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Abstract

Organic lightemitting devices@LEDs), compared to theinorganic counterparthave
potentially lower fabrication costs, lighter weight and bettechanical flexibiliy. Since itdnvention
almost threalecades ago, OLEf2chnology haattracted tremendous intergeahd has nowroduced
a multibillion-dollar industry. Currently, the two major applications of OLEDs are display panels and
solid stae lighting.As OLED development has progressedefticiency and stabilithhave improved
dramatically However these improvements come with the cosinofeasing complexity in device
structure Consequentlythe intial promise that OLEDs can providesignificant advantage in
fabrication cost has unfortunately diminishBgcently a device utilizing a simplified
phosphoescent OLED, or PHOLEDGstructure with only three organic layessarked interesh the
field. Despite its simpler structure, thismplified PHOLED exhibits high efficiency. The origin of
this high efficiency ishowever unclear. Considering that the device does not utilize blodkiyeys,
it is uncertain ifdevice efficiency can be further optimized. Moreogémplified PHOLEDs hee
much lowerstability than that of the conventional devices.

This work aims to be the first scientific investigation directed towards simplified PHOLEDS,
with the goal of understanding the underlying processes that geffieiancyand stability of thee
devices, and then to utilize this knowledge to triuttherimprovedevice performance.

Investigatios of the efficiency behavior of these devices show tharge balance in
simplified PHOLEDsis not optimal. Particularly, the devicage generallyolerich, and that the
leakage of eleatins to the counter electrodsopresentsa major mechanisitinat results in
efficiency lossBy usinghole transport lays(HTLS) that can also block electrgrievice efficiency
is found to increasky 25%.Resuts also show thdiy usingarougher ITO, light trapped in the
ITO/organic waveguided mode can be efficiently extracted, and a light outcoupling enhancement as
high as 40% is achieveBurthermore, it iSoundthat the ITO thicknessanalso influencdight
outcouplingby 40%. Theseresultsdemonstrate the significant efficiency benefits of using ITO with

optimal thicknesses and higher roughness in OLEDSs.

Investigations of the factors governing device stability showtttesxcitoninduced

degralation ofthe ITQorganic interfac@lays an important rolm limiting the lifetime of simplified



PHOLEDs It is found thathe lack ofelectron blocking layeri these deviceallowselectrons to
leak from the emission layers and recombine with holes to foritoagmear the ITO/organic
interface Furthermoreit is shown thaintroducing an electron blocking HTdan increasdevice
lifetime by one order of magnitud@heseresults also show th#tte interactions betweeaxcitons
and paitive polarons in theog lead to host aggregatidallowed bythe formation oexciton
guenchersvithin. It is found thathe rateof host aggregatiolimits the lifetime of PHOLEDs, anis
also influenced by the gueasiaterial andts concentrationThe findings explain why PHCEDs
utilizing different guest materials but otherwise identical material systems can have significantly
different lifetimes and provide an answer to a Hexgfing question in the fieldkinally, it is found
thatreducingthe exciton and polaron densitiwghin the emission layer can further improve the
lifetime of simplified PHOLED<y one order of magnitude.
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Chapter 1

Introduction

Organic lightemitting devices@QLEDS) are electroluminescent thfilm devices that utilize
organic semiconductor materials. In the most basic structure, an ©widis$ of onelayer ofan
electroluminescent material sandwiched between two electrodes. Whiectaca bias is applied
betweerthe electrodes, electrons and haes injected into the organic layer, where they recombine
and produce photon€ompared to theinorganic counterpastOLEDs have several advantages.
Theyhave potentially lower fabrication costs, lighter weight and betéshamical flexibility,
becaue theycan be fabricated via solution processing techniques, and the devices in geswiy
a fewhundrednanometers thiclSince itsinventionalmost threelecades ago, OLE®chnology has
attracted tremendous intereshdhas now produced multi-billion-dollar industry.The twomajor
applications of OLEDs today adisplay panels and solid state lighting.

The two major performance parametefsOLEDs areefficiency andstability (commonly
specifically referred to the stability of electroluminestennder device operatiods OLED
development has progressed, both efficiency and stafditg improved dramaticallfhe
advancement corsérom the emergence of betteerforming organic semiconducting materigsy.
phosphoescent emittejsas wellasimproved andnore sophisticated device structutieat often
consist of five or more organic laye#ss this process has evolved, howevtke initial promise that
OLEDs carproducesignificantfabrication cosadvantagehasunfortunatelydiminished because of
the growing complexity in device structusss a resultcommercialOLED productshave high price
tags andhave yet to beompetitivein theconsumer electronianarket Meanwhile, as th©LED
technology is being developeadevice utilizing aimplified phosphorescent OLED, &HOLED,
structure with only three organic layeesently sparked intereist the field. Not only does this
device have the advantage of much simpler fabrication due to the reduced number of organic layers
that require mirial deposition, but the device also showembréhigh efficiency Due to these
advantagessimplified PHOLEDs are the focus of this thesisparticular, studies @pproaches to
further improvedevice efficiaicy as well as investigations thfe stablity issues associated with
simplified PHOLEDs will be presented.



In this chapter, &ction1.1gives a brief background @ddLED operation mechanisand
simplified PHOLED Sectiors 1.2and1.3discuss the issues witlevice efficiency antifetime in
generalSectionl.4lists somdssuegelated to simplified PHOLEDs:inally, Sectionl.5presents

the motivationdehindthis work and its objectives

1.1 Background & Literature Review

Electroluminescence (EL) for organic materials was fibsterved by Pope et al. in
anthracene single crystals in 19&B This device utilized a single layer afiorganic material
sandwiched between two electrodesoducing EL, howevergquired very high dving voltage (>
400 V) and thdorightnesavas very low A breakthrough came in 1987, when Tang and VanSlyke
inverted the first bilayer OLED whichconsistedf onehole transport materiaHTM) &
Tetraphenyldiaminel(PD), and oneslectron transport matati(ETM) & Tris(8
hydroxyquinolinatadluminum(Algs) [2]. This device waable to exhibita brightnessneasuring
higher tharl000 cd/Mwith a driving voltage below 10 V. Tharucture of the devids illustrated in
Figurel.l. In order to understand whyhts device was able fgerformbetterand signal the birth of
OLED technology as we know it todayis important tdirst understand # operation mechanism of
OLEDs

Mg:Ag
Alqg,

ITO/Glass

Figure 1.1 Device structure used in Tang and VanSlykg2].

1.1.1 OLED Operation Mechanism

The operation of OLED is a process of convergfegtrical energy into electromagnetic
radiation, or more specifically, converting electrons into phofbhis process is done in four steps:
(1) charge carrienjectionfrom the electrodes into the organic lay€®y charge carrier transpaont
the organic layerq3) exciton formation and (4) radiative decay of exciton (or photon emission).
Figurel.2 presents thenergy level diagra of ageneric bilayer OLED under an electrical biasnd

illustrates the four sfes of the operation mechanisntiresedevices.
2



> _g
LUMO = LUMO

ETL Cathode

0

©
0,

e e —_-——-

<

Figure 1.2 Operation mechanism ofa generic bilayer OLED: charge carrier injection;
charge carrier transport; exciton formation; and radiative decay of exciton (or photon

emission).

Charge carrier injection is the first pten OLED operation. lifrigurel.2, this step is denoted
by .In this step, electrons are injected from the cathodeltéowest unoccupied molecular
orbitals (LUMO) levels othe electron transport layer (ETahd holes are injected from the anode
into the highest occupied molecular orbitals (HOMO) levéthe hole transport layer (HTLn both
cases, an injection barrier is present due to the Schottky contact formed at the metal/semiconductor
interface. Charge injection through this barrier caddseribed using two modelsinneling or
thermionic emisen [3], [4]. Figurel.3illustrates the working principldsr electron injection using
thesetwomodels. n t he t un neprésents thengetton barried between the work
function of the metal and the LUMO level of the organic lay@then an electric field is applied

across the organic layer, its energy levels are tilted.charge injection effiency is related tthe

1 To be more accuratéheheight of the injection barriés not actually the difference between the work
function of the metal and the LUMO level of the organic layer. When an organic semiconductor is placed next
to a metal, there is usually a layer of dipoles formed at the interface, causing the vacuum level of the organic
material to shif{116]. In general, the dipole layer reduces the injection barrier. Moreover, the band bending
effect, similar to what is seen in inorganic semiconductors, is also present in the organic layer, but only occurs
over a short distance from the interface. Although baghbind bending and the dipole layer can affect the
injection barrier, the simplified scenario shown in Figure 1.3 can be used sufficiently for the understanding of
the electron injection process in OLEDs.
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barrier thicknesg. Ob v i o u s | g@and increasing thé appied @&lectric fidlekcreae x, and

thuslead to more efficient injectio®n the other hand, in the thermionic emission model, electrons
require sufficienttherma ner gy t o s ur p a s ®rthe bhargednjeetiongoyoccita r r i er
isimportanttonot¢ hat t he e gicelowgred inkthés model elue tolihe effect of the image
force potentiallmage force describes a phenomentrerebywhen an electn is placed a distance

of y from the surface of a metal, it experiences a force thihesame as having a positive chaye
away.As a result, when an electron is close to a metal sutfaees is a force thaties to prevent the
electron from escapg the metal. The potential that arises from the image force would then influence
the applied electric field, resulting in a combined potential that alfbgisjection of electrons with

lower thermal energy into the organic material. Similar to thedlimmn model, the injection
efficiency is r el aByntreasiog the ppliedeekratric field,the imjeciiog ht

barrier can be lowered.

