

the two molecular materials. In addition, using monolithic microcavities, by increasing 

the thickness of the spacer layer while reducing that of the dye layers (i.e. a transition 

from the strong to the weak coupling regime), may also allow us to identify how the 

coupling strength between excitons and photons could affect the long-range energy 

transfer. 
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In the future, it would be very interesting to explore anti-Stokes fluorescence in 

microcavities containing different types of organic semiconductors. Examples would 

include, cavities filled with J-aggregates that are characterized by a single sharp and 

narrow transition, or cavities containing molecules like Lumogen-F Orange or 

anthracene, which have a strong vibronic progression. Particular focus should be given 

to materials with very high PLQY which may allow us to demonstrate laser cooling 

of organic microcavities. The advantage here is that the polariton near-parabolic 

dispersion favours the population of polariton states associated with ASF emission 

rather than states associated with Stokes emission. The latter exist below the cut off 

energy of the cavity where the density of states is near zero. We are already planning 

to perform such experiments using a controlled environment and probing the 

temperature of the sample using different techniques, i.e. thermal camera with 20 mK 

resolution. 

 


