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Abstract

This thesis concerns the fabrication and study of strongly coupled organic
microcavities containing a series of éifént borordipyrromethene (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. {DER 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 qualityrfsictectures 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

coherege length of the polariton condensate.

Lower Qfactor 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) directsange dipoledipole coupling
between the molecules, and (2) polaritoadiated energy transfer. We assess the
efficiency of the energy transfer by quantifying the polariton population density along
each polariton branch following laser excitation. It isaoded that shontange €3

nm) energy transfer induced by dipeadgole coupling is more efficient compared to
long-range (60 nm) polaritemediated energy transfer, although the loaugge
process is estimated to transfer up to 87% of states towleepolariton branch.

The generation of anftokes polariton fluorescence is studieth low Q-factor
metallic cavitiesfollowing resonantexcitationat the bottom of the lower polariton
branch. Here, it isoncluded that thermal energy in the systemvies the excess of
energy needed for emission of photons having higher enkagthat of the initial

laser excitation. Using temperature dependent and time resolved measurements it is
concluded that polaritonseturn to theexciton reservoitby opticaly pumping a
molecule in avibrationaly excited ground stateThe excitoncreated then emits

fluorescence thadopulates polariton states with an energy higher than the laser energy



resulting in antiStokespolaritonfluorescenceWe believe such systemsimbe of

significant interest in exploring laseooling phenomena in solgtate systems.
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Chapter 1.Introduction

Eachandeveryhot on t hat enters the Earthos at me
absorption or Rayleigh scatteringith atoms and molecules. Blue photons are
scattered more than rég particles in the atmosphe@ndhence the sky appears blue.
Light-matter interaction was studied by Newton more than three centuries ago when

he used prisms to separate white ligio its componentsSince then, humarhave

manipulated light in many ways through lighttter interactionsranging from

fabrication of opticalelements used iphotonicexperiments to contact lenses for

vision correction.For this reasonis very important to understand lightatter

interaction For instance, Raman spectroscopy utdibe ability of photons to scatter

with matter to observe rational, vibrational and other low frequency motieghelps

us identify the chemical composition and structure of a samlbotons, being
Aimessengerso from the wuni ver digesinastald ow a st
emissionand analysés constituents. Very recently, it was announced that laser light

will be used to provide momentumlight-weight robotic spacecraftlat will besent

to the outer spacaccelerating them to a speed as fast adifthef the speed of light

in order to study the nearest starsur solar syster.

At small lengthscales, nanostructures can provide confinementigfh ot on 6 s
electomagneticfield. Usually, this is achieved by placing two highly reflective
mirrors in close proximity, having a separation distance on the or@anamrometre

or submicrometre. Such structures aermed microcavities. If a semiconducting
material is placed ia microcavity inthe vicinity of the confined electric fielavith a
transition resonant with the energy of the field, light (photons) and mattetef
excitations)start to interact with each other. i$Hight-matter interaction can be
described by twaegimes. In the soalled weakc o up |l i ng r eGpidane , Fer
Rule is valid and the interaction can be described by perturbation theory. In the case
of a reversible exchange of energtween light and mattemwbere the energy
exchange rate is faster thtre semiconductor excitodephasingateand the rate at

which photons escape from the microcayitite strongcoupling regime is realised.

I n this r eGpldemRule doEsenotimildGasd new hybrid bosonic iglit

half-matter eigenstates, tertheavity-polaritons, are formed.
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Cavity-polaritons are aoherent superposition of excitons and photons and have
properties of both This mattercomponenallowspolaritonsto interact withexcitons,
phonons and witlether polaritonst high densitieddowever polaritonshave a vey

light masg10° themass of the free electron) because of their photonic character. This
also leads to &hort finite lifetime in the range of tens of fs to hundreds of ps.
Polaritons are bidimensional qugpsrticles, described by their energy anelane
momentum. They have a distinctive near parabolic dispersion with an energy
minimum at zero wavevectoand manifest themselves with a normal mode splitting

at the energy where tineonstituenphoton mode and excitons are degenerate.

Strongcoupling inplanarmicrocavities was demonstrated for the first time more than
25 years ago utilising inorganic quam wells (QWs) at cryogenic temperatutesd
using organic semiconductors at room temperature a few years$atee then, great
advancements have bearade usingpolaritons in inorgani€ * organid®:16:25.1724

and hybrid structure®:?’



1.1. Thesisoutline

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 microcavisetiscussed in deilawith 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 halight half-matter nature of polaritons can be usedstiady
condensation, lasing and other interesting physical phenomena at room temperature.
A historical review of imprtant achievements in strongtpupled microcavities is

then presented with a focus on organic semiconductor microcavities.

The experimeratl 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 authords publ i she
Chapters 4 are corprised 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 presentedt i explained why such fluorescent dyes are
favourable for application as the active layerstiongly couplednicrocavities. The
demonstration of strong coupling is then achieved in a series of microcavities filled
with 5 different BODIPY derivatives. Atandard tweevel coupled oscillator model

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

The low effective mass of organplaritons is a property inherited from their

photonic component, and in combination with theyéabinding 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 BODfi¥d strongly coupled
microcavity is studied under intense optical excitation. At hpglsed excitation

densities, a phase transition occurs and a polariton condensate in the yellow region of
the spectrum is realised at room tempera
manifested by a laséike emission, an emission blueshift andreewidth reduction

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

condensate has a high degree of spatial coherence.



Chapter 5 describes how two different BODIPY dyes can be placed inside a

microcavity in order to study the &ffency 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 €iffnt materials resulting in shagnge

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

mode (secalled polaritoamediated longange energy transfer). It is concluded that

the polaritoamediated energy transfer ot as efficient as the shednge energy
transfer, which is based on F rster resonant

to unity.

Chapter 6 details how resonant excitation of the bottom of the lower polariton branch
(LPB) of a BODIP¥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 eflAB 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 todpellated 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 fastitiamodes exist at an
energy below the cuidff energy of the cavity mode where the density of states is near

Zero.



1.2. Alternative thesis format

The published papers incorporated in this thesis, form a coherent body of work and
therefore, it was decidetiat 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 aispersed 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 possilyiof achieving polariton lasing at spectral
regions where lasing is not readily achieved (i.e. the yetitamge region). A key
component of reaching a condensation threshold is to efficiently populate the bottom
of the lower polariton branch. Combinidgferent 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 tbatsually 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. ligined Chapter 6, we
demonstrate how rovibrational modes can interact with polaritons and how they can

exchange energy leading to the generation of@iatkes fluorescence.
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Chapter 2.Theory of microcavity organic exciten

polaritons

Chapter 2Zaims to giveaninsight into the physics of organic semcctors, optical
microcavitiesand organic excitopolaritons As will be discussed, these aeaiseful

platform for studying fundamental and intriguing physical phenomena.

2.1. Organic materials

Thereis no unambiguous definition of organic materialgt it is generally accepted

that they are compoundsh in carbon and hydrogen, and sometimes contain nitrogen
and oxygenTheyarefound in nature butanalso be synthesised in the form of small
moleales, monomers, oligomers and polymers. Changing the number of atoms and
molecularconfigurations as well as the bonds betwatamscan create an infinite
number of combinations with each combination corresponding to a new organic
material. Therefore, theptical and electronic properties of organic materials can be
tailored depending on thieapplication

In the past centuryheinorganic semiconductor industry has led deselopment of
modern technologiassed inconsumer electronics and optoelectren8ilicortbased
devices have been used to harvest the energy ofsufdr electricity generatioand

control the current flow in electronic circuité. However, such inorganic
semiconducting materials and devices have some disadvantages compared to their
organic counterparts-or example, the rgwth of silicon is a difficult process,
requiringthe use okxpensive and timeonsuming techniques, making it unsuitable
for what i1t is called fdi spos ajrdcessegd | ectr
organic materials can be easily massducedat low cost, making them a strong
candidate to replace mature siliebased technologies. Organic optoelectronicgeha

been expanding rapidly in the last couple of decadéh, progresded by display
technologies with devices using organic light emittitigdes (OLEDS)* beconing

widely available.



2.1.1. Organic semiconductors

Inorganic materials owtheir semtonducting properties to thmeriodicstructure of

the crystahe solid, whichresults in theformation ofthe valence band (VB) and
conduction band (CB). These two bands are separated by an energy termed the band
gap of thesemiconductarlf a material ha a band gap greater than around 4iel
consideed 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 betvieat ofametal ancaninsulator. Organic
materials can form crystals but aréten found in a norcrystalline form. However,

they havea band gap similar to that found in inorganic semiconducteith their

semiconducting properties ang from the bonding of atoms.