Tunneling Thermionic emission

—— -
-

LUMO Image force potential =~ ~~__-

Applied electric field L

-

.~~~ Combined

X potential
Organic Organic
semiconductor semiconductor

Figure 1.3 Tunneling and thermionic emission moded for charge carrier injection from a metal

contact to an organic semiconductor

Charge carrier transport is the secong #eOLED operation. Ifrigurel.2, this step is
denoted by . After holes and electrons are injected itite HTL and ETL.respectively, the
carriersarethentransportedcross the two layers towards the HTL/Emterface. One major
difference between OLEEand inorganic LEB (or to a broader externbrganic semiconductors and
inorganic semiconductors in genfris that organic material generallyamorphous instead of
crystalline.Figurel.4 (a) presents the electronic structures with potential wells for molecules in
generalln inorganic crystalline semiconductors, where molecatesarranged ia highly ordered

structureconduction and valence bands are formed, as shofsigune1.4 (b). On the other hand,
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becaus®rganic semiconductors are amorphmedecular solidsi.e. they lack longange order and
haveonly weak intermadcular interactiong;onduction and valence bands are not fornaed the
energy dagram is different from that aonventional semiconductors, as illustraire&igurel.4 (c)

[5]. In contrast to inorganic crystalline solids, where charge taahispgenerally modelled Hyand
transport, charge transport in organic amorphous materials occurs by hdppiagpecifically,
holestransportalong the organic semiconducidny hopping from the HOI® levels of one molecule
to arotherwhile electrons hop on the LUMO levels addtion, it should benoted that in order for

the hoppingo occur, the charge carrieteed to have sufficient thermal energy to surpass the
potential barrier between moleculés a resultmobility in organic materials increases at higher
temperaturef6]. Furthermoregarrier mobility depends on the external electric field applied across
organic semiconductorEigure 1.5 ill ustrates the charge transport process with and without an
external electric field. As can be seen clearly, when an external field is present, the potential barrier
&k between neighboringnolecules is lowered, resulting in easier hoppamgithus faster charge

transport.
(a) Molecule (b) Crystalline semiconductor
Vacuum level
\ [ \ /
LUMO \ Conduction band /
HOMO
&
A MQ(’\ NARAT TANAA
T \
Nuclei + + + + + Nuclei + ++++ +++++ +++++
(c) Organic semiconductor
Vacuum level
\ /o
\ 7\ \ /
LUMO \ 1\ [\ |
HOMO\ *—o- \ \—o—.—{
—& —& ———|
IRIRIA HHHH 1RIR
+

l I
+++++ ++H+++

Figure 1.4 Electronic structure presented with potential wells for (a) molecules, (b) inorganic

crystalline semiconductors and (c) organic semiconductors.
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Figure 1.5 Hopping transport in organic semiconductor(a) without and (b) with the assistance

of an external electricfield.

Exciton formation ishe third stp in OLED operation. Ifrigure 1.2, this step is denoted by

. After holes and electronare tansported across the HTL and ETL, they recombine to form
excitons i.e. electrorhole (eh) pairs bond together by electrostatic interactitmghe case of
organic semiconductors, thendholes and lectrons reside othe samenolecules and thus form
Frenkel(localized) excitonsObviously, the efficiencyf the exciton formation process is related to
the probability of holes recombiningth electrons, and thuke hole and electron densitiés fact,
the high efficiacy ofthe first bilayer OLED by Tang and Van Slyké] is due to the higlkarrier
densitynear the HTL/ETL interfagehence more efficient exciton foation The high charge density
in bi-layer OLEDis generally due to the mismatch in HOMO or LUMO levels and/or the difference
in carrier mobility in the two transport materidfar example, in the device shownHigurel.2,
because the LUMO level of the HTL is much shallower than that of the ETL, the electron injection
from the ETL to the HTL is difficult, resulting in electron accumulation at thefatter Furthermore,
despite the easier injection of holes from the HTL to the &Jé.to a small HOMO level difference
if the holke mobility in the ETL is lowa high density of holes in the ETL near the interfacdse
formed.Because of the high density holes and electrons in the ETL near the interface, excitons are
created efficiently nearbyt is also important to note that whan exciton isormed, both the

electron and the hole hawe equaprobability of being in a spig ors8 state. Consequently,
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the formed exciton has a 25% chance of bairgysingletstate i.e. the exciton has a total spin

number of Owith the state? vic sWs s | and a 75% chance of beiimga tripletstate i.e. the

exciton has a total pnumber of with possible states™ |, s88  andP ic se sWs

Radiative decay of exciton (or photon emission) is the last stepED@peration. IrFigure
1.2, this step is denoted by . As an exciton is a pagonsising of an electron in a higher energy
level and a holeni a lower energy level, it isn a metastable statend sahe electron eventually loses
its energy and fills the hol@here are severgathwaydor the excitons tdose their energy and relax
to the ground staté@'he Jablonski diagram, as showrFigure 1.6, presents somsmmon
electronics transitionthatthe excitonscan experience which occur OLEDs. As can be seen in the
figure, the created excitons can undemgo-radiative (denoted by squiggly lines) aradliative
relaxationgdenoted by solid lines). If the excitonsdergononradiative decay, such as internal
conversion and then vibrational relaxation, the exciton energy is then dissipated via phonons. On the
other hand, if the excitons undergaiative decaysuch as fluorescen¢eesulted fronthe decay of
singlet excitonsor phosphorescendeesulted from the decay of triplet excitonghotons are then
produced. This photon emisea step, which directly iiluences the efficiency of OLEB, depends on
two main factorsThefirst oneis whether the emissiaa fluorescent or phosphorescefs. stated
above, vihen an OLED is undaperation, according to spin statistics, 25% of the excitons foirmed
step  aresinglets(occupying the S1 statand 75% of the excitons are tripl¢tecupying the T1
state) If fluores@nt emitters are used in OLE@®ly the 25%singlets are able to relax to emit
photons due tothe Pauli Exclusion PrincipleAs a result, the maxium quantum efficiency of such
devices is 25%. However, if a phosphorescent emitter is used in an GHeELR% triplets can emit
photons via phosphorescendeg to the strong spiorbit coupling resulted from the heavy metal
atom incorporated in thmolecule (e.g.iridium in tris(2-phenylpyridine)iridium(l) (Ir(ppy)s)).
Moreover,the remainin@5% of excitons which arsingletscanalso be converted to photons firgt
relaxing to the T1 state through intersystem crossing and vibrational relaxghienefore,the
theoretical maxnum quantum efficiency i400%for phosphorescent emittei&he secondmportant
factor that affects the efficiepof OLEDs s the quantum yieldf the emitting materialThe
guantum yielddescribes how likely aexcitongoesthrough radiative decay to emit photpaadis
related taherates of the radiative transitionslativeto the other nomadiative transitionssuch as

intersystem crossing and internal conversieor some of the benchmagknitters,such as
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Ir(ppy)s,thequantum yield can be greater tha@@®]. It is also importanto note that in order for

the emitted photons to be observed outside of the deviwest, OLEDs consist of one transparent and
one reflective electrode (so that light emits in a single directiomg to itshigh optical transmittance

(> 90% in visible rage at 150 nm film thicknesg)igh electrical conductijt ( wi t h < 20
resistance at 150 nm film thickness) and deep work function (~ 4.7 eMpped indium oxide

(ITO) has been the most widely used transparent anode in OLED comn@mitye other hand, both
silver and aluminum are generally usedtasreflective cathode.

Internal Intersystem

conversion T crossing
— S 1 - Vibrational
—— £ Vibrational — relaxation
— (Crelaxation / Fluorescence

Phosphorescence

Figure 1.6 Jablonski diagram showingsomecommon electronic transitions that occurs in
OLEDs.

1.1.2 A Review of Common OLED Architectures

Ever dnce the first bilayer device made by Tgrand VanSlyke, the structure of OLEBas
been growing in complexityn order to improvelevice performanc]i [14]. ForinstanceFigure
1.7 presents the structure of an example device with seven otggeis.In order to enhancearrier
injection efficiency thus loweing the voltage needed to drive a device at a constant cunaat
injection layers (HILs) and electron injection éag (EILS) ae often usedbetween the electrodes and
the correspondintransport layers (e.g. HIL is inserted between the anode and therHsta)eof-

the-art OLEDs. The purpose of the injection layers is to facilitate charge injection by reducing the

8
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corresponding injection barriers. Some commonly used materials indlo@eas the HIL and LiF as
the EIL. In addition to these barrikywering injection layerdiTLs doped with strong acceptor and
ETLs doped with metal have been used as the injection layediamidations of injection barriers

have been demonstratfs].

HIL

HTL EBL

EML Al

ITO HBL ETL

EIL

Figure 1.7 Energy level diagram of an example device with multiple organic layers for
optimizing charge balance.

In addition to HILs and EILs, dedicatemission layers (EMLSs) are often used in OLHDSs.
a generic biayer OLED, such athe device shown iRigurel.2, excitons are created and undergo
radiative decayn the ETL In this case, the ETL also acts as the EML. Orother handwhen a
dedicatecEML is inserted between the HTL and ETL, excitons are formed on the EML by having the
holes and electrons accumulating at either the HTL/EML or EML/ETL interfdeebenefit othis
structure ido have better confinement of@tonswithin the EML byhaving the energy levels of
excited stées (S1 and/or T1) on the EMie lower than those on the HTL and EPlnothercommon
practice in OLER s thatthe EML generally consists of a host material and a guest emitter. The
excitonsare usually created on the host and then transferred to the guest molecules via Faster and
Dexter energy transfer process&y diluting the emitter in the hostpncentration quenching,
process that lowers fluorescent and phosphorestecayrates va nonradiative energy transfer
between identical molecules or through aggregatesbe avoidefll5]. A threefold efficiency

enhancement has beebserved when such a host:guest system is[i§gd



Lastly, dharge blockig layers such as EBL and HBL can alsartieoduced to confine
charges within the EMLThe benefits of using these charge blocking kages: (1) both hole and
electron density ithin the EML can be maximized so that the excitmmmation process is efficient;
and (2)leakage currentyhich corresponds to thedectrical energy thatannot be converted into

photonscan be limited

1.1.3 Introduction to Simplified PHOLED

Clearly, ;e dsadvantage diaving OLEDs with such complestructurais the increased
cost ofdevicefabrication.Opposite to the general approaith2011,Helander et aldemonstrated a
simplified PHOLEDthat consists of only three organic layé@rsmpared to the tditional devices
that consists of 7 organic layerggt showing recorthigh efficiency at the timglL7]. As a result, this

simplified PHOLED structre soon attracted a great deal of inteiresthe community.

Figurel.8 presentshe structure of the miplified PHOLEDIn Helander et a[17]. Same as
in most OLEDSs, ITO ighe transparent anodgo facilitate hole injectionchlorine plasma is used to
treat the ITGsurfaceto increaséts work function to ~ 6 eV. CBP (chemical abbreviation4oy -4 6
bis(carbazaeb-yl)biphenyl), a bipolafi.e. the material has high hole and electron mobititganic
semiconductig material, is employed as both the HTM and the has{2B
phenylpyridine)(aetylacetonate)iridium(lll) (Ir(ppyfacac)) a phosphorescent green emitter that has
94% quantum yieldtL 8], is doped mto the CBPat 8% concentration to form the EML. A wide
bandgap ETM2,2',2"(1,3,5benzinetriyl}tris(1-phenytl-H-benzimidazole) (TPBj)is used so that
excitons can be confined on the EML. Lastly, a thin layer of LiF is inserted between the ETL and the
Al cathodeto help electron injectio o understand how the simplified PHOLED can exhibity
high efficiency, it is important to first look at factors that influence OLED efficiency in general. A

backgroundn this topic can be found ire&ion1.2

10



lr(PPY)z( HCH.C) 2.7eV

2.8eV
P - LiF/Al
1 3.0eV
I
I
I
I
CBP | TPBi
I
I
I
I
I
1 5.6eV
CI-ITO Lo
6.1eV
62eV

Figure 1.8 Device structure ofa simplified PHOLED

Although the simplified PHOLED by Helander et al. exhibited the highest efficiency at the
time, it suffered one major drawbadts lifetime is shorter than that tfaditional PHOLEB [19],
[20]. Thereforeunderstanithg the mechanism behind the limited lifetime becomes a priority eefor
this structure can be usedimdustry. A background on some of the degradation mechanisms that
limit the lifetime of OLEDs in general are discussed iecBon1.3. Some possible mechanisms that

could becausinghe limited lifetime of sirplified PHOLEDs are also presented
1.2 Device Efficiency

1.2.1 Internal Quantum Efficiency

One importangefficiency parametei any electroluminescent device is itseimal quantum
efficiency (IQE) It is definedas the efficiency of a devide convertingelectricalcurrentinto

photons, and is given by

] €@ 0 <l «

L |||= F Equation 1.1
"mE w0 <
where¢ is the numbeof photons produced by the deviemde is the

number ofelectrons injected into the devida case of OLEDgsthe IQE is affected by three factors
thefraction of excitonghat can decay radiativey — , the quantum yield of the lig emitting
materiald — , andthe chargédalance factod — . The IQE can thus be represented as the

product of these terms
11
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The— term depends solely on the emitter type. For #8oent emittes since only singlets can

decay radiatively= is 0.25. Fophosphorescemmittess, such as the ones used in simplified
PHOLEDs,bothsinglets and trilets can undergo radiative relaxatiblence- is 1. The- term
describeghe percentage of singlet excitdhat decag radiativelyas opposed to through non

radiative mechanisms such as internal convergionstateof-the-art phosphorescent emittetbe
guantum yield is usually close to un[8]. Therefore, for simplified PHOLEDS, the only factor that
requires optimization iorder to maximize IQE is charge balanthe charge balance factor

describes how efficielt the current is converted into excitons on the emitter and is detsirby

three factors: (a) the electrdorhole (eh) ratio; (b) how well charges are confined the emitter; and

(c) how well excitons are confined on the emitter. If the ratio between electrons and holes is not unity,
leakage current of the carrier with larger numbers would occur. Similarly, leakage current can also
arise if the charges are notndimed on the emitter. Finally, if the excitons are not confimedhe

emitter, they may transfer into other materiahd will not contribute to light emissifmom the

emitter.

In general, the charge balance term can be optimized by changing theskickithe hole
and electron transport laydgsl] andusing pdoped and +doped transport layets balance the b/
ratio or, more commonly, by introducing charge and exciton blocking lagersnfine both charges
and exciton$10]. For examplefigurel.7 presents aexampledeviceillustratinghow all the factors
can be optiized Firstly, the HIL and EIL are introduced facilitate hole and electron injection into
the deviceSecondly, he HTL and ETLwith similar mobility for their respective carrier are chosen
so thatthee/h ratio can b&eptclose to unityThirdly, the EBL and HBL layers are usegkxt tothe
EML to avoid electron and hole leakagénally, the EBL and HBL also havarge bandgaps and
high triplet energies so that the excitoare also confined on the EML to avoid exciimsses to

adjacent layers

1.2.2 Light Outcoupling

While IQE describes how efficient an OLED is at converting electrical current into photons,
the more practical and arguably more important parameter that defines the efficacy of an @LED is
external quantum efficiencfEQE). The EQE is a@rameter that characterizes the proficiency of an

OLED at converting electrical current into photons that can be obseuvside of the devicdn
12



OLED, the photons are generated in the ENDue to total internal reflectiofTIR), some of the
photons getrapped ingde the device and cannot be extractd® light outcoupling efficiencg
- , Which specifies the ratiof photons that can be extracted veraligenerated

photonsrelates to the EQE and IQE as follows:

FlFF ElFFta et omnie Equation 1.3

Obviously,in order to maximize the EQE of an OLED, both the IQE and the light
outcoupling efficiency need to be optimized. Unfortunately, the light outcoupling effice#ncy
OLEDs, which are point source emitters on flatsdtdiesjs not inherentlyhigh. Figure 1.9 presents
a common light outcoupling schemecadrding to ray optics, usually 30% of produced light is
trapped in the glass wanggiided mode, and 50% is trapped in the Adr@anic waveguided mode via
TIR. When light travels from medium A to mediBnif the refractive index of medim B is smaller
than that of medium, i.e. ns < na, TIR would occur. In this case, only rays inside a cone defined by
the critical angle can keansmitted. It is important to note that even if there are additional media
between A and B, as long as none of them has a refractive index loweg thiaa size of the cone

remains the sani@2]. The equation for calculating thetaral angle is
. . <€
— OE Ié— Equation 1.4

Assuming light emission is isotropic, the percentage of light within a cone can be presented as the
ratio of the solid angle of the cone and that of a bph@re (not a full sphere due to total reflections
at the metal cathode), described as

p AT-O Equation 1.5

Substitutingequationl.4 into Equationl.5 yields

PP 8_ Equation 1.6
3

Generally, in OLEDSs, the refractive index of the light emitting organic maieriall.7.

Thereforethe totalamount of light that can theoreticatdgcapas

— xgmp
ppp8( C
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There is one important assumption for the above analysis to be valid: the thicknedsME theeds

to be sufficient for ray optics (i.e. thieickness of the EMIneeds to be mudireater than the

emission wavelength). However, stateof-the-art PHOLEDs (including simplified PHOLEDs)the

total thickness of the organic stack is around 100 nm, which is smaller than the wavelength of the
light within the organic stack (i.e. ~ 31@nrfor green emission in the organic stack with a refractive
index of ~ 1.7). As a result, the wagaided mode within the organic layers is suppref2gd

Therefore, lte predicted BE using ray optics ian underesthae. TheactualEQE limit when taking
interference into consideration is around 3@%]. Although thidimit obtained by rayoptics isnot
precisethe majority of light loss is still due to light trapped in the organic/ITO wauded mode

and the glass wavguided mode. Clearly, in order to increaseBEQE of simplified PHOLEDS, the

most effective way is to improve light extraction of these two wauded modes. The light trapped

in the glass wavguide mode can usually be partially extracted using roughened subj@tes

shaped substrat¢®?], [26]i [28] and micrelenseq29]i [35]. The underlying mechanisms for these
techniques are very simildigure1.10 presents the working principle on how light extraction is
achieved using a spherically shaped substrate. Wheytabe substrate is initially flat, light with an
incident angl e gr e awoaldexgeteaca TIR, hnd thereforethé ta@péd wahing | e d
the glass substrate. However, when the spherical glass is attached to the flat substrate, light emitted
from the emitter has a smaller incident angle when it arrives at the glass/air interface. The total
amount of light that would be subjected to TIR is significantly reduced. As a result, more light is able
to be extracted fromhe glass wavguided mode.n generaltechniques for extracting light at the

glass/air interface angell developed and cosffective.
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Figure 1.9 Light outcoupling scheme
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Figure 1.10 Light extraction working principle for shaped substrates
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In contrast, thextraction of light trapped in the ITO/organic weyeided mode (trapped due
to the refractive index mismatch between ITO, i.e. ~ 2 and glass, i.és in6Je challenging
Numeraus techniques have been developed to improve the light extraction Borfakample, a
layer of lowrefractive index silica aerogel with a refractive index of 1.03 can be placed between the
ITO anode and the glass substrate to effectively double theoligtoupling efficiency23].
Moreover, photonic crystal structures produced by nanoimprint lithography can be used to diffract
light in the glass wavguided mode to a direction that light can escape, thereby impriogimg
outcoupling by a factor of 1.5 to[26], [37]. Furthermorea low-refractive index grid can also be
inserted between the ITO anode and glass subsbratélimate light wittin the organic/ITO layers,
therebyincreasing the EQE by a factor of3B]. Unfortunately these techniques introduce additional
complicated processing steps into OLED fabrication, and are dheradstextensive More drastic
solutionssuch as replacing the ITO anode with PEDOT: % or using topemitting device
structurg40], [41] have shown dages with recorehigh efficiencies. However, these two approaches
have their own limitationDue to theacidic naturef PEDOT:PSS, OLEDs made on tgenerally
have low stabilityj42]. On the other hand, eapsulating the tepmitting devices (to control ambient
degradation) would rntroduce glass wavguided mode within # encapsulation structure, thereby

significantly reducinghe light outcoupling of the tepmitting devices.

1.3 Device Stability

Therelatively shorer lifetime of OLEDs(with lifetime usuallydefined aghe amount of time
it takes for the luminance of an OLED operating at a cohst@rrent to drop to 50% of itsitial
valug compared to otheight-emitting technologies such as LCD ari@.has ber a major factor
thathas limitedtheir competitiveness in consumer electrorstgce their inventionin general, he
degradation mechanisms in OLEDs are usually categorized into afianedand intrinsic.
Ambientinduceddegradationcharaterized by the growth of neamissive areas on the deviciss,
caused by cathode oxidation and delamination due to the presence of oxygen and #8]sfdEg.
This process can be suppressed usingpsutation techniqueg6], or by usingnaterialshat are
less saceptible to ambient atta¢k7]. Currently, ambieninduceddegradation of OLEBfabricated
on rigid substrates carelwell controlled. Howevedevices made on flexible substratase still
proneto ambieninduced degradatiodue to insufficient encapsulation of the devicktrinsic
degradation, on the other hamglassociated with a gradual decrease in device EL intensity over time.

This decrease in device Hliginates from phenomena thatac in theactive organic materig) and
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can happethrouch eitherphysical or chemical meandnlike ambientinduceddegradation,
suppressing intrinsic degradatistill remainschallenging and therefore, continues to be an active
research field in the EED community In general, he intrinsicdegradationmechanismsanbe

classified into bulk material or interfatidepending on where theyimarily occur.

1.3.1 Bulk Material Degradation Mechanisms

Up until recently, the intrinsic degradation of OLEDs hasrbenostly attributed to the
degradation of the bulk materiadeveraimodelsof the mechanismisave been proposetihe most
significant ones includel] the unstable cationic Adlgnodel[48], [49]; (2) excitoninduced chemical
degradation mod€5b0]i [54]; and (3) exciton polaron annihilationogel[55], [56].

The grounebreakingwork on uncovering intrinsic degradation in OLEDs was done on the
most widely used fluorescent emitieAlqs. The operatiomechanism in a generic NPB/AIKNPB
is the HTL and Algis the ETL) device is similar to the one showrrigurel.2, where excitons are
formed on Alg due toa high density of holes and electrons in the ETL. By using photolistanee
(PL) spectroscopy, Aziz et al. discoverthat thecationicAlgs specias (i.e.positively chargedlqs
molecule3 form over time due tboles being injectethto the ETLand caract as fluorescent
guencher$48]. As a result, the fluorescent decay rate forsAnitters,andhence their quantum

yield decreases ev time, leading to a gradual loss in device EL.

The excitorinduced chemical degradation model attributes the device EL degradation to
chemical decomposition arising from materials being in the excited states (i.e. extltghs).
performance liquid clomatography50] andlaserdesorptionionization tme-of-flight mass
spectrometry52] techniques are used to detect the chemical cham@&sEDsbefore and aftethe
devices have been subjected to extensive electrical drijilsgally the device luminance is ~ 5% of
the initial value after electrical drivingin both techniques, the presence of new chemical
compositionghat are capable of quenaoliexcitonshasbeen detected in the degraded devices,
suggesting that bond cleavagfeorganic materials occurs during OLED operation. It is also believed
that the energyequired for bond dissociation confesm the organic molecules being in the excited

states.
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Unlike the previous two models where either single charge carriers or excitons alone can
produce exciton quenchethg exciton polaron annihilation model suggests that the interaction
between the host negative polaron (i.e. electrons on hdstuohes) and the guest triplet excitons
results in faster device degradation, particularly in PHOLEDs[68ly It is shown that when the
host negative polaron and the guest tripleitexis are in close proximity ®ach other, the energy of
the guest excitons can be transferred to the hostcoieketo form host excited polarons. The
subsequent dissociation of the host molecptesluceproductshat actas deep charge trg@nd can
therefore quenctriplet excitonsnearby.

1.3.2 Interfacial Degradation Mechanisms

Unlike the degradation of the butkaterialsdegradation ofhe interfaces in OLEDs has not
received much attentiamtil recently So far, it has been demonstrated that all three interfaces in
OLEDs, namelytheITO/organic[57], metalorganic[58]i [60] andorganic/organi¢61], [62]

interfaces arall susceptible to degradatigvhen excitons arpresennearby.

1.3.2.1 Degradation at the ITO/organic Interface

Wang et al. show thalhe existence ofxcitons at the ITO/organic interface can result in a
gradual loss in charge injection in fluorescent OLERY. The device structure in their studies is
ITO/NPB (70 nm)/ Alg (70 nm)/Mg:Ag (100 nm). The eitons at the ITO/organic interface are
created by exposing OLEDs to external illuminatioat NPBabsorbsUntreatedTO, CR-plasma
treated ITQand ITO with 5 nm Mo®@deposited on topre compared in their experiments. The
changes in driving voltage avthe illumination time of those devices aecorded. It is showthat
the driving voltage ofhe untreated IT@nhcreasesnost dramatically, indicatinfast formation of a
charge injection or transport barri€n the other hand, ven eithelCFs-plasmatreatmenor MoQ; is
usedat the ITO/organic interfacéhe change in driving voltage is sificantly suppressedince the
only difference among the three devices is the interface between ITO and NPB, the degradation is
therefore concluded to be at thisdrface, and is related to hole injectidime authors suggetitat the
deterioration iroleinjection is a result of loss &onds between ITO and NP®hichis supported
by the XPS datawhen NPB is deposited dfO, anew ONPB bond is createéhdicaing bond
formation betweethe oxygerin ITO andNPB. However, when thd O/NPB interfaceis exposed to
external illumination, this ENPB bond intensitglecreases, which is likely tmeasorfor more

difficult hole injection from the ITO into NPB-inally, the authors show that similar degradation
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trends in device driving voltage can also be observed in dEictability. Considering that changes

in hole injection would significantly alter charge balance, this correlation is not surprising.

The lifetimedependence on the ITO treatment is not specific to fluorescent OLED only. Gao
et al. show that in a simplified PHOLED, when three different ITO treatments are used, namely, UV
ozone, UVozone + 1 nm InGland 1 nm Ck the devices exhibitery different lifetimes.

Specifically, it is showithat coating the ITO anode with 1 nm IgGf 1 nm Ck can extend the
lifetime of the smplified PHOLED by a factor of fod.9].

1.3.2.2 Degradation at the Metal/organic Interface

Metal/organic interface in OLEDs haksobeenfound to be susceptibte exciton induced
degradationi58]i [60]. When excitons are present near the metal/ocgaterface, the adhesion
between metal and the underneath organic layer is foueditice over timeSimilar to degradation
at the ITObrganic interface, interfacial laygptay an important role iaffectingthe lifetime of the
device. According to Wanet al., LiF used in conjunction with aluminwathodecaneffectively
suppress this degradatifgo].

1.3.2.3 Degradation at the Organic/organic Interface

Degradation at the organic/organic interface firas observed in fluorescent OLED&3],
[64]. During device operation, defects that are capablepping holes are generated near the
HTL/EML interface. It is known that these trapped charges can act as exciton gegnehee
reduce the device EL. It is also possible that the trapped charges drive a chemical degradation process
which results in byprducts that can quench excitons (similar to the aforementiomstelblecationic
mode). In either scenario, the root cause of the organic/organic interfacial degradation is attributed to

the accumulation of positive chargargpolarons.

In addition to ptarons, there is usually agh concentration of excitons neée HTL/EML
or EML/ETL (organic/organic in shoripterface.Similar to the exciton polaron annihilation model,
the interactiorbetween host singlet excitons and host positive polarons caleatsto gradual loss
in device EL over time reported by Wang eff@l], [62]. In order to differentiate thiefluenceof
polarons only, excitons only and the interaction between themm@LED stabity , the authors

comparethe effects obxposingdevicesto each species and observe thange of driving voltage
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over time To allow only hole current inside a devjée. a holeonly device the EIL in an OLED is
replaced by a HIL that blocks eleatrmmjection from the cathod€&igurel.11 presents the structures
of an OLED and a holenly device Clearly, it can be seen that the only difference between an OLED
and a holeonly device is the interfacial layesed at the metal/organic interface. Dinganic/organic
interfaces remairthe same in both deviceBhe benefit of ging thehole-only device structures that
the effects of polarons only can be studiedioyply running an electrical current through tevice
Moreover, the effects of excitons alone can be tested by exposisgrigeholeonly device to
externalUV irradiation(at 365 nm where CBP absorbBjnally, when the device is subjected to both
constant current and UV irradiation, the effectbath polarons and excitons the driving voltage
can be observedhe results from Wang et al. cleadlgjowthat having polarons and excitons
together near therganic/organidénterface results in much fastesltage riseéhan the mathematical

sumof polarons and excitons alone.

OLED Hole-only device
Cathode Cathode
EIL

HIL
EML
HIL HIL

ITO ITO

Figure 1.11 Device structures of an OLED and a holenly device

In thecase okimplified PHOLEDs, the mechanism for how the interaction between excitons
and positive polarons oar is presented iRigurel.12. Whena simplified PHOLEDs under
operation, holes are injected from the ITO into CBP. Due to the HOMO level difference between
CBP and TPBI, holes are accumulated at the CBP/TIPBL/ETL) interface. Similarly, electrons
are injected from the Al cathode into TPBI, then into CBP. However, due to CBP being able to
transport both holes and electrons efficiently, no elestemeaccumulated at the CBP/TPBI

interface. As a result, a neble accumulation is formatearby In addition to having an
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accumulation of holes, excitons are also formed near the CBP/TPBI intdifecefore, he

interacton between the holemd the excitonsan occur and thus leatb the degradation of the
interface. Tounderstand how this excitgpolaron interaction degrades the interfé@me eithera

physical or chemical process) devicewith the CBP:Ir(ppy} EML removed is studied. Trstructure
for the device i$TO/MoQOsz (5 nm)/CBP (30 nm)/TPBi30 nm)/LiF(0.5 nm)/Al (100 nm)lt is
important to point out that without the CBP:Ir(pplgyer, the excitons are then formedts t
CBP/TPBi interface witlinole accumulation nearlas well Over the operation of this device, the
authors are able to observe a ticadecrease in the intensity of the Beak corresponding to the
CBPemission while also noticinganew pealemergingat 5@ nm[62]. The change of EL spectrum

is the signature of material aggregation, with the new peak at 500 nnilbeiaggrgatebandof
CBP.Consequently, when CBP used as the host material for the emitter in a simplified PHOLED,
e.g. the device shown Figurel.12, the aggregation of the host material would then lead to the
degradatiorof the device ELFurthermorethe authorglemonstrata correlation between deviégt
lifetime and the rate by which this aggregatlehavior occurs in a given host mateéd]. Quite
interestingly the investigations also reveaklear correlation betweee rate of aggregation and the
width of the energy bandap of the material where materials with wider energy {gaptend to
aggregate faster. These new findings help explain, for the very first time, the generally lower stability
of blue and other widbandgap based OLEDG.e. PHOLEDS)

2.7eV
2.8eV

LiF/Al

ITO

6.1eV

6.2eV

Figure 1.12 Schemeshowing hole accumulation and their interactions with excitons near the
CBP/TPBi interface in simplified PHOLEDs
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1.4 Outstanding Issues Related to the Efficiency and Stability of Simplified
PHOLEDs

Although simplified PHOLEDs with their simpler structure have the potential to achieve
much lower fabrication cost whilmaintaining high efficiencythere are still a number of issues that

need to be addressidorder to bring them towards utilization in commercial products.

In terms of efficiency,tihasalready been showthat in order to achieve high charge balance,
andthus efficiency in PHOLEDs, multiple organic layers that can betgine charges and eitons
to the EML are needed\s a result, rost stateof-the-art devices comprise five or more organic
layers. However, in a simplified PHOLED, where only threepig layers are employed, it is quite
surprising that these devices showecbrdhigh effidency, especiallyithout any electron blocking
layer toconfineelectrons in the EML tlis thereforeéimportant toexamine the extent of charge
balance irsimplified PHOLEDSs.

In addition, ;ncethe extraction of light trapped in glass waygded mode aabe easily
achieved by using commercially available micro lens arrays, it is generally more demanding to find
low-costtechniques that can extract light from ITO/organic waguled modeOne common
technique that is used to improve light extraction fthenITO/organic wavguided mode is to
enhance light scattering at the ITO surface. Although several techniques have successfully shown
improvement in light scattering, they are generally-eastnsive and require additional complicated
fabrication stepOnepossible economical way to increase light scattering at the ITO surface is to
simply increas¢he ITO roughness. div effective this method can ieereforebecomes an important

guestion to investigate.

In terms of device stability,fowing that theitetime of simplified PHOLEDsstrongly
depends on the interfacial layer between the #h@CBP[19], and that excitons at the ITO/organic
interface can lead to the degradation of hole injectina,question thatnmediatelyarisesis whether
the shorter lifetime in simplified PHOLED is related to éxeitoninduceddegradation at the
ITO/organic inerface. Furthermord, is also important to understand how excitons are created
nearby. By answering these two questidhemeans of suppressitthis degradatiormodemaybe

devised.
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Finally, the lower stability of PHOLED#at usewnide bandgap emittey especially blue, still
remains a long standimgoblemthat applies to all PHOLEDS, including the simplified odwas
been shown that the material aggregation phenomenon driven by the interaction of excitons and
positive polarons is strongly corredatto the degradation of device End that devices utilizing
wide bandgap hosts are more prone to this degradatawever, me phenomenon that this theory
still does not explain is why devices utilizing the same host material but different guesaisateri
sometimes have very different lifetimggs]. In view of this phenomenon, a better understanding of
the man factors governing device stability requires answering the faligwwo questions (1)lit
the host or the guest that plays a more dominant rgeviarning device stability(2) If the host
plays a more dominant role, then how does the guest aftestahility of the hostPurthermore,
knowing that the aggregation of the host material is a result of interactions of both excitons and
polarons, it becomes important to find out the effects of reducing the exciton or polaron density near
the organic/orgaic interface on device lifetime.

1.5 Research Objectives

This work aims to be the first scientific investigation directed towardplgied PHOLEDs,
with the goalof unravelling the outstanding issues mentioned abiwvs.work focuses on two
aspects: devicefficiency and stability. More specifically, tmeotivations of this worlare to gain a
better understanding ttie underlying processes that govern the efficiency and staifikiynplified
PHOLEDSs, and then to utilize this knowledge to try to imprineexisting efficiency and lifetime.
Towards this endhe following research objectivesll be addressed
1) Toinvestigate the factors governing the efficienésimplified PHOLEDsand explore

approaches to further increase it
a) In consideration of the IQE

i) Study the extent atharge balance in simplified PHOLEDs

i) If the charge balance is not optimal, explore approaches to further improve it
b) In consideration ofight outcoupling

i) Examine the effects of increasing ITO roughness on light outcoupling efficiency
2) Toinvestigate the factors governing the stability of simplified PHOLEDs and explore approaches

to further increase it

a) In consideration of égradation at the ITO/organic interface
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b)

i) Study whether excitons netdre ITO/organic interfacareresponsible for thehorter
lifetime in simplified PHOLEDs

i) If the excitorinduced degradation at the IT®@ganic interface is responsible, investigate
the root cause for the existenceegtitons nearby

i) Devise means teuppress this degradation meadkem

In consideration of égradation at the organic/organic interface

i) Study whether the host or the guglstys a more dominant min governing device
stability

i) If it is the guest, investigate haie guestanaffect the stability of the host

iii) Examine whethereducing exciton opolaron density near the organic/organic interface
canimprove thdifetime of simplified PHOLEDs
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Chapter 2

Methodology & Experimental Procedures

2.1 Methodology

In this work,investigationf the efficiency and stability of simplified PHOLERse
performedpurelythrough experiment®lthough some theoretical modelsigxfor describing each
step ofthe operation of OLEDE.e. charge injection, charge transport, exciton formation and photon
emission)the computatiolecomes increasingly complexen incorporatig all four. Therefore, it
is generally more straightforward and more accurate to study the underlying physics by comparing
the performance of different devices.

In many of the experiments performed in this warkarchetypical simplified PHOLED with
the structure ITO/Mo@CBP/CBP:Ir(ppyy TPBI/LiF/Al is used.Compared with the common ¢€F
treatment on ITO for improving hole injection, devices utilizing Me@® the HIL generally have
longer lifetime, andire therefordetter suited for stability studieSBP and TPBi are currently
among some of the most widely used transport matenalsare therefore chosen as the HTL and
ETL, respectivelyFor the phosphorescent emittie¢ppy)s and Ir(ppy}(acac) are the two most
employed green dopantstime PHOLEDcommunity.Despite the fact that a device containing
Ir(ppyk(acac) is slightly more efficient, a device that utilibkg€ppy)s has much longer lifetime, and is
therefore more suitable ftinis work Finally, due to being more resistant to exciton induced

degradation at the metal/organic interface, LiF/Al cathodes are used.

The performance of the devices in this work are evaluatetms of efficiency and stability.
To study device efficiencygurrentvoltageluminance (IVL) measurements are used to attarize
the optoelectrical properties of the devices by sweeping the applied voltagetlaenoS&he currat
response gives information abatliarge injection and transport, while the luminance response
providesdata forefficiency. In additionthedelayed EL echnique is used to give insiglrso charge
balance in simplified PHOLEDSs. To study device stability, tests on device EL over time under both

electrical driving (EL stability measurement) and external illumination (psiatioility measurement)
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conditions are performed. Finally, in the cases where material comparisons arémadd exciton

lifetime measuremeaton organic filmsre utilized.

2.2 Material selection

In addition tothe typicalCBP, TPBi and Ir(ppy) many other organic materials aamined

in order to study the device physics. These materialisted in the tabléelow along with their

acronyns, structure and functionalitis. All organic materials are obtained fraitherLuminescence

Technology Corpor HanFeng Chemicalndareused as received without any further sublimation.

Table 2.1 List of materials used in this thesis

Chemical names and acronyms | Chemical structures Functions in
OLEDs
2,6- bis[3-(carbazol-9- HTL and
yl)phenyl] pyridine O N O _N O N O Host
(26DCzPPYy) O N | O
Tris(8-hydroxy- ETL
guinolinato)aluminum (Alg3) /, O%
N\,L Ny
o~ l\o
/N
0
Bis(2-methyl-8-quinolinolate)- X ETL
4-(phenylphenolato)aluminum Q\/NJ\CHS
A ol M)
/ o
HaC. N
0




2,9-dimethyl-4,7-diphenyl- ETL
1,10-phenanthroline (BCP)

1,3-Bis[3,5-di(pyridin-3- ETL
yl)phenyllbenzene (BmPyPhB)

4 , -Bigjcarbazol-9-yl)biphenyl HTL and
(CBP) Host
Bis[2-(4,6- Blue emitter
difluorophenyl)pyridinato-

C2,N](picolinato)iridium (Flrpic)

Tris(1-phenylisoquinoline)iridium Red emitter

(Ir(pig)s)

IrJ
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Bis(2- = | Green
phenylpyridine)(acetylacetonate) >N CcH emitter
3
iridium(lll) (Ir(ppy)a(acac)) 0=
Ir “CH
| "o
N CH;3
|
Tris(2- B ] Green
phenylpyridine)iridium(lll) | emitter
r
(Ir(ppy)a) N7
l =
- -3
Di-[4-(N,N -di-p -tolyl-amino)- CHs CHg HTL
phenyl]cyclohexane (TAPC) @
O, T
HsC CHj
4,4' 4"-Tris(carbazol-9- HTL and
yhtriphenylamine (TCTA) Host
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2,2',2"-(1,3,5-benzinetriyl)-tris(1- @ ETL
phenyl-1-H-benzimidazole) QN N’@
' |
(TPBI) N =\
8
Pt(ll) bis(3-(trifluoromethyl)-5- Red emitter

FsC
(2-pyridyl)pyrazolate) =N e |
N
(Pi(fpp2)2) e
= N=
CFs

2.3 Device Layout and Fabrication

All devices used in this thesis are fabricated orgatterned ITGcoated glass substes.
The 1'TO is 130 nm thick, and has a sheet resiste
layout is illustrated ifFigure2.1. There are usuall¥4 OLEDs on each substrate. The active area of
each indvidual OLED is 2 x 2 mrh
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ITO anode

ITO ITO
cathode cathode
[ Al cathode | |
OLED
Organic stack Glass

Figure 2.1 Device layout on the prepatterned ITO substrate

Prior to device fabrication, the ITO substrates were sonicated in acetone and isopropanol for
5 minutes each in respeaiorder. The substrates are then loaded into theua chamber of the
EvoVacsystem from Angstror&ngineeringwhere all materials are thermally evaporated at a rate of
0.1-2 A/s at a base pressure of 5¥16rr. The rates of the evaporation are mordtbusing quartz

crystals, and the thickness of the films are calibrated via a Dektak profilometer.

2.4 Device & Material Characterization

The characterization methods used in tinigk are described below. The devices are always

kept in a N environment duringhese measurements.

2.4.1 IVL Characteristics

The IVL characteristics of an OLED are measured using an Agilent 4155C semiconductor
parameter analyzer with a 16442A test fixture. The driving voltage of the OLED is usually swept
from O to 15 V while the currenedsity through the device is recorded. Meanwhile, the luminaince
the device is also recorded usegilicon diode. The luminance value is calibrated through a Minolta

chroma meter ¢$00.
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2.4.2 EL Spectroscopy

The EL spectraf theOLEDs are acquiredia an OceanOptics QE65000 spectromeitdren
the devices are electrically driven2it mA/cnt.

2.4.3 Delayed EL Measurements

Delayed EL characteristics tifedevicesare measured using a hoimailt system from
Xerox Research Centef CanadaThedevices aredriven usng a square pulse driving scheme with a
pulse width of 0.5 ms (the pulse is sufficiently long enough for prompt EL to reach its-stately
intensity). An optical shutter @ns to collect delayed EL3 ms after the end of the forward bias
pulse, which isignificantly longer than the lifetime dtifie triplet state ofralr-based emitter (<19)
to ensure the absence of any contributions from prompt EL in the collected signal.

2.4.4 EL Stability Measurements

The EL stability of an OLED is measured us@itherahomebuilt system from Xerox
Research Centaf Canadar a commercial OLT lifetime test system from Botdste device is
electrically driven aeither40 mA/cnft alternating current with a duty cycle of 50% at a frequency of
100 Hz,or its equivalent 020 mA/cnt DC. The change in EL and the driving voltage of the OLED

are monitored by the testing system and plotted out as a function of time.

2.4.5 Photo-stability Measurements

The relationship between EL stability and excitnduced degradation at the ITO/onjza
interface is studied using the phatiability test. Excitons in the OLEDs are created by exposing the
devices to light with a certain wavelength that can be absorbed bygdugic material. A 200 W Hg

lamp with an Oriel77200 monohrometer is used &reate thidight.

2.4.6 PL Spectroscopy

ThePL spectra of organiclfins are obtained usingn®ceanOptics QE65000 spectrometer.
200 W Hglamp with an Oriel77200 monochrometer igilized to excite the organic molecules to
their S1 states.

2.4.7 Exciton Lifetime Measurements
The lifetime of excitons in organic films are measured using a FLSP920 spectrometer from
Edinburgh Instruments
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Chapter 3
Charge Balance in Simplified PHOLEDs

The material presented in this chapter was publishédrg Electron, vol. 30, pp. 7682,
2016. It is reproduced here with the permission from the publisher.

Simplified PHOLED, at the time of its introduction, exhibited reeligh efficiency yet only
employing three organic layefs7]. Without the additional charge carrier blogkilayers, it is quite
surprising for these simplified devices to have this high efficiency. Therefore, it is important to
investigate the extent of charge balance and the factors that influence it in these devices.

Towards that end, this chapter addregbe charge balance question in simplified
PHOLEDs. More patrticularly, the effects of altering charge balance in these devices are studied. This
is done by means of changing the thickness of the charge transport layers or introducing charge traps
in the tansport layers. The results show that when using high carrier mobility charge transport
materials, changing layer thickness does not impact charge balance appreciably. Therefore, unlike in
conventional devices, this approach cannot be used for optinclzarge balance. Introducing charge
traps in a thin layer within the HTL or ETL can, in comparison, influence charge balance more
significantly, and proves to be a more effective approach for studying the factors limiting charge
balance in these devices.dltesults reveal that simplified PHOLEDs are generally-tioke and that
the leakage of electrons to the counter electrode is also a major mechanism behind the poor charge
balance and efficiency loss in these devices. Finally, it is shown that by sigiplyan electron

blocking HTL, the efficiency of the device can be enhanced by as much as 25%.

3.1 Limitations on Charge Balance

In order to test the extent of charge balance in simplified PHOLED and its dependence on the
charge transport layer thickness &ffects of increasing the thickness of the HTL (CBP) in
simplified PHOLED on device efficiency are first studied. The device structure used in this study is
MoOs (5 nm)/CBP (x nm)/ CBP:Ir(ppy)5%) (15 nm)/TPBi (45 nm)/LiF (1 nm)/Al (80 nm), where
x =30, 60, 90, 120, 150, 180 or 2Fgure3.1 (a) shows the current density vs. voltag&/)J
characteristics of these devices. As expected, increasing the CBP thickness results in a shift in the

characteristics to higher voltag&espite the shift, the turon voltage is essentially the same for all
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devices, indicating charge injection has not been alt€igdre3.1 (b) shows the current efficiency

of the devices at 100 cdfmersus the CBP thickness.s 8an be seen, the efficiency trend exhibits an
oscillating pattern. This curve is not different from the commonly observed microcavity effect trend
that occurs when the ETL thickness is vafi@gl, [67], although with a much smaller oscillation
amplitude (notethe xaxdoes not <c¢cross y axis at 0 cd/ A). Thi
attributed to the fact that light reflection at the ITO/organic interface is less than that at the
organic/metal interface. This trend is however different from what is commonly observed i
conventional fluorescent OLEDs (for example, one utilizing NPB angaddiTL and ETL,
respectively). In those devices increasing the HTL thickness generally leads to a monotonic (rather
than an oscillating) change in efficiency as a result of thesdeerin hole transport and the

consequent increase in the electhambe (eh) ratio[21]. In contrast, in this experiment, despite the

fact that driving voltage increases with the HTL thickness, indicating the charge balance also
charges, such monotonic shift in current efficiency is not seen, and the trend is dominated by
microcavity effects. For example, when the devices with 40 nm and 180 nm CBP are compared, with
both representing nearly maximum constructive interference conditf@surrent efficiency is

almost the same. It is therefore reasonable to assume that charge balance does not change
significantly even when the HTL thickness is increased by more than four times. Although the stark
difference between the trend observedehversus that observed in conventional OLEN$ can at

first glance appear surprising, when one considers that the hole mobility igCB® ft cn?V-is?!

at the applied field of 0.5 MV/cm), is one order of magnitude higher than that in(NPP (T

cn?V-ist at the applied field of 0.5 MV/cnj$8], [69], the much weaker effect of CBP thickness on

charge balance becomes understandable.
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Figure 3.1 (a) Current density-voltage characteristics of devices with various CBP thickness. (b)
Current efficiency vs. CBP thickness of these devices 100 cd/m

Given the strong dependence of device current efficiency on microcavity effects, the
traditional method of probing charge balance via monitoring device efficiency while varying layer
thicknes is clearly ineffective in devices utilizing high carrieobility materials. Therefore, for
examining the factors influencing charge balance, a different technique is used: measuring device
delayed EL. Delayed EL is the persistent EL that is emitted &device after the end of the forward
bias.In this technique, a device is driven using a square pulse with a pulse width &f(€h® pulse
is sufficiently long enough for prompt EL to reach its stestdye intensity). An optical shutterens
to collect delayed EI0.3 ms after the end of the forward bias pulse, which is significantly longer than
the lifetime of Ir(ppy3 triplet state lifetime (<1 p5) and thiensursthe absence of any contributions
from prompt EL in the collected signal. As such, aolfected signal will arise from the radiative
decay of excitons thaire formed after the end the forward bias pulse. A tiled description of the
delayed EL measurement setup and signal detectioagotas reported elsewhefg0]. One

common source afelayed ELis therecombination o€harges that were initialtyappedout get
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released after the end of thevi@rd bias pulseln order to identify contributions by this mechanism

to the observed delayed EL, a 0.5 ms reversepitse (which produces a field of 0.74 MV/cm) is
applied on the device during the delayed EL signal collection, and subsequent changes in delayed EL
characteristics are monitored. Therefore, by comparing the delayed EL signal with and without the
reversebias for a given HTL thickness, the residual charge concentration, and thus the relative
magnitude of charge balance, can be probglire3.2 shows the delayed EL signals from devices

with 30 nm, 90 nm, 150 nm and 210 nm CBPam@and 0.74 MV/cm reverse electric field. It can be
seen that in the absence of reverse bias, all devices show similar delayed EL. However, when the
reverse electric field is applied, an initial spike as well as an unrecoverable loss in the delayed EL
signal can be observed at the beginning and the end of the reverse bias pulse, respectively. Knowing
that electron leakage from the EML to the HTL is significant in simplified PHO[AL the spike

may be attributed to a fraction of the leaked electrons getting pulled back to the EML by the reverse
field, that then recombines with residual holes in the EML and produce the delayed EL spiise. In th
case, the spike height would reflect the relative magnitude of the electron leakage current. From the
figure, it can be seen that the spike height increases slightly from the device with 30 nm CBP to 150
nm CBP, which indicates a slight increase intetectleakage current when the HTL thickness is
increased. Given that increasing the HTL thickness would necessarily hinder hole transport, and thus
increases electron leakage current and, as a result, leads to a shift in the recombination zone away
from the EML/ETL interface in the direction of the HTL/EML interface, it is not surprising to see the
spike height increases with the CBP thickness. It is important to point out that a similar shift in
recombination zone due to changing layer thickness was ladsoved by other groupa2].

Similarly, the urrecoverable loss in delayed EL can be attributed leshend electrons that were
originally trapped within the EML becoming swept away by the application of the reverse bias,
resulting in a permanent loss in delayed EL. Knowing that the recombination zone shifts toward the
HTL/EML interface when the HTL thimess is increased, it becomes apparent that the extraction of
holes from the EML under a reverse bias also becomes easier in the devices with thicker HTL.
Therefore, the wnecoverable loss in delayed EL increases with the CBP thickness monotonically, as
can be seen froigure3.2. It is also important to point out that the initial spike height, which

mirrors the magnitude of residual charges within the EML, is also affected by-tkeaverable loss.

In the device with the thkest CBP (and thus the recombination zone is closest to the HTL/EML
interface), the reverse bias is most effective in sweeping out the holes from the EML, resulting in the

largest urrecoverable loss in delayed EL, as well as a loss in the initial spikemportant to
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emphasize that the changes in charge balance observed using delayed EL method are insignificant,
evident from the negligible changes in device efficiency. Moreover, it is apparent that delayed EL is a
sensitive technique for detecting dhdnanges in charge balance without any influence from

microcavity effects.
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Figure 3.2 Delayed EL signals of devices with (a) 30 nm, (b) 90 nm, (c) 150 nm and (d) 210 nm
CBP HTL under 0 and 0.74 MV/cm revese electric field.
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Similarly, the effects of changing the ETL (TPBI) thickness on charge balance are
investigated. The device structure used is MENm)/CBP (30 nm)/ CBP:Ir(ppy}5%) (15
nm)/TPBi (x nm)/LiF (1 nm)/Al (80 nm), where x = 45, 70, 95, 1245, 170 and 19%igure3.3 (a)
shows the <Y characteristics of these devices. It can be seen that increasing TPBI thickness results in
a rise in driving voltage under the same current density, yet again leaving toa watage
unaffectedFigure3.3 (b) shows the current efficiency of these devices at 100°cd/raus TPBI
thickness. Since TPBi is the layer that separates the EML from the reflective cathode, stronger
microcavity effects in compan to the previous case can be seen. Once again, due to the
microcavity effects, the effect of the altered charge balance (due to the increase in TPBiI thickness) on
current efficiency cannot be observed. However, it is likely that the effect is oncenagain
significant as evident from the similar efficiencies observed in devices with 45 nm TPBi and 170 nm
TPBI. It is important to point out that the device with 195 nm TPBI is more efficient than that of the
more commonly used 45 nm TPBi. This is becabseBML is now sitting at the second antinode,
which results in better light outcouplifigd]. Similar to the case when CBP layer thickness is
increased, increasing TPBi layer thickness also does not seem to have a big impact on charge balance.
This is again different from the case when the ETL in a traditional fluore€tdsD utilizing NPB
and Alg is altered, significant change in charge balance can be obg2ietdhe reason is again
related to the high electron mobility in TPBi ( p 1 cn?V-is?t at the applied field of 0.5 MV/cm),
which is ore order of magnitude higher than thatin&lgq p 1 cn?V-1stat the applied field of
0.5 MV/cm)[73], [74]. Therefore, the effects of changing TPBi thickness are not as dominant as the

effects of changing Algthickness ortharge balance.
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Figure 3.3 (a) Current density-voltage characteristics of devices with various TPBi thickness.
(b) Current efficiency vs. TPBi thickness of these devices at 100 cdim

To examine how chge balance is changed by increasing TPBi thickness without being
overshadowed by microcavity effects, delayed EL measurements are agakigiseR.4 shows the
delayed EL signals of devices with various TPBi thickness (45,4%and 195 nm) under 0 and 0.83
MV/cm reverse electric field. It can be seen that the initial spike when the reverse bias is applied
decreases slightly with increasing TPBi thickness, indicating a decrease in electron leakage current.
Given that increasimnthe TPBI thickness would necessarily hinder electron transport (due to the
longer electron travel path), the conclusion is not surprising. Furthermore, it can be seen that the
devices with thick TPBi show a recoverable loss in delayed EL, rather thamracoverable loss,
when a reverse bias is applied. The absence of thecowerable loss confirms that the
recombination zone does not move when ETL thickness is increased. Since hole injection into TPBi
is very difficult[75], the recombination zone does not shift with increasing TPBirtbis and thus

remains at the EML/ETL interface. It can also be seen that as the TPBI gets thicker, the recoverable
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loss in delayed EL increases, indicating an rise in tripigliet annihilation (TTA)[76]. This
observation agrees with previous reports that increasing cavity thickness induces m¢é& T TA
[77].
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Figure 3.4 Delayed EL signals of devices with (a) 45 nm, (b) 95 nm, (c) 145 nm and (d) 195 nm
TPBi ETL under 0 and 0.83 MV/cm reverse electric field.

Despite the fact that delayed . capable of probing how electron leakage current changes

with the thickness of the hole and electron transport layers;hhrateo within the EML, which is the
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guantity that most directly influences the charge balance factor, cannot be deducelisising t
technique. Therefore, in order to understand the effects of changing charge carrier transport on device
current efficiency, an alternative approach that keeps microcavity effects unchanged must be used.
One such approach is to introduce charge caraps within the transport layers without altering the
layer thickness. First, the effects of introducing hole traps in the HTL are studied. Due to its shallower
HOMO level than that of CBP, NPB can act as a hole trap when doped into CBP and therdfere can
used for this purpose. The device structure used in this experiment is(Mo@)/CBP (10

nm)/CBP:NPB (x%) (5 nm)/ CBP (165 nm)/CBP:Ir(ppt§%) (15 nm)/TPBi (45 nm)/LiF (1 nm)/Al

(80 nm), where x =0, 0.08, 0.16, 0.32, 0.64 and 1. The CBP layeettaiates the NPB doped layer

and the EML is made sufficiently thicker than 16.8 nm, which is the exciton diffusion length in CBP
[78], so that losses of excitons created in the EML to the NPB hole traps can be avoided. Moreover, it
has recently been found tithe presence of dopants near the EML/ETL interface can help electron
injection[79]. By separating the NPB doped layer and the EML, such effect can be avoided. It is
important to note that this device structure is significantly different from devices utilizioged

HTLs[10]. The thin layer of NPB doped CBP within the HTL serves to hinder hole transport,
whereas in device with-goped HTLs, the dopant is introduced to increase carrier contemtra

Figure3.5 (a) shows the-¥ characteristics of the devices with various NPB concentrations. As
expected, introducing the NPB results in a significant shift in the characteristics to lower currents,
especially in the 85V range, consistent with trdjmited transpor{e.g. the device with 1% NPB

requires more than 5 V higher driving voltage than the device with 0% NPB at 100 froizemt

density). The subsequent fast rise in the characteristics in{P@V1Eange can battributed to the

onset of tradilling regime being approached. Clearly, as the NPB concentration increases, both the
decrease in current and the subsequent rise become more pronounced, verifying the efficiency of NPB
in trapping holes in CBHREigure3.5 (b) shows the current efficiency vs. current density

characteristics of these devices. It can be seen that within tHenrtga regime (roughly fron®.1 to

10 mA/cnt current density)the device with more hole traps shows higféiciency (i.e. more than

10% improvement with 1% NPB doping). This agrees with previous observations that the simplified
PHOLED is holerich [80]. Thus, by impeding hole transpotharge balance, hence also efficiency,

are improved. It is also important to note that in the-frep regime, NPB containing devices show

lower efficiency. This can be attributed to hole accumulation at the NPB trap sites which hinders hole
transportignificantly. As a result, the optimal charge balance is quickly lost at high currents, causing

the efficiency to drop below that of the reference device. This suggests that the approach of
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introducing traps for improving charge balance, and thus efigianay have limited benefits for
practical applications. Nevertheless, the approach is clearly more useful relative to the more
conventional approach of changing charge transport layer thicknesses for studying charge balance
effects in these devices.
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Figure 3.5 (a) Current density vs. voltage and (b) current efficiency vs. current density
characteristics of devices with various NPB doping concentrations in the hole trapping layer. (a)

Inset:energy level diagram for NPB and CPB.

Similarly, the effects of introducing electron traps in the ETL on device current efficiency are
tested. Bphen is used as the trap due to its deeper LUMO level than that of TPBi. The device structure
in this case is MoO3 (5 nm)/CBBQ nm)/CBP:Ir(ppy)3 (5%) (15 nm)/TPBi (20 nm)/TPBi:Bphen
(x%) (5 nm)/TPBi (20 nm/LiF (1 nm)/Al (80 nm), where x =0, 1, 2, 5, 10, 20 angig0re3.6 (a)
presents the-Y characteristics of devices with various Bphen doping eptrationsFigure3.6 (b)

shows the current efficiency vs. current density of these devices. As expected, because the simplified
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PHOLED is holerich, introducing electron traps in the ETL makes charge balance worse. Therefore,
the device efficiency decreases as Bphen concentration increases. (Note: the chahge in J
characteristics is not as significant as when NPB is introduced in CBP, perhaps due to a wider LUMO

level distribution in Bphen that results in weaker electron trapgifect).
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Figure 3.6 (a) Current density vs. voltage and (b) current efficiency vs. current density
characteristics of devices with various Bphen doping concentrations in the electron trapping

layer. (a) Inset:energy level diagram for TPBi and Bphen.

3.2 Approaches for Improving Charge Balance

Clearly, it can be seen thidte simplified PHOLEDarchitecturas generally holeich, and
with nonoptimal charge balance. As such, impeding hole transport would seceffaciency.
However, due to the golar transport nature of the HTL used, impeding hole transport would also
result in an inevitable increase in electron leakage current. To overcome these two competing factors,
a hole transport material that has adowole mobility than that of CBP, yet with negligible electron

mobility (in order to effectively block electron leakage) would be beneficial for improving charge
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balance and efficiency. TCTA is therefore chosen to be used as the HTL since it fulfdls thes
conditions[69]. To illustrate the effectiveness of using such HTL on efficiency, four devices with the
following HTL/EML structures are fabricated: IACBP (30 nm)/CBP:Ir(ppg)(5%) (15 nm); B-

TCTA (30 nm)/TCTA:Ir(ppy} (5%) (15 nm); G TCTA (30 nm)/CBP:Ir(ppy) (5%) (15 nm); and D

- TCTA (30 nm)/CBP:Ir(ppyyacac)(5%) (15 nm)Figure3.7 shows the current efficiency vs.
luminance characteristics of these devices. It can be seen that by simply replacing the GBEhHTL
TCTA (device C vs. device A), the efficiency of the device can be increased by 25%. Using TCTA as
both HTL and host instead of CBP, thus still keeping the number of organic materials limited to 3, a
10% enhancement in current efficiency can be actiédevice B vs. device A). Finally, replacing
Ir(ppy)s with Ir(ppy)2(acac]18], the device efficiency improved by another 18%vicke D vs.

device C). This current efficiency represents the highest reported for a simplified PHBQER.

3.8 presents the delayed EL signals of device D under 0 and 0.74 MV/cm reverse electric field.
Unlike device A (shown ifrigure3.2 (a)), there is no observable spike at the start of the reverse bias,

confirming that electron leakage in device D is minimal, and that good charge balance is achieved.
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Figure 3.7 Current efficiency vs. luminance characteristcs of devices with 45 nm BmPyPhB
ETL and various HTL/EML structures: Device A7 CBP (30 nm)/CBP:Ir(ppy)s (5%) (15 nm);
Device B- TCTA (30 nm)/TCTA:Ir(ppy) 3 (5%) (15 nm); Device C- TCTA (30
nm)/CBP:Ir(ppy) s (5%) (15 nm); and Device D- TCTA (30 nm)/CBP:Ir(ppy) s(acac)(5%) (15
nm).
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Figure 3.8 Delayed EL signals of device D under 0 and 0.74 MV/cm reverse electric field.

3.3 Conclusions

In summary, the chardealance limitations in simplified PHOLED is studied, particularly
through means of changing layer thickness in the organic stack and doping hole and electron traps in
the HTL and ETL, respectively. The results show that when using high carrier molaliggech
transport materials, changing layer thickness does not impact charge balance appreciably. On the
other hand, introducing charge traps in a thin layer within the HTL or ETL can, in comparison,
influence charge balance more significantly, and proves t more effective approach for studying
the factors limiting charge balance in these devices. The results reveal that simplified PHOLEDs are
generally holeriich, and that the leakage of electrons to the counter electrode is also a major
mechanism behinthe poor charge balance and efficiency loss in these devices. In order to optimize
charge balance in simplified PHOLED, it is important to reduce hole transport in the device so that e
h ratio can be brought closer to unity, as well as eliminate eleetaiage. Finally, it is shown that
by simply using an electron blocking HTL, the efficiency of the device can be enhanced by as much

as 25%, representing the highest reported for simplified PHOLED.
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Chapter 4
Light Outcoupling in Simplified PHOLEDs

The material preented in this chapter was publishedppl. Phys. Letf.vol. 105, no. 1, p.
013305, 2014 anBroc. SPIE 9566, Organic Light Emitting Materials and Devices, 2045, vol.
9566, p. 95661R. It is reproduced here with the permission from the publishers.

In this chapter, two approaches that can increase the light outcoupling in simplified
PHOLEDs are demonstrated. First,ibgreasing the roughness of the ITO, extraction of the light
trapped in the ITO/organic waagalided mode can be greatly improved. Ariogihcy enhancement
of as much as 40% can be achieved when the ITO roughness is increased from 3.3 nm,to 8.5 nm
without negative impact on device stabiliMoreover it is shown thatchanging the ITO thickness
can alter OLED efficiency by 25%.

4.1 Approaches for Improving Light Outcoupling

To study the effect of ITO roughness on OLED efficiency, two types of substrates with the
same ITO thickness (130 nm) but two different ITO roughness-fnearisquare, R.), 3.3 nm and
8.5 nm, denoted as ITi&s.3and ITOw308.5 respectively, are used. 1T£ds.3iS purchased from
commercial vendors, whereas |16k sis prepared by etching commercially available 13i2sin
HCI:HNO3:H20 (10:1:10) solution for 3 minutes. Simplified PHOLEDs with the structure ITO/MoO
(5 nm)/CBP (25 nm)/CBP:Ir(ppy)5%) (15 nm)/TPBi (40 nm)/LiF (1m)/Al (80 nm) (shown in
Figure4.1 (a)) are then fabricated on these substrates and the efficiencies are comsared.
importantto point out that although the wofunction and surface energy of the IT@Qutd change
after etching[17], [81] the insertion of 5 nm MoO3 anode interfacial layer would eliminate possible
difference in charge iaftion. As can be seenhigure4.1 (b), both devices have wesimilar
currentvoltage characteristics, indicating that charge injection, hence also charge balance and IQE in
both devices are very similar. However, the current efficiency vs. luminanatdrastics presented
in Figure4.2 shows that the device made on the rougher ITO exhibits 40% higher efficiency than the
device made on the smoother ITO. Considering that the only difference between the two devices is
the surface roughness of the ITO, the difference in current efficibeogé EQE) can be attributed to

the ITO roughness, likely due to different extents of light outcouphfR@y is used to examine the
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morphological differences between the two ITO substrates. As can be $égurad.3, the

smootter ITO (Figure4.3 (a)) has the tyical flakelike morphology{82]. The size of the flakes is ~

500 nm. On the ber hand, the rougher IT@iure4.3 (b)) has high density of spikes of ~ 100 nm
average size. @& can expect that the spikes abée to act as light scattering centers, and thus to out
scatter light trapped in the ITO/organiaveguided mode more efficiently than the smoother flake

like ITO morphology. Todst this hypothesigjtensities of OLECEL components that get trapped in
wave-guided modes within the ITO and/or the organic stack but subsequently geatteted at the
ITO/glass interface of other neighboring devices on the same glass substrate, and hence exit the
substrate at the locations of these neighboring desigesomparedn order to test for this, an

OLED is operated at a constant current to produce a luménaf 16 cd/n?. The intensity of out

scattered light at neighboring devices (these devices themselves being under no electrical bias and
therefore produce no EL themselves) is then measiigdre4.4 presents images of row$ o

OLEDs on two different substrates, 7%k sand ITQso3.3in the left and right images, respectively,
showing this effect. In each case, only the device in the middle is under electrical bias and thus
produces EL (the device itself is covered by blage for enhancing contrast). The faint light

observed at the neighboring devices is entirely due tsaattering effect. The intensity of this eut
scattered light is measured and recorded below the images for the corresponding locations, where the
numters represent the intensity in cd/nt is clear that light extraction from the rougher ITO

(ITO130i8.9 is more than 10 times higher. This observation agrees with the notion that the rougher ITO

enables higher light extraction.
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Figure 4.1 (a) Simplified PHOLED structure. (b) Current density vs. voltage
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Figure 4.4 Measured brightness due to light scattered off the neighboring ITOs on
ITO 130/3.3and ITO130/85

Finding that using rougher ITO improves OLED efficiency, a question about its effect on
device stability naturally arises. The questis particularly important given the wide presumption in
the community that increasing ITO roughness would increase morphological defects, hence
expectedly results in a faster deterioration in EL efficiency with driving time (i.e. shorter device
lifetime) duetothe r eat i on d83], [8#hThdrefoss the stabilily of devices made on
ITO1003.3and ITO1308.5are compared-igure4.5 shows the changes in EL and driving voltage with
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time under electrical bias to maintain a constant current flow of 20 ni&fement density. In this

figure, the changes in EL are representethénform of normalized luminance (luminance/initial
luminance). The initial EL intensities of the devices are 8330 and 8826 fodl/devices made on
ITO100i3.32and ITQ30/8.5 respectively. As can be seen from the figures, both devices exhibit essentially
identical trends, suggesting that the device lifetime is not altered by the change in ITO surface
roughnessThe morphologies of various layers of the two devices after each depositi@nestdpo
comparedFigure4.6 presentshe AFM images of the ITGyzzand ITQsysssubstratesHