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Abstract

The merging fields of photonics and organic electronics into organic optoelectronics
has created asurge of enthusiasm over the possibility of developing low-cost and large-
area advanced optoelectronic systems These gplications can combine the best
functionalities of both field s, such astailoring t he organic semiconductors by chemical
means, engineering the structure in which organic materials are embedded in, are to
name a few. These advanceshave stimulated the excitement over the next generation of
optoelectronic systems with enhanced capabilities and low-cost manufacturing
processes compared to their inorganic counterparts. Such technology direction is
mainly reflected by the high investments towards the aim of developing flexible, and
roll -to-roll organic light -emitting diodes and organic solar cells.

Interestingly, more sophisticated applications require a deeper understanding of the
underlying mechanisms at play that merge concepts from the fields of photonics and
organic electronics. Particularly, organic light -emitting diodes (OLEDs) under certain

constraints (such as cavity light confinement, strong exciton-photon interaction )
exhibit modified spectral emission compared to OLED devices that are not bounded by
the same conditions. The introduction of the polariton concept as a quasiparticle,
which is part-light and part-matter, has emerged to describe such new physical
phenomena caused by this photon -exciton intricate i nteraction. Polariton physics is
well established in inorganic semiconductors were a plethora of physical phenomena
have been demonstrated, such as the appearance ofBoseEinstein Condensation or
low-threshold laser devices The later is what has as yet to be demonstrated from the
field of solid state physics utilising organic semiconductors.

This thesis is focused on the studyof the physics and the engineering of organic light -
emitting diodes that will aid in the realization of efficient organic polariton LEDs. The
main body of work examines various organic semiconductor materials in their ability to

reach the strong light and matter interaction regime and, subsequently, to be used in
OLEDs as the emissive component. Furthermore, a degradation investigation
highlights the issues that affect smallmolecule based OLEDs and finally , the possible
pathways for achieving efficient polariton OLEDs are discussed
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Chapter 1

Introduction

Chapter 1 is the introductory chapter of this thesis and is organizedhinee separate
sections. A general historic overview is given in the first section where the concept of
the organic polariton LED istroduced The second sectn explairs the motivation
behindthe experiments Here,two main targetsare explored The first target focuses

on the engineering of organic polariton devices and the second target focuses on the
physics that govern their operation. The last section dbss how this thesis is
structured into chapters. The coeit of each chapter that follows is separately
detailed.
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1.1 Generali ntroduction

Thefield of organic eletronics hasmade rapid progress over the pasd years.Nowadays,
organic materialscan beengineered through a sequence of chemical synthetic sthbps
allows freedom of design depding on thedesiredproperty. For example,ush property can

be the emission wavelengttor the addition ofa functional unit that can enhancehe

Y I G S NSblubilit@ Zhis allows organic materialto be explored ina broad range of
optoelectronic applicationghat in some instancesnay supersede the already established
analogues of the inorganic semiconductor industry.

I Aad2NROIf &z At/emiSskis from lani &ganic doater@tilowitigichfge
injection andrecombination was reported for the first time frolVilliams and Schadt]. The
electroluminescent medium was crystalline anthracene which was positioned between two
structured eletrodes. Under 100 V of applied bias electrons and holes were fused together
and recombined to generate electroluminescence.

Thereafter,a major breakthrough in the field occurred in 1987 by the work of Tang and Van
Slyke[2]. The authors demustrated a high performancerganic lightemitting diode OLED
operating atafew volts by utilizing a doubliayer heterostructure made from thin evaporated
films of small molecule organisemiconductors Since then, organic semiconductors have
attracted considerable attention as the active materials for optoelectronic devices.

So far, the inorganic semiconductor industry has dominated the market with a wide range of
commercialproductsincluding solar cellS.EDstransistors amplifiers,and lasersbased on
solidand more recently offiexible substrate$3-6]. However, there aréssues associated with

the fabrication of these devices. Examples include the high cost related to the complexity of
the processing steps of inorganic materials and compounds such as Si, Ge, InGaN, GaAs, etc.,
the scarcity ofavailable materials, and other environmental issues linked to the lack of
availablerecyclingunits forthese heavy elemerbased devicedror this reason,asearchers

have turned attentiortowards organic electronimaterials and devices

Sincethe Chemistry Nobel Prize award in 2000 to Heeger, MacDiarmid and Shirakawa for the
demonstration ofelectrical conductig polymers a range of applications have penetrated the
market One of the mossignificant applicatios isthe organiclight-emitting diodefocusingon
products such afightning anddisplays As an exampld,G haslreadycommercialisedap p €

4K curved OLED TWhich signifies the transition towards organic electronics for future
applications.

Organic photovoltaic cells (OP\{3] and organic fieleeffect transistors (OFETE] have also
been investigated. Other applications describe the role of organic materials in connection to
biological sencesfor quick and inexpensivehemical and biological sensiffy 10].

Despite allsuch previous researclthere is still one missing demonstration frotmet field of
solid state physics; anlextrically pumped organic lasefhere are three possibleechnical
reasons to explain this: Fitgt the technology is nosufficienly mature yet to provide with
high quality structure deges. Therefore, losses dominatbe systemand the population
inversion threshold for lasing action carinbe reached Seconty, interaction and loss
processes inside th®©LEDdevice have not been fullunderstood Thirdy, the very high
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density of charge carrierthat is required to reach population inversion $® large thatthe
device is destroyed before electrically excited optical gain is realized.

Historically, there have been only a few reportssmectral narrowing from electrically excited
OLEDsHowever, all of them fail to provide with convincing evidencdaeing[11-14]. The
most recent claim of lasing has been reported from @LEDdevice emitting at 610 nm
employing a double microcavity AIBPCM configuratio15]. A summary was published from
Ifor Samuel et aloutlining a set otriteria that must be fulfilled to convincingly demonstrate
lasing actior{16].

Lasing can however be realised in an organic semiconductor by optical purkpiagples
include small molecule organic materials and conjugated polynfersexampleof the former
is the archetypal AIDCM where light is absorbed by tidgher gaphost AIQ molecules
following an efficient nomadiative energy transfein the lower gapof the guest DCM
molecules[17, 18]. An example of the later ar¢he poly(phenylene vinylene) (PPV) and
polyfluorenessuch asPFO andF8DP[19]. Based on the optical pumping concepthybri
device ha been fabricated by Y. Yanga¢{{20] where an INGaN ligkemitting diode is used to
excite a periodically structured fluorine copolymer (DFB)was explained that this is an
effective way to se organic semiconductors as laser sour&miilarly, pumping the organic
semiconductorwith an OLED habeen unsuccessfulue to the low power density of the
fabricated OLE[2]].

Polariton phgics has emerged as a potential candidate to achtéeeorganic laser diode
Most encouraging are the recent demonstrations of both room temperature electrically
pumped inorganic polariton lasingR2, 23] and of the formation of organic polariton
condensates in organic microcavity systef@4, 25]. From this point of view, coherent light
emission is generated from the lowest energy stafehe system in terms of a macroscopic
thermodynamic phase transition. Because the mechanism of polariton lasing is stimulated
scattering rather than stimulated emission of radiation, #reergyrequired to reach threshold

is less in a polaritofaser[26, 27]; therefore it has beensuggested that the conditions to
reach bosnic final state stimulation couldccur atlower densities otarrierinjectionfor an
organic laser diode
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1.2 Motivation of present work

One of themissing demonstration®f organicsemiconductorphysicsis the realisation of
OLEBbased lases. So far, all efforts to fabricate high quality devices utilizing an organic
semiconductor as the emissive layer and to subsequently achieve population inversion have
been unsuccessful.

An alternative route that has been proposed to create coherent lighissionby electrical
meansis by the use ofquasiparticles called polaritonswhich are part light and part matter
[28]. By taking advantagef their peculiar propertiesit maybe possiblethat OLED devicesill
reach the lasing threshold éow current densitiedefore beingdamaged. Thus, the fabrication

of organic lightemitting diodegthat use organic materials where resonant energgxshange
between photons and excitons and the study of theitaelectronic propertieswill assist in
the creation of efficient organipolariton LEDs and in the development of an organic laser
diode.

The objective of thigesearchis two-fold and is based onhe concept ofresonant energy
exchange betweerphotons and excitons The first objective investigates the fabrication
aspects of the devicerhich are theselection of the organic semiconductors in the OLED and
how the devicewill be structured and engineeredlhe second objective of this thesis is to
understandthe physicsthat govern these device§herefore, his thesis brings together the
concepts othe organic lightemitting diode andhe strongexcitonphoton couplingn organic
microcavities

This thesis describes the main contribution of the author te tEARUS Marie Curie Initial
Training Network (ITN) of thé"Framework Program of the European Union Commisdibe.
main focus of the network wathe development of organic and hybrid orgamorganic
semiconductorghat target noveloptoelectronic apfications.

1.3 Thesis Organization

This thesis is separatedtineight chapters. The sequence of the chapters is organized in the
following way:

Chapter 1 is an introduction of this thesis where overview ofthe topic isgiven The aims
and theobjectives of the project are also summarized.

Chapter 2 is an introduction to the basic theoretical concepts behind organic electronics. An
introduction to organic semiconductors is given. It includesdtigin of the HOMO and LUMO
energy levels, the nehanisms of fluorescence and phosphorescence and tistdf and
Dexter energy transfer mechanisms. Furthermore, charge injection and transport in organic
semiconductos are discussed.
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Chapter Jgives aroverviewof the physicsof the strong light and niger interaction inorganic
microcavities It deals with light confinement in microcavity structures and explains the
concepts of the strong and the weak coupling regimemgdistinguished from each other.

In Chapter 4 the material requirements and thaevice structural characteristics of
conventional OLEDs amuablariton OLEPare presented. The fabrication steps of organic light
emitting diodes are also detailed. Then the various methods that were employed for both
optical and electrical characterizati@re discussed.

Chapter 5 discusses these of cyanine dydaggregates in polariton OLEDs. The impact of a
bottom DBR mirror on the quality factor of the cavity and the performance of the deévice
analysed. Moreover, the experimental results are testginst theoretical predictionghich

are used teexplainthe population of thepolariton states

Chapter 6 discusses a series of materials #ratused in polaritonmicrocavities andOLEDs.
The main obstacles for achieving efficient operation in stieltires are explained.

Chapter 7 discusses the material and engineering challenges that govern organic polariton
LEDs. The focus is based on sitmallecules as the emissive materigdsOLEDsNd discusses
the various degradation issues relatedthem.

Chapter 8 summarizes the thesisrk. Specifically, some design rulage givenin order to
circumvent some of the problemshat render solutionprocessed polariton OLEDsas
inefficient Possible architectures fachievinghigh polariton density aresuggested. Finally,
the future direction of the field and the research rkahat has to be carried out aiscussed.
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Chapter 2

Organic Microcavity LEDs: Fundamentals.

In this chapterthe fundamental concep of organic semiconductors ameviewed
The appearanceof the HOMO and LUMO energy levels that are distinctive for each
organic semiconductor is described and their physical properties are discussed. Optical
mechanisms such as fluorescence and phosphorescence and electrical mechanisms
such as charge injection and transport under electrical excitation are explained. This
section is summarized with a general description of the operation ddBBEDand the
main losses that influence the performanagsuchdevices
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2.1 Organic semiconductors

The current integrated circuit (IC) technology utilizes as main active components, materials
with a variety of optoelectronic propertid®]. A common electrical property which is usted
classify themis resistivity “. This property is inversely proportional to the conductivity

Metal stripes that are used a®nnecting parts in integrated circuits, such as aluminium, have
a room temperature resistivity of about 0m-cm. Other parts of the integrated circuit use
SiQ as an insulatoor plasticsfor encapsulatiorwith resistivity of about 18 m-cm and 18

m-cm, respectively. This physical propengs arange of 24 orders of magnitude. Based on the
resistivity classificatiormaterials with less than 70m-cm resistivity are called conductorst

the oppositeside, materials with resistivitygreaterthan alout 10° m-cm are called insulators.
Materials in the middle are called semiconductors.

The term semiconductor was first used in connection to crystalline inorgaticts but later

the term wasusedto molecular systems as well. One of the differencetsvieen organic and
inorganic materials is associated with the bonds they form. The bond in inongatéialsis
mainly covalent. In this type of bonding, each atom shares its outer shell electrons with its
neighbouring atoms. Faxample, in crystallineilicon each Si atom has four valence electrons
which are shared with the foureighboursilicon atoms.

In organic solidscovalent bonds exist only fothe atoms within the molecule. The
intermolecular interaction between different molecules dsie to the weak Van der Waals
interaction Consequently, the modeilar orbital overlap ismall andtherefore the molecules
will remainunchanged A common featuref all organic semiconductors is that they possess a
low dielectric constant due to their small interriezularoverlap As a resultthe formation of
excitonsis associated with high binding energies of the order of hundred meVs.

There are variousarrangements of the organic moleculés the solid statesuch asthe
crystalline, theamorphous,the glass and the liquid crystal phaseswhich phase dominates
depends on the nature of the organic molecule and the depostéehnigueused such aghe
solutionprocessed or thevacuumsublimation techniques. A better understanding of the
optoelectronic propertes of organic solids can be gained through the chemistry diefihes
the bond formation of carbon atom. Promotion and hybridization ianportant concepts that
will be described in the following section.

2.1.1 Promotion a nd hybridization in carbon atom

The carbon atom belongs to thgroup four and the second period {plock) of the periodic
table, thus it has six electrons in its ground state electronic configurgpiorgi ¢n ¢n ¢n .
Thepi symbol refers to the atomic orbital with pieige quantum number n=1, azimuthal
quantum number I=pand magnetic quantum number m=0. The superscrigtgvenbecause
two electrons occupy the sameorbital with paired spins according to the Pabbkclusion

7| Page



Principle Therefore, the &orbital is occupied by two kectrons and two out of three 2p
orbitals are occupied by one electron.

Before themolecular orbital is formedthe carbon atom passes throughsgep of promotion
and hybridization. This is a concept that was introduced to explain thauaient bonding of
molecules such as methane (Hs the valence bond theoould not explaimat the time

these observations. One of the two electrons in the-@&bital is promoted to the remaining
unoccupied 2porbital; thus the systemacquires an exdted electronic configuration:
pi ¢i ¢n ¢n ¢n . Next, hybridization proceed by the remaining unpagd electron that
residein the Z-orbital with a combination of the electrons eacbsidingin the halffilled 2p-

orbitals. These combinationsrea referred to as hybrid orbitalsThe tree schemesare

explained in the following paragraphasdcan beseenin Figure 21, denotedas sp, spand sp

hybrid orbitals.

sp® hybridization can beachievedby the combination of one Lorbital and the three p-
orbitals forming four equivalent hybriddhe moleculeacquiresa tetrahedron structure with
all hybrid orbitals pointing towards the corner of the tetrahedron with an arjl€09.5 by
any two of them. Carbon can form totally four strohdonds with reighbour atoms. This is
referred to as single bond {X).

In the sp hybrid structure of carbon onesrbital and two P-orbitals combinetogether to
form three coplanar hybrid orbitals, witrangleof 120 from each other. The remaining,
orbital is pependicular to the plane. The Shybrids are linked by strongbonds connecting
the hybrid orbitals with orbitals obther atoms, whereas the jorbital is responsible for the
weaker,” -bonding. The bond is referred to as doublend (C=X).

Finally, the p hybridizationis the combination of one 2grbital and one of the three 2p
orbitals This arrangement is dimearwith their segments pointing 18Gn opposte directions.
The other two 2premaining orbitals are perpendicular to the axis of the hybtidgure and
perpendicular to each other. Therefore, a triple bond is the result of'chend of the hybrids
and two™ -bonds of the porbitals.

QQ)W 109.5° (\07 - o0
= C
, N> -

(a) (b) (c)

Figure2-1¢ Schematic representation of the formed hybrid systems: (a)3 $wybridization, (b) 55 hybridization
and (c) sp hybridizationredrawnbased on ref[29].
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2.1.2 Molecular orbitals

As discussed in the lasection, molecular orbitals result from the linear combination of atomic
orbitals (LCAQ) | now considerthe electronic configuration and spatial distribution of
electrons in such an organic molecule accordmthe molecular orlial picture.

As an examplethe ethene molecule showschematically irFigure 22 (a) will beconsidered
Figure 22 (b) illustrateghe electron configuration of carbon atom in the’spomoted excited
state of ethene There are three Sthybrid orbitalsand one halffilled occupied uhybridized
p-orbital. When two adjacent Sphybrid orbitals approach each other, their electronic wave
functions will start to overlap to form molecular orbitals (Figus2 &)).

There are two scenarios according to thean out- of phase electronic wave function overlap.

In the first case, when the wave functions areplmse, a bonding orbital will be formed.
These bonds show circular symmetry around the internuclear axis, have large interaction
energy andhigh electron density between the two nucleiln the second casehe wave
functions areout-of-phase a " * anti-bonding molecular orbitals formed that isassociated

with a decreased energy density between the two nuclei.

Similarly, two cases result from the interast of the remaining haffilled electron p orbitals.

The wave functions interact constructively or destructively to diveonding or™* anti-
bonding orbials; the two correspond to the HOMO and LUMO energy levels of the ethene
molecule, respectively. Thelative energy scheme for the formation of molecular orbitals is
illustrated in Figure 2 (c).

In conjugatedmoleculeselectrons in~ -orbitals are extensively delocalizeéccording to
molecular orbital theorythe incorporation of more moleculem the structurewill shift the
energy levels of the formed molecular orbitals due to the interactiomith the additional
electrons. Subsequently, the energy level splitting will result in the reduction of the
energy bandgapThis bandgap energy isduced further by the addition of neatomsto the
molecular structure (e.g. to form polymer).
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Figure2-2 ¢ (a) Schematic representation of the ethene molecule, (b) Electron configuration of carbon atom in its
s;p2 hybrid state, (c) Molecular orbital formationRedrawnbased on ref[30].

2.2 Optical properties

The energy bandgap of theand™ * transition is within the range 1-8 eV; this means that the
absorption spectrum of the HOMOUMO bandgap is excited by visible and Ag#ilight. The
~ bonds can be excitedasierthan the™ bonds. Geometrically, the regiamhich is responsible
for light absorption is called chromophore. Alternatively, the region wischesponsible for
0§KS Y2t SOdzs &ilkd flu&ophoted A 2 Y

When light is absdred by a moleculean electronfrom the HOMCenergylevelis transferred
to the LUMOenergylevel of the samemolecule Thisjump leaves behind &acancythat is
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termed as holeThiselectron promotion from the HOMO to the LUMO energy level causes
charge edistribution within the molecule. The generated electron and hale attracted to
each other by Coulomb force$hus,the electrorthole pairformsa charged quagparticlethat

is neutral ands termedFrenkel excitonlocalized to a single molecule. Tbeulomb energy of
the bound pair is given by the equation:

o — (2.1)

Here q is the elementary charge, is the dielectricconstant in vacuum; is the dielectric

constant of the material and x the distance between the electron and the l@ie of the
differences between the Coulomiteraction in organic and in inorganic semiconductors is
0FaSR 2y GKS YIFGSNAIE Qa sdicEtubtddss MO @2y adiFl oydiic
Alg), whereas forinorganic semiconductors Aa KA3IK o6F wmm F2N {A0O®
separation distance in organic semiconductors is smaller and their binding energy higher. The
binding energy in common organioaterials is of the order of 1 eV and is larger than the
thermal energy KT; therefore, Frenkel excit@narestable at room temperature.

One of the most important characteristics Bfenkel excitonss theirspin state431]. One way
to classify those states is to considdret multiplicity (2S+1)which refers to the possible
orientations of the spin angular momentum of electroiisvo electrons can combine together
in the followingways based on their multiplicity:

When the molecule is in the ground state, the HOMO level is occupied bglagtrons with
antiparallel spin. This state is referred to as a singlet state as the addition of two electrons with
antiparallel spins results in a net spin S=0 and subsequenthyltiplicity of 2S+1=1.

When the molecule is in the excited statinere are two possible orientations for the spin;
namely spin up or spin dowrThe antiparallel out-of-phase orientation result¢as in the
ground state casdh a singlet state with a total spin S=Che inphase parallel orientationof
the two spins peatesa net spin state of S=4nd has multiplicity oB. This state is termed
triplet state.

Therefore, there is one possible combination for the singlet state and three possible
combinations for the triplet statén the excited state of a molecylas seen frm equations
(2.2-2.3):

e Sehd  IhO  (Singlet state) (2.2)
Soe
% Seb b (Triplet states) (2.3)

y I
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The absorption of a photon from the HOMO to the LUMO singlet state can be represented by
SI{;. Alternatively, he transition fromthe HOMO to the LUMO state in an organic
semiconductor that is associated with a triplet statn be represented byySHe;.

The triplet absorptiontransition cannot be directly generated, but indirectly created using the
process of intersystem crossiffSC). The various processes responsible for the absorption,
emission or other energy state transitions of a molecule are described by the use of a Jablonski
energy state diagrar{81].