Electrons in atoms are confined in discrete energy states called onvhiadh, are
described by solutions of the Schrodinger equafidresecan be characterised by
different quantum numberghe principal quantum numbeg, takes values

plgfolB 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 theatom The angular momentum quantum number ofdH®tal, & can

take values ofi Tipltiol8 etc., or using the nomenclature § MRS etc.,
respectivelyand itis responsible for the shape of the orbital. The magnetic quantum
numberd , takes integer values betwegtiand ¢ anddefines the orientation of the
orbital. For instance, for a given value ©fthere is only one permitted orientation for

i orbitals @ a ) which haa spherical shape. Dumbbshaped orbitals have

three allowed orientationshich areperpendiclar to one anotheand aredenoted as

n ,n andrn . 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 reglu®verlapping orbitals with different phase
resultin the formation ofo called antbondingorbitalswhere the atoms repel one
another and the total energy of the system is higher than that of individual &tans.
over |l ap of or bon @i s rodhed n -onBbendirggandhonding)
results in al-bond (*-bond), whilst sideon bonding (antbonding) results in a-
bond (" *-bond) The latter are weaker bonds and tend to be delocalized over one or

more atoms or moleculel more complicated syems, the concept of hybridisation

10



must be introduced in order to describe the bonding of atoms. In the following
paragraphs, the bonding procestweerncarbon atoms is used to explain the concept

of hybridisation.

Carbon atoms have 6 electrons of whichre valence electrons that can take part in
bonding. Carboibased 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 electroniu&ure of a neutral and isolated carbon
atom ispi ¢i ¢n . The inner shell of the atom of carbon is fillgd () with two
electrons with opposite spin esjuiredb y P d@&xclusiodPsinciple, sotheycan be
ignored when discussirthe bonding of carbon atoms. However, when carbon atoms
are involved in the formation of covalent bonds with other atoms, an electron from the
¢i shell is promoted to ther) orbital creating the electronic configuration

pi ¢i ¢n . The remaining;i electron can hybridise with one, two or even all three
¢n electrons forming hybridised orbitals. The three different combinations can give
rise to (i) two hybrid ryith two remaining;r) orbitals, (ii) three hybrid 1 with one
remaining ¢ orbital and (iii) four hybrid i 1) orbitals, respectively.In i 1
hybridisation the hybrid orbitals are at 180° to each other with the two remaining
orbitalsbeing perpendicular to the hybridrprbital. In i 1 hybridisation,the three
hybrid orbitals lie on the same plane at an angle of 120° to one another with the one
remaining¢n orbital being perpendicular to the hybrid orbital plane. In the case of
i n, the four hybrid orbitals lie in a tetrahedral configuration separated by Enaing
109.5°. The hybridisation process including the electronic configurations along with

the orbital orientation is summarised in Figure 2.1.

In the case where twio rhybridised atoms bond together, aneénhybrid orbital from
the first atom overlagpwith onei rhybrid orbital from the second atofiorming ad-
bond. The two remainingr) orbitals of each atonfwhich lay at a perpendicular
orientation to the direction of thebond form two " -bonds. Therefore, rpybridised
atoms bond together thugh a secalled triple bond consisting of odebond and two
“-bonds. The remaining rhybrid orbital that is not involved in ¢fbonding process

is free to bond to other atoms.

When twoi 1y hybrid atoms bond to one anothefj-aond is formed betwedwo sg?

hybrid orbitals. The one remainirg) orbital from each atom overlapo form a” -

11



bond resultingin a double bondhat iscomposedf one (-bond and oné-bond.
Again, the two remaining 1) hybrid orbitals are available to form bonds witter

atoms.

In the case where twio 1) hybridised atoms bond together, ongtaffouri rhybrid
orbitals from each atom overlg form ad-bond. The remaining thrde ry hybrid

orbitals from each atom atkeenavailable to form bonds with othemoats.

1s 2s 2p, 2p, 2p,

-

sp hybrids !

promotion

1s 2s 2p, 2p, 2p, sp? hybrids

sp3 hybrids

Figure 2.1. The hybridization process starting with the promotion af @lectron togr) . 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,

strongl-bonds result from the ermh overlap between hybridised orbitals, whilst the

12



unhybridised;n orbitals are responsible for weaker and more delocalizezhds. A

very good example is the benzene ring, which consists df sphybridised carbon
atoms. The sixarbonatoms are bound to each othirming six (-bonds through
endon overlapping ofi 1 orbitals of neighboring atoms. Each carbon atom
contributes two out of thrée iy hybrid orbitals to formi-bonds with two neighboring
carbon atomswhile the remaining 1 orbital of each carbon atowverlapping to

form al-bond with the sphericali orbital of hydrogen. Then unhybridised orbitals

of the six atoms are responsible for the formation of thrbends (in the lowest
energy configuration). Therefore, the benzene ring has three sirgiads)and three
doublebonds(consisting of ondl-bond and oné-bond) appearing in an alternating
arrangement. Systems having alternating single and multiple bonds as a result of
connectedn-orbitals are known as conjugated systems, which generally are
characterised by lower molecular energy and irsgdatability. The electrons of the
"-bonds are delocalized over a large area above and below the hexagonal plane of
benzene and since there are six out of plamperbitals there will be six possible

molecular orbitals (M©).

Figure 2.2 shows the spossible molecular orbitals of the benzene ring with three
bonding orbitals (lower energy M) and three antbonding orbitals (higher energy
MOs). Each of the sixr orbitalscontainsone el ectron and accol
Exclusion Principle, two elecions with opposite spin can occupy each molecular
orbital. Therefore the three lowest energy $/&@e filled with six electrons (two
electrons with opposite spin each) whilst the three highest energyévi@in empty

as shown in Figure 2.2. The highest ogedpmolecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) in benzene consist of two energetically
degenerate orbitals. An electron frane HOMO level can be promoted tine LUMO

level following the absorption of aufficientamount & energy ¢orresponding to the
band gap energy)he pomotion of an electron frorthe HOMO to LUMO leaves
behind a positively charged hole. The electhate pair is a bound state called
exciton. The similarity of HOMO and LUM@velsin anorganic sentonductor to

the VB and CB band in inorganic semiconductors is chea,qualitativelyexplairs

how organic materials obtain their semiconducting properties.

13
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Figure 2.2.The six allowed molecular orbitals of benzene along with" thend configurationsand

the electron populations of the molecular ground state.

2.1.2. Optical absorption, vibrational relaxation and emission

Absorption of lightby a medium usually occurs when a photon transfers its energy to
a bound electron iaground state and exciteddtanexcited 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 phafonjs
resonant or close to resonant with the energy levels of the material as shown in

Equation 2.1, assuming the two energy levels b€ing andO

O ® — O 0 (2.1)

Here, Qi s P | a n c kidssthe photorsfrecuendyiis the speed of light and

the wavelength of the photon.
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The probability of a photoheingabsorbed by a molecule is greater when the photon
energy corresponds to an electronic transition. This pilbityafor a photon of
wavelength_is definedby the absorption cross sectign,_ , which hasunits of area.

The absorption coefficient, _ , for N molecules per unit volume, can be defined as
the productof N and,, _ and it is expresseds aninverse length. In other words,

| _ is the fraction of the power of a light beam absorbed per unit length when
traveing in an absorbing mediufif the optical intensity of the propagating beam
initially "Q, after traveling a distanagit is "Q then for a distanc® ¢the reduction in

intensityQ "@ssuming no scattering) is given by

Q0 'PQA (2.2)

Integration of Equation (2.2) gives rise to the Bemmbert lawasshown in Equation
(2.3)

0 0Q (2.3)

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

unattenuated optical intensity

Y o— 0 (2.4)

Equation 2.5 showthat the optical density (O.D.) e medium, also known as the
absorbance(, is the negative base 10 logarithm of T and can be related to the

absorption coefficient through Equation 2.6.
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5 GEéTY aée (2.5)

5 —— m pa (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 gielogvgy when

the bond (pring) is at its equilibrium length. Any streioly or compression of the
bond results in an increase of twite systemds
respect to the separation of the atoms is represented by the Morse potential which is
very similar b the harmonic oscillator potential (Figure 2.3)isl&tombond system

can oscillate with alloweddiscrete frequencies which manifest themselves as
vibrational energy levels within the Morse potential as shown in Figure 2.3. At room
temperature, an eleon canusually be found at the lowest vibronic energy leuve],

of the HOMO.Generally, the different orbitals represent different energy levels with
the HOMO (ground state) and LUMO (first excited state) denaigidg"Y and"Y,
respectively, wheréystands for singlet (spipaired states in a muélectron system).
Higher energy orbitals are denoted with a consecutively increasing subscript.
Following the absorption of a photon, an electron from the HO&®@l s excited to

the LUMO. The FrandfCondon 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 a greater probability for the particular electronic transition

to take placgwith this principleapplying toall photormediated electronic transitions.
Electronic transitions are spin conservative and therefore promotion of an electron
from the singtt molecular ground state must be to a singlet excited state. The
promoted electron leaves behind a positixgiarged hole and the two can be bound
together through Coulomb attraction and form a neutciBrged bound state, known

as an exciton. In organ materials the Frenkdike excitons have a large binding
energy (0.11 eV), unlike the binding energy of Wannidott excitons (a few meV)

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

usually unstable at roomrtgerature.
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Upon excitation to an excited electronic and vibronic state, the electron relaxes to the
lowestvibroniclevel of the excited electronic stat®, . From there, it can drop from
LUMO Y to the HOMO®Y , with 0 being determined by the Frax@ondon
principle. The electrowill eventually recombine with the hole (exciton decay). This
recombination can be radiative resulting in the emission of a pholowef energy

than that of the absorbed photon, known asréiscence (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 systerhe strength of the emission transition

is equal to the strength of the absorptiongitgon dueto symmetry considerations. In

the case of the maximum absorptioh - Y and maximum emissiotY - 7Y

there is an energy shift between the two transitions which is called the Stokes shift
even withoutvibrational relaxationThis 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 molecak dipole in order to minimise its energy with surrounding
dipoles.In an ideal systenthe fluaescencean be considered asmirror image of

the absorption as shown in Figure 2.4.

There is a small probability thahelectron in the LUMQevel, instead of radiatively
decaying back to HOMO through fluorescence, can be transferred tosthteifilet
state,’Y (triplet denotedas™Y; a process called intersystem crossing (see Figure 2.3).
In order to pass frofiY to "Y, an electromwill need tdlip its spin in order to be parallel
with the spin of the ground state electroriYn Intersystenctrossing occurs through
spinorbit coupling or through interaction with neighbouring moleculd&er
intersystem crossing, a transition frOwto “Y is less probable as it is a sgorbidden
transition and occursver longer timescales (miliseconds tainutes). The radiative
decayfrom triplet to singlet is known as phosphorescence (Figure 2.3) plvgsible

that the electronauld be transferred back tor andthen decay through delayed

fluorescence.

Relaxation from an excited electronic stateh® ground statean alsaccur through
nonradiative decay pathways. There are instances where thertygty vibronic
energy levels of the ground state overlap with thestawbronic energy levels of the

first excited state. In this case, vibrationallaxation from an excited electronic and
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vibronic state to the zero vibronic level of the ground state can,ogithrall energy

being dissipated in the system as thermal energy.

The fluoresceceefficiency of a material is defined litg fluorescence gantum yield,

(). This is the ratio between thmumber ofemitted and absorbed photons &y
material.

Absorption
Fluorescence
Intersystem crossing
Phosphorescence

Internal conversion

T
Nucleon separation

Figure 2.3.Thedashed lines indicate transitions in the systamsorption and emission (fluorescence

and phosphorescence) along with intersystem crossing. The solid lines show-thdiative internal
relaxation process.
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Intensity

Energy

Figure 2.4.The Franki Condon principle reultsin the characteristi@bsorption and emission spectra

of amoleculebeing mirra imagesand 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 ctuguiong
regime is to confine photons in a manner that allow their interaction avith
semiconducting material. Microcavities are optical resonators that provide
confinement of light through constructive interference in the form of standing waves,

and haveasizeon the order of the wavelength of the confined photons. Depending on
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the material system and application, different structures can be taseckate
confinement in one or more dimensions. This thesis concerns experiments where light
was confined ione dimension, therefore the discussion will be limitgfeiabry-Perot
resonators. Fab#lerot resonators are comprised by two plahaghly reflective
surfaces that are separated by a dist&dcas shown inFigure 2.5. This distance
determineshe phaon wavelength_ that isconfined between thmirrors, andcan be

describe by the following expression

—AIT-0 (2.7

Here, — is the effective refractive index of the medium between the mirrors at the
resonant wavelength of the cavityjs the cavity order, which takes integer values
N phchoft B etc. and— is the angle of propagation within the cavwitigh respect

to the normal incidencef the cavity surface.

mirror mirror
/\ q=1
q=2
q=3

Figure 25. Schematic of two planar mirrors separated by distag@nd confined optical modes of

cavity order q=1,2,3.
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In FabryPerot resonators, the confinement of photons occurs idirection

perpendicular to the cavity surfadéhe total wavevector of the confined photds
can be written as

0 — (2.8)

and combining (Z) and (28), it can be expressed as

0 — (2.9)

The total wavevector can be resolved in its two componénts Q Q; the

perpendiculaF(gJ and the parallelQ component as shown in Figure 2l6.order to
obtainconstructive interference after one total rodnpl between the two mirrorsje
can define thavavevector perpendicular to the surface of the cawiting ‘Q
QAT-O 7, andwe can write

0 — (2.10)

For— mtan additional component, which corresponds to a wavevector parallel to
the cavity surfacé? "Q O EF , must be taken into accoufiigure 2.6) This is

expressed as

Q —OAL (2.11)
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As it can be seen froffigure 2.6 andEquations 2L0and 211, 'Q remains fixed with
— while Q increases with increasing angbausing the total wavevector to increase
with angle too. Equation 22 expresseshe energy of the cavity mod® , which is

proportional toQ and increases with angle as follows

0 0op OE}R -~ (2.12)

All measurments argenerallyperformedwith respect to the external viewing angle
— , therefore by —alBdl yiOEd, Efuatioh 2Dcan bk a w
expressed as a function ef . Assuming that the medium outside the cavity is air
with a refractive index of p, the energy of the cavity mode can be written as

shown in Equation 23

O Op — -~ (213

Top mirror

K k Active region

int

Bottom mirror

Figure 2.6. Schematic of a microcavity showing the total waveve&oalong with its perpendicular

"Q and parallelQ componerg at an internal angle- .
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2.2.2. Cavity mirrors

The@qualityd ( v i doktheitwo fnirras)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 @ualitydis solely dependent on the reflectiviy of the mirrors. The higher the
reflectivity of the mirrors, the longer the confinement time of photons within the
cavity. The finesse of a cavity is a measure of tidgualitydof the cavity and it can

be expressed using the reflectivity valdésandY of the two mirrors as showrsing
Equation 214.

(2.14)

As it can be seen from Equatiorl2, the finesse of a cavity is limited by the mirror
with the lowest reflectivity value. Another measure of the qualigydrticular cavity
mode is the quality factor ar factor. Theh factor can be described by the ratig of

at the central

to the full width at half maximum (FWHM)of the mode,w
wavelength_ of the cavity, as well as in terms of enetggnd angular frequenty,

as follows

0 — — — (2.15)

Two different optical microcavity configurations can provide confinement of photons
for relatively prolonged periods of timensuring that the interaction between excitons
and photonscan occur within the strong or weak coupling regirfre the first
configuration, each reflective surfacedsmposed of anetallic layer. The second
utilises the total internal reflection at th@umdaries of two different dielectric
materials.This is termedh distributed Bragg reflector (DBRINd can have veiyigh
opticalreflectivity.’
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Metallic mirrorscan beused as the two reflective surfaces in FaPeyot resonators.

A metdlic 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&ery high at certain wavelengths, however, metallic mirrors
sufferlosses due to absorption. The reflectivity of silver, aluminium and gold mirrors
can bepredictedusingthe refractive index+) and extinction coefficier{tl ) in Frensel

equationd and plotted in Figure 2.

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 b each alternating dielectriayer is _ft— where_ is called the Bragg
wavelength,and is the desired value for the central wavelength of the DBR high
reflectivity region (stopband) and is the refractive index of the materiaDBRSs,

unlike their metallic counterparts, can provide high reflectivity values with logry
losses. Dielectric materials, having a large bandgap compared to conducting metallic
materials, are used to provide reflectivity valu#s>99% and at the samente

eliminatelosses related to absorption.

Reflectivity

0.2 e
——Silver
Aluminium
0.0+ Gold -
1 1 1 1 1 1 1
300 400 500 600 700 800 900 1000

Wavelength (nm)

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

equations and the measured values of the refractive anttéextinction coefficienf the material$.
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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 alten@gamber) , of alternating

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

the thickness of each of these layers. FigusesRows how each material or structural
parameter can affect the reflectivity of a RBusing the transfer matrix method
(TMM). TMM is described in detail by Hecftn 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 refleeity), can increase the reflectivity of the
DBRs. Figure B (c) shows the effect of the refractive index contrast between the two
dielectric materials when it is tuned frdiml4up to 192, with higher contrastreaing
awider DBR stopband. Finally, ipart (d), all three values that can be used to control

the optical properties of a DBR are summarised.

The reflectivity of aDBR stopband has an angular dependence. In Figgira PMM
modelis used to simulate the angular dependence of transversece[€Eti where

the electric field is perpendicular to the plane of incidgacel transverse magnetic
(TM T where the magnetic field is perpendicular to the plane of incijleeftectivity
spectra from a DBR microcavifpr angles tuned betweefl @nd 70. In the TMM
model,the two reflectors comprised of 10 (bottom mirror) and 8 (top mirror) pairs of
alternating layers with a refractive indeantrastp — p8& pThe spacing between the
two mirrors is assumed to be filled by an optically imetymerwith an effective
refractive index o~  p&® wn order to create af¢ cavity with a cavity mode
wavelength at normal incidence around the Bragg wavelength of the DBR. Fitfuire 2.
shows experimental data of the angular dependent reflectbpatwéen 0° and 70)
from a cavity having very similar values @f+— and cavity length to those used in
the TMM of Figure 2. In both simulated and experimental data, the-paaabolic
dispersion of the photon mode described by Equatib8 i&.clearly vsible. Figure
2.11 shows a schematic dfet 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 howfteeythe optical properties of the
DBR.
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Figure 2.9. Simulation of the TE and TM angular reflectivity of a microcavity using the TNIhe
min and max intensity of the color scale ranges between 0.1 and 1, respedthelyodelled
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 reflectivityeasurement of a microcavifjhe min and
max intensity of the color scale ranges between 0.6 and 1, respeckivelsnicrocavity consists of 10
pairs of alternating layers of SiDlb,Os (bottom mirror), a thin layer of the optically inert polymer
Polystyene having a refractive index of around 1.59 and 8 pairs of alternating layers (5@

(top mirror).

8x Si0,/Nb,0,

Optically inert
polymer

10x Si0,/Nb,0,

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 Figu2elO.

2.3. Excitonpolaritons

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

in the previous section. Semiconducting materials caplédeedbetween the two
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mirrors of a microcavity structure. Ligimater interaction canccur if the electronic
transition of the semiconductor is resonant with the energy of the confined photons.
There are three parameters that define the strength ointigter interaction, (i) the

rate at which the cavity photons escape the c&ddii) the dephasing rate of excitons,

1, and (i) the excitogphoton coupling constaniQ. If "Q L "G , where O
represergthe maximum rate values f&@andr , the wealkcoupling regime is realised
where the emission of a photon by an excitoarigreversibleprocess In weakly
coupled cavities, the effect of the cavity is small and therefore thentigher
interaction can be described by perturbation theory. The photon field is modified by
the microcavitywhich can therenhance spontaneous emissiates through #so

called Purcell effect® This enhancement stems from the fact that the cavity, being
resonantwith the excitonic transition, enhances the photon density of siatibst
wavelength A photon density dfinalst at es f act orGollegmnpueasr s i n Ferr
shown in Equation 2.16yhereox is the transition probability of the initial stafeo

the final statéQ0 o is the matrix element for the transition andis the density of

final statesThis consequently enhances the radiative emissior rate.

@ —0o 7 (2.16)

By enhancing the reflectivity dhe cavity mirrors (minimisng the values ofQandr )

and byselectngthe right semiconducting material (incrigaps Q) allows ws toobtain

the requirement for strong coupling, which'@| " .° In the strongcoupling
regime, the emission of a photon by an exciton becomes reversible leading to an
oscillatory exchange of energy betwekght and matter The energy exchange
frequency is called the Rabi frequency, , which describes the lighmater
couping strength. In the strongpupling regime, perturbation theory is not sufficient

to describe excitophoton interactios Photons and excitons can not be described
individually and a new hybrid bosonic qugsirticle, the cavitypolariton, is
introduced, which is a linear coherent superposition of the two constituent

components!
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Cavity-polaritons, hereaftaeferred to apolaritons, carry properties of both photons
and excitonsPolaritons areisually referred to as hdifjht half-mater quasiparticles

and aredescribed by ew eigenstates. The exchange of energy between light and
mater, although being quantum mechanical in nature, can be described using a
classical twelevel coupled oscillator. In Equation Z,J0 andO are the energies of

the cavity photons and theatons, respectively, whil® is thar mutualinteraction
potential. The polynomial Equations 28Jand 2.D can be solved using the quadratic
formula to give the eigenvalues of the system, wk@sea 2x2 identity matrix. The
allowed polariton energy value®, can be determined by solving Equation92the

solutions of which ardefined in Equation 20.

. O 0
0 0 0 (2.17)
e .. O O Q
AA®D 00 o 0 © (2.18)
0O OO0 O Q = (2.19)
0O — - 0 © Q (2.20)

As it can be seen from Equatior?2@, there are tw@ossible solutions corresponding

to two different polariton energies. The cavity photon ene@ygcarries an angular
dependence as shown by EquatidiB2and hence the two polariton energies will also
have an angular dependence which afldleir sepaation into two branchesthe
lower polariton branch (LPB) and the upper polariton branch (UPB). The energy
difference at normal incidenc® O, is called the photeexciton detuning, . In

the caseof zero photorexciton detuningwhere] 1, the photon and exciton

energies are degenerate at normal incidamckihe separation of the LPB and UPB
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has the smallest possible value known as the Rabi splitting eidergy, . The Rabi
splitting energy can be calculated using Equati@g,Zollowing the requirement
O O manditis described by Equatior22.

i cQ (221)

In the case whete 11, known as negative detuning, the photon and exciton energies
are degenerate at a higher angle,, where the energy difference between the LPB
and UPB takes its minimum value corresponding to the Rabi splitting energy. There
is a third case, wheréé¢ photon energy is higher than the exciton energy (positive
detuningj ) with no crossing point between them. The LRIB, photon (),

and exciton @) energies are shown in Figurd 2(a-c) for three possible detunings.

Polariton branches have angie dependent photeexciton mixing fraction that is
contained in the eigenvector of The squares of the two mixing coefficients, also
known as Hopfield coefficientsgive the photonicg s and excitonicg s
weightings of the polaritons in the LPB and UPB at each adgiesxpansion of
Equation 222 gives Equations 23 and 224, which can be solved fgr s andg s
(Equation 25 and 226) by taking into account the constragnits ¢ s pand

eliminating the interaction potenti@using Equation 20.

0 0 ‘

0 0 | 0, (222
$§ O ¢ L ¢ O (223
$ L ¢ O ¢ O (2.24)
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§ s — (2.25)

$ s P $ S (2.26)

In Figure 212, parts(d-f) show the Hopfield coefficients of the LPB corresponding to
the three different detunings presented in party.(&he Hopfield coefficierstof the
UPB can be readily extracted by simply switching those of the LPB; ngdbhehs|?

= [Gk.upef’ and [k ref = |k ursl. Generally, strong coupling is manifested through a
characteristic anticrossing of the two polariton branches at the resonantanglat,
which the photon and exciton energies are degenerate- Athe polaritons in the
LPB and UPB comprised of 50% photon and 50% exciton.

We can generalizthe physics of strongoupling between a photonic mode and an
electronic transitiomo acoupingto 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 electri¢?field.
Another example is when an organic material has, apartdrogtectronic transition,

a vibronic transition. In this case both excitations can strongly couple if they are
resonant with the photonic mo#feWhen describing coupling betweenphotonic
mode () and two excitationsd§ and & ), we usea threelevel coupled classical

oscillatormodel asshown in Equation 222

Qo Q | |
(0] m o O | (2.27)
n O | |

oloNe]

The system has three unique solutions corresponding to three different polariton
branches. Aside from the LPB and UPB, a new branch is now présengdthe
middle polariton branch (MPB). The eigenvectors of the system give the Hopfield

coefficients of IPB, MPB and UPB. Figure Z31af) shows strong coupling between
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the photon mode and the twtectronic transitionand the characteristic anticrossing
between the polariton branches as well as the mixing between the three constituents
of the LPB.
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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 detuningi=-50 meV, (b) zero detuning=0 meV and(c) positive detuningi=+50 meV.
Hopfield coefficients of the LPB describing the photohlg psl? and the excitonidk (psf? fractions of

the branch at different angles for {&-50 meV, (e)i=0 meV and (fli=+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 detuniigt50 meV, (b) zero dehing U=0 meV and (c) positive
detuningl=+50 meV. Hopfield coefficients of the LPB describing the photdigrkl? and thetwo
electronic|Upsf, |[Ukz,reP fractionsof the branch at different angles for (850 meV, (e)i=0 meV

and (f)i=+50meV.

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 twoaictiag
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photonic modes in the case of coupled cavitiesverythick cavities containing many

high order cavity modes resonant wétiexcitation®®

(2.28)
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2.4. Polariton condensates and lasers

Lasers are devices emitting coherent monochromatic light induced by stimulated
emission of photongom atoms or molecules. They find applications in every aspect
of life, i.e. CD/DVD players at home, local fast communimasi networks and
medicine. They usually utilise inorganic semiconductbes are eithe(i) embedded
between two reflectors in the configuration of verticality surface emitting lasers
(VCSELs)or (ii) periodically structured as a diffraction gratimgthe configuration

of a distributed feedback (DFB) laser. Both types of lasexatea cheap and low
energyconsumption device for all sorts of applications, particularly in photonics. The
basic principle of operation ithat of population inversion, naely 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, wadshtdelight
amplification (see Figure 24). Each of the three processes shown in Figure 2.14
(absorption, spontaneous emission and stimulated emission) are teldtexdso

called Einstein coefficients. The Einstein ddefficient is related to the rate of
spontaneous emission and the Einstein B coefficients are related to the rate of
absorption and stimulated emission.p@épulation inversiorfFigure 2.14 (b)tan be
obtained by optical or electrical injection; howevthis prerequisitecean result in
conventional lasers having a large operational threshiddis discussed below,
polariton lasers havéhe advantage over conventional photon lasesthey do not
requirea population inversionandthusthe injection desity neededo reach lasing

threshold can be two orders of magnitude lotfer
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The ®ndensation of bosonic particles is based on their indistinguishability. This
means that, unlike fermions which arerestridted Paul i 6 s excl usi on |
can arbitrarily occupy the same quantum state. Whemd¢bepationof the lowest
bosonic quantum state exceeds unity, a final state bosonic stimulation occurs which is
a key featuref condensatiolisee Figure 25). As a result of Bos&instein statistics

the rateby which bosonsscatterto a final state containingy particles is N+1.
Polaritons, being bosonic qugsarticles, can thus occupy the same quantum state at
the bottom of their dispersion at zeroplane momentumwhich forms a trap in
momentum spacelf sufficient polaritons scattéo this momentum trap, they can be
described using single wavefunctioand forma macroscopic quantum condensate,
also known as aon-equilibrium polariton BoseEinstein Condensate (BEC)he
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.
(a) (b) (c) (d)
Absorption Population Spontaneous Stimulated
Inversion Emission Emission
T ——0-0-0-0— —0—0-0-0-0— —©0-0-0-0—

AVAD
A0 A\ AVAY.
AVAV

Figure 2.14. Photon lagig 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. (¢aSgaus 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 ghetonshaving the same phase and energy.

Each and everyparticle hasa wave associatedith it. The soecalled de Broglie
wavelength ofa particle,_ , is related to itsnomentum)j, asdefinedin Equation
2.29. The thermbwavelength ba particle in a gas is therefore given by Equati8g,2.
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considering that the amentum ofa particle at the peak of the Maxwdbltzmann

distribution is ¢& 0 Y, where0 is the Boltzmann constant and T is the

temperature of the gas.

- - (2.29)

_ (2.30)

As it can be seen from Equatior8@. the de Broglie wavelengitf such particless
inversely proportional to both timemass andemperature. At high temperataréhe
particlesin agas have much kinetenergy and therefore elastically scaftem one
another. When the temperature is reduced below a critical tempef&iuhes kinetic
energy is small and the thermal de Broglie wavelehgitomesomparable to the
distance betweeneighbouringarticles, causing their wavefunctions to overlap. The
particlesthenundergo a phase transition where they all occupy the same macroscopic
guantum state and are described by a single wavefunction forming ésB&Eigure

2.16). The criticd temperature at which condensation occil¥scan be calculated by

considering the condensatiparticledensity,¢ _ C® p.C

— (2.31)

From Equation A1, 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 tha atoms and lectrong from their photonic component and
therefore it is obvious that they candergacondensation at much higher teengtures

compared to ultrgold atomic gass. An important further difference between cold
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atomicgas condensates and @dlon condensates is that the latter are intrinsically
nonrequilibrium systems due to very short polariton lifetimes. Polariton condensates
can be described theoretically using mean field theory. In particular, a generalized
GrossPitaevskii equation (GPHElescribing the macroscopic wave function including
loss and amplification terms is often used to model suckeqailibrium systems’

To account for the nerquilibrium nature of such condensates it is also necessary to
include dissipation and pumping terms that are coupled to a ratgi@y that

describes the incoherent reservoir that populates the polariton‘étates.

Exciton
reservoir

Final state
bosonic
stimulation

Energy

Y

Momentum (k)

Figure 2.15. Exciton-polariton condensation process. When the occupation of the lowest bosonic state
(Q m) exceeds unity, final state bosonic stimulation occurs (magenta line). A polariton BiE@Qés!

at the energy trap@ Tv).

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 coherehce polariton
condensate I s by interferometric me a s L
interferometer equipped with a retroreflector is usually used for these measurements.
Above condensation thresholajrror-symmetric points possess a phase that have a

fixed relation, resulting in a high degree of spatial coherence. A typical image of an

37



interferometric measur ement using a modi

mirror-retroreflector configuration is shown kigure2.17. 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 eses$ion through the image with a
modulated Gaussian function as will be discussed in more detail in Chapter 4. Part (b)
demongtates 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® Such vortices fornspontaneously when there is a rapid transition

from incoherent to coherent phases and are pinned onto defects in the'8ample.

T»/T.c\//I*"1 /I//\ T>Tj\/_\l\§’ 2&"4('%
- / AN \

Figure 2.16. Particles in a gas. At high T, whené] Y, 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’Y 7Y, the particle de Broglie wavelength becomes comparable to thepartérle distances

and particles can be described as wavepackets. When"Y, the particle wavefunctions start to
overlap and condensation occurs.”Xt 11, all particles are described by a single wavefunction and

form a condensate.
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Although the first demonstration ofrghg lightmatter interactions and formation of
polaritons irplanarmicrocavities was achieved in 1992BoseEinstein condensation
of cavity-polaritons was not realised until 2086 his demonstration stimulatesuch

researchin this areawith many interestingindings underpinning the fascinating

physics of polariton condensat@g?2128

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 irplanar 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 sgnificantly 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 mustebhybridised 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 HopfieltP. Interestingly, polaritons can occur naturally in bulk
crystalline semiconductors and molecuie¥ however, in order to be observed they

must travel to the surface of the bulk material resulting in the loss of their polaritonic

39



nature3! Planar microcavities are favourable for thady of strongcoupling and

polaritonic effects because they allow the photonic component of polaritons to escape
through the mirrors and then be O6interrogat
information dout their polaritonic properties (i.e. energy, momentum, phase, spin).

The first demonstration of stromgupling in a FabAPerot microcavity was made by

Weisbuch in 19931

The observation of strong coupling in planar microcavities containing inorganic
semiconducting materialswas a steppingtone toward many significant
developments. In 2000, polariton parametric amplification and photoluminescence
were observetd33and a few years later, Bo&gnstein condensation (BEC) and lasing

of polaritons was achieved following lasexcitation?%213*36 Electrically driven
polariton lasers have been also demonstrdt&dwith novel strutural designs
allowing for roomtemperature operatiofl.BECs are an exotic state of matter and
have resulted in the demonstration of many interesting fhady quantum
phenomena in inorganic semiconductor polaritonic systems, such as superfluidity and
spontaneous formation of quantum vortié&¥:234°Recently, a number of authors
have suggested that polariton condensates can be used in practical appfitétions;
for example complex multivariable problems can be simulated using arrays of

polariton condensatés.

WannierMott excitons, found in inorganic semiconductbriave small binding
energies (110 meV), as a result of screening caused byelaliglectric 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 regorps.
Frenkellike excitons in organic semiconductdfave 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 rooftemperature emission from weaklyoupled
organic semiconductor microcavities was studied extensiVéRit was only in 1998

that Lidzey et al. demonstrated strong coupling in a planar microcavity containing an
organic seniconductor’* In this work, a porphyrin molecule was plagedhe 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 oliserved
I1-VI quantumwell microcavitie§® and more than 30 times those reported in
microcavities containing HV quantumwells1°%>7Later on, larger Rabi splitting
energies were reported in organic semiconductor microcavities-{=D.4V}% °
which in some cases classify the system as operating in thestutireg coupling
regime®! Note that in the original observation of stroogupling by Lidzey et al.,
polariton emission as absent because the photonic mode was strongly coupled to the
nonradiative Soret band, with excitons rapidly relaxing to the ldyieg g-band,
depleting emission from polaritonic stafédn a second followon paper, Lidzey et

al. showed that rooftemperature polariton photoluminescence could be emitted from
a stronglycoupled organic microcavity containing esadggregated cyanine dfe.
White-light reflectivity and photoluminescence from teosigly coupled Jaggregate

containing microcavity is shown Figure2.18.%?
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Figure 2.18. (a) Reflectivity and (bphotoluminescence emission from a strongyipled microcavity
containing a cyanine dye. Spectra were recoedalifferent viewing angles. Figure taken from Lidzey

et al®?
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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 203* Here, KénaCohen and Forrest placed a rrggiown

single crystal of anthracene between two DBRs, and following optical excitation they
observed polariton lasirf§.Organic polariton BECs were also reported by Plurfthof

and Daskalakf$ almost simultaneously in 2014 as showfrigures 2.1 and 220. In

the first paper, a ladder conjugaigdlymer was sandwiched between two highly
reflective mirrors and in the latter, a fluorene oligomer waed as the organic
semiconducting material. In both cases, the authors reported a polariton energy

blueshift and a high degree of spatial coherewbe ¢ h i s t hought
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Figure 2.19. Time-integrated polariton emission for laser exditatdensities (a) below, (b) neand

(c) above threshold. (d)dw-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 &.
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guno for pol afMaedenoosmatoasfalaved?’ d3with work
by Diedrich et al. showing polariton lasing anstrongly coupled microcauvity 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*asing.
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Figure 2.20. Polariton photoluminescence emission for low pump fluence (below threshold) for
detunings of (a=-375 meV and (cp=-440 meV. Polariton photoluminescence emission above
threshold showing the energetic collapse of the emission to the polariton graenfbistietuning of

(b) g=-375 meV and (dy=-440 meV. Figure adapted from Daskalakis éf al.

Although organic polariton LEDs have been reported by a number of affiiérs,
electrically injected polariton lasing and condensation in organic semiconductor



microcavities remains elusive due to low chacgerier mobiities and carrierelated
loss mechanisnfS.Promising steps toward this direction have been recently made,
when Graf et al. reported roetemperature electroluminescence from a strongly

coupled microcavity containing singtealled carbon nanotubés.

2.5.2. New effects in organic microcavities

In addition to allowing the study ahteresting mampody quantum phenomena,
strongcoupling 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 commensuvéath the typical Rabi splitting
energy, the confined optical mode can be used to hybridize both excitatibms.

three new resultant hybrid polariton states (LPB, MPB and UPBjleseribed as
admixtures of all three constituents ($égure2.21).2? Here, it has been shown that
such hybridisation can be used to drive energy transfer between the different organic

materialst?%88%ven if they are spatially separated by a significastadce "

A number of authors have alsxplored the direct strorgpupling of a cavity photon
to the infrared active vibrational transitiorsf a series of molecular materigfs’
Here, it has been predicted that the hybridization of an optical resomaticea
vibrational mode associated with a chemical bond may wealeestréngth of the
bond, leading to a modification of the groustate energy landscafeBy using such
an approach in a liquid phase, it is hoped that swctd softening could be used to

modify targeted chemical reactioffs.

2.5.3. The importance of the exciton reservoir

The photophysics of organic semiconductoicrocavities 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 aémres active field of
research, and its validity is still a matter of debdiee ER is thought to consist of

uncoupled molecular excitations that are of the same nature as those undergoing strong
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coupling’/® 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 sampldependent! It has been shown that scattering from such
uncoupled states to polariton states, and vice versa, isteals®y absorption or
emission of a molecular vibrational quarf&? 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 staté$24The concept of an ER is in fact
similar to the picture of excitons that exist at high wavevector in inorganic

semiconductor microcavities thianit the relaxation process
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Figure 2.21. (a) Whitelight reflectivity data along with a fit using a thrsvel coupled oscillator
model for a cavity containing two different moleculaaghregates coupled to the same cavity mode.
(b) Hopfield coefficients of the middle polariton branch as dated from the coupled oscillator model
showing that the hybrid polariton state is an admixture of all three constituents. Figure taken from

Lidzey et al?
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Early work by Lidzey eal. studied the emission from a strongbupled microcavity
containing molecular -dggregate®® They showed that following nemesonant
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 ttan 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 tihtie

state. This is a or&ay 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 reservtorpolariton scattering) the ession or
absorption of a vibration quanta is a prerequisite to ensure conservation of energy and
momentunt® While the concept of reserveio-polariton has been demonstrated
experimentally?? the interbranch 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 reser{oir.

An early theoretical paper by Agranovich et al. investigated the optical properties of
cavity polaritons in microcavities containing disordered organic semiconductors using
a macroscopic modé&# Here, it was shown that microcavities filled with molecutar J
aggregates could support the coexistence of two different excitations; namely coherent
states (cavitypolaritons) and incoherent states. It was concluded that¢reoh
polariton states exist only in certain restricted intervals where the wavevector is a good
quantum number; i.e. the wavevectd@ (vas much greater than the wavevector
broadening] (Q. States that did not have welkéfined wavevectors were reganidas

being incoherent. Here, states located at very small wavevectors on th&PPH) (

can be regarded as incoherent, although they still have polaritonic nature. However, at
higher'Q LPB states were considered to be uncoupled to the cavity photoweaad
similar in nature to excited states found in a-gawity film. Considering this picture,
exciton and polariton relaxation processes were investi§atddn-resonant laser
excitation was used to@ate states that were mainly incoherémtming an ER. Any

polariton states created on the UPB quickly relaxed (soae of 50 fs) into the ER
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which exists at an energy similar to that of the bare exciton. Photoluminescence from
such incoherent stat@sthe 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 emigs coming from the LPB. Although this paper focused on
microcavities based onrabgregated molecular dyes, it has been suggested that other
disordered and crystalline organic semiconductor systems also support the coexistence
of coherent and incoherentages with similar relaxation and polariton population
mechanism& The arguments about the coexistence of coherent and incoherent states

were later substantiated using a microscopic appr6ach.

Anocther theoretical paper concluded that coherent and incoherent states can coexist in
a microcavity?® Here, they showed that following neesonant laser excitation, an
incoherent ER was formed which thenpptated coherent polariton states by two
principal processgsee Figure 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 statéhin the ER to scatter into coherent
polariton states; here it is critical that the Rabi splitting energy is on the order of a
Ramanactive mode in the semiconducting material, creating an efficient relaxation
route®® Following this, Michetti and La Rocca introduced a model that described the
photoluminescence intensity from the LPB and UPB in such microcaffitigé.was

found that scattering of reservoir excitations to the UPB is subject to thermal
activatior®’® and that the bottleneck effect stronglgpends on the Rabi splitting

energy’®

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 popupaikariton states (by

optical pumping) is directly related to the photonic component of the polafitons.
Indeed, Lodden and Holmes exploited this effect and incorporated an additional
weakly coupled emitter into a strongly coupled microcavity and thus engineered the
strudure of the ER® Using photoluminescence and electroluminescence
measurements, they showed that weakly coupled excitons of the emitter could
radiatively pump polariton states in the upper and lower br&itis 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 telyongenon

emissive states’!
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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)ad@tive decay of incoherent states in

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

adapted from Litinskaya et &l.
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Chapger 3. Exploring the photophysics of BODIRYre

materials as microcavity active layers

3.1. Introduction

As discussed in Chapter 2, the condition "% must be mein a microcavityin

order to enter the strorapupling regimeApart from the quality of the cavityvhich
determines the photon decay j)atthe properties of the semiconducting material
placed in the active region play an important role and can define whether the
microcavity will enter the strongoupling regime. Materials having a transition with

a relatively narrow linewidth and high oscillator strength are more suitable for
microcavity active layerasnarrow transitions minimise the emission into modes not
resmant with the cavity. Ithas been showthat materials with broad electronic
transitions carenter the strongoupling regimehowever,to do this, it is necessary

thatsuch materials possessry high oscillator strength?

In all the experimentdescribed irthis thesis, borowipyrromethene (BODIPY) core
materials were useds the active semiconduajirmaterials The different BODIPY
derivatives were synthesized Marco Cavazzini and Francesco Galeotti at ISMAC
and ISTMi CNR, Milan Italy and Lizhi Gai and Zhen Shen at Nanjing University,
Nanjing China. BODIPYcore materials are fluorescent dyes thave a relatively
narrow electronic transition and possess high oscillator strength. They are very good
candidates for sensing and labelling applicafiérdue to their stability and high
quantum efficiency:® This class of material is very soluble in toluene and makes
smooth films oflow roughnessvhen dspersed in a polystyrene (PS) matrixhath
concentrationup to 20% by mass). Figurd.1 showsan atomic force microscopy
(AFM) imageof a film of a BODIPY dye dispersed in a PS/toluene matrix at 10%
concentration by mass. The RMS roughness of the filows in Figure3.1 was
measured to be less than 1 nm. It is importastitphasizéhat the quality of the film

is crucial for the fabrication of high quality microcavities. A rosgiface layewould
compromise the quality of the top mirror, and consatiyeeducethe Q factor of the
cavity. Largefluctuations of the active region thicknessersmall length scales would

affect the cavity lengtandinduce 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 @ series oBODIPY-core dyes were explored before any of these
materials were incorporated int® microcavity structure. This allogd a better
understanding of the optical properties of the matet@alse gained before moving

onto the more complex caviekperimers.

The optical properties of the different BODIR6re materials weradjusted by
chemicalmodifications during synthesis* Figure 3.2 shows the absorption and
photoluminescence (PL) af humber oBODIPY-core materials doped in PS matrix

at different concentrations, along with their chemical structufese, all films were

300 nmthick and deposited oquartzcoated glass substratd® measurdJV-Vis
absorption, a Horiba Fluoromax 4 fluorometer was esgopped witta Xenon lamp

For the PLmeasurements a 473 nm laser diode was used to excite theviilmbe

PL detected using Newton CCD coupled to an Andor Shamrock spexgter The
changeof the PL spectrum with concentration is attributed to the formation of
excimers and aggregatesWe categorise the different materialsoitwo classes as
shown in Figure8.2 E1, 2 and3 and Al 2 and3, where E and A ahd for excimers

and aggregatesespectively. 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 estatad
aggregates which mae#t themselves as strongly +slifted, highly structured

spectral feature¥.
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Figure 3.2. Chemical structures and normalised Wié 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 mdes E1 and 2%, 8% and 15% by mass for E2, E3, Al, A2 anjd A3

3.2. Photoluminescence quantum yield

The photoluminescence quantyiald (PLQY) of BODIPY E2and3 and Alto 3 was
measured using an integrating sphere configuratsmpotted in Figure8.3. The films

were mounted inside the sphere and excited using a freqdentjed moddocked
Coherent Mira 900 Ti:Sapphire crystalpped by a 532 nm Verdi V10. The PL was
fibre-coupled from the sphere into an Oriel M35 18" m spectraneter As it can be
seen, the PLQY drops with increasing concentration, a result largely attributed to
excimetrelated norradiative decay pathway8The PLQY of BODIPY EL1 has been
previously reportetl and exhibits a concentratiatependenPLQY drop similar to

the matesls shown irFigure3.3.
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Figure 3.3. Photoluminescence quantum yield (PLQY) of (a) E2, (b) (EBAL, (d) A2 and ¢) A3

BODIPY derivatives with increasing concentratiorl@ by mass)

3.3. Photo-oxidation

We have explored photoxidation during laser excitation. This is an important
property that determines which materials are most suitable for condensation
applications in a microcavityl.he relative PL efficiencgs 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 minutékhe laser usedn these
experiments was a Coherent Lit&" frequencydoubled Ti:Sapphire pulsed laser
(400 nm) with 1 kk repetition rate and 108 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 wavedgi at 400 nm was intended to
coincide with theexcitation wavelengththat would be later used for polariton
condensationexperiments (see Chapter 4. As it will be discussed later, in
condensatiorxperiments the DBRs were desgiio have minimum reflectity at

400 nm,and thughis laser wavelength would ledéfectivelycouded into the cavity.

Dyes werespincast on quartzoated glass substrates at a concentration of 12% by
mass for EZ & Al1-3 and 15% for E1. The value of tipeak PL intensity was
normalised to the initial peak PL intensity for each material at t=GFguare 3.4)

For comparisonthe perylenédbasedmaterials PegdeneRed (9.4%by massin
PS/tolueng and Lumogett Orange (LFO) (6% by mass PS/toluene)were also

tested under the same conditioRsryleneRed and LFO bothbsorb light at a spectral
region similar to that of BODIPY derivative8s it can be seen, the perylebased
materials are more stable over time, whiie differentBODIPY dyes all undego 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 othdBODIPYs, it is possiblehat this behaviour might be relatedthe
higherconcentration of the material. This concentratiependence of the relative PL
stability over time is also shown in FiguB5 wherethe degradation of the different
BODIPY dyes at two concentratio(4% and 12% by mass PS/toluene)s plotted

It appears that the higher the concentration of the dye in the matrix, the quicker the PL

efficiency educedollowing laser excitation.
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Figure 3.4. Relative PL efficiencyas a function otime following 10 minutes of continuodaser
excitation. Data plotted fothin films of BODIPY derivatives EB and A3 as well as two perylene
based materials, Perylefked and LFO.

3.4. Amplified spontaneous emission

Optical gain is an important requirement for matetia¢ég areused as laser medias

this it quantifies the efficiency afptical 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 manitegteldser

like narrowing of the PL spectra, which indicates the gain spectral region of the
material. An easy experimental approach to investigate whether a mateiéatjoes

optical gain is the stripkength method?®

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 ottom of the lower polariton branch appears to be a key ingredient in this process.
Low optical loss within a material, whiak directly related to whether or not the
material can gpport optical amplification, iBkely a desirable property for materials
undergoingpolariton condensation and lasitt/! We have therefore exploredSE
measuremas on the BODIPYcore materials in order to identifywhether they
undergooptical gain.

62



A1

o Relative PL efficiency

4

o Relative PL efficiency

4

1

——— .
k—_‘."——-I—R

1

—

o e S o
o B & \
B © S
5 . 5 -
5 B B AN
2 2 N
© © e
[1}] (]
@ A2 o E3
0.4 L 0.4

01 2345678910 012345086728 910

Time (minutes) Time (minutes)

o Relative PL efficiency

4
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films of BODIPY derivatives A12 and3 and E2and3 at aconcentration of 4% (black) and 12% (red)

by mass.

BODIPY E1 has been extensivelstudied in this thesis and it is also known as
BODIPY-Br asit is a brominesubstituted variant upon boralipyrrometheneFor
this reasonBODIPY-Br (E1) has beerstudied h more detail compared to tlher

BODIPY derivativesin this chapterFor simplicity, from now on we will refer to
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BODIPY E1 as BODIPYBr.
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Experiments were performed at Politecnico di Milano using the laser described in
Section3.3. Experiments were pafmed at two different excitation wavelengths.
Here,an optical parametric amplifier (OPA) was usedyémerate light ab00 nm.
Laser light wasfocused onto the sample at normal incidence after having passed
through a cylindrical lens in order to creat&rgpe excitation. The profile of the stripe
beam is shown in Figui&6 (a) where its area is calculated tode T8t ¢ TOW
Following excitation of the film using the stripe configuration, PL was detected
through the side of the sample, in a dir@ciperpendicular to the excitation beasead
Figure 3.6 (b)). Unlike PL emissionfrom a thin film (which is emittedin all
directiong, ASE is strongly directional. The strigxcitationmethod is based on a
waveguide effedt??> where spontaneous emission causes waveguided photons to
propagate along the stripesulting in stimulated emission of identical photons and

therefore optical amplification.

~—————— Laserlight

e

Cylindical lens

Waveguided ASE

/ BODIPY film
-

Detected ASE
Substrate

Figure 3.6.(a) Stripe beam profile having an area of A = 0.020%.n(io) 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 stripexéiaérom the side of the film.

64



The different BODIF derivatives were spiiast on quartzoated glassreatingthin

films having thicknesses @00 nm and 300 nm. The concentration of the dyes in the
polymer matrix(polystyrene)was also tuned betweerl8% by mass. Themission
spectra of the dyes werecorded at low, medium and high excitation densities. Figure
3.7 shows thenormalisedwaveguided PL emission collected from #ugeof a 300

nm film of the dye BODIPYBr at a concentration of4% by mass, when excited at
400 nm with a stripe configuratioat three excitation densitie40(eJ cm?, 200¢&J

cm? and240¢J cm?). It can be seen thahe excitation densitgf 40€J cm? is well
below ASE threshold (black), ti290eJ cm? correspondso the ASE threshold (red)
andexcitation at 24@J cm? is above threshold (blje

A series of BODIPYBr films of concentrations-25% 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 gaiifthe cutoff thickness Q) 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 theofutondition of the

zeroth order mod&

— (3.1)

Here_ is the emission wavelength, whie, ¢ and& are the refractive indices of
the organic film, substrate and air, respectively. We find thraa fvavelength range
corresponding to emission froBODIPY dyes, the cuoff thickness is well below the

thickness of the films under investigation.

Figure3.8 shows the ASE threshatdl 200 nm (black) and 300 nm (red) films when
excited usindaser light ad00 nm (solid squares) and 500 nm (solid ciiclas it can
be seen, the threshold excitation density, lilas a strong concentrationpgadence
which we attribute to the following two reasofi$:With increasing concentration the
threshold is significantly reduceohdicatingthat at higler dye concentration in PS,

intermolecular distances are reduesdhere are a larger number of molecules per unit
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volumeleadng to highempticalgain?324(ii) Using waveguide modellingt, has been

shown thatthesoal | ed O6confi nement factordé (which i
thresholdj? is strongly dependent on the effective refractive index of the
waveguide€??® A higher concentration of a dye in the matrix, will increase the

effective refractive index of the film, leading to a higleenfinement factor and

reduced ASE threshold.
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Figure 3.7. ASE measurement of a 300 nm film of BODHBY at 14% concentration by mass in
polystyrene when excited 400 nm.Spectra recorded fdi0eJ cn?? (black line),200eJ cni? (red line)

and240&J cm? (blue line) excitation densities.

Note that the confinement factor is also related to the thickness of thé&Jithrgugh

the effective thicknes&} ) 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 substratad aif @ ).2>%

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 segurén
3.8%

NN e ® (3.2)

The excitation wavelength dependence of the ASE threshold is attributed to the fact

thatthe dye absorption is higher at 500 nm compared to 400 nm where the absorption

is minimum geeFigure 3.2). Therefore, exciting with 400 nm laser pulse leads to

higher ASE thresholds compared to 500 nm pulse as shown in Bi§ure
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Figure 3.8. ASE thresholddor 200 nm (black) and 300 nm (retilms of BODIPY-Br doped in

polystyrene at different concentrationgen excited at 400 nm (solid squares) and 500 nm (solid

circles). ASE thresholds f&200 nm (black) and 300 nm (refilms of BODIPY-Br/PS copolymers

when excited at 400 nifopen starspnd 500 nn{solid stars) The ASE threshold is defined as the
excitation densityat whichthe FWHM is reduced to half of that of low excitation den&it?.
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We have also studiea polystyrene copolymeonto whichBODIPY-Br was attached
to the polymer chain during synthesis. Four different copolymwere studied that
containedBODIPY-Br at aconcentration by mass of 5%, 5.6%, 7.3% and&8an
be seen in Figure 3.8 (star symbols), A&E thresholdsare similar tahose of films
of BODIPY-Br that are dispersed into PiBis worth noting that in these copolymers,
the concentration of BODIPBr is relatively low and cannot laljused (unkss it is
tuned during synthesisror this reason thesmateriab are notsuitable forstrong
coupling in amicrocavitydue to their relatively lovescillator strengthHere, it was
calculated that a BODIPBr / PS copolymer film of 5.6% by mass has 4esgsmaller
effective oscillator strength compared to a 10% by mass BODIPY / PS blend film

We find thatthe other BODIPY derivatives (E2and A13) undergooptical gain with
similar threshold concentration dependence to that of BOEBRY This is
summarigd in Figure3.9. Here200 nmBODIPY-Br, E2, BB and Al A2, A3 films

wereexcitedusing light at500 nmin astripegeometry

We findthat the peak wavelength of the A&ependent odye oncentration and
thickness othe films. With increasing concerdtion, the peak ASE wavelength of
BODIPY derivatives undergoesa continuous redshift. Figur8.10 shows this
behaviour for BODIPYBr films of 300 nm (black) and 200 nm @)ethickness when
excited with400 nm laser pulse This effecthas beerpreviously observed and
attributed to increased salbsorption atshorter wavelength andat higher
concentrationsThis reduceghe optical gainin the highenergy spectrategion,
pushing the ASE to longer wavelengfdt has also been suggestixt at higher
concentrations the paity of the filmincreaseslue to the polarity of the fluphore?
Interestingly, Calzado et &.observed that the-0 PL emission wavelength at low
excitationdensity also undergoes a spectralsbdt with increasing concentration.
We have shown previously th&8ODIPY derivatives, exhibit a red shift in their
emission spectrat higher concentration (similar to Calzado et whichhas been
attributed to the formation @cimers and aggregatedt is likely therefore that these
two effects (seHabsorption and>eimer formation)explain thered-shift of the peak

ASE wavelength with concentration in BODIPP&films.
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Figure 3.9. ASE threshold$or 200 nm films of BODIPY derivatives doped in polystyrene at different
concentrations when excited at 500 nm. Th&EARBreshold is defined as the excitation density when

the FWHM is reduced to half of that of low excitation density.

In summary thereforeo 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 tosignificant photeoxidation. 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
condensatiof? BODIPY-Br possesses all these properties, with its ability td kghi

and support optical gain in the yellewange spectral region (a wavelength difficult
to engineer using traditional inorganic semiconductors), making it a promising
material system for roottemperature polariton lasing applications. For this reason
BODIPY-Br has selected as the activeaterial in the polariton condensate described
in Chapter 4.
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Figure 3.10. Peak ASE wavelength of 300 nm (black) and 280 (red) thin films of BODIPYBr

when excited witlt00 nm laser pulseat different concentrations in PS.

3.5. Strongcoupling in BODIPflled microcavities

Before progressing to lasing experiments, this section describes the linear optical
properties of @eries of microcavitiesontaining the different BODIPderivatives.

Here, the cavities were basedtaro DBR mirrors. The bottom mirror was made out

of 10 pairs of alternatingiO. / Nb,Os layers. These layers were deposited onto
guartzcoated glass substrates using ion assiettron beanevaporation(Nb2Os)
andreactive sublimatioSiOy). After the deposition of the bottom mirror, the active
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layer was spircast having an appropriate thickness to crea# aavity. The top
mirror was then deposited on top of the organic material consisting of 8 pairs of
alternating Si@/ Nb,Os layers.The ion gun was turned off during the deposition of

the first few layers of the top mirror to avoid any damiagbe orgarg film.

All the BODIPY derivatives werdispersed in PS at a concentratioi@¥% by mass.
The thickness of the active layer was tuned in order to fabricate a series of cavities
with small {=-40 meV), intermediatelé-160 meV) and largelé-280 meV)

negaive photonexciton detunings.

Angular whitelight reflectivity measurementmdicate thatall cavities appear to
enter the strongoupling regime. Figure8.11 and3.12 show data from afey
dependent white-light reflectivity (left) and ankg-dependent PL (right)
measurementmadeon cavities filled with thin films of BODIPY EE3 and AXAS.
All cavities weredesignedio have the bottom of the LP&ound 576675 nm; a
wavelength regioglose to thanaximum reflectivityof the DBRs. Dataecorded on
microcauvties filled with the fluorescent dye BODIRBr is not presented heras
Chapter 4is dedicatedo the demonstration of strong coupling and realisatf

polariton condensation ithe BODIPY-Br system

White-light reflectivity measurements were performaging 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 microcavifibr&-coupled
Ocean Optics DF2000 HalogefDeuterium lamp was focused onto the surface of
the microcavity using a collimating:) and a focussing.) lens both attached on the

first arm.

The reflected light wasollectedusing two lenseflz and k) thatwere attachetb a
second arm,with light focusedinto a fibrecoupled Andor Shamrock CCD
spectrometer. FOPL measurements, thmicrocavities were excitedsing 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 agular whitelight reflectivity data and PL emission from a DERBR
microcavity containing the dye BODIRE2 parts (a) & (b)and BODIPYES3 parts (c) & (d) along
with the LPB and UPB (dashed lines) and photon (C) and exciton (Ex) energies (solid lines) extracted

from a standard twatevel coupled oscillator model.

Photoluminescence emission measurements were made followingeswrant
excitation at 405 nm, ih all measurements made at rotemperatureCollection

of the angular polariton emission was achieved through the collection arm used in
reflectivity measurements (second motorised arm). As it can be seen in Bdures
and 3.12, the angle was tuned fom 12° to 70° for the whikght reflectivity

measurements and 0° to 70° for the PL measurements with an angle resolution of 1°.

A standard twdevel coupled oscillator modekhich 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).idtan be seen in Figur8sl1 and3.12
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Figure 3.12. Unpolarizedangular whitelight reflectivity data and PL emission from a DEMBR
microcavity containing the dye BODIRX1 parts (a) & (b) BODIPY-A2 parts (c) & (d)and
BODIPY-AS3 parts (e) & (f) along with the LPB and UPB (dashed lines) and photon (C) and exciton
(Ex) energies (solid lines) extracted from a standardléwel coupled oscillator model.

as dashed (LPB and UPB) and solid (C and Ex) lines overlaying the experimental
data. Strong coupling is manifesteg a characteristic anticrossing of the LPB and
UPB at the energy were the exciton and photon modes are degeAethts angle

(— ) the energy separation between the two modasitisminimum, corresponding

to the Rabi splitting energyi( ). Table3.1 summarizes the values@f , O @
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1 andl extracted from the coupled oscillator model for the cavities shown in
Figures3.11 and3.12.

Andor CCD

Halogen- spectrometer

Deuterium
lamp

Two concentric
motorized wheels

Figure 3.13. Schematic of the angular whilight 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. Lensés I and L were used to collimate

and focus the light beams.

Cavity Ex (eV) Ca=0 (€V) i (meV) K rabi (MeV)
E2 2.475 2.190 285 75
E3 2.436 2.198 238 75
Al 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 (&) energy values along with the photerciton detuning)
and the Rabi oxg)loficavites with B@DiPY EZ gnd AL shown in Figure8.11
and3.12.
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3.6. Analysis of PL distribution

The angular PL emission of tkigferent 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 polaritstate 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.
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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.

75



In a study ly Grant et al’, it was suggested that when strongly coupled microcavities
containing themolecular dye BODIPYBr are excited nomesonantly, 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 phon fraction of the polaritons (see Equation 3/3Jhe states
responsible for pumping pamiitons were identified as the weaktpupled 01
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 multiplyintpese Gaussian functions with the photon fraction

of the polaritons’

v ©Q Qs (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 LRBrelatively high viewing angles¥2(°). At

small anglesd@=0UY20U) however, it was found that
population of polaritons than could be described using this model. Indeed, as can be

seenin 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 all” andsummarized in Equation 3.3. Here, we specifically included a term which
arbitrarily describes a eexisting population of thermalized palans alongside the
reservoir pumping term. We feel justified in doing this, as tHad@or of the cavities
explored here is aroundtimes higher than those studied by Grant €t aind thus

the enhanced stability of the polariton statey altow 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 Q1 E2 02 Es VE Es Ca
(eV) (eV) ev) (V) (eVv) (V) (V) (eV)

E2 2.134 0.266 - - - - - -

E3 2.147 0.256 - - - - - -

Al 2166 0.177 1.933 0.066 1.865 0.039 - -

A2 2206 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 widtfi)(of the Gaussian functions that were used to fit the reservoir

pumping term.

As it can be seem 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 rathenrealistic, 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 ElRgua 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 BODIP¥core materials were introducedthis 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 goodcandidates as the active semicondudtororganic strongly

coupled microcavities.

Before exploring their propertiés microcavity structures, a series of experiments
were conductedo study and undet@nd their optical properties. It was concluded
that the PLQY haa strong concentration depgnce andhe dyeseem to be stable
following intense pulsed optical excitation. BODIR¥¢rivatives spircast onto
guartzcoated glass substratesdergooptical gain, which lead® ASE following
pulsed excitation using stripepumping geometryThere § aclearconcentration
dependence on the ASE threshald wdl as the peak ASE wavelength. Film
thickness also affects th&SE threshold These are explained with reference to a

waveguidanodeland thephotophysical properties of the dyes.

A series of DBRDBR af2 cavities were designed and fabricated containing BODIPY
films in aPS matrix at 10% concentration by mass. Angular wiigte reflectivity

and PL measurements were used to show that these cavities enter the strong coupling
regime.A two-level cowled oscillator model was used to motet energy of the
polariton branches along with the photon and exciton mode energy and the Rabi
splitting energy of the systerfihe polariton population distribution along the LPB

was calculated using the PL data déimel 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 whatds for strongoupling
experiments. In particular, BODIRBr 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 lumicescen

at a spectral region not easily accessible using inorganic semiconductors, making it
favorable system with which to explore nlimear effects in microcavities (see

Chapter 4). As we discuss later in this thesis (Chapter 5), the slightly differenhexcit
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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

Becausestrongly coupled organic semiconductor microcavities operate at room
temperaturgthey area popular platform to study macroscopic quantum phenomena,
with a number of researchers now considerimgctical applicationsof this
technology When this project was initiated, organic polariton lasers and condensates
had only recently beereported'® using pure films of chromophores placed between
two mirrors.Suchsystems operatieat room temperature and eted light between

420 nm and 475 nnin the following papenve reporta polariton condensate edom
temperature that emits ligimt the yellow spectrakegion a wavelength that is difficult

to engineer usingraditional inorganic semiconductoisportantly,we use a dilute
systemin which small fluorescent molecules (BODIPBf) are dispersed in an inert
polymeric matrix. This allowus to tunéboththe lightmatter interactiostrengthand

the photoluminescee quantum efficiency of the active layer through the dye/polymer
concentration ratio. The new material system thatmeate opens the field to usiag
range of commercially available fluorescent molecular dyes blended in an inert matrix
in microcavitiesa prospecthatwill allow tuning of the polariton lasing wavelength

overthe entire visiblespectrunto thenearIR.
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