The Jablonski diagram is commonly used describe electronic transitions of organic
molecules and is shawin Figure 23. The vertical axis represents the potential energy of the
system, whereas the horizontal axis has no physical meaning.

In the energydiagram, § S, and $ refer to the singlet ground, *iexcited and ' excited
energy states, respectilie The $ energy state reflects a higher energy transition from the
ground state to a higher energy molecular state. For example in Figréhi® energy could
correspond to the Iy *. Moreover, in the same diagranié excitonstates areseen to split
further into additionalstates These are considerdtere as each molecule is associated with
vibrations.Theseare calledvibronic transitionsandare denoted as 0,1,2,..

Similarly, the first triplet energy state is denoted asiid is further split into subleveliue to
the vibrational modes There is no ground,Transition. Moreover, te T, triplet state is in
principle lower in energy than the Singlet state The energy difference between the singlet
and the triplet states has a quantum mechaniaaigin. It is associag with spatially
asymmetric wavefunctions thaesultin reduced interactions between electrons.

The molecule can beptically excited oremitted through the singlet states. Therefore, the
absorptiontransitionsfrom SIb{;,S X, fire strong due to the high absorption coefficients
8(SI{,, n=1,2,..)Triplet absorption and emission transitions have low absorption coefficients
due to the spin conderations. Only transitions related to the ,Sand $ levels will be
considered here. Other higher energy transitions of singlet stategpossible; however, they
mustbe relaked to higher energy transitioria the deep UV spectral region.

When noleculesundergo a transition from the,State to a vibronidevelof the S state they
will relax fast to the lowest vibroniclevel of the S state. This process is called internal
conversion (IC) and is associated with the release of heat through phonon emi@sidhe
other hand a singlet exciton may either decay back to they®und state by the release of a
photon or relax norradiatively by the release ahanyphonons(IC).

The radiative decay process is called fluorescence. Alternatively, through the process of
intersystem craossing (ST) a singlet exciton can be converted to a triplet excisosplyflip.

This process has a very Igrobability and thuss unfavourable The triplet exciton has two
pathwaysfor releasing its energyt can either relax to the,Singlet staée via the emission of a
photon, a process which is termed as phosphorescemeit can relax nowadiatively via
phonon emission.
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Figure 23: ¢ Jablonski energy level diagram for an organic molecule. Singlet statgsSSS. Triplet state: T.
Absorption coefficients related to singlesinglet and singletriplet transitions: (SI{4), ¥(SMbe). Intersystem
crossing: K5 Krs Internal conversion: g

How fast or slow is each transition can be understood by considering the transition 3ajes
The fastest vibration rates are of the order of“4€", the fastest fluorescent rates of the order
of 10°s* and the fastst phosphorescence rates of the order of 0. Alternatively, the spin

interconversion rateshiavea wide range of rates, from I0s* to 10" s* and depend on the

spirtorbit interaction overlap.

The possible radiative and the radiationaless proceasesummarized as follows:
Processes that involve the absorption or emission of a ph¢8ij

1) Sngletsinglet photon absorption,;5 K @{Tfis a spin allowed transition.

2) Singlettriplet photon absorption §b K @ fTigis a spin forbidden transition.

3) Singletsinglet photon emission;B{othy; it is a spin allowed transitiorit, is termed
fluorescence and is characterized experimentally by the rate constant K

4) Singlettriplet photon emission TH{o+hv; it is a spirforbiddentransition, it is termed
phosphorescence and is characterized ekpentally by the rate constantK

Processes that does not involve the absorption or emission of sopho

1) Transition processes between same spin stategbhtheat, termed as internal
conversion (IC) and are characterized by a rate constant K
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2) Transition processes between different spin statgg$6+heat, termed as intersystem
crossing (1S@r ST and are characterized by a rate constagtdf Ksc

3) Transition processes between the triplet and the ground excited stat€b{d+heat,
termed intersystem crossing (ISC) and are characterized by a rate constanthgg

The Jablonski energy state diagrahmowsonly electronic transitions where the nuclei of the
atoms are thought otbeing fixed in a certain positiorHowever, the real picture involse
vibronic interactions as well.

When a molecule absorbs light on a timescale 6FPHthe charge distribution the molecule

is rearranged. The nuclei will experience a different Coulomb force due to the shift of the
electron cloud. The rearrangement the nuclei will be much slower (10s) as they are
heavier. The Bor®ppenheimer approximation is based on this, that the motions of electrons
in orbitals are much faster thathe vibrational motionsof nuclei Thus, optial transitions
occur verticdly. The probability of coupling the optical transitions with vibrations can be
described by the Frankondon factors.

To describe transitions that include vibrational interactions a Morse potential diagram is
required, as seen characteristically frdfigure 24 (a). In this diagram the groundy)@nd the
excited (9 state of atwo-atom molecule as a function of the internuclear separation x are
presented. Vertical lines represent absorption (blue curve) and emission (red curve)
transitions. The horimtal lines represent the vibrational states thate bound by the Morse
curves.

Absorption of a photon starts from the lowestOvibrational level of the ground,State since

at room temperature this statés mostly populated. The most probalifansition fromA=0 of

S to the AQof § will correspondto the vertical transitionthat hasthe maximum vibrational

overlap.TKA & O2NNBaLRyYyR& (2 (K Sn tiergraphOld fransitich§ NIi A OF £ { NJ
08G6SSy @r'n 'yR @Qrpfdbavilitg OOdzNJ odzi 6AGK 2685

¢KS SYAaarzy 27F LK2G2ya F2tt26a 0GKS alyYS LINRYyOALX
oftheexcitedSa (i (S aAyOS Ittt SEOAGSR GAoNIbefareya @Q o6Aff
de-excitation. Emissiois possible tall the v vibrational modes of the,§round state.

Based on these the absorption and emission spectrum will be characterized by vibronic
characteristics as seen from Figurd 2b). The absorption and emission spectra exhibit mirror
symmetry and are reghifted. However, the experimentally obtained absorption and emission
spectrashow more broad characteristics. Thisf@ind more in conjugated polymers and can

be both attributed to disorderTheseare summarized in the following:

a) Theae is ahigh degree of diswler in organic materialghat cause a high degree of
energy distribution. During absorption measurements the energy peaks overlap;
therefore the overall absorption barftasbroad characteristics.

b) The emission spectra of small molecules and polymers aftenvresolvablevibronic
modes. In the emission measurement, as a consequence of energy transfer, a smaller
amount of molecules is sampled. Thenfed exciton migrates before the emission of
a photon The emission spectrum represents only a fraction ofetk@ted molecules.
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c) When two molecules interact and are both in the ground state and of the same
species it is possible to form an intermolecular energy stakes is termedggregate.
The aggregated state is characterized by a broad andshéted absoption and
emission spectra relative to the individual transitions of the isolatedecules

d) Excimer states result from the interaction between an excited molecule and a ground
state molecule of the same species. Excimers have a characteristic broad and
featureless emission band which is +elifted relative to the individual chromophore
emission.

e) An exciplexis formed from theinteraction between molecules of different species.
Onestate remains in the ground state and the other inexcited state An exiplex
involves some degree of charge transfer; therefore, they act as donors and acceptors.
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Figure 2-4 ¢ (a) Morse potential energy diagram The diagram illustrates the potential energy curves of the
ground state and the excited statéhat correspondto a diatomic organic molecule. The vertical lines represent
optical transitions and the horizontal lines represent vibrational states. (b) Ehgected absorption and emission
spectra that correspond to the di@mic molecule of the Morsaliagram.

2.3 J-aggregates

Jaggregates are ordered arrangements of highly polar and fluorescent cyaning3@yeghe
highly polar monomers sefssemble under the influence of their mutual dipole interactions.
Depending on the relative orientation of the monomers the aggregate can have a high degree
of organization. This infences its optical properties as a result of the ordering. The self
assembly into chaifike crystallites is a susceptible process which is affected by various
environmental changes. However, it candmtrolled.

The optical properties of the-alggregate depend on the relative orientation of the dye
molecules. The partial overlap between the electron accepting and donating groups of
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adjacent molecules will define its optical properties. The individual dipole moments of each
molecule will couple to form ajiant dipole oscillator, the soalled dand. Upon optical
excitation the oscillating electron density of one molecule induces oscillations to the electron
density of the neighbouring molecules. Now the exciton is not localized over the monomer but
ismore delocalize@ndextends in size over all the aggregated state.

Generally, the dipole moments can be couplegbirase or ouf-phase. This splits the energy
levels into bands, the lower of which has concentrated most of the oscillator strength ffom a
transitions. The reghift observed upon aggregation is a direct consequence of that splitting.

The Jaggregates have distinct optical properties caused by the redistribution of the oscillator
strength. For large number of N monomers the collective dipnoment of the aggregate is
given by:

‘ T@pod p (2.9

where, refers to the dipole moment of the monomer uniB83]. Furthermore, the
linewidth of the Jaggregate absorption band reduces significantly. The relative expression is
described by equatior(b).

O = (2.9

2.4 Charge carriers in organic semiconductors

In organic lightemitting diodes electrons are injected from the cathode and holes are injected
from the anode to the adjacent organic semiconductdise efficiency of thisurrent injection
processdepends on the energy barrier that exists between the respective materials. Before
the electrical properties of amrganic semiconductoare discussed an overview of charge
carriers in eganic materials wilbbe given.

The interactiorbetween a charge carrier and atom of an organic molecule is strongeran
organic than inan inorganicsemiconductordue to the low dielectric constant that organic
materials possesd.o start thecharge transporprocesseither the HOMO or the LUMO energy
levels of an organic molecule must be khattupied. This means that the molecule will be
transformed into a radical ion. In tHermer case the ion is termechdical cation, whereas in
the latter case the ion is termexhdical anion.

Suchcharge carriers induce a lattice distortion within their surroundings. The interaction of
electrons and holes with their surroundings (molecular vibrations) is described by a new quasi
particle which is referred to as polaronhe radical ation is termedhole-polaron, wherea the
radical anion is termedlectron polaron.

It is important to mention that the charge carriers causehange in the geometry of the
molecule compared to its ground state electronic configuration. The charged oielec
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polarizes itself andlsoadapts to thechargeredistributionwithin the molecule. This process is
termed relaxation.

Figure 25 illustrates the energy levels for hole and electron polarons compared to the HOMO
and LUMO levels ohe unchargednolecule. This electrephonon coupling results in the shift

of the initial energy levels of the uncharged molecule. The amount of energy required to
extractan electon from the HOMO is defined @&nization potential (IP), whereas the amount

of energy that is gained by an electron when added to the LUMO level is defined as electron
affinity (.).

From Figure & it is observed that the actual energy level of IP lies lower in energy than the
HOMO and the energy level oflies in higher energy compared tbe LUMO; hence, the
bandgap corresponding to the HOM@MO is larger than the bandgap corresponding to the
IP-..

However, the bandgap energy level is defined by the positions of HOMO and LUMO. All energy

levels are considered in relation to the vacuunference level that is taken as the zero energy

level. Electronsfill the energy levels according Fermi statistic® ¢ KS @g2NJ] TFdzy OGAz2y
defined by the energy difference between the vacuum and the Fermi level.
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Figure2-5 ¢ A schematic energy diagram illustrating the HOMO and LUMO energy levels along with the ionization
potential and the electron affinity. The work function and the vacuum,{E0 eV) and Fermi energy levels are also
presented.Fgure based on Ref34].

2.5 Metal -organic semiconductor junctions

This section briefly discusses the energy level alignmeatragtalsemiconductor interfacelt
also explains the nature of the energy barriers that are pneés# the interfaces and are
responsible for prohibiting the efficient charge injection from the metallic electrodes. Figure 2
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6 illustrates the energy level shift that takes place when an organic semiconductor comes into
contact with a metal.

Beforecontact, the metal and the organic semiconductor possegterent Fermi energy levels
as seen from Figure-@ (a).As an examplehe HOMO and the LUMO of the organic material
are locatedbeneath and above the Fermi energy level of the metal, respectivelheAdame
time, the Fermi energy level of the organic matelied above the Fermi level of the metal.

Similarly to the inoganic semiconductor casé-ermi level alignment should be established
between the two materials at contact. This means that baedding willoccurin the space
charge layer region and that the vacuum level will be aligned accordingly. Figuré)2
illustrates the relative energy levels of the two materials in contact. The two Fermi levels are
aligned energetically. The HOMO andM@energy levels experience the same energy shift.

The vacuum level shift is nalwaysachieved at the metabrganic interfaces. This is due to
formation of interface dipoles that shift the vacuum level energiyese dipoles may have
various origins, e.gdifferent arrangements of the electronic charge, interfacial chemical
reactions or charge transfer across the interface. The energy shift due to dipoles is denoted as
. ¢and can be as high as 1 eV; it is highlighted fronbthekstripe segment of Fige 2-6 (c).

........ VL VL VL
: AL SRR S VL.
. LUMO §
; i\ LUMO LUMO
EF, org

EE m Berrernressati EE . EE org EE - EE org
. HOMO \ ,
= . HOMO HOMO

metal organic metal organic metal organic

(a) (b) (c)

Figure2-6 ¢ Relative energy levels of the metal and the organic semiconductor: (a) before contact, (b) in contact,
(c) in contact considering the vacuum level energy shift due to dipole formation.

Based on Figur.6 (a) the hole and electron injection barriers will be given by the following
equations:
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OO0 B (Hole Injection LayeIL) (2.4)

B 0 "YO (Electron mjection LayeiEIL) (2.5)
Here, and are the hole and electron injection barriers, respectively.
and are the work functions of the anode and the cathode materials. Finally,
and correspond to the vacuum level shifts related to the anode and the cathode,

respectively.

Organic electronic devices such as OL&fe=xlectrodes based on different metals; therefore,
the work function of the metals will be in pripte different. The builin voltage (W= ,/q) is

an important quantity that affects the charge carrier injection and is related to the work
function of the metals through the equation:

(2.6)

Generaly, the anode work function is higher than that of the cathode.

That means that there is built-in potentialthat existsin the system The HOMO and LUMO
energy levels are in the reverse bias conditions; this means that tkare flow of holes from

the anode to the cathode and electrons from the cathode to the anode, respectively. To
neutralize this builin potential an external bias voltage 7€ required. V3, is required for
charge injection and transport through tleeganic material.

2.6 Charge carrier injection in organic semiconductors

There are two main mechanisms that the carriers use to overcome the energy barriers and
inject into the organic layer; namelyunnelling through the energy barrier and thermionic
injection. Figure 2/ is a schematic representation of electron injection from a metal contact
into an organic semiconductor.

Thermionic emission modekthe thermionic emissiolis described by the Richards@thottky
(RS) equation:

O BYOmH —— 2.7)

The parameters A and,(E) are defined as follows: A=#iks’/h® that is called the effective

Richardson constant an® % —— is the lowering of the injection barrier which is

caused by the attraction of the injected carrier and its mirror imagg.depends on the
applied electric field. Equation 2.7 suggests that the R®&ilhportantat low fields and high
temperatures.
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Tunnelling modelTunnelling through the energy barrier is possible for the charge carriers that
are transferred from the metal to the organic semiconductor by the quantum mechanical
tunnelling effect. This mechanism is described by the Fetedheim (FNequation:

8

0 ———O0wn (2.8)

Z

Here, A is the parameter defined in the thermionic emission matlel, and m* is the

reduced charge carrier mas$y varies with the applied field E=M, where d is the film
thickness. The FN charge injection mechanismbeilimportantat large fields and moderate
temperatures.

The description of both mechanisnis basedon the existing energy barrier for charge
injection. There is also the case that anergy barrier exists for charge injection at the metal
organic semiconductor contact. This barffege injection it termed Ohmic. In this case the
current density will be controlled by the carrier transport within the thin film.

Materials that have vy low bandgap energy have HOMO and LUMO levels between the
anode and cathode work functions, respectively. These materials have absorption resonances
in the near infrared spectral region.

.
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Figure2-7 ¢ Schematic diagram of thek SNXY A2y A O | yR Gdzyy Sttt Ay 3 Sidthe@orkByY Ay 2
Fdzy Ol A2y p2ATa MAKBF I Ui theDRriedidr klécton injection, VL the vacuum level and x the

electron affinity of the organic semiconductor. The orange arrow certelates to the thermionic emission

mechanism, whereas the blue arrow linelates tothe tunnelling mechanism.
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2.7 Charge carrier transport in organic semiconductors

When the electrons and holesre injected into the organic semiconductor they will move
across the filmandin oppositedirections. There are two types of motion depending tme
crystallinity ofthe thin film. Firstly, tiere is the band transport modeThis modeHdescribes
charge motion in crystalline materialthat have ordered phases Secondlythere is the
hopping transport modelThis modebescribes the charge motion in amorphous disordered
organic semiconductor85].

The band transport mechanism describes both the organic and inorganic semicondiiti®rs.
coherent motion of charges is characterized by a wave vector k. There is a temperature
mobility relation tat describes the band transport mechanism and is given by:

t 9 4n, n>1 (2.9)

here, > is the charge carrier mobility in units étvs, T is the temperature and n is a constant
which isdefined by experimenandalso depends on the material

In the hopping transporiodelk is not a good quantum number to describe the systéhe

high disorder that is found in amorphous thin organic filmskesthe chargedo be localized;
therefore, they can be transported through the film by hopping amongiecules These
molecules havea distribution of energy states. This distribution is caused by the random
orientation of the deposited molecules in the amorphqusase Betweenthese energy states
there is a small energy barrier for hopping from omeleaile to another; this renders the
hopping process as thermally activated. The mobility can now be describ#te bgllowing
equation

‘80RO TQ'Y (2.10)

where E is the activation energy for hopping, T the temperature andth€ Boltzmann
Constant.

2.8 Energy transfer mechanisms

The fabrication oforganic polariton devices is not ra easytask. It requires acareful
consideration of the various parameters that the system depends on. Energy transfer between
molecules of the same or differeninoleculescan influence the design considerations.
Therefore, it is important to describe the energy transfer procesgdsn an OLED.

Aswas described in sections 2.7 and 2.8, a charge carrier can be injected from the metal
electrode intoan organic semicondttor passingfirst through anenergy barrier for injetion.
Subsequently, the chargearriers are transported in the forrof polarons across the organic
material. Two energy transfer schemes are aésed in this section; namelizorster and
Dexterenergytransfer[31].
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2.8.1 Forster energy transfer

In this processa high energy donomolecule and a lower energy acceptanolecule are

required. The energy ifransferred from thedonor to the acceptor.This form of energy

transfer has been described by Foérster in 1948. @elytral excitations are transferred from
onemoleculel 2 GKS 20KSNXY ¢KS CI NBRGSNI NI yaFSN NB
transfer between states which is given by the following relation:

Kon=4 *[V mnl 2 (B-En) (2.11)

Here, I, is the transfer rate of a donor engrgtate (k) to an acceptor energy state JEVin
is the interaction potential matrix element, and is the 1 -function which is required for
matching the donor and accepting statd&ased on theabove function the rate for the total
energy transfer ratesi given by the relation:

~

Q — — g prt

Q00 0Q0 (2.12)

In the above equation,pis the lifetime of the donor, k is a parameter that depends on the
dipole orientation, n is the refractive index and R is the desareptor separation distance.
oa(E) and gE) are the normalized spectra for the absorption corresponding to the acceptor
spedes and the emission corresponding to the donor specigss Rermed Forster radius and

is given by the relation:

. ¥
Y @ pE g 0Qo0Q0 (2.13)

The Forster energy transfer mechanism is a long range dibptde interaction mechasm in
the range 310nm.

2.8.2 Dexter energy transfer

The Dexter energy transfean only be achieved if there igplysical orbital overlap between
the donor and the acceptor molecules. This is a shamge mechanism where both charge
carriers are trasferredsimultaneously

An electron is transferred from the LUMO level of the donor into the LUMO level of the
acceptor. At the same time, a hole is transferred from the HOMO level of the donor molecule
to the HOMO level of the acceptor molecule. Thepegive rate for Dexter energy transfer is
given by equation 2.14.

o} i 0 Qi (2.14)

Here, risthe donoracceptor distancejl Ada (G KS tfFyO1Qa O2yaidlydas
the donoracceptor spectral overlap integral. Because the Dexter energy transfer decreases
exponentially with distance, it is a shadnge process in the range €25nm.
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2.9 OLED operation principles

Organic lightemitting diodes are devices that convert electrical current to optical pd\B6}.

A typicalconventonal OLED is composed ofgéasssubstrate, a hole transport layer (HTL), an
electron transport layer (ETL), an emissive layer (EML), and both anode and calioedes
(electron and hole injection layers have been omitted for device simplification).

Figure 28 (a) represents the architectural characteristics of a multilayer OLED dévitdds
figure the top layer is the negatively charged cathode |ay#nk layer with negative sign)
Below this layer is the electron transport laygreen layerwhere electrons are injected from

the cathode electrode and move until they reach the light emitting layidé'e ETL can be
chemically engineered to have a deep HOMO energy level so as to block the transport of holes
towards the cathode; therefore, it acts asle blocking layer (HBLyhe emissive layer (red
layer) is where electrons and holes form excitons and emit life. holetransportlayer (blue
layer) is associated with the movement of holes injected from the anode electrdeeHTL
material can bechemically engineered to have a shallow LUMO energy level and act as a
electron blocking layer (EBOhe positive electrode (pink layer with positive sign) is associated
with hole injection and lye above the substrate were the whole device is built.

There are two types of OLEDs based on electroluminescent materi@mely the small
moleculeOLEDs and the polymeLEDs. Appropriate layers are used between the anode and
cathode electrodes and the emissive layer so as to lower the barriers for hole and electron
injection, respectivelyConventionalOLED structures use ITOr5=4.7 eV) as the anode
material, and a lowwork function cathode metal such as in the combination of Calcium
(- c+2.9 eV) with Silvef A~4.7 eV) deposited by thermal evaporation.

Figure 28 (b) depicts the operation mechanism of an OLED device. This is split into three steps:

Step 1:Under forward bias charges are injectedhto the anode and cathode el#odes.
Charges accumulate at the metarganic interface Were they overcome the interface barriers
for injectioninto the organic semiconductorsioles are injectednto the HOMO level of the
HTL/EBL and electrons are injeciatb the LUMO energy level of the ETL/HBL.

Step 2 Underthe influence of the electric field, electrons are transported across the ETL and
holes across the HTL were they meet the EML interface. Due to different HOMO i@ LU
levels of the organic semiconductors charge carr@@aumulateat the two interfaces.

Step 3 Next, electrons and holeare injected into the emissive regionfue to the low
dielectric constant and high binding energy that is found in the organic naégethey
experiencea mutual coulomb attraction; they areforced to fuse together and create a
molecular excited state termedn exciton. The exciton will recombine releasing energy in the
form of electromagnetic radiation. The light emission is current driven and is called
electroluminescence.
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Figure2-8 ¢ (a) Schematic representation of a multilayer OLED arebitire under forward bias. (b) Electron and
hole transport across the ETL and HTL, respectively. Exciton formation occurs in the EML region.

2.10 Device architecture parameters

The engineering of aarganic lightemitting diode is a mulfunctionaltask Itis impossible to
control all the parameters of the device that are responsible foreah@ssioncharacteristics.

The task becomes extremely complicated when there are dependencies amongst all the
variables of the system. In the following, some of the pagtars that can affect the
performanceof an organic lightmitting diodewill be briefly discussed.

2.10.1 Orthogonal solvents

The deposition of alternative layers of various organic semiconductors is based on the ability of
thesematerials to be dissolved into orthogonal solvents. The organic layers in the device have
to be tolerant to swelling from the various solutions that are being processed on top of them.

If the same solvent is used then thderlyingmaterial will swell utess it is engineered to
exhibit tolerance.The crosslinkable holetransport organic semiconductor TFB that will be
discussed in the following chaptersaiggoodexample of this category.
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2.10.2 Active layer thickness

For organic lighemitting diodes théd | @ SNE&E Q (i KsigdficaitSaled thelgerfortnance
of the device. Howevert iis very complicated to derive a relationship between the film
thickness and the device properties.

The overall thickness of theganic layersan be split into two parts: Firstlthe thickress of

the emissive layer, and secondlthe thickness of the noemissive layersAlthough an
optimization process is required to maximize the ultimate performance of the device, it should
be mnsidered thatas the thickness of theverall organic stackncreasesthis will lead to
higher operating voltages.

2.11 Losses

There are losses associated with orgahght-emitting diodes The contribution of each
mechanism weilgts differently to the overall performanceof the OLEDThis thesis is not
focused on the quantitative analysis of such lossesvever,an overview will be given in this
section

2.11.1 Losses quantified by the external efficiency of the device

The general external effemncy of an OLED device informs for the various losses that are
responsible for the low conversion of electrical to optical power. The equation that describes
the external quantum efficiency is given by:

- [ 37 ;> (2.15)

In this equation! is the charge balance facter,y is the singlet/triplet ratio, g is the radiative
guantum efficiency of the emitter semiconductor, and is the outcoupling factor.

The value of the charge balance factor is defined inNde y 3 § »Xn Ifitle number of
electrons and holeare equal in the devicethen! =1 The device performance éptimum and
electrons and holes are injected at the same amounts from the cathode anchribde
electrodes, respectively. Inhé other end where 1=0, one of the carriers in the device
dominates.If there is arexcess of the oner the othercarrier, thiscannot be used to genate
light and is therefore lost. This in turaduces the external quantum efficienofthe device

The value of ; is defined by quantum mechanics. Excitons in organic-égfitting diodes
are defined by statisticsTheyare either singletg25%) or triplet (75%3tates Triplet states
have non-radiative emission and the transitisnassociated with them are spiarbidden
(TM{e). Howeverthe introduction of heavy metals in the emitter material can influence the
spinorbit coupling andhusgive a- y =1 fora phosphorescent emitter.
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The photoluminescence (PL) quantum efficiency q of the emitter materg@aves by the ratio
of the emitted to the absorbed photons

Finally,— is the outcoupling factor which deends on the refractive index afie organic
materials (~1/2rf) in the OLEDThis factor indicates how many of the photons createitl
escapeto the outside wad due to internal reflection.

2.11.2 Exciton -species annihilation

A significant loss channel accounts the excitonexciton annihilation proces$37]. This
processbecomes important at higkxcitondensities especially wherthe population of other
speciedbecome importantand act as a source oéductionfor the number of singlet excitons.
Here, he term species refarto triplet excitons, holepolarons, electrompolarons and
interaction with vibratioral modes

2.11.3 Reabsorption losses

Reabsorption losses are present in systems of organic semiconductorsabesmall Stokes
shift andwith high concentration of theemissiveorganicmaterial This isdue to theoverlap
betweenthe absorption and emission transitisiof the sameorganicsemiconductorand act
as a loss pathwafpr the singlet excitons

2.11.4 Waveguiding losses

Waveguiding losses are present to@ianic lightemitting diodes This is due tdhe effect of
the total internal reflection thatguides light to a medium far awayrédm the active region
where light escape the device through the edge regions. These losses are relatedto the
outcoupling factor and are difficult to be contredl.
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Chapter 3

Polariton physics: Fundamentals.

In this chapterthe microcavity physics fundamentals aexplainedwith a strong
emphasisgivenon the physics of the stronfight and matter interaction A historic
review on polaritons isalso given. This covers the most significant experimental
demonstrations for both inorganic and organic semiconductor microcavities.
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3.1 Metallicand Distributed -Bragg -Reflector mirrors

Optical microcavities are structures that are composed of pawalleland reflective mirrors.
The mirrors can be either metallic or Dibtuited-BraggReflectors (DBRMetallic mirrors are
associated with lossesvhen the emissive organic semiconductor iglose to the metal
electrode In this way thesnergy of the egited organic semiconductor will be transferred and
excite the surface plasmons(electromagnetic surface waveshat reside at themetal and
semiconductor interfaceThe surface plasmons will move along this interfacend up inheat
dissipationor wavegiide losgs[38].

Alternatively,a DBR nrror is composed of alternativiayers of high and lowefractive index
dielectric materials(Figure 3-1). When light impinges at the interface of two dielectric
materials of different index of refractiorthis refractive index contrast will caughe light
waves to be reflected at the interface of the two.

reflected
light
Incident
o light ///
4
=
S
g a4 2
w
g S
g =
-
B &
(0]
2 g

Transmitted light

Figure 3-1 ¢ Schematic representatiorof the DBR mirrorthat is commonly used in optical microcavitiesy
represents the high refractive index material such as,@aor TiQ, and n represents the low refractive index
material such as SiQ

On every interface in the layer stack part of timeident light is reflected and part of it is
transmitted. The phase shift of the reflected light is 180 when light propagates from the

low to the high index material. This in turn causes a phase difference of all the reflected light
beams to be zeror multiple to 368 which leads to constructive interference.

Gonstructive interference of all the reflected light wavessults in high reflectivity The
strongest interference occurs when the thickness of the dielectric layers is chosen to be a
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guarter o the light wavelength[39]. Therefore, the thickness of the low and high
¢ refractive index materials in a bragg stackhssen according to threlations

6 — (3.1)
o — (3.2)

where<is the wavelength of interest.

Assuming that the absorbance of the dielectric materials is negligible, refiectance
(intensity)of the DBR mirror commed by 2n layersis given by the equatiofQ]:

Y (3.3)

Herg ¢ and¢ are the respective refracte indces of the surrounding mediurg (=1, in air).
Alternatively, the transmittance is given by the relatigreglecting absorption A)

Y p Y (3.4)

Thestopband created from the high reflectivity of the DBR has a spectral ywidthat is given
by the relation[40Q]:

Ww_ —_ Ol 0i-0& (3.5)

Where,<gis the central wavelength of the DBRansfer matrix caulations are usually used to
calculate reflectivity as a function of the wavelengthlight [39]. In this thesis we are only
concerned for the TE mode of the EM field and therefore the TM mode will be neglected.
Figure 32 (a)depicts the reflectivity of a DBR structure calculatedn=5 and n=10 bilayers of
high (n=1.9) and low (¥1.5) refractive ridex materials at ‘ =(° and central wavelength
<=550 nm It can be seen from this plot that as the number of bilayers increases the
reflectivity becones higher and the stopband narrowéiigure 32 (b) shows the reflectivity of

a DBR structure consistitg n=8 bilayers of high and low refractive index materials by varying
the difference nn= ny-n_ of their indices with n=1.5=const The effect ofincreasing the
refractive index difference is that the giband becomes broadett is also observed in the
same graph a shitowardslonger wavelengthsThis can be understood from equations (3.1)
and (3.2).A change in the refractive index will correspond to a change of the wavelength as
the thicknessof the layers during calculationgas not changedTherefae, by increasing the
refractive index difference the DBRdshifts to longer wavelengthas seen from the graph
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Figure3-2 ¢ (a) DBReflectivity of n=5 bilayers (black line) and n=10 bilayers (blue line) of high=1.9)and low
(ni=1.9)refractive index materials.(b) Reflectivityof a DBR structure consisting of n=8 bilayers of low and high
refractive index materials by increasing the refractive index difference of the two.

There is an associated penetration depth that light infiltrates into thesactures which
depends on the refractive index contrast between the two materials. The respective equation
that describes the mirror penetration depth is given[d9]:

—_— (3.6)

where n,,is the average cavity refractive index.

3.2  Optical microcavities

When two mirrors are brought in close proximity and are separated by distance of the order of
the wavelength ofight, a microcavity system is formed. The microcavity structure is essentially
a FabryPerot resonator. Electromagnetic waves can be trapped inside the microgaig

form of standing wavesThe standing waves are associated with the dimensions of the
structure andform a series of opticainodes. The wavelength and structure of such are
dependent on the intracavity thickness. Usually a single mode is chosen in the cavity. Equation
3.7 gives the wavelength of the allowed modes within the cavity:

— W e+ (3.7
Here n is the refractive index of the intracavigyer, Lc is the mirror separation, m is an
integer number and i is the angle formed between the propagatiaravevector(k) with the
normal Figure 33 (a) shows the three lowest energy modes of the cavity along with the

splitting of the wavenumber into vertical and horizontal components. The wavelength relation
of equation3.7 can be converted into a wavenumber relation:

Q — —— (38)
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Only the vertical to the mirror surface wavenumber component is important; therefore the
equation that describesyds given by:

~

Q — (3.9
In terms of energy, equations 3.8 and 3.9 become:

% — —— %p OEf 7 (3.10)

o — ©O (3.1

.
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(c)

coupled

Figure3-3 ¢ (a) Microcavity structure that can support a number of modes depending on the intracavity mirror

separation. (b) Organic semiconductor embedded in a microcavity configuration. The organic semiconductors in

microcavity OLEDs can support Frenkel excitofiee electrons and free holes simultaneously as a result of

charge injection. (c) Mechanical analogue that considers the energy exchange between two oscillators coupled by

a third spring.
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energy Ein the outof-cavity region a relation between the internal and external viewing

angles has to be established. The angles of incidéngeaiid refraction(* ,) for light passing

through the boundary between two materialsitv refractive indexes nand rn respectively
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32| Page



Organic microcavities and OLEDs nae€ B

el Qe ¢ Q¢ (3.12)

Assuming that: amedium 1 refers to the outsidef-the cavity region (air) with ;= ¢, and
n;=1, b) medium 2 refers to théntracavity region with ;=" ;,; and n=n>1, then the external
viewing angle is related to the internal viewing angle through the equation:

— Dl 0i-os 3.13)

Using equatiorB8.13,the energy of the cavity mode can be observed as a function of angle and
is termed as cavity mode dispersion:

% % p —— (3.19

Figure 33 (b) depicts an organic semiconductor that is placed inais@crocavityOLED The
organicthin film can support Frenkel excitons as well as free electrons and free holes that are
present in the case of charge injection@L.EDsDepending on the strength of the interaction
between the photon component and the exciton component, two regimes established.
These ardermedweak and strong coupling regimes.

The notion of coupled oscillators is frequently used to describe the inferadietween a
Frenkel excitation imn organic semiconductor and a confined photon mode. The mechanical
analogue tlat describes the mechanism is shownFigure3-3 (c). The cavity photon and the
exciton are represented by springs that are attached to two bodieamasses of mand m,

with the two springs resonating aightly different frequencies. ; and. ,, respetively. The

two oscillators are connected together by a third spring.(ped. The third spring can mediate
energy transfer between the two oscillating bodies. Depending on the damping rates of the
two oscillators and the energy transfer rate of the thicoupling spring, two regimes are
established. The strong coupling regime is characteristic of the fast energy transfer compared
to dephasing processdbheatand photondissipation. The second case is characteristic of the
weak coupling regime wheréhe dephasing processes dominate over the energy transfer
process.

3.3 The weak and the strong coupling regimes

The mechanical analogue that was discussed in the last section briefly introduced the two
regimes of operation. However, whether the strong QED regwiile be reached or not
strongly depends on the parameters of the system and will be qualitatively described in the
next section.Next, the weak and the strong coupling regime are descriuedl distinguished

from each other based on the exciton and photdephasing rates. A description of the
difference between the two regimes based on the coupled oscillator model that includes
losses is given in pages-38.
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3.3.1 Weak Coupling regime:

When an organic semiconductor is placed at the antinode of an optical midtg¢he exciton

and the photon will interact. The strength of this interaction depends on three fundamental
rates by which thenature of the system will be determined. The first is the exciton dephasing
ratel (is the total broadening of the excitaesonance)the second is the photon damping
rate[  (is the total broadening of the exciton resonaneey the third is the ratea by which
light and matter exchargenergy If the system loses energy more rapidly than it exchanges
energy between thdwo components then the conditiom<<¢ ,[ , applies. This is called
the week coupling regime.

The Fermi Golden rule essentially states that the probability for transition between the initial
and the final state in a weakly coupled system is prépaoal to the final states of that system.

A microcavity carsustain only a number of modeshdrefore, the density of states (DOS) is
altered in comparison to the free space case. Consequently, the DOS is increased when the
dipole energy is resonant witthe cavity field and suppressed otherwise. Other weak cavity
effects include the modification of the angular emission properties of the organic
semiconductor and the modification of the spontaneous emission rates of Frenkel excitons.
The latter can be desbed by the Purcell factd? and is given by equation 3:15

~

o — - - (3.15)

Here, < is the selected wavelength of light in the cavity, n is the refractive index of the
intracavity material; V is the volume of the cavity and Q the cavity quality factor. The Purcell
factor P essentially states that the spontaneous emission rate of a transition in a cavity can be
enhanced in respect to free space. The maximum value it can take up is adjustedRyrcell
factor. Other noraresonant transitionsvill be supresged.

The cavity quality factor is a measure of the photon confinement within the cavity and is given
by equation3.16:

0o — (3.16)

Here, K is the energythat corresponds to the selected wavelength of lighE refers to the
FWHM of theenergy mode Microcavities with high @actors are associated with longer
photon lifetimes. This is @reatimportance since it definethe polariton lifetime

3.3.2 Stro ng Coupling regime:

If the excitoncomponent of an organisemiconductolin amicrocavity exchanges energy with
the photon component of the cavity field more rapidly than all the other dephasing
mechanisms of the system then the conditis>[ ,[  will hold. The system will be
described as operating in the strong coupling regime.
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A pictorial representation of the mechanism that dominateghe strong coupling regime is

that of a periodic energy exchange between the photon anddkeiton compments in the
microcavity. The organic material essentially absorbs, emits, reabsorbs, and reemits etc. many
times before the energy is lost. This scenario is qualitatively described by considering the
al EgSttQa Sldzr dAz2yaod

An incident electromagnetic waveithinduce polarization in the form of dipoles for an organic
semiconductor in a microcavity structure. The polarization will not be uniform across the
thickness of the cavity but it wiltary. The varying polarization will create a magnetic field
accordid (2 GKS ! YLISNBQa ftl gy

n "0 of — (3.17)

Here Ois the magnetidield strength O is the electriodisplacementl')li_s the current density
and t signifies derivation with respect to time. The created magnetic field will be varying with
GAYS® /2yaSlidsSyGftesr GKAa ogAff LINRPRdzZOS |y StS

n O — (3.18

The organic medium will emit the electromagnetic radiation back to the cavity that will
produce polarization in the microcavity region and this cycle will be repeated many times
before the energy is losBefore this occurthe energy will be stored in theesonator both as
exciton and as a photon at the same time.

The resonant exchange of energy between the Frenkel excitons and the cavity photons modify
the energy levels of the system as seen characteristically from RglrBispersion curves are
commony used to plot the reflectivity, photoluminescence or electroluminescence energy as a
function of the angle or the wavevector. The excHamoton energy separation (.o is
termed as detuningt( at‘ =0’ and defines three possible outcomes of a stiyrzpupled
system.Here the focus will ben the interaction of a photon mode withn exciton resonance.

The exact mathematic definition will be given in the next section.

The system can beeither positively detuned, negatively detuned or it can exhibitem
detuning. Figure3-4 (a) depicts the dispersion curve for a positively detuned organic
microcavity. In this casdhe angledependent photon mode (red dashed parabola) is
energetically located above the dispersionless exciton enéeyy dashed line)The relation
E-E.x.= >0 applies. The strong coupling condition modifies the energy levels as seen from the
blue curvesn the graph. The higher enerdpjue curve is called upper polariton branch and the
lower energyblue curve is called lower polariton &nch.

Similarly, for =0 detuning, the new eigenstates of the system are the newly formed polariton
states as seen characteristically from the blue curves of Figdréb). A negativelydetuned
microcavity is formed whethe exciton energy is located energetically at higher energy than
the energy of thephoton modeat ‘ =0°. Here, the EE, =t <0 relation applies. The angle
dependent photon mode crosses the exciton energy at an anglehe two polariton modes
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will appearto anti-cross at the same angle. This is seen in Figutdc). Last, fgure 3-4 (d)
shows the dispersion curve that corresponds to the weak coupling regime.
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Figure3-4 ¢ Dispersion curve for a: (a) Positively detuned microcavity-Q), (b)zero-detuned microcavity {=0)

and (c) negativeihdetuned microcavity {<0), in the strong coupling regime. (d) A dispersion curve that
corresponds to the wealcoupling regime. Red curves correspond to the exciton (dispersionless red line) and the
photon (red curve parabola) modes. Blue curves correspond to the nefelyned polariton modes.

Classical treatment of ano-level modelof coupled oscillators

The coupling of two classic oscillators (exciton and phptan be given by equation 3.19
which describe a 2x2 Hamiltoniafd1]. V,'O , and’O are the interactionmatrix element
the photon energy and the exciton energy, respectivélyeparameters ' and ‘Q are
included to describe photon damping and exciton dephasing losses, respectively.

0o i @ 3.19
W o M (319
The timeindependent Schrodinger can be writtas[41]:
o 0 w | o~ |
o o o 1 O 320

where % represents the eigenvéor of the system. Equation (3.20s referred to as the

coupled harmonic oscillator modehcluding dephasing The charactéstic polynomial of
equation (3.20 can be solved to gid the eigenvalues of the system. More specifically:
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o O 0 0 w :
QQo o 0 ‘0 0 it O
- 0 o q i TW (3.21)

As shown in equation3(21) there are two solutions corresponding to the polariton energy.

Both solutons depend on the photoenergy;therefore they should exhibit strong angular
RSLISYRSYyOS® ¢KS az2fdziaAz2y o0FNAYy3I GKS LRaAGADS
is termed as upper polariton branch (UPB). On the other hand, the solution that bares the
yS3at A o8A HY ONBFGSa | O2ylGAydzdzy 2F yS3F(iABE
polariton branch (LPB). The LPB statesohimportance since they are connected taat-off

lower energy frequency of the system where organic polariton condensates are expected to be
spontaneously formed with proper cavity engineerirfihe exciton and phototinewidths

' hr along with the exciton and photon character of the gmiton define the upperr()

and lower [( ) polariton linewidthsMoreover, at the point of the excitephoton degeneracy

(O 'O ) and at a resonant angle of X r.<9(, the energy ofthe two branches is equal to

(@) - TW [ i (3.22)

The energetic separation of the two branchegeemed Rabisplitting; it includes dephasing
and is given by equation (32

U 0 1Tw i i (3.23)

Based on equations (3.23) and (3.24) there tare regmes of operation that depend on the

T® r r factor. In the first cas@he square root value of that factas imaginary
when 2V<j [ |. This is the weak coupling regimehere dephasing dominates the
system In the second case whe®/31 [ | the value is real and is associated with the

strong coupling regimeln this scenario the excitephoton interaction is stronger than the
losses.

The eigenvecto% contains the relative mixing coefficientsandi of photon and excitorof

the polariton quaspatrticle in total, the squares of which describe the relative weightauth
componentand exhibit strong angular dependence. Since the total contribution of the exciton
and photon character of polaritonshould be 1, expressed as f P (3.24), the
solution of the system lead to the following set of equations for the coefficigkpendix B)

e

W (3.29

f (3.26
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Classical treatment of a threéevel model of coupled oscillators

A model that contains more than one exciton resonances, as is in the case of mixing organic
dyes sustaining two nedegenerate exciton resonanc¢42] or in the case that an organic
semiconductor that contain both electronic (0,0) as well as a (0,1) vibrational transitions
coupled to the cavity modg24], the eigenvalue problem can be written in the following form:

o 10 w w | |
W (@) N©) i I (o} (3.27)
W Tt (@) N [ [
wherel [ andr correspond tophoton, (0,0) and (0,1) dephasings, respectivéle
eigenvaluesf the system describe the appearance of three polariton branches that can be
obtained once the characteristic polynomial of equati8r2y) is solved:

0O 0O w

(0] [0
QQo W (0] 0 (@) T mt O (3.9
W Tt (0] 0 (0]
|

Again the eigenvectoif contains the relative mixing coefficients, for the photorand the
I

two exciton resonances and[ . The equation| f r P (3.29) is now required
in the setof equations that describe the relative fraction of each polariton brarithe
solution of the system lead to the following setaafuations for the coefficients (Ayendix B:

® ¢g— O

(3.30

(3.31)

(3.32
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Classical treatment of a muHievel model ofcoupled oscillators

Extension of the model to a simultaneous mugiticiton, non-degenerate strong coupling to a
single cavity mode can be written in the form:

0 N A E ® | |
W (@) n T 1 | - |
5 - £ p & O g (3.33
W 1 E ©O 0 | |
0 0 0 ® E ®

o~ w () (@) O 1 T .

QQo a - ~E a m O (3.39

W 1 E © 0 (0]

The eigenvector| & signifies the simultaneous strormpupling of one photon modé¢ ( ) to

|
a series of nomlegenerate exciton resonances (E| ). To solve these equations that

contain multiple excitons coupled to a single cavity mode numerical simulation methods are
required.

3.4 Theoretical description of polaritons in organic
microcavities

In this section themain mechanism$or populating polariton branches will deased on Refs.
[43-45] in which a set of rate equations is used to describe the excitation dynaimics
microcavities containindaggregatesThe same model is used to simulate microcavity raies
Chapter 5.Basically, he model treats -hggregates as -D excitonic system of NNdye
monomers. The monomers are characterised by energetic disorder and are coupled to each
other via diple-dipole interactionsThis couplindgorces excitons to be delocalised formidg
aggregates

The rate equationslevelopeddescribethe relaxation dynamic®ased onthe absorption and
emission of molecular vibration3he moleculavibrationsare classiéd into two categories
The first refers to a continuum spectrum of low energy vibratiaith energiesE<30 meV and
the second refers to a discrete spectrum of molecular vibrations with high enetgigise
model developedhe molecular vibrations of # Jaggregates of the TDBC molecule were used
which wereidentified viaRaman spectroscopj46]. The energies included had a value of
E=40, 75, 120, 158nd 187meV.The Fermi Golden rule was used to calculate scattering rates
between initial and final stateddowever, themodel does not distinguish between excitons
formed by optical or electricalpumping According to the solution of the ratequations
polariton branchesre populated based othe followingtwo-step processes (figure-8):

Firstly, hgh energy excitons relax to the lowesaggregate state via emission of molecular
phonons. Thisreates the secalled exciton reservoiryhich isa quasithermalized population
of excitons in the-band density of stateftime scale ~1ps).
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Secondlythe LPB is populated by polaritons either by interactions with low energy molecular
vibrations or bynteractions with high energy molecular vibrations. In the first case polaritons
are trapped close to the exciton reservoir since multiple scattering events are not possible due
to the short polariton lifetime(10s100s fs).In the second case the energy the molecular
vibrations is high enough to scatt@olaritons down to the bottom of the lower polariton
branch.In this way drect population of the minimum state of the system might be possible
through proper cavity engineeringwhen the energetic sepatian of the exciton and the
minimum of the LPB correspond to a spediiigh energymolecular vibration.

Upper branch polaritons cannot bgopulated since room temperature is not sufficient to
activate thehigh energyRaman modes for exciton promotion intiee UPB therefore only the
low energy vibration modes can contribute to the population of the URB time scale of the
second step is of the order of picoseconds.

Polariton branches can alsbe populated via the optical pumping mechanism. In this
mechanism a weaklycoupled organic semiconductdiasan emission spectrunthat overlaps
with the polariton branchesof the stronglycoupled material Snce polaritons are part
excitons and parphoton quasiparticles, the ight that is emitted from the weaklycoupled
organicsemiconductowill populate the photon part of the polariton and thymlaritonswill

be directly created. It was shown by Lodden ef4a] that populating polariton branches with
this mechanism might be advantageous in circumventimg bottleneck effect in strongly
coupled systems orderto generate a high population at the bottom of the LPB.

Relaxation via low
energy vibrational
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Exciton reservoir N
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Figure 3-5 ¢ Mechanisms responsible for populating th@olariton branches, namely vibrationally assisted
scattering and optical pumpingLeft hand side: Vibrational spectrum taken for theaggregates of TDBC via
Raman spectroscopy. Middle figure depicts the upper polariton branch, the exciton reservoir and the lower
polariton branch. Arrows indicate scattering and population of the loweplariton branch. Right hand side:
depicts the PL spectrum of thealjgregates where is used to radiatively pump the lower polariton statésom
Refs[46].

The mechanisms explained in this section are seen in Figbrdr3the left hand side of this
figure the vibrational levels of theabgregate are shown taken via Raman spectroscopy. The
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energyposition of the strong discrete peaks of the spectrum coincides with the exotear
polariton branch energetic separation in the dispersion curve depicted in the middle of the
figure. The grey arrows indicate that excitons are scattered down the load@rifwn branch

at this energy equivalence. In the right hand side of the figure the PL spectrum of the J
aggregates is shown. As explained the radiative pumping of a small humber of uncoupled
excitons is responsible for pafating the LPB at high angles.

3.5 Historic review

In this brief historic review the most important demonstrations of inorganic and ordssed
microcavity systems are given. Strecmupling in inorganic semiconductor microcavities was
demonstrated in 199248] and since then it has dominated the field. An enormous amount of
scientific reports were submitted to describe polariton phenomena related to inorganic
semiconductor physics.

Alternatively, the use of organic materialsnricrocavity systems reported for the first time in
1998[49]. Since then various organic semiconductors have been used in optical microcavities.
Major advances in equipment manufacturing which is a mdg@nand for making high quality
structures has been progressing fast, allowing for the rapid growth of this field of research.

3.5.1 Inorganic microcavities

Inorganic semiconductors are in the heart of our technology. The invention of the integrated
circuit based on transistors, triggered the research of inorganic semiconductors for
optoelectronic applications. Since then, applications such as the VCSEL[S@sehat
combines both aspects of the optical and electrical properties of these materials, was
successfully demonstrated leading to a variety of new products that are today commercially
available.

The term polariton was introduced in 1958 by Hopfield to describe thenadointeraction
between photons and excitons in bulk crystfBd]. The first experimental demonstration of
bulk polaritons was achieved in a ZnO crystal in 1965 by Hopfield and Tf&has

However, bulk polaritons can travel through the crystal in any direction with high velocities
and therefore only a small fraction of theman reach the surface and be observed due to
dissipation. In quantum wells control of the exciton decay in the growth direction can be
achieved. When a quantum well is embedded in a microcavity then the excitonsowile

with photons that have the same wavevector. This allows polaritons to be observed from the
leakage of their photon component through the cavity mirrors.

A new era in the field of solid state physics started after the successful realization ofsthe fi
strongly-coupled inorganic microcavity in 1992 by Weisbuch ef4d]. In this report a planar
GaAsbased semiconductor microcavity was fabricated and placed in between two highly
reflective dieletric mirrors made ofsaAlAs and AlA®erforming reflectivity measurements in
these structures the authors realised that there was a splitting in the reflectivity spectrum, as a
result of the formation of new energy states, as seen from figuée 3.
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Figure 3-6 - Reflectivity spectra based on a planar semiconductor microcavity, depicting the energy level splitting
at different photo-exciton detunings, from Ref48].

In 1996 Immamogland ceworkers put forward a remarkable id¢a8]. It was proposed that
low-threshold, lasetike emission could be realised utilising these polariton gpasiicles by

the direct condensation to the lowesnergy state of the system. This effect which is termed
BoseEinstein Condensation is based on the property of any bosonic system, and under certain
conditions, to have a collective behaviour and, therefore, to be described by a macroscopic
guantum wavefuction. Such an experimental evidence was awarded with a Nobel prize in
physics towWolfgang Ketterle, Cawiemanand Eric Cornell i2001 for demonstrating BEC in
dilute vapour atoms at ultrdow temperatureg53, 54].

The work of Houdre et al[55] was first to study the photoluminescence properties of
guantum well excitons in inorganic microcavities in theostrcoupling regime. Figure-B
shows the photoluminescence emissiorespum as a function of energy for a series of angles.

This work was significant because it highlights for the first time the possibility that light can be
emitted from populated polariton states.

Subsequent work investigated the mechanisms that are resiixte for populating polariton
states[56]. Then the focus was shifted in the understanding of the bottlenggks58] that
prohibit such systems for achieving nonlinear light emission.
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Figure3-7 ¢ Photoluminescence emission spectra of an InGepased semiconductor microcavity, as a function of
energy, for a series of angles in the strorgupling regime, from ref[55].

Le Si Dang et db9] was the first to observe coherent nonlinear emission from lower branch
polariton states following nomesonant excitation in 1998. Two major breakthroughs in the
field followed, namely demonstration of Boggnsteincondensation, room temperature lasing
in QW inorganic microcavitigs0, 61], and nonlinear emission under electrical excitatj@s,

62).

Under nonresonant excitation, stronglgoupled inorganic microcavities containing CdTe
quantum wells can undergo a macroscopic phase transition (BEC) at very low temperatures
(T=5.4 K)60Q]. This is seen in figure-8(a) whee the emission intensity increases at the
bottom of the lower polariton branch as a function of an increasing pump power (lower part).
The upper part shows the respective population buiftlat the angle of ©

In 2007 Christopoulos et.f§1] observed room temperature lasing in bulk GaN microcavities.

It was shown that inorganic materials such as GaN due to the high birdiergy of their
WannierMott excitons can undergo lasing at room temperatyfl]. Under pulsed, non
resonant excitatin lowthreshold coherent light emission was observed at 300 K compared to
the VCSEL based on the same material and a blue shift which is characteristic of the polariton
polariton interagion. This is seen in figure&(b).
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Figure3-8 ¢ BEC in a (aCdl'e based negativelgetuned microcavity at low temperature (T=5.4 K). The upper part
signifies the buildup of the polariton population at the ground state and the lower part shows the increase of
polariton emission intensity as a function of the pump powed-rom ref.[60]. (b) Emission spectra for the GaN
based microcavity for a series of increasing pump power, collected at an anglg,@‘tU:SOO K. From rg61].

The possibility of realising electrically driven polariton devices based on inorganic
semiconductors was demonstrated for the first time by Tsintzos 63].and then followed

by others[64]. In their paper Tsintzos et al. showed that under electrical excitation polariton
electroluminescence wasbserved for two cavity detunings=0 meV andi =7 meV. This is
shown in figure 3. Figures M a) and c) correspond to a zero detuning inorgamicrocavity

LED, and figures@b) and d) to a negativelgetuned inorganic microcavity LED. The authors
demonstrated an excellent fit to the data using a tfewel coupled harmonic oscillator model
showing that the GaAbased microcavity LED fabricated operate in the strong coupling
regime. This is a very significant result suggesting that a polariton Léf[@dad be possible.

Following these reports, Schneider et[@3], and Bhattacharya et dl62] have demonstrated

independently the creation of coherent light emitters basmd excitorpolaritons in inorganic
LEDs.
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Figure3-9 ¢ (a) and (c) refer to a zeraletuned inorganic microcavity LED fabricated that operates in the strong
coupling regime, tle emission spectrum as a function of angle at a driving current of 1=0.2 mA and operating
temperature of T=220K (a), and the respective dispersion graph (c). (b) and (d) refer to a negatateiged
inorganic microcavity fabricated that operates in thersing-coupling regime, the emission spectrum as a function

of angle at a driving current of 1=0.2 mA and operating temperature of T=190K (b), and the respective dispersion
graph (d). Based on ref63].

Figure 310 (upper part),based on the work of Schneider et @3] shows arelectrically driven
micropillar microcavitywith four quantum wells (QWskandwiched betweertwo distributed
Bragg reflectors (DBRSJhe DBRs weregqoped and rdoped to allow charge transport tive
quantum wells which were placed at the antinodes of the electric fieta lower part of this
figure plots the emission intensity as a function of the current density for two values of the
magnetic field, 0 and 5T, respectively. The magnetic fietdeseas to enhance the polariton
scattering efficiency and thus to show a clear lasing threshghdtifian in the case of zero
magnetic field (OT).
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Figure 3-10 ¢ Lasing behaviour in a micropillastbased microcavity in the strongoupling regime. By the
application of a magnetic field a clear threshold is observed for lasing as is described i[28f.

The demonstration of polariton lasing from inorganic LEZS; 62] is a significant step in
creating electrically driven nelinear emitters with lowasing threshold for commercial
applications. The lovasing threshold that can be achieved in the straogpling regime
compared to that in the weakoupling regimd65, 66] would be beneficial for @éhieving non
linear light emission in organic ligktnitting diodes.

There is a large body of work done reporting strorgypled inorganic microcavities. This
historic review only summarizes the most influential steps of the field. A more general
overview can be found in refl67, 68]. A historic review of organic microcavities and OLEDs
operating in the strongoupling regime will be given in the following section.
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3.5.2 Organic microcavities

Organic materials possess interesting physical properties compared to their inorganic
counterparts which are of great interest especially in stromglypled systems. For example,
Frenkel excitons are tightly bound possessing binding energies of the afrdezV, compared

to binding energies of a few meVs found in weakly bound Warvimt excitons.
Furthermore, the high oscillator strength of the organic semiconductors renders the
observation of the strongoupling regime possible at room temperature.

The use of organic semiconductors in microcavities reported for the first time by Lidzey et al.
[49] in optical microcavities containing a zibased porphyrin (4ATBPPZn) as the strongly
coupled organic material. d?phyrins are organic compounds with very intense absorption
bands. Particularly, the Soret band of these molecules has a relatively narrow absorption
linewidth and high oscillator strength, two of the requirements for achieving the strong
coupling regime.

The material was dispersed in a polystyrene matrix and spun cast on top of a dielectric DBR
mirror. The second mirror in the cavity was metallic silver that was evaporated on top. The
reflectivity spectra as a function of angle revealed a Rabi splittingare than 100 meV as
shown infigure 311 (a). An energy splitting is observed by the appearance of two reflectivity
dips that anticross near the Soret band resonance. The polariton dispersion extracted from
these data shows antirossng around resonace (Figure 4.1 (b)).
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Figure3-11 ¢ (a) Reflectivity spectra of the 4TBPRBased organic microcavity, and (b) dispersion curve of the
polariton dips as a function of the viewing angle. The fits are obtained by using a transi&trix reflectivity
model. From ref.[49].

The use of the Sordband in Porphyrin dyes has the advantage of achieving a high Rabi
splitting but has the disadvantage of being Aaiative. To observe the radiative emission of
polariton states luminescent cyanine dyes were employed.
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Jaggregates are a class of photolmescent organic molecules that in highly polar
environments can selissemble into welbrdered structures. The aggregate exhibits narrow
absorption and emission transitions compared to their monomers and the oscillator strength
of the aggregate is the Hective of all the monomeric units. For this reason, Lidzey et al. first
observed polariton emission from microcavities containiragdregates of cyanine dyés a
polyvinylalcohol (PVA) matr{$9]. The photoluminescence spegin is shown in figure-22

(a) and was obtained under ngesonant excitation. The polariton dispersion from reflectivity
(with a Rabi splitting of approximately 80 meV) and PL measurements is seguras 3.7 (b)

and (c), respectively.
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Figure3-12 ¢ (a) Polariton emission for a series of angles following A@sonant excitation, (b) reflectivity and (c)
PL dispersion curves.

Other authors have reported the use of different organic materials tmashktrongcoupling in
microcavities. For example, the use of theonjugate polysilane polymer PBPS showed that
the strongcoupling regime can be reached even if the transition linewidth of the absorption
resonance is high (190 me¥)0, 71]. A range of Rabi splittings from 210 to 430 meV have
been observed in these structures.

Instead of being solution processed, srmmblecule organic materials can also be thermally
evaporated. With  this process materials such as polycrystallir®a4,7,8
napthalenetetracarboxylic dianhydrideNTCDA) can be deposited as neat films with high
control over morphology{72]. What is interesting about this organic semiconductor is that
except from the main @ absorption transition, other vibronic transitions with wedisolved
absorption characteristics are predein the absorption spectrum. This creates the possibility
of coupling multiple exciton transitions with the same photon mode, and it has been
successfully demonstrated by the work of Holmes ef7d].
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Figure3-13¢ (a) Polariton dispersion obtained by reflectivity measurements from a microcavity containing 20 nm
of evaporated NTCDA. Inset: room temperature absorption and emission taken from a 50 nm thin evaporated
film of NTCDA. (b) Polariton dispersion obtaineg beflectivity measurements from a microcavity containing 40
nm (upper) and 60 nm (lower) of evaporated NTCDA. From [/&3].

In this report, subsequent evaporation of a thin film of NAGInd metallic aluminium onto a
dielectric DBR mirror foned the microcavity. Figure-B3 (a) shows the absorption and
emission spectrum of NTCDA (inset) and the dispersion graph that was obtained by performing
reflectivity measurements. It has to be memrtied that only 20 nm of the organic
semiconductor required to exhibit strorgpupling. By increasing further the thicknessthud
evaporated film (Figure-33 (b)) it was shown that the-@ vibronic transition can be coupled

as well. The result is the appence of three polariton branches in the dispersion graph. In
other microcavity systems NTCDA has been shown to exhibit staungling through organic
inorganic hybridization where both Wanniktott and Frenkel excitons eexist, at room
temperature[74].

An alternative method of coupling multiple transitions with the same photon mode in an
organic microcavity is to use two or neorganic materials with characteristic narrow exciton
transitions and high oscillator strengths. This was first reported by the work of Lidzey 7] al.
where two spatially separated orga& semiconductors (seen in Figu@®l4 (a)) were
simultaneously coupled to a single photon mode. The hybrid organic microcavity described has
three polariton branches that are all well separated by the excit@mgitions, as seen in
Figure 314 (b). Eaclof the three branches has different contributions of the two excitons and
the photon. The relative coefficient of each of the polariton constituents isvshio the lower

part of figure 314 (b). Most recently it was shown that hybridization in organicnotavities

can act as a pathway for ultfast energy transfer between exciton stafes?].
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Figure 3-14 ¢ (a) Absorption spectra and structures ofagigregate dyes. (b) Upper part: polariton dispersion
obtained from reflectivity measurements, Lower part: relative component coefficient that corresponds to the
lower polariton branch of the fabricated mi@cavity.

To understand the polariton dynamics in organic microcavities Lidzey Etehlstudied the
photoluminescence of a DBRetal microcavity containingaggregates of a cyanine dye as the
strongly-coupled organic semiconductor, through nrogsonant excitation. The results were
compared with a model based on the scattering of excitons from the exciton resdiyoi
molecular vibrations into polariton states, interbranch polariton transfer through absorption
and emission of vibrational quanta, and radiative decay of polaritons. These agreed well with
previous considerations published by Tetrakovskii et[#&F] regarding the interaction of
polaritons with molecular vibrations.

The interaction of polaritons with molecular vibrations and the mechanism by which polariton
branches are being populated were intensively studied both theoretically and experimentally.
In a series of publications, Agranovich, Litinskaya andartiers have theoretically studied
the properties of polaritons, such as polariton localization, profiaga relaxation, and
disorder[78-82].

Moreover, the work of P. Michetti and G.C. La Rocca focused on polariton dyhd8«is; 83,
84]. A set of rate equations was used to describe the interaction of expibdaritons with
molecular vibrations as the main mechanism to populate polariton states. This theoretical
approach was experimentally verified by the work of D. Coles &#6}lin which it was
observed that the polariton population was increased in the LPB when the energetic
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separation of the exciton and the LPB state was equal to the energy corresponding to a high
energy molecular vibration of theabgregate.

Cavity engineering is also one of the most important aspects of fabricating high quality organic
semiconductor micraavities. The mirrors that are commonly employed in the fabrication of
organic microcavities are either metallic or distributed bragg reflectors or both. P. A. Hobson et
al [85] showed that a microcavity that consists of two metallic mirrors has a larger Rabi
splitting and a lower quality factor compared to cavities containing a DBR and a metallic
mirror. The Rabi splitting as a function of the square root of the oscillator strdagallmetal

or hybridcavities is seen in Figurel5.
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Figure3-15 ¢ (a) Rabi splitting as a function of the square root of the oscillator strength measured for metal
metal and DBRmetal organic microcavities.

The fabrication of a high quality ongi@ microcavity having two DBR mirrors was already a
challenge since sputtering or plasma enhanced chemical vapour deposition on top of organic
layers usually damages the underlying organic material. Moreover, there is limited availability
of thermally evaorated materials with high refractive index difference. Connolly €i36]
fabricated a double DBR organic microcavity. The bottom DBR was deposit via REICVD a
consisted of SiPand SjN, and the top DBR was deposit via thermal evaporation of LiF and
TeQ. Zinc porphyrin (ZnTPP) was used as the stresmipled organic semiconductor
dispersed in polystyrene in order to create high quality factor microcavitycttres. The
microcavities fabricated with this method had &#&gtor in the range Q=42600.

An alternative way of fabricating a douHBEBR organic microcavity was explored by Wenus et

al [87]. A wedgeeshaped cavity was formed when two DBR mirrors grown via PECVD were
laminated together at an angle. Initiallyadgregates dispersed in gelatine matrix were spun
cast on the bottom DBR (9 pairs 0§NaiSiO2). A second DBR (9 pairs aNG5i02) was
separately grown onto a quartz glass. Then it was pressed at one side of the substrate forming
a wedgeshaped microcavity structure. The quality factor obtained for this graded cavity
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structure was Q=130Vith this method the polariton dispersion can be plotted as a function of
position instead of angle of incidence.

High Qfactor cavities are required in order to increase the polariton lifetime. An alternative
way of creating high @actor cavities whiched to the first observation of polariton lasing was
demonstrated by the work of S. Ke@hen et a[88]. In this microcavity the top and bottom
DBR mirrors consisted of 12 pairs of SiN and @@ctric layers which were grown by plasma
enhanced chemical vapour deposition on quartz substrg8. The 70 nm thick gold was
evaporated on top of the DBR mirrors. Photolithography anebfiftwas then used to create
stripes of 0.5 mm wide and 30 mm long with 0.5 mm separation. By positioning the gold
coated DBR substrates fatwface and by applying high pressure the two substrates were
hold together by cold welding. The empty microcavity thats formed was filled with melted
anthracene molecules that filled the empty microcavity (140 nm) through capillary forces.
Crystallization was achieved by slowly decreadimgtémperature rate. Figure-B86 shows the
measured photoluminescence as a funatiof pump fluence at=C. In the inset of the figure

the LPB FWHM and the integrated intensity as a function of the pump fluence indicate a lasing
threshold at the intersection between sublinear and superlinear regimes.
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Figure3-16 ¢ LPB emission integity measured at =0 . In the inset of the figure the integrated intensity and
FWHM of the LPB at=0" indicates a lasing threshold as seen by the crossover between the sublinear and
superlinear regimes. From ref88]

The organic semiconductors used till that point consisted of small molecules. An alternative
approach was the use of polymers to exhibit strong coupling in organic microcavities. Firstly, in
the work of Takada et dI70] the polymer PBPS was used as the gjigoupled organic
semiconductor. With a linewidth of approximately 15 nm this polymer exhibited strong
coupling and a large Rabi splitting of 430 meV. This polymer has also been used in polymer
light-emitting deviceg90Q].

A different conjugated polymer that was used to show strong coupling in microcavities was the
laddertype polymer neLPPH24]. This organic semiconductor has welsolved absorption
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transitions, characteristic of the rigid backbone of the ladtygre materials synthesizef®1,

92]. The microcavity structure consisted of DBR mirrors made ofa®itDTaOs via magnetron
sputtering. Demonstration ofroom temperature Bos&instein Condensation utilising a
conjugated polymer was achieved for the first time. FigwE/ 3hows the emission intensity

in the momentum space of the microcavity at excitation densities below, near and above the
lasing threshal. A characteristic blushifted from the polariton dispersion due to polariton
polariton interaction appears in the spectrum.
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Figure 3-17 ¢ Photoluminescence spectrum in the momentum space recorded for a dodbBR microcavity
structure containing the laddetype polymer mLPPP, below, near and above the lasing threshold. Fronj24f.

A second demonstration of room temperature Besmstein Condensation was achieved in
the work of Daskalakis et §25]. The optical microcavity fabricated consisted of a tog an
bottom DBR mirrors made of Si@nd TaOs via magnetron sputtering enclosing a single layer

of the organic semiconductor TADF. TADF are oligomer molecules that were used to exhibite
ultra-strong coupling in aiinetal microcavities with a Rabplitting of the order of 1 e\{93].

The Qfactor for this cavity was approximately 600. Nonlinear emission from the bottom of the
LPB was observed with a characteristic bdbét due to polaritonpolaritoninteractions.

Apart from being optically excited polariton modes can also be excited through charge
injection in stronglycoupled OLEDs. The first demonstration of polariton electroluminescence
was demonstrated in the work of Tischler et[@4]. The microcavity OLED consisted of two
metallic Ag mirrors of which one was setr@insparent in order to allow light to escape from

the cavity and be observed. The strongbupled @ganic semiconductor was based on J
aggregates of a cyanine dye that was deposit via the {aydayer technique (LBL9Y5]. Figure

3-18 shows (a) reflectivity, (b) EL emission spectra and (c) the respective dispersion curves for
this OLED microcavity showing good agreement in all cases.
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Figure 3-18 ¢ (a) reflectivity, (b) electroluminescence and (c) dispersion curved for the OLED microcavity
fabricated based on-dggregates of the dye TDBC. From Red]

An alternatie way to electrically excite polariton modes was shown in the work of Lodden et
al [47]. The material tetraphenyl porphyrin TPP was used as the straogigled organic
semiconductor placed diween Ag and Al metallic mirrors. By utilising 2dg the weakly
coupled and emissive organic material in the same structure, with its emission spectrum
overlapped with the upper and the lower polariton branches, direct population of the
branches was adbved via the optical pumping mechanism in order to circumvent the
bottleneck effect that prohibit significant polariton population to be achieved at the bottom of
the LPB. The €actor achieved for this cavity was Q~28. TPP was also studied from the same
author in terms of populating polariton states via thermal activa{i®g].

Finally, polariton electroluminescence was observed froamallal microcavities operating in
the ultrastrong coupling regim due to the high interaction strength of these materials,
containing organic semiconductors such as the organic semiconductor TRAFand a
squarrilium dye(Sq) [98]. This regime has been previously explored in various systems
including intersubbund quantum wells in the infrarg@B] and THZ10Q regions, as well as
using organic moleculg93, 101].

Particularly, a very interesting result was obtained in the work of Gubbin {@lwhere the
OLED devices fabricated had different thicknesses and therefotiniggs. The turron
voltage measured was the same (3.1 V) for all the devices reported and below the exciton
energy of DAF 8.5 eV) as seen from figurel®. The same turon voltage observed suggests
that lower polaritons do not form directly by the injection of charge carriers from the
electrodes but follow a twestep process where excitons are created first and thettescato
polariton states. It also contradicts previous results that suggest work function modification by
changing the detuninfL02].
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Figure3-19 ¢ Microcavity structure, energy levels of the materials used in the polariton OLED and the emitted
optical power as a function of the applied bias showing the same tam voltage for all devices fabricated. From
Ref.[97].
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Chapter 4

Experimental Methods

In this chapter an overview of the variousxperimental techniquesthat were
employedduringthis study is provided. A description is given fioe device fabrication
processes and the characterization measurements which were employed under both
optical and electrical excitation. The motivation behind the selection of the device
architectures is discussed and the procedure of fabricating twondissets of device
structures is detailed. The first set examines organic polariton LEDs and is related to
the EL emitted from strongigoupled states, whereas the second control device set is
fabricated to examine the EL emitted from uncoupled Frenketitem states.
Moreover, various techniques were used for spectroscopic investigations. These
include thin film and solutiobased absorption and emission spectroscopy as well as
reflectivity, photoluminescence and electroluminescence amgiolved spectrscopy.

The simplified version of the set up that was used to electrically characterize the
samples and to perform efficiency comparisons for the two sets of devices is presented
here. Finally, a brief description of the tirnesolved emission measuremergdhnique

that was carried out at the University of Southampton is given.
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4.1 Introduction

The fabriation and characterization of strongbpupled OLEDs is motivated by the need to
understand the physidsehind theoperation of these devicehat could potentially lead to the
realization otthe organic laser diodelhis chapter is focused on three main parts.

Firsly, a description of the materials that were used in the fabrication process is detailed.
These include metals, metal oxides, fluorescamd nonfluorescent organic semiconductors.

Secondy, the device fabrication part witthe fabrication of two sets of devices is detaildthe
first refer to control (or conventional) OLEDs and the second refer to microcavity @IitEDs
either two metalic mirrors orthe combination of anetal anda DBR mirror.

Thirdy, the rest of the chapter is dedicatet the experimental techniques that were used to
characterize them.

In terms of terminology, control or conventional devices refer to OLED devicesattiathe
microcavity configuration. Microcavity OLEDs are based on a double mirror configuration
which may operate in the weak or in the strong coupling regime. Microcavity OLEDs that work
in the strong coupling regime are termed polariton OLEDs, orgenéciton LEDs, or strongly
coupled OLEDsAlternatively OLED devices that operate in the weakiding regime are
simply referredas OLEDs. Compartment material is defined as the-emissive organic
semiconductor in devices; mainly, the organic hioésport and electrorstransport materials.

4.2 Materials used in OLED devices

The materials used in this thesis in the fabricationQifEDsare the hole- and electron
transport organic semiconductgrdluorescent materialg insulatingmaterials metatoxides

and metal electrode materials. The structure of these materials is given in the following
sections alongside with a brief explanation of their functiothe device.

4.2.1 Hole -transport materials

Figure 41 depictsthe chemical stucture of the solutbn processabldole-transport materials
used in thisthesis These materials are characterized by high hole m@si#nd may or may
not act as electron blocking layers. This depemishe position of theLUMO energy levéhey
possess

Another important characteristic of the hole transport semiconductors is that they can be
processed from different polar or ngmolar solventsFor example PEDOT:PSS is soluble in
water but insoluble in tolueneThis allows multipléayersto be deposit on top of each béer
without swellingof the undelyingorganic layer.

Organic materials such as the créis&able TFB add an extra functionalitythe processing
stepsas it can be thermally annealed to form an impenetrable solid organic layer that is
resistive againghe attack from other organic solvents.

57| Page



SO4H SO3H SO4H SO3H SO3H SO4H

\/

(<) N@_ (d) O \

H17CB CSH17

HyC H,;C

CHj
n

Figure4-1 ¢ A schematiaepresentation of the molecular structure of the holgansport organic semiconductors
used in OLEDs: (a) PEDOT:PSS, (b) Polyaniline(PAni), (c) Pobdi®s®ylfluorenyl -2,7 diy))-co-6 n INa Q
diphenylamine)lbutylphenyl))(TFB), and (d) Poly{nylcarbazole)PVK).

CharacteristicallyPEDOT:PS8as purchased fronH.C. Starland is a waterbased organic
semiconductor materiathat was used as received. PAniaisonductive polyme similar in
device function to PEDOT:PSS, it was purchased from ORME@®@Norm of nanoparticles
dissolved in water and was used without any further purificatidrhigh temperature cross
linkable TFB polymer was used in devices on top of the PEDSEy®S$and was provided by
Cambridge Display Technology. PoWif®/Icarbazole) (PVk§anotherhole transport polymer.
The material PVMvas purchased from Sigmaldrich. The function and the characteristiof
each material in the device will lzketailed in the fabrication section.

An inorganic hole transport material that was used in this studyas the inorganic
semiconductoMoQ;. This material functions similartg the solution processable PEDOT:PSS
and can be either soluticprocessed or thermally vaporated. In this study thermal
evaporation of the Mo@was used. The material was purchased from the company Kurt J.
Lesker.

4.2.2 Electron -transport organic semiconductors

Organic semiconductors that transport electrons are electi@nsport materials. These
materials are associated with high electron mobiliti@sd they can act as effective hole
blocking layerslepending on the energgosition of ther HOMOlevel
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The main electrontransport material that was used in this study was B8Rtlocuproine
(BCP) is an electron transport molecule that was deposited in devices via thermal evaporation.
This organic semiconductor wasirchased fromSigmaAldrich The chemical structure of the
moleculeis shown in Figure-2.

HiC CH3z

Figure 4-2 ¢ A schematic representation of the molecular structure of the electretransport organic
semiconductorused in OLED®athocuproine (BCP).

4.2.3 Emissive organic semiconductors

There is a wide range emissiveorganic semiconductors used in this thesis. Tlherescent
materials can be divided into small molecules and polymers.

The smalimolecule organic semiconductors include theudstituted molecules of the acene
family such as 2-methyl9,10-di(2-naphthyl) anthracene MADN, 9,1Gdiphenylanthracene
(DPA)and5,12diphenyltetracene (DPTyvhichwere purchased from Sigma Aldrichhey can
easily beprocessed from organic solvenssich as tolueneand can be used in blends with
other small molecules or polymers. Another family of small molecules are thassaifinled
cyanine dyesThe materialised in this studysthe p Z p Qé&trachlardM - di€hylo 2 -di@-Q
sulfobutyl}benzimidazolocarbocyanineTPB¢ salt The Lumogen F Orange 240 (LumF) is a
light emitting small moleculghat was provided by BASFigue 43 shows the chemical
structure of the fluorescent small molecules.
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Figure4-3 ¢ A schematiaepresentation of the molecular structure of e-ghethyl-9,10-di(2-naphthyl) anthracene
(MADN), 9,1ediphenylanthracene (DPA), 5,1@iphenyltetracene (DPT)Lumogen F Orang 240 (LumF)and
p Z p Qetrachlordm Z- gli€hyl-o X -di@-Sulfobutyl)-benzimidazolocarbocyaninealt (TDBC).

Light emitting polymers weralsoused in this sidy. The blue emitting polymer @b PPRvas
synthesised by Dr Hunavii in the chemistry department of the University of Sheffield. The
conjugated polymers F8Band PFO were purchased from Sigma Aldrithe conjugated
polymer ADS128GE (NP) was purchased from American Dye S&guwe. 44 shows the
chemical structure othe fluorescent polymers.
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ADS128GE (NP) o

meLPPP

Figure 4-4 ¢ A schematic representation of the molecular structure of the fluorescent polymers PFO, F8BT,
ADS128GE (NP) and meLPPP.

PMMA

Figure 4-5 ¢ A schematic representation of the molecular stture of the insulating polymer:poly(methyl
methacrylate) (PMMA).

4.2.4 |Insulators

Insulating polymes wereused in this study as host matesdbr OLED fabricatiofChapter 7)
namely, the poly(methyl methacrylate) (PMMA). Thimaterial was purchased from Sigma
Aldrich andts chemia@l structure is depicted in figure3L

61| Page



425 Metals

Three meals were used during the fabrication process, namealcium(Ca) Silver(Ag)and
Aluminium (Al), allin a pellet formwith length of about 2-6 mm. All of thempurchased from
dgma Aldrichand were kept in inert atmosphere to prevent oxidation.

4.3 Preparation of material solutions

Various fluorescent organic semiconductors were dissolved in both polar anepaian
solvents prior to thin film deposition. Polar organic materiad easilydissolvein polar
solvents. Therefore, sefssembled-dggregates of organic dyes that bear a permanent dipole
moment, can readily be dissolved in highly paalvents such as D and MeOH.

All other solution processable organic materials that werepared have strong affinity
towards dissolution into common organic solvents. Specifically, chlorobenzene,
dichlorobenzene, chloroform, toluene and tetrahydrofuran were selected and tested. Different
combinations of organic semiconductsolvent systems werinvestigated.

There are threeasesf miscibility of an organic material into an organic solvéime material
can be dissolved, partidissolved o undissolveddenoted as D, PD andD, respectivelyto
indicate the resulted solubilityln undissolvedolutions the organic material remains in the
solid statephase.In the partlydissolvedcasea part of the organicmaterial dissolves;with
some remain as undissolvealggregates In the third case albf the organic material is
dispersed uniformly withirthe organic solventMaterials dissolve better in solventghen
stirred orheatedor the combination of both.

Two different vials were used to prepare solutions, namely transparent or amber based vials.
The former was selected to hdle mainly transpareniaterials such a®MMA The later was
used for fluorescent dyes or conjugated polymers to strongly inhibit any phoigated
response. Ambeglass vials arsgpecifically designed to prevent from initializing any kind of
light induced chemical activityetween the material and the solvent, or the material itself.

Vials of 2, 4, 8, and 20 ml of volume were used depending on the desired amount of the final
solution. The vials had been rinsed first with IPA and thendyigd using pressurized,Nit
ambient conditions. Organic materials were weighted out into the vials, typically few
milligrams at a time.

Solution concentrations are commonly quoted in milligrams of dissolved substance per
millilitre of solvent. Suitable solvents were selected for each niatend added, spanning a
wide range of concentrations from 0.5 mg/ml to the highest 100 mg/ml for the -jastt
blended systems. In the later, host polymers were separately prepared from guest dyes where
they were mixedstoichiometrically in a thirdpre-cleaned vial.

The mixing of materials within solvents is highly enhanced when assisted by heating or by
magnetic bar stirring processes. The temperature assisted process is affected by two limiting
factors:
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The first considers the boiling point of tl®lvent used Gare was taken for autagnition at
elevated temperatures. The second considers the organic semiconddigsolved If the
temperatureappliedis high unexpected degradation prior to thin film deposition might occur.
The temperate range thahe solutions weraghermallytreated in this work was safely selected
at the range 66:90° C.

The process of dissolution assisted by agitation using a magnetic bar stirrer is dtvaigdrd.
Commonly, higher spin speeds are requisgkden preparinghigh concentrationsolutions. In
this work a range of 48800 rpm(revolutionsper minute) was used. A combination of the two
dissolution assisted processes was available by using a thermostataltplled hot plate in
aclean room.

HPLC grade solvents meused at all times inlleorganicbased solutions and dienized water
was used for water based solutions. A micropipette or conventional gradual pipette was
selected according to the low or high volatility of the respective solvents.

Organic semiconduers can exist im crystalline phase. Higher mobilities in organic field effect
transistors have been reportegd 03 when processed from slow evaporated organic solvents.

A microcrystalline phase is usually formed by the relatively slow solvent evaporation during
spin coating. Volatile solvents such as chloroform are associated with fast evaporation rates,
whichare non-ideal to induce crystallinity.

4.4 Thin film deposition

4.4.1 Spin coating

Thin films of materials can be depositesing various techniquesA highly accurate and
reproducible technique is that of spin coating. Thin films of solution processable organic
materials were cast using a Semitec or a Laurell technologp@s processor. Prior to
deposition, norpolar based solutions were filtered using 0.5 x 13 mm PTFE syringe
mounted filters, whereas fosolutions based on polar solvents, 04% x 13 mm PVDF syringe
mounted filters were used.

The rotating part of tb spincoater is calledhe ¢ OKdzO1 ¢ FyR A& GKS YI )
substrates are placed prior to spinning. In the central part of the chuck a pipe exists that is
connected to a rotatory vacuum pump. The role of the pump is to keep the substrates in one
place during spinning by exerting a force created by the vacuum. A selected amount of
substance is cast onto the substratesingpipettes.

There are two spin casting methods. In the static deposition metkotlition depositionis

done prior to the onset bspinning. In the dynamic deposition methablution depositions

done during the spinning of the substrate.

The spin speed defines the layer thickness of the thin film through the equation:

080 — (4.2)
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According toequation @.1), the thickness of the deposited film (t) is proportional to the
concentration (c) and the viscosityof the solution and inversely proportional to the square
root of the rotatory spin speed. (). The spin speed, the acceleration, the spmetiand a
possible selected dugdhase spinning (sequential slow and fast spin speeds) can all be
adjusted by the electronic controller of the spin coater.

To measure film thickness a small scratch was made into the film surf@ktak3ST surface
profilometer, using astylus force of 15 mg wassed to scan across the scratch and thereby
measure the film thicknesg he tip of the profilometer was gently cleaned when requined
orderto prevent any unwanted materials being attached to it.

In each measumaent there is an associated uncertairdfabout1-5 nm inthe total thickness.
This error is based on the total cumulative error of every individual step in the measurement.

4.4.2 Thermal evaporation

Most of theorganic lightemitting diodespresentedin this study used thermal evaporation as
the techniqueto depositing variousayers withinthe device especialljthe electron transport
semiconductor and the metallic cathod&he basis pressure for thevaporation processvas
of the order of10° Torr.

4.5 Fabrication of optical microcavities and devices.

The fabrication of organic light emitting devices is a rraip process. The overall procedure
differs according to the selected architectugmirror selection) The general processing steps
entail: 1) substrate preparation, 2) anode evaporation, 3) organic thin film deposition and 4)
cathode thermal evaporatn.

4.5.1 ITO etching procedure for DBR -based microcavities.

Fused quartz polished plate substrates wptechasedrom the company UQG LtflL04] with

dimensions: 20mm x 15mm x 0.7mm. Then the quartz substrates \serdg to Bte
Bedampfungstechniqgu&mbH, fordeposition of theDBRmirror and the ITO electrode by
magnetronsputtering The DistributeeBraggReflectors were madéy sputtering alternative
layers of Si@and TiQ, having low and higrefractive indexes, respectively.

The thickness otach layer was selected by optical simulations to createappropriate
stopband. Each layer had thickness based on the following relatics#4i,=were < is the
refractive inde»of the centre of the stopband and n is the refractive index of the material.

ITO was deposited on top of the finahd high refractive indexTiQ, layer of the DBR mirror
having a thickness of 200 namd asheet resistancef 17mk 13D substrates without the DBR
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mirror and thickness of 200 nm had the same sheet resistance. Gthstrates with 100 nm
of ITO had a sheet resistance of>@0 Tée ITO was then etched into pixels for subsequent
device fabrication. This is described below:

A) ITO surface cleaning

The substrates were placed into an IPA bath were they were ultrasonic cleaned for 5 minutes.
Pressurized Nitrogen gas wiien used to dry the substrates.

B) Applyingthe photoresist cover.

Each sample was placed on the chuck of the spin processor. A BEyeHMDS
(hexamethylisilazane) adhesion promoter was spin coatett the surfaceat 4000 rpm for 1
minute followed by heating td00°C for 1 minute on théot plateto dry the surfaceNext, a
layer of the positive photoresist SPR350 was spin coatd@@Q@ rpma process agaifollowed
by heating at 108C.All processes were made yrellow windows to avoid any exposure to UV
light.

O Exposure and development

The samples were exped to UV light for iin 90sthrough a shadow masland an optical
aligner. The UV exposed substrate was then developede-ionized (DI) water:PLSI(for one
minute) in a ratio of 3:1 to remove the unexposed areas. The patterned photoresisigais
baked at 100C for 1 minute to remove any residual solvent.

D) Acid etching

The substrates were submerged in a hydrochloric acid (@&%obath for 1013 minutes to
remove the ITGrom the unexposed areas. A resist meter was used to check if the ITO had
been removed. If nbthe sample was put back ihhe HClsolution for two minutes, and then
re-tested.

E) Photoresist removal and cleaning

To remove the photoresist and to clean the samples the edchgbstrates were immersed in
warm butyl acetate for two minutes. Then they were immersed for 1 minute in acetone
followed bywarm IPAfor two minutes.

4.5.2 Wet cleaning process

All substrates were cleanedsing the following fourstep procedure: a) Removal of large
contaminants, b) Hellmanex cleaning, c) deionized water cleaning, and d) isopropyl alcohol
cleaning.
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To removelarge particles adhered to the surfacetissue dipped inPA was run across the
surface. Next, the substrates wesmnicated for 10minutesin a Petri dishcontainingan
alkaline aqueous solution (1% v/v) of Hellmanex detergent Hodized water After DI water
and IPA cleaning the substrates wereghin dried.

4.5.3 Oxygen plasma cleaning process

To remove residual molecules adsorbed on the surface of the substrates, the samgotes
cleaned using an oxyggrilasma processThe substrates were placed on a glass holder,
maximum10 at a time and inserted in a vacuum chambdere an oxygen gas was used to
produce oxygen plasmampurities and contaminants were subsequently removed from the
surface. The total application timegas 10 minutes.

This treatmentwasalsousedin orderto modify the surface of the ITO laydy this treatment
the energy level of the ITO #ightly shifted (from 4.2 eV to 4.7 e\gssistingthe injection of
holes to the adjacent materifl 05, 106)].

4.6 Device fabrication

In this section the twastrongly-coupledOLED architectures are presented and discussed. The
fabrication process for the OLEDs is identicahtit used to fabricate strongigoupledOLEDSs.
However, wvealy coupled devicesusually do not include abottom mirror for light
confinement. The fabrication of the devices can be split into four main processesnajle
deposition, 2) organic thin film deposition, 3) cathode evaporation and 4) encapsulation. The
metal anode deposition on top of the ITO layer is considevety for the metatmetal
microcavity devices.

4.6.1 DBR -metal based organic polariton LEDs

A dandard set of procedures were used to depasitnulti-layer material stack This section
describes the fabrication of DBRetal based organic microcavity LEDevicestructure 1 is
shown in Figures-8 and 47. The structure is composed of a DBR miemad an ITO layer that
was sputtered onto quartz crystak described iprevious section.

Three ITO anodic legs are protruding out from each side of the substrate. One long ITO stripe
that is spatially distanced from the three ITO anodes is formed toterdze electrical
connection between the deposited metal cathode ast fixture.

A film of seltassembledTDBC}aggregatesvas used orthe activemedium in the strongly
coupled OLEDThedevice containghe following organic layers: A) PEDOT:PSSFB) @)-J
aggregates, and D) BCP.
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Figure4-6 ¢ Graphical representation of the muHiayer device structure 1 of atrongly-coupled organic light
emitting diode.
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Figure4-7 ¢ Graphical representation of thestrongly-coupled OLED structure 1 depicting the active area of the
bottom emitting pixel defined as the overlap between the ITO fingers and the metallic cathode.

PEDOT:PSS

A hole injection and transport polymer was utilizéd extract holes from the ITQPoly(3,4
ethylenedioxythiophene) polystyrene sulfonate, commonly known as PEDOT:PSS is a two
component composite polymerThe first component,poly-(3,4-ethylenedioxythiophene),
known as PEDOT, is a polythiophene derivative. This component is responsible foortiags
holes.The second componenthe polystyrene sulfonic acid electrolyte (PSS) is a polystyrene
derivative thatis functionalised witlsulfonate groups.
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PEDOT cations are mixed stoichiometrically and bautwith anionic PSS[107]. The
morphologyof the PEDOT:PSS dispersioddapendent on itsconcentrationa property that
affects its thin film electronic propertig408, 109.

The material used was purchased as an aqueous solfrbomeither H. C. Stark or Ossila. The
solution has adistinct darkblue colour and waslissolved in kD in the form of nanoparticle
dispersion. A syringe mountedith a 0.45>m x 13 mm PVDflter was usedo transfer the
solution onto the substrate. A film was then cast using a spin coater at 5000Ttparresulting
Dektak measured thickness was approximately 30 nm.

A cotton bud wettedwith DI water was used to strip ofPEDOT:PSffom the cathode
connectionregion Any unremoved material that remained attached to the surfaoeuld
resultin current leakageThe sampls werethen transferredto a warm plate vinere theywere
bakedat 130°C for approximateljl5 minutes to remove any traces of trapped moisture. Due
to its hygroscopic nature, the samples were stored in nitrefiked glovebox prior to
deposition.

PEDOT:P$faysa significant role in the operation of the device. Firdthg polymer is used to
smooth out any roughness introduced from the unigeng ITO layerSoikeson the ITO layer
resultin the formation oflocal shorts in the OLEDIhese in turn result in local n@missive
parts of the pixel (black spots) or complgtixel failure. ThePEDOT:PSBtas a buffer layeto
reduce the effect ofsch pikes.

Secondly, PEDOT:P@8ventschemical interactiorbetween the ITO and the semiconductor
The direct contact of thdTO with the organic semiconductor willesult in the chemical
interactionof the two whenare in contac{110].

Thirdly, thePEDOT:PSfts as a hole injecting layexs its work function ispproximately 5.2
eV[11]]. This increased value of the work function facilitates more efficient hole injection
materialshavinghigh ionization potential.

Poly[(9,9¢dioctylfluorenyl -2,7 diyl)}co-6 n ¥Nadi@henylamine)]-butylphenyl))

The polymer Poly[(9,gdioctylfluorenyl-2,7 diyl)}co-0 n -ENdidhenylamine)outylphenyl)),
commonly known as TFB, is a holansport and electron blockingnaterial. It has a
characteristic HOMO and LUMO energy levels of 5.3 eV and 2.3 eV, respectively. The polymer
was provided by Cambridge Display Technology and was dissolved in common organic solvents
such as toluene and chlorobenzerfe olution of 10 mg/ml in toluenecreates a 50 nm thin

film whenspin coated at 3000 rpm spin speed.

The material that covered the area of the cathode connection was again removed by using a
cotton bud that was previously immersed in toluene. Next, the substrates were placed on a
warm phte were thermally annealed at 18T for one hour. The material was chemically
designed toundergo thermally inducedtrosslinking. The crosslinked TFB isinsoluble to
organic solvents such as toluene
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p Z p Qétracklordv Z- sli€hyl-o 3 -di@-Suifobutyl)-benzimidazolocarbocyaninealt
(TDBC)

Jaggregates of the cyanine dyi@BGvas used aan electroluminescent materialTDBGvas
dissolved invater ata concentration of 10 mg/miSpin coated thinilims have a thickness of
approximately 30 nnin devices The substrates were placed on a warm plate al@Cor 5
minute to remove any trapped water remained within the film. Cyclic voltammetry was used
to determine the HOMO (3.25 eV) and LUMO (5.03 eV) levels for TDBC with the help of Dr.
Hunan Yi, ofhe Chemistry department of the University of Sheffield.

Bathocuproine

Bathocuproine, commonly known as BCP, is an organic semiconductor that transports
electrons. The material has a LUMO energy level of 3.2 eV a@MO leveht 6.4 eV, which
isavery effectivehole blocking material

Thermal evaporationwas used to deposit thin filmef BCP. Films of05nm were used to
confine holes and to limit thehargelosses to the cathode electrode.

Cathode thermal evaporation

The material selecteds theelectrortinjecting was decided by the wavelength at which the
device was designed to operate. Gengrafbr UV andlue opacity devicesaluminiumwas
used whereas for visible and NigRevicessilver was preferred. To facilitate more efficient
electron njection, calcium is used on top of tldL/HBlas a low work function metaprior to
coatingwith silver or aluminium.

Ca/(Ag or Al) cathodevere depositedby thermal evaporation forming a film of 105 nm in
total. This created addressable LEDs.

Caldum (Ca)

Metallic calcium was used as an electron injection layer between silver (or aluminium) and the
organic semiconductor. Calciuhas awork function of 289 eV[112] making itsuitable for
injecting electrons to the LUMO energy level ofany organic semiconductar The
evaporation rate was kept constant @.3 A/s.In most devices an ultrthin Ca film was use(b

nm) to inject electrons.

Calciumreacts strongly with oxygen and water creatimgrious forms of calcium oxides or
hydroxidesthat have insulating properties. Moisture permeation can severelyeeiffthe
lifetime of the device as it penetrates into and reswith the calcium layef113. Devices that
were kept in N environment for more than 6 months were remainingn@tional. All the
devices made in this study used Calcium in combination with silver or aluminium.
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Silver (Ag)

Silver was used as athade contact material for theOLEDSs; it was also used as a mirror in
optical metalbased microcavities. Silver was thermally evaporated on top of Ca and acted
both as a metallic mirror and as an electragntact

Silverhas a work function o#.26-4.7 eV [112] and is highly reflectivanpaking itsuitable for
device applications. The source reaal comes in form of beads. An® crucible was used as

a heating element for thermal evaporation. The evaporation rate ranged from 0.3 A/s to the
highest 1 A/s which was reached after 10 ofroperation

4.6.2 Device encapsulation

The final step ofhe device fabrication is the process of encapsulatidsmall dropof a light
curable epoxy wathen droppedonto the middle of the deviceising a glass pipette. A glass
slide was thenplaced on the top by the help of tweezers, touching the side edge By
applying a small amount of pressure the epewgsevenly distributed in the space between
the glass slide and the evaporated cathode.

Encapsulationis significant for the improvement of lifetime and reliability of organic light
emitting deviceg114]. Most of the research done so fhas beenfocused on their barrier
performance as a need to retain low level permeation of water and oxygen inside the device.
Other aspects include the thermal stability and glass transition temperatures of the active
layers. This limits the processing temperasirat which the encapsulation layers can be
deposited.

4.6.3 Metal -metal based organic polariton LEDs

Microcavity OLEDs were also fabrichteased on metallienirrors that alsoact as anode and
cathode electrodesThe qualityfactor of thecavityis lower; however polariton devices can be
fabricated and tested.

The device is based difO legs designed to create the electrical connection between the
deposited metal cathode and a test fixture. One large $frpe is used as a bassthe active
areaof the device. This structure is shownFiguregl-7 and4-8.
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Figure 4-8 ¢ Graphical representation of the muHiayer device structure 2 of atrongly-coupled organic light
emitting diode.
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Figure4-9 ¢ Graphical representation of thestrongly-coupled OLED structure 2 depicting the active area of the
bottom emitting pixel defined as the overlap between the ITO fingers and the metallic cathode.

In the nextsection the device fabrication steps are described; these includealdghinium
deposition, B) MoO3 thermal evaporation, C) PAni spacer layer thin film deposition, D)
electroluminescent layer deposition, E) cathode deposition, and F) encapsulation. Parts
C(PEDOT:PSS)) aRd B will not be described as they were already discussegravious
section.
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Anode deposition

On top of the ITO layer, a metallic stripe of aluminium was thermally evaporated.semi
transparent contactllows light to pass through the layer. The experiments performed in this
study indicate that 30 nm is @poximately the upper limit for which the devices remained
electrical functionahs at higher thicknesses short circuits led to current leakage

Despite that aluminium has Bwer work function than thatof silver, it was favouredn
devices where the florescent materiahad absorption peaks in the UV blue region of the
spectrum

Aluminium (Al)

Aluminium has high reflectivity that extends to the nedV region of the spectrum. This
makes aluminium suitable for UV optoelectronic applications. The reported work function is
4.28 eV[112] andthus it can be usebtoth asanode and cathodeontact To improve itsvork
function it must be covered by a thin layeribOs.

Thermal evaporation omolybdenum oxide K00O,)

MoQO; was used aa hole transporting HTL) andwas deposited onto ITO/metal and ITO anode
contack. Theenergy levefor holeinjection is5.2-6.9eV.MoG; is an-type metal oxide with its
Fermi level close to the conduction band. When used in conjunction when an organic
semiconductor hole injection is achieved by electron extraction from the H@ME of the
organic semiconductofl15. The enegy level alignment betweeMoO; and otherorganic
semiconductorgan be found imecent publicationg116.

MoO; comes in he form small (46mm), high puritychunks(Leske). An AJOs-based crucible
was used tdhold 2-3 pieces oMoO, andact as a heating elemenEvaporated Mog@was at a
rate of 0.3 A/s with a shadow masleingusedto pattern the MoO; onto the ITO or metal
contact

Thermal evaporation of thé1oO; semiconductorresults in areduction of oxygen with the
material having aMoQO;, stoichiometric form. x denotethe fraction of oxygenfound in the
deposited layer

Studies have shown that in metakides, oxygen can be controlled by the process of

sputtering, where Mo and ©are stoichiometrically mixed. There is a transition from
semiconducting 4o 0 (G2 YSiGlFttAO 06SKIFGPA2dINDEFoUO 6KSYy GKS
reduced[117,118§].

MoG; has a significant role in the engineering of the device structure. Firstly, it is used as a

hole injection thin film. The reported work function for the Mgfayer on top of ITO was 5.2

eV[119, which is close to the HOMO energy level of nilbgirescentorganic semiconductors

that were considered in this study.
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Secondly, the material can be usedstmooth out any roughness caused from the underneath
metallic layer. Thirdly, a PEDOT:PSS and PAni spacer layers can be easily spincoated on top of
MoG; taking advantage of its hydrophilic nature; thermal evaporation of the metale

followed the Al depasition without breaking the higlracuum conditions between successive
evaporations.

Polyaniline(PAnN)

Polyaniline was used as a spacer layer between Mo the electroluminescent thin film.

PAni is a hole transport polymer, similar in function t®RH:PSS but with distinct absorption
features. The HOMO and LUMO energy level position are energetically located at 4.6 eV and 3
eV, respectively12Q.

The material wapurchaseddissolvedn NMPfrom ORMECON. Fercavity structures,a thick

film of approximately 90 nnis required.

A thick film of PAni was intentionally selected to smooth out any imperfections in the form of
spikes that were unintentionally introduced during metal thermal evaporation. The substrate
were placed on &ot plate were heated at 88C for 5 minutes to remove any residual water.
Any material remained on the cathode surface area was removed by the use of a cotton bud
which was previously wetted in water.

4.6.4 Electroluminescent layer

Two different thin film concepts were examined; pure films and tmststblendad systems.
The organic materialsed for strongcouplingstudiesin this device structure was the ladder
type polymer meLPPP which was introduced in a previous section.

4.7 Optica | characterization

In the following sections the techniques that were used to detect polariton energy states in
organicbased microcavitiesare explored. The techniques are based on popugatihe
stronglycoupled states using various method$hese metbds include: agleresolved
reflectivity or transmission spectroscopy, electroluminescence (EL) and photoluminescence
(PL) angleesolved spectroscopy

Before the techniques are explained a description of the optical spectroscopy measurements
will be given. The measurements were performed to record the absorption and emission
spectra of the organic semiconductors in thin films and solutions.

4.7.1 Absorption and emission spectroscopy of thin films and solutions
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Two setups were used to record tlptical propertiesof organic semiconductors and devices
Firstly, an opticabased setup was used for light absorption and emission studieshaasns
schematically in Figure-8

The systenuses an excitation rail (OR1) that can support various optieadaits. O1 denotes
the optical fibre that directs white light emitted from a tungsten lamp to a pinhole element
(L1), of either 53>m or 100>m diameter. The light is then collected by a lens (L2) that
collimates the beam. Theeamthen passes through &ns (L3)that focuses it into a spot of
the order of a few hundred®f >m in diameter, as the small spot size assures that the
absorption measurement witeduce the effect othicknessvariations.

Themiddle sample holdespatiallyrotates on an axis throgh the sample positionVhen the
sample is placed in theample holderthe substrate is positionegerpendicular to the
impinging light

A second optical rail is uséd support a series of lenses andllection optics. Theeflected by

the sample light psses througla (L4) lens that again collimates the incident lightollection

lens (L6)focuses lightonto a second optical fibre (O2). A polarizer (L5) was adjusted to
selectively permit the TE ligipiblarization Then theilght passes througthe fibre (O2)that is
coupled to an Andor Shamrock 303i imaging spectrometer, equipped with air cooled €harge
coupled device camera (CCD).

For absorption measurements the probe passes through the samjple.emission
measurements, laser light is focused oretBample atsome incident angleto generate
emission Two laser light sources were used. A 405 nm GaN CW laser of 5 mW power and a
473 nm blue CW laser of 200 mW powaArfilter was used to reduce the high power of the
laser beam as such high power woulkl diestructive for the organic materials.

For emissionmeasurements dong-pass filter was used to prevent from scattered laser light
entering the spectrometer. Care was taken for not to direct the laser light beam into the
optical fibre as this could sewdy affect the CCD camera.

02
o1

Sample holder
: OR2 :
OR1

Figure4-10 - Absorption and emission spectroscopy measurements of organic semiconductors in thin films and
solutions.
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Secondlyabsorption and emission measuremerkorganic semiconductors in thin films or
dissolved in solibns were also madeising aFluoromax4 Spectrofluorometer (HORIBA JOBIN
YVON)

In both cases, the recorded absorption spectra were usesirtaulatethe refractive index (n)
and the absorptiorcoefficient(k) values of the organic material$hese are rquired as input
parameters for transfer matrix simulations.

4.8 Electrical characterization

The lightemitting diodesfabricatedwere characterized electrically. The method includes: a
standard test fixture to estaldh electrical connection, aekhley source measureunit to
record the currenvoltage characteristis anda luminance meter to quantify the light emitted
from the OLED device.

4.8.1 Test-fixture

Figure 411 depicts an image of the standard teBkture that was used to mechanically
suppat and electrically connectithe DC source and the OLED device. All measurements were
madein dark to avoid any ambient lighffecting the measurements

To establish connection with the OLERest fixture wasassembledlt iscompromised by the
design d the ITO pattern. The required components include two ZIF sockets, a Veroboard and
electrical connection legs. The Veroboard is afprened circuit board of copper strips on an
insulating board. Two ZIF (Zero Insertion Force) sockets were used positionete
Veroboard at a distance dictated by the length dimension of the OLED substrate.
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ZIF Socket

Veroboard

Figure4-11 ¢ Image of a custom made test fixture based on (a): DBtal architectue design explained in
section.

Electrical connection between the OLED device and the circuit electronics was established by
the use of electrical connection legs. The legs were designed for use with 0.7 mm or 1.1 mm
thick glass making an electrical attachment to the ITO layer of thieelev

The combined currentoltageluminance characteristics were recorded by a computer
automated Labview program through a GPIB interface.

4.9 OLED and polariton OLED efficiency comparison technique

To gain a deeper understanding of the physics that govke strorgly and weakhcoupled
devices theirrelative efficiency was measured and compared. A liquid light guide (NA=0.59)
was placed onto the active pixel. TE® emitted wasntegrated over wavelength and angle
into a forward, solid angle cone of 36singan Andor CCD spectrometelM. characteristics
were alsorecordedusingeither a photomultiplier tube or a Luminance meter. The last two
measurement setups used are described in the next two subsections.

For degradation measurements of OLEDs (ChapteEL recordings were collected within 5
minutes of operation by mounting an optical fiber at a working distance of approximately 10
cm above the active area of the pixel.
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4.9.1 Photomultiplier

Figure4-10 shows a schematic representation of the assintibat was used to record the IV
characteristics. A disadvantage of using the TDBC dye as the active medium is its low quantum
yield of ~ 11% [42]. Therefore, aphotomultiplier (PMT) tube was used t@cord the EL
emissionsignal. The same setup was used for both strouglypled and weakkgoupled J
aggregate OLEDBigure 411 depicts a-dggregate based OLED emitting in the red spectral
region. The emission is visible in the dark.

PMT

OLED

Figure 4-12 ¢ A schematic representation of the apparatus used to perform CurrdfditagelLuminance
characteristics othe OLEDs.

Figure4-13 ¢ A jaggregate based OLED emitting Red light. The photo was taken in the dark due to the low
guantum efficiency of the <hggregate.
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4.9.2 Luminance meter

The power efficiency of an OLED can be quantified as the ratio of the luminous powves ou
detected by the human eye, to the electrical power in. The lumen (Im) unit is introduced to
guantify the luminous power due teye variations across the visible spectrum. The photopic
curve[121] depicts the response of the human ege seen in figurd-12[122]; however, the

blue and red response is mualeakerthan the green respons89]. Characteristically, the eye
has a maximum efficiency of 683 Im per incident optical Wat=&t55 nm. Given an atbary
spectrum. (<) of incident light, the responsivity can be calculated by using the following
equation:

(3.2

where P€) is the photopic response.

0.8
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Figure4-14 ¢ Photopic response of the human eye

Theunit Candela (Cd) defines the related luminous intensity, which is the luminous flux per
solid angle in steradians (1 cd=1 Im/&)Xonica Minolta Luminance meter-L80 was used to
record the V-L characteristics of the devices. The same setup wsed to measure the
samples as depicted in Figutel0, with the only difference that the PMT was replaced by the
Luminance meter.
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4.10 Time resolved emission measurements.

Figure 413 illustrates aschematic representatiof the setup that was used to record the
temporal response of the OLEDs and the polariton OLEBs suare pulses of amplitude 18
to 24 V and 10 KHz frequency were applied across the deMidgist, integrated over
wavelength was collected by a 0.7 NBjextive lens. Thereafter, it was focused onto the
entrance slit of a Hamamatsu streak camera (C5680)ng a resolution of 2 pghe emission
from the exciton reservoir and the UPB state was cut by the use of a 600 nm long pass filter.

\J\/ s"’&ak

Camery

OLED

Pulseq SOuree

L

Time (ps)

Figure4-15 ¢ A schematic representation of the setup used to record the temporal response of the devices.

4.11 Conclusions

In this chapter the various methods for the fabrication and characterization of organie light
emitting diodes in the strong and the weak couplimgimes were describedThe strongly
coupled devices can be eith®BRmetal or metatmetal bottom emitting OLED&ngineering

such devices is a challenging task and a proper selection of both the stoougled material

as well as the compartment organic semiconductor has to be thoroughly examined. The
techniques reviewed herevere used to collect experimental datfaat are followed.
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Chapter 5

Polariton electroluminescence based on- J
aggregates of selassembled cyanine dyes.

In this chapter thin films of-dggregates of TDBC cyanine dye molechées been
under invesigation for applicationin strongly-coupled electroluminescent systems. A
structure employing a microcavity configuration with a DBR anahedallic mirror
placed either side ofind a thin film of <hggregates as the active organic layer is
primarily used in calculations in order to det@ine the potential of the system to
reach the strongcoupling regime. Experimentally, two sets of devices were fabricated;
namely, conventional OLEDs and microcavity OLEDs. For MCOLEDSs reflectivity, PL and
EL angular dependent spectroscopy were used toattarize the samples in order to
explore the polariton population density as a function of andbeperimental and
theoretical efficiency calculations arthen compared in order to elucidatéhe
processeghat affect the population of polariton states iboth electrical and optical
devices. This chapter concludes that for the realization of efficient organic polariton
LEDsmaterials with higher quantum yields and with higher mobilities that can sustain
higher injection densities are required.
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5.1 Introducti on

Oneinteresting aspect of cyanine dyes is their ability to-asemble in polar environments
such as watef123. These molecules share the common functionality that the relative
orientation of the dipole moments upon aggregation defines their-sadt and the narrowing

of their absorption and emission spectra compared to that of the monomer.

Depending on thelepaosition technique the aggregated species can betended over a large
areaor over a smalbrea The former is met when aggregation is induced byldyerby-layer

(LBD technique[95], whereasthe second isusually produced bgpin castind32]. The layer
by-layer deposition technique is based on sequentianersion of a substrate intgolutions
containing oppositely charged materiala. betweenimmersionsa washing step is required to
remove any residual material that is not electrostatically attracted. This results in the
formation of oppositely charged monolayersn the case of-dggregates the aggregation
coversa large region, whereas the aggregation that is induced by techniguelsas spin
casting over few monomeric units.

In this study a thin film of-dggregates is placed between a hole transpmsemiconductor
(TFB) and an electron transpimg semiconductor (BCP). The charge transport materials
possess energy levels that are suitable for confining electrons and holes within- the J
aggregated layer. Hence, excitons that are generated interactthiétitonfined photon field of

the cavity allowing the combined system to reach the strong coupling regime.

This chapter is separatedtinfour parts. In the first sectigra basic calculation is performed in
order to determine the thickness of the organic layers thatrequired in order to construct a
negativelydetuned microcavity OLED. Next, the fabrication of the microcavity OLED is briefly
discussed along with the matal thicknesses and the energy levels of all the organic materials
in the device.Moreover, reflectivity, PL and EL measurements presentedwith polariton
populations being extracted from theory and experiment. In the last section, basic JVL
characterstics and timeresolved measurementare presentedfor coupled and uncoupled
OLEDs. The later measurements are important in order to understdradher the emission
dynamicss affected bystrong light and matter interactioor not.

5.2 Reflectivity transfer ~ -matrix calculations

The process of fabrication of a microcavity OcBBmences by makincalculatiors based on

the optical properties of the entire system. Such calculations are important as they can
indicate the conditions needed to achieve strezmuping by adjusting the thickness of the
organic semiconductors within the cavity.

Figure 5.1shows the absorptiorspectrumof the TDBGnonomeis and their Jaggregation
taken froma spin coated thin film of the TDBC dye blended with Polyvinyl alcohol j®-a H
basedsolution. PVA wadiluted inwater at a concentration 680 mg/ml. It was subsequently
blended with 3 mg of the dyper ml of he PVA/HO solution Only the central feature of the J
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aggregated state is observed indicating that the monomers haveassémbled in the
polyvinyl alcohol transparent matriXhe main absorption transition of the monomer is2a89
eV with a shoulder located at 2.55 eV. Traggdregate absorption transition peakszafleV.
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Figure5-1 ¢ Normalized absorption spectrum of the TDBC dye dispersed in polyvinyl alcohol.

Reflectivity transfematrix calculations were performed based on the following structure:
Glass/DBR(5 pairs of $i00,)/ ITO (200nm)/ PEDOT:PSS (30nm)/ TFB (50raggrégées
(10nm)/ BCP(40nm)/ Ca(5nm)/ Ag(100nm). It should be mentioned at this point that the
incorporation of a DBRased mirror in the structure was selected in order to achieve a@igh
factor cavity.

Previous studies of polariton electroluminescentiising j-aggregates of the TDBC molecules
with two metallic mirrorsreported quality factors of about0[124]. Other studies that used
different organic semiconducteras the stronghcoupled medium, sutasmescTPP achieved
guality factos of Q~28[47, 96]. Since DBR mirrors increase the quality factor of the cavity, and
high Q factors are required to achieve incsed polariton lifetime it is more advantage® to
fabricate devices incorporating DBR mirrors in the structure.

The developmentof a negativelydetuned optical microcavitys ideal for the study othe
scatteringmechanismsof excitonstoward the lower padriton branchvia interaction with
vibrational modesoy which polariton states are being populatgtb]. Therefore, the study of
the properties oflower branchcavity polaritonsat negative deunings will potentially lead to
anunderstanding of the factors that detmine the establishment of a meoscopic population
at the bottom of the LPB.

Figure5-2 shows thecalculatedreflectivity spectraor a typical structurausing transfer matrix
simulations [39]. The calculated n,k values wertected and seen in Appendix Ahe
calculations were performed for a range of angles betwe®ar@ 60 with a stepsizeof 5°.
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Two dips are clearly visible within the DBR stop band; the first is at lower energy and the
second at higher energy, respedly. The two dips undergo a shift to higher energies as the
external viewing angle is increased with a simultaneous change of their relative positions. The
blue curves in the plot are used to highlight this spectral shift. The red vertical line reflects th
energetic position of the exciton transitiamhich is located a2.11 eV
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Figure5-2 ¢ Reflectivitymatrix calculations for stronglycoupled organic microcavity system.

The erergetic positions of the dips ifigure 52 are plotted against the external viewing angle

* asis shown in figure 8 in the soecalled dispersion diagram. The calculated LPB and UPB
branches are marked in the figure and can be seen to@n8s to arangle of g.=40° which
correspond to the crossig point betweenthe bare exciton (black dash line) and the bare
photon plue curve) modes.
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Figure5-3 ¢ Dispersion diagram showing the calculated reflectivity dips corresponding to the LPB (red upper case
triangles), the UPBbrown lower case triangle)the exciton (dashed black lineand the photon (blue line) mode

5.3 Cauvity fabrication

The fabrication of the narocavity OLED was detailed imapter 4. Figure 8 (a) briefly
summarizes the mrocavity design and figure4(b) the associated HOMO and LUMO energy
levels of each of the organic materialsed through which the positive and the negative
charge carriers travel in order to meetndergo coulombic capturand then recombine. The
work functions of the electrodes aralso shown in the same figure.

The charge carriers travel through the various organic layersuie influence of theslectric

field. Particularly, holes are injected from the ITO anode to the PEDOT:PSS layer. Subsequently,
holes travel through the B-layer until they reach the TFB/TDBC interface. They eventually
enter the Jaggregated organic thin film where they remain confined.

Hectrons are injected from the Ca/Ag cathode into the electn@mgport semiconductor BCP.
Theelectronsthen driftinto the TDB&ased filmas a result of the applied fieldhere they are
coulombically attracted by the holes that coexist within the same layer. The energy levels of
BCP and TFB are suitable for confining holes and electrons, respectively, tagipenated

layer. Light emission follows the formation of excitons in the emissive layer.
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Figure 5-4 ¢ (a) Microcavity OLED structure, (b) Energy level diagram showing the charge carriers travelling
through the HOMO and LUMO energy level of the organic layadtsr electrode injection.

5.4 Results and discussion

5.4.1 Reflectivity measurements

Reflectivity and transmission measurements use white light by means of populating the energy
levels of the system without considering any relaxation dynamics. Upon exciting the system
with a white light source, the incident light is stored in the resona®ithe cavity mode. The
microcavity is angularly tuned towards higher angles; therefore, changes abdwptioncan

be easily detected and analysed, as seearatteristically from igure 55. In transmission
measurements a peak appears in the spectruwhereas in reflectivity measurements a
characteristic dip appears in the recording spectrum.

Substrate

Mirrors

Upper Polariton

Organic semiconductor
Figure5-5 ¢ (Left side): A simplified representation of the organic microcavity structure used for reflectivity or

transmission measurements. (Right sidéjtodified energy level diagram taking into account the newly formed
polariton states.
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Figure 56 reveals the reflectivity spectra that were recordddom a stronglycoupled
microcavity OLERt a range of angles between 7.5nd 50. As is seen from the fige there

are two dips in the spectra that shift their energetic positions as the angle of observation
increases. The vertical red line corresponds to the exciton resonanedaliifido not cross the

& NB Liidgésts that G strangoSingdd
regime is reached. Again, thecationof the dips is highlighted by two blue curv@8here are

also dips apparing at low energies and higlingles, as well as at higher energies. These
correspond to dips due to the DBRrror. To confirm the establishment of the strommgupling
regime the data are fittedto a 2level coupled harmonic oscillatanodel as isshown inthe

exciton transitiono dzi

dispersion graph of Figure®

3.0 : :

AyaidSIR
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| 1

Intensity (arb. un.)
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0.0 +—
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Figure5-6 ¢ White light reflectivity spectra that were obtained in the range of angles between7aBd 50. The
two dips that are depicted in the spectrum correspond to the LPB and UPB minima. The red vertical line is
positioned at the energy of the exciton resonae. The blue curves are used as a guide to the eye for highlighting

the spectral shift of the dips.

The dispersiomlot in figure 57 (a) depicts the angldependent data of the reflectivity dips
(red circles for the LPB data and blue circles for the di&), the exciton (black line) arle
photon (purple curve) modesas well as the fits obtained by thel@el coupled harmonic

Energy (eV)

T T T T T T T T "~ T "~ T "~ T "1
16 1.7 18 19 20 21 22 23 24 25 26 2.7 28 29 3.0

50°

7.5°

¢ KAa

oscillator model for the two branches. The excellent agreement between the fit and the data

clearly demonstrate that the strapcoupling regime is reached. Simultaneously, the fit
provides information regarding the parameters of the systerfihe extracted parameters are
the photon modeat E=1.962 eVYthe exciton modeat E,=2.085 eV, areffective refractive
indexof n.=1.871 andaninteraction potentialof V,;=73.7 meV. The resonant angle is located at
39° (grey vertical line)By using the extractegparameters for thephoton energy at =0° and
the refractive index nand by using equatior{3.14) the photon dispersion was calculaiasl a

function of angleseen as purple curve in Figure’5
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In Figure &7 (b) the LPB fraction of the polaritons as a function of angle is shown. The LPB is
more photonic (>0.8) than excitonic (<0.2) @tservaton anglesclose to zero, whereas at
higheranglesthe LPB is more excitonic than photordny disagreement between model fit
and experiment most likely come from errors the organic film thickness, the film
morphology,andthe cathode electrode deposiin.
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Figure5-7 ¢ (a) Energy dispersion diagram showing the experimentally obtained reflectivity dips corresponding to
the LPB (red circles), the UPB (blue circles), the exciton (black line), the photon (purple curve), and the LPB (dark
yellow curve) andJPB (Dark cyan curve) fits based on a tiewvel harmonic oscillator. (b) Relative fraction of the

LPB as a function of the external viewing angle
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5.4.2 EL and PL measurements

As discussed in previous section, the reflectivity and transmission measurement techniques
can probe polariton states which are created by storing the incident white light in the
resonator geometry.

Alternatively, EL and PL measurements are based on ngatbie states via recording the
angledependent emission spectrum. In both scenarios the excited state dynamics of the
system must be carefully considered.

In photoluminescence studies, a laser light source is used guided by a set of optical elements
and focused onto a small size spot. The diameter of the spot is defined by the focal length of
the lens and the area of the light beam. The energy of the impinging photons is higher than the
excitonic transition of the stronglgoupled material. This is calletbn-resonant excitation.

High energy states are initially populated by optically pumping the organic semiconductor with
high energy laser light. Next, rapvibronic relaxation from higher to lower energy states
creates a high density exciton reservoihisl subsequently leads to the emission from the
strongly-coupled states.

In electroluminescence measurements the organic semiconductor undergoes excitation when
electrical current passes through the body of device. Only singlet states are considered as
triplet states cannot be coupled to the system. By varying the angle of detection the
electrically excited states cdre mapped and analysed. Figur® Slepicts the excitonic energy
diagram of polariton PL and EL.

Mirrors Substrate
/N )
|_ v _l Upper Polariton
R
2 S AVAVAVA =
Bexc = i
________ = S il et
= Lowser Polariton
Bdet. i :
So v v

!

Organic semiconductor

Figure 5-8 ¢ (Left side): A simplified representation of the organic microcavity structure used for EL and PL
measurements. (Right side): Modified energy level diagram showing the emission from the polariton states under
EL or PL excitation.

88| Page



Organic microcavities and OLEDs nae€ B

Figure 59 depicts thenormalized and Lambertian corrected PL and EL plots aintbecavity
OLE[fabricated The laser was focused to a spot size of a 8%chf at an excitation density

of 1.3 x 16 mwi/cn?. The laser power was set at 10.4 mWhe emission intensity for bt

plots is normalized at high angle. The upper and lower polariton branches are fitted based on a
2-level modelagan demonstrating that the device operates in the strecgupling regime.
Based on the coupled oscillator model it is calculated that thenellER Rabi splitting energy is

b KE mmT Y S +=104/mReV, ire¥pectively. The resonant ardgéermined for both PL

and Elis at 50. Moreover, the extracted detunings arg=-157 meV and g=152 meV.

There is a smatlifference betweerthe two ses d data measurementslhis can be seen both

in the extracted Rabi splitting and the detunings. The accuracy in these values can be explained
by the method the fits to the data is don€he UPB signal is very weak at high angles but it can
be obtained by fitting with Lorentzian lineshapes the data, where exciton emission and UPB
signal overlap. The UPB peak position at high angles is used to generate the UPB data seen as
lower case trianks in the two plots of Figure-8. Since both data are extracted in the same
way the accuracy can be justifies with reference to each otAdnsdifferencein the data
originates from the emitting area of the two structures. Specifically, the opticatagion and
emission area is defined by the spot size area of the laser beam, whereas the erttiasisn
collected under electrical excitatiomriginates fromthe whole pixel areaTherefore, there is a

range of angles that are collected from the EL mott the PL measurements which causes this
parameter dissimilarity.

In both cases the upper polariton branch emits weakly sndbservableonly at high angles.
To confirm this, EL and Rarmalisedemission spectra dt=0° and* =5 taken from figure

are shown in Figur&-10 (a) and (b)As seen from the figuréa) at * =P the lower polariton
branchPLemissionpeaks atl.927 eV The lower polariton branch of the EL spectrum peaks at
1.935eV. Both of these spectra have a second peak at 2.1 eWlfoand EL at=C". The UPB
overlaps with weak emission from uncoupleéghregates that escape through the cavity
mirror at low angles

At* =50 as seen from figure-30 (b)the LPB EL emission peak is located at 2.054vksteas

the LPB PL emission peiakdocated at 2.043 eV. The UPB for both EL and PL are indicated by
red and blaclarrows. The UPB Bpleaksat 2.192 eV and of PL at 2.171 &Vboth spectra the

UPB signal igery weak There is also a broad peak collected in the EL spectrum that peaks a
1.927 eV. This peak coincide with the LPB=8f and is caused byaveguiding effects.

Weak UPB emission in stronglgupled optical microcavities containingaggregates of the
TDBC dybdasbeen observed by thexperimentalwork of Coles et. dL25] which is in a good
agreement withthe theoreticalmodel that has previously developéy, 45, 83] . According to

this study there are two main mechanisms responsible for populating upper polariton branch
states. Firstly, emission from wealdgupled excitons that optically pump the upperl@aton
states and secondly, thermal scattering of excitons from the exciton resetwoupper
polariton states via a continuous bath of low vibrational energiEse discrete vibrational
energies do not play a significant role in the population of thpargpolariton branch states
because their energy is much higher tithe thermal energyequired for activation
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Figure5-9 ¢ Normalized and Lambertian corrected PL and EL contour plots of the strecglypled microcavity
OLED.
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Figure5-10 ¢ Normalized EL and PL emission intensity(a) * =’ and (b)* =50 from measurements taken from
the same microcavityOLED

The emission intensities can be converted irgtative polariton population densities based on
the following relation:

o — (5.1)

where 'O— is the angular dependenintensity of the emission following both optical and
electrical excitation, and'? is the photonic fraction of e excitonpolariton. Figure 8.1
depicts the polariton population density of the experimental data (open circles) and the data
that were extracted from theoretical simulations (solid curves). The later were provided by Dr.
Paolo Michetti for both optical and electrical excitations.

The model that was used to simulate polariton population distributioagiscussedn Refs
[43-45, 83]. A brief description of the main assumptions that the model was based was given in
chapter 3 and will not be furer discussed here since it remains outside the scope of this
thesis.

Thesolution of the full set of equations providesth the following picture for the population
dynamics of the polariton branches: 1) in the first step the high energy excitonsragay

(~1 ps)to the lowest dband states byemitting molecular phonons. 2) Thebdnd forms a
quasii KSNXI £ AT SR & Qith@xcitbasthien NdatierSd\WA 2nfemddtions with local
molecular vibrations to the polaritorstates The second step islower (hundreds of
picoseconds) than the first step. Due to the fact that the polariton lifetime is of the order of
10-100 fs[12€)], the scattering eventwill not be sufficientto populate lower angle polaritons
and thus the populations of the polariton branches will be more closely locatedrtts the
exciton reservoir
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As is depicted irfFigure 511 the UPB and LPB populations aenost equal atow angles
whereas at higher angles the LPB has higher population density for both optical and electrical
excitation. This is due to the fact that polaritons accumulate closer to the exciton reservoir.
The energy separation of the excitand the LPB |&-E 74 is larger than the energy separation
between the exciton and the UPB ,Ed at higher angles. This means that at room
temperature thee is insufficient thermaénergyavailable topopulate upper branch polaritons

at high angles

In contrasthowever, low energy molecular vibrations can be emitted by excitassthey
scatter down to the LPBpopulating statesclose to the exciton reservoir. Higher energy
molecular vibrations, typically ofabgregated127], can contribute to the population ahe
bottom of the LPBFinally polaritons on the UPB and LPB close in energhdaeservoir can
beviatheda 2 LJG A Ol £  LJdzY LJA7Y Bete, avsBi&d Kumpek & Mncoupled molecules
with an emission spectrum (Figurel®) that overlaps wit the UPB orl_PBcancontribute to
the creation ofUPB and LPBolaritons.This optical pumping mechanism has been explored in
stronglycoupled microcavity OLEDs utilising md$®P as the stronghoupled organic
semiconductor{47]. It is shown thapotential loss mechanismis the exciton reservoir that
populate the polaritonstates could be circumvented by direabptical excitation of the
polariton branckes
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Figure5-11 ¢ Theoretical (solid curves) and experimentally (open circles) obtained polariton population densities
of the UPB (red) and LPB (blue) corresponding to both optical and electrical excitations.

In Figure 512 the EL emission profile @fconvertional OLERnd amicrocavity OLEEhat was
recorded at normal incidence are shown. The OLED emission (red curve with offset) peaks at
2.08 eVwith a lower energypeak positionedat 1.89 eV.The emission fronthe microcavity

OLED spectrum (blue curve) is fitted bye#h Lorentzian lineshapes to take into account the
UPB, LPB and bare excitemission The lower energy peak located at 1.94 eV is assighed to
the LPB (green curve), whereas the weak exélitan emission observed at 2.09 eV is an
overlap of the uncouple@xciton emission (orange curve) leaking out from the cavity at 2.08
eV and weaker emissiofrom the UPB (purple curve) located at 2.1 eV. Based on the
Lorentzian fit it is calculated that thatio of theintensity of the LPB to the UPB is 4.6.
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Figure5-12 ¢ Electroluminescence spectrum of an OLED device (red curve) and a microcavity OLED device (blue
curve). The later is a superposition of the LPB spectrum (green curve), the UPB spectrum (purple curve) and the
exciton spectrum (orange spectrum).

5.4.3 Electrical measurements

The OLED performance was studied by measuring the CwwatageLuminance (¥-L)
characteristics atroom temperature. Figure 43 (a) shows that theemission intensity
recorded forthe uncoupled and the coupled OLEDis different. Particularly, the emission
intensity of the uncoupled device is approximately 6 times highen that observed from a
coupled device over a range of applied voltaffe/ -10 V).Moreover from figure 8L3 (b) it is
observed that theelectricd properties of thedeviceshave the sameslectrical characteristics

The noise floor is below 4 volts and therefore the noise data are omitted from the graAphs.

high voltage was used In these measurements since the QY of the TDBC dye is very low and in
order to get a higher signal intensity. Also, the nature of the JVL characteristics requires having
a range of measurements.

Here opticalmeasurements wereecorded from10 microcavity OLE=and conventional OLED
devices integrated over a hahgle of 38. An average of the measurements shothiat the

OLED devices are 6.1 + 2.1 times more efficient at 10 V than the MCOLED ones. Additionally, it
was observed that the OLED device is more efficiener the range 5 V10 V of all
measurements.

The structure othe MCOLED and the OLED devare identical apart from the DBR mirror in
the MCOLED. Therefore, it is expected that the current demsitage characteristics witlave
similar electrical propertieswhereasthe difference in the emission intensishauld originate
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from the incorporation of the DBR mirror in the stronglgupled OLED Since the MCOLED
operates in the strong coupling regime it is reasonable to assume that the modified EL
spectrumwill account for this dissimilarity. Specifically, thefefiénce in the brightness is due

to the rates of relaxation that are different in the two cases. In the case of the strongly
coupled MCOLED the emission is determined by the slow relaxation of the scattered excitons
from the exciton reservoir that populatdhe LPB states. In the case of the OLED dgthee
weakly-coupled spontaneous radiative decay deternsiiee emission dynamics. In both types

of devicesany waveguiding or light trapping losses due to the DBR mirror and the
corresponding losses in the BID have been ignored.
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Figure 5-13 ¢ (a) Luminancev/oltage and (b) Current densityoltage characteristics of the MCOLED and
conventional OLED devices.

5.4.4 Efficiency comparisons

In order to understand the reduced efficiency of the microcavity decimmpared to the
conventional OLED devicthe PLemissionof the microcavity OLED wasodelled using
numerical simulations that were performed by Dr. Paolo Michetti the University of
Wurzburg An overview of the model that issed in these simulationsovered in Chapter 3.
The mosimportant pointsregardingthis calculatiorare summarizeelow:
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The numerical calculations for the microcavity OLED emission rates of the lower and upper
polariton branches weregrametrized based on the fits the EL disprsion curve (figure-8).

The efficiency ratiee  of a MCOLED and a conventional OlsEfn important parameter to
describe the difference in the emissiontensity of the two devices. In order to make this
calculation an assumtion wasmade that the ratio of the microcavity (calculated with the
model) and the exciton decay raeorrespond to theefficiencyratio— . Due to the fact that
Jaggregatesf the TDBC dybave low room temperaturequantum yield,the nonradiative
decay of the wekly-coupled excitons in the MCOLED and the weakly coupled exditchs
OLED is the samerhich suggests that thebove assumptiois justified

The above assumption is based on the low PL quantum yield of-dlggrégates at room
temperature and does rtotake into consideration any waveguiding or light trapping losses
within the devices. The calculation does dgotake into consideration any triplet or polaron
states and their interactions.

Figure 514 summarizes the simulatiorresults and depicts ona logarithmic scale the
microcavity emission rates for the upper and the lower polariton branches for a range of
angles between Gand 75. A larger emission ratis seerat all anglegor the LPBcompared to

the UPB. Furthermore, the LPB emission rateil@tha significant increase for angles within
the range 40to 50°. This increase is caused due to the close proximity of the LPB states to the
exciton transition which result§om a more efficient scattering. The respective UPB emission
rate drops for agles above 36

A

MC emission rate (s /degrees)

30 40
Angle (deg.)

Figure 5-14 ¢ The upper and lower polariton PL decay rates of the microcavity OLED as a function of angle
calculated usingiumerical simulations.
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To calculatethe theoretical efficiency ratio of the MCOLED and the conventional @e&Be

the PL emission rate for the upper ( @ Q— uvg& pmi )andlower( o Q—

p® p Ti ) polariton branches over the angular region 8ft® 36° was calculatedvhich
coincides with thentegrated emission into a forward cerof 36 that was recorded using a

liquid light guidewith a total polariton emission rate being ® Q— ¢® qop i . The
integration area is seen by thgrey shaded area of figure-B4. It is found that the model
predictsthe ratio of the emission rates close to zero degrees to be approximate)ya3:alue

in a good agreement with the experimentally obtained intensity ratio of 4.6 at normal
incidence.

By asuming a radiative decay rate gf=5.4 x 10 s (t =185 fs)[128] for the Jaggregates
and by using a scaling tac— ———=0.19 to account for the integration area under

consideration, it is found that the theoretical efficiency ratio of the MCOLED and the

conventioral OLED to be approximatelyw = @ Q— 18, a valuein good
agreement with the experimentally obtained value of 6.1+ 2.1.

The main conclusion of this calculation is twofold. Birghis value is in the same order of
magnitude and therefore in good agreement with the experimentally obtaef@idiencyvalue
6.1+ 2.1. Secory, it is concluded that the reduced efficiency of the strongbypled devices
results from the slow scattering ratef excitons from the exciton reservoir to the polariton
states. Since the injection density in these devices is relgtilav such scattering events
cannot contribute tothe building ofa significant population o the lower polariton branch
This renders this system incapable of establishing a macroscopic population for tret LPB

=0

Therefore, systems that use na@missive materials with high chargarrier mobilities and
strongly-coupled organic semiconductors with high quantymelds are neededin order to
increase the scattering rates towards the bottom of the LIPBe demonstratia of lasing
under current injection in inorganic quantumell microcavity devices by Schneider et[aB]
exhibited a threshold current density of approximately 0.065 mAlc8uch current densities
are easilyattainable in OLED429], howeve, there is still a lot of challenges to overconire,
terms of quality factororganic semiconductand degradation. Aese issuewill be discussed
in subsequent chapters.

5.4.5 Time resolved measurements

Time dependent dynamic studies in OLEDs have bieedpreviouslyin OLEDsIn the work of
Kaseman et a[130] the emissive layer wasomprised of thehost:guest system Alg3:DCM. In
these studies short pulses were used in ortieinvestigate the role of the various quenching
mechanisms in OLEDs and compared with optical simulations.

Here, he time resolved emission of the MCOLED and the conventional OLED devices were
measured in order to investigate whethdevice emission dymaics aresigniicantly modified
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in the strong couplingegimeor not under current injectionAn electricaps pulsedyenerator
was used with the characteristicsiof> & & |j dzl, di&nplitddz 18 624 V, and frequency
of 10 kHzThe rise and the decdimes were then recorded.

In figure 515 (a) and (b)OLED and microcavity OLED devices are comparedtifmbe
dependent emission intensityobtained is depicted as black circles in the graphs. The
exponential fits for the rise time;sc (orange fit), andhe decay time gecay(blue fit) following a
voltage pulse are almost identical. TBBwNRA & S { A Y % probibily rdue toythe dow
mobilities of the organic semiconductoused whichtransport charges to the emissive layas

well as in theenergy leel mismatclof theseorganic materials

Furthermore, the EL decay time being approximately 50 fehgcompared to the lifetime of

the TDBC molecules (psale). This is caused by the high amount of free and trapped charges
that remain in the hggregate layethat recombine only slowly once the driving pulse has
been removed.
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Figure5-15 ¢ Streak cameraecorded EL intensity for (a) a conventional OLED and (b) a microcavity OLED devices
under pulsed applied excitation.

5.5 Conclusions

Until now, studies orstrongly-coupledorganic lightemitting diodes weremainly focused on
the device fabication and on demonstratingEL and PL in such devi¢d3, 96-98, 124, 131].
This is the first time that a comprehensivstudy is done that quantifies properties of the
system that have not been previously assessed by dthestigations

A number of important conclusions were deduced from this stuérstly, reflectivity
electroluminescence and photoluminescenoeasurementshowthat the systenbased on-J
aggregates of the TDBC dyperatein the strongcouping regime.There is a small difference
in the extracted parameters of the EL and the pécsa which is potentially causday the
collection area of the sampla the two methods
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Secondly,direct conversion of the recorde®L and Plintensity into polariton population
shows that the system is populated equally ‘a0°, whereas at high anglethere is an
asymmetry with the density of the lower brangolaritonsbeing higher than the respective
population density of the upper branch polaritonghe LPB is populatetiie tothe scatteling

of reservoir excitonsvith low energy molecular vibrationsr high energy discrete vibrations

In contrast the thermal energy at room temperature cannot populate the upper branch at
high angles. Direct radiative pumping of uncoupled emission in the exciton reservoir can
populate both branchesif there is an overhp between the emission spectrunof the
uncoupled excitons and the UPB or LPB states.

Thirdly, theintensity of theLPB is 4.times higher than the intensity of the UP& ‘ =¢. The
lower intensity of the UPB in EL has been observed in other stutieining Jaggregates
[124] as the emissive materias well as in stronglgoupled OLEDs containing the organic
semiconductor mesdPP[96]. A more effectiveway of generatinghigher density of upper
branch polaritonan be achieved the device incorporates a weaktpupled emitter whose
emission spectrum overlaps with the upp@nd/or lower) polariton states. Thigadiative
pumping mechanisnis very efficient in generatingicreased emission of thapper branch
polaritons[47].

Fourthly,two sets of devices were fabricated, namely strorgbyipled microcavity OLEDs and
wealy-coupled conventional OLEDRsd theywere compared in terms dheir efficiency. It
was found that theMCOLEDs 6+2.1times less efficient than theonventional OLED device
This valueis close to the theoretical predicted value of 4Bhis results from theslow
scattering rates of reservoir excitons towards the bottom of the lower polariton branch.

To increase these scattering rates strongbypled organic semiconductors with higher
luminescence quantum vyield and materials with high mobilities that canasusigher
injection densities should be used. In this scentribarnesmon-linear scattering processes is
possible but can only occur in significant exciton and polariton densities.

Finally,time-resolved measurements reveal that there is a littléference in the rise time

(~200 ns) and the decay time (~50 ns) of the OLED and MCOLED. The charge injection and
transport in both devices are very slow processes compared to the exciton or the polariton
fATSOGAYSA YR GKSNBT20WBmdl yy2ad FFFSOG GKS ae
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Chapter 6

Exploring organic semiconductors In
optical microcavities and LEDs.

In this chapter three different organic sétonductors are explored witlspecial
emphasisgiven totheir ability to form polariton states when each is placed inside an
optical microcavity structure. The three organic materials under investigation are the
luminescent dye Lumogen F Orange 240 (LF), the organic semiconducter 5,12
diphenyltetracene (DPT)d the conjugated polymer eLPPPThe material selection

is mainly based on optical properties such as high quantum yield and their ability to be
processednto thin filmsfrom organic solvents. It ishownthat despite the fact that
specific semiconductgrhaverelatively broad absorption linewidththey are still able

to reach the strong coupling regime due to thligh oscillator strength. Finally, it is
concluded that in order to observe polariton electroluminescertmath the material

and the opticalmicrocavity must satisfiwo requirements; namely limited dissipation

of Frenkel excitons and significant light confinement.
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6.1 Introduction

To observe polariton electroluminescence in organic ghitting diodesthe devices must be
able to confine light within the structureith limited optical losses due to scattering or other
waveguiding effects. At the same time, thactive, emissive and strongtpupled
electroluminescent materiakithin the cavitymust be alte to generatesufficientsinglet states
that are coupled tahe confined photons, since the forbidden triplet states cannot be coupled
to the photon field.

The efficient generation of excitons is closely associated with déeice structure. For
example, a singleemissiveorganic layer or a layer made by blending different organic
materialswith different functionalities can be selectethdeed a strongly-coupled material
canbe used as part o blend with tvo other organic semiconductothat act aselectron and
hole transporing materiak. This broadens therange of available materialsused having
different mobilities andemissive properties

Thefabrication of efficient microcavity OLEDs that operate in the stromgpling regime is not
straightforward. Somereasons for this include the nature of the organic semiconductor itself,
its position inside the microcavity or other effects thedn prohibit the deviceundergoing
strong-coupling

This chapter details three different organic semiconductitiat have beenincorporated in
devices in order tgeneratepolaritonsfollowing electrical injectionEach organic material is
examinedin detail It is concludedthat in order to achieve high density of polaritgns
substantial maodification in devicgructure isneeded to overcomeariousopticallosses

6.2 Lumogen F Orange 240

Historically, the dye Lumogen F Orange 240 (LF) was extensively studied for light management
in Luminescent Solar Concentrators due to its environmental stability at ambient conditions
[132]. Here, the selection of the organic material is based on two main characteristithy, Fir

the LF dye has a high quantum yield which approaches the absolute vainéiyodt very low
concentrationg[132]. Seconty, the orgaric dye is characterized by wedsohed and narrow
absorption transitionsFurther details othe structure of the LF dy&ere givenin Chapter 4.

6.2.1 Absorption and PL spectrum

A number of severatolverts were used to dissolve thieFdye. In chlorobenzene solution it
exhibited enhanced dissolution formirfgwer aggregats as observed from spin coated thin
films. Other solvents such as toluene were only capable of dissolving the dyatv@er
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concentation (2% wi/v). The absorption spectrum of the dye suggests that thesigaitable
to undergo stronecoupling in a microcavity

To recordits absorption spectrumthe LF dye was blended with the opticaifgnsparent
polymer PMMA at a concentration of 6% w/w in a chlorobenzene solution and then spin
coated on a transparent glass to form a thin fi@ving a thicknesef approximately 60 nm.
The absorption spectrum of the Lumogen F Orange 240 dgkownin Figure €l (a). The
spectrum is characterized by a mai®@ransition (o, =2.36 eV) alongside the D (E;=2.53
eV) and @ (B,=2.7 eV) vibronic transitions. The3vibronic transition (§&=2.88 eV) isot
clearly resolvableFrom a Loretzian fit, it is determined that theseansitions have linewidths
of 92.2 meV (@), 115.8 meV (&), 1173 meV (62) and 341.6 meV {B), respectively.

Tomeasurethe emission spectrurof LF, the dyewas blended at different concentrations with
the insdating polymerPMMA. Figure 6.1 (b) shows the emission of the dgeitsrelative
concentration componentis increased.Here, te relative concentration is defined as
" =[dyel/[PMMA], for dye concentrations of 0.5, 1, 2.5, 5, 7.5 and 1Cclitorobenzene
sautions.

It can be seen thaasthe concentration of the dye in the PMMA host polynieincreasedhe

main G0 emission bandecomessuppressedA high reduction in the main-0 emission can

be caused by seHbsorption. This can be significant in high concentration thin film solutions.

However, there is no spectral shifttime corresponding absorption profileBurthermore each

individual vibromc peakbecomessuperimposedon a featureless broadbandlhis emission

backgroundshifts to lower energy levels, with the large broadband centered at approximately

2 eV.lIt is apparent thatthere is anoverlap of theabsorption and emission spectithat

deONB I 4S54 o6& AYyONBlIaAy3a GKS ReéS O2yiGaSyio wSOSNmSE
meV recorded at 16.7 % w/w, to 60@eV recorded at 33.3 % w/w of the relative

concentration.
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Figure6-1 ¢ (a): Normalized absorption spectrum of a spin coated film of Lumogen F Orange 240 dye dispersed in
PMMA. (b): Normalized PL spectrum of the dye depending on concentration.

6.2.2 Strong coupling in an optical microcavity

In order to investigate the Hwaviour of the LF dye inside an optical microcavity structure the
dye was blended with PMMA at a concentration of 33.3% w/w in a chloroberzased
solution. The</2 optical microcavityfabricated consisted of a 50 nm serfransparent Ag
mirror that was @aporated onto a glass substrate. Next, the blend was spin coated on top of
the silver layer havingn approximate thickness of 160 nm. The structure was completed by
thermal evaporation of a second 1@0n-thick Ag lightconfining mirror.

With this simplecavity geometry the ability of the system to form polariton statean be
experimentally assessed laser light source emitting at 3.06 eV was used to excite the LF
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through the semiransparent side of the cavity mirror. The photoluminescence emissiaon fro
the cavity was then recorded by mapping the angépendent emission spectrum with light
escaping through the serriansparent cavity mirror.

Figure 6.2 shows reflectivity and PL spectra recoffdech the opticalmicrocavity for a series
of angles.Forlow energies, lie reflectivity dipsand the R peakdor each anglecorrespond

approximately to the same energhavinga small differencecaused byprobing the system
with different techniques At higher angles of observation only reflectivity dips cansben

from the spectra but not PL emission. The PL spectra atdmigkes (4%and 54) are noisy due
to the low emission intensityecordedat these angles

Figure6-2 ¢ PL and reflectivity spectra recorded for a series of angles of théas$ed optical microcavity.

A more detailed analysis ohé¢ angulardependentPL emission spectrum following optical
excitation isshownin the plotin Figure 3. It can be seerthat maost of the emission intensity

is concentratedn the lower polariton branch atower angles and decreases as the angle of
observation increases. Furthermgréhere is a shift in the emission energy towards high
energiesat higher angle A lower limit for tle quality factor of this cavity was estimated by
fitting a Lorentzian spectral line shapethe observableemissionat * =0, with aQ factorof 52
determined fromthe emission peak located at 1.182 eV.

On the same figure is plottedata taken from reflectity measurements as showrsingthe
red-white triangles. Itcan be seerthat the reflectivity minima amicross at each exciton
transition and exhibit angle dependencé. is found that in this case there afeur distinct
branches. Therefore, the use af4x4 matrix Hopfield Hamiltoniashescribing the interaction
between a photon and three excitonic oscillations is neefdedhe quantitative fitting
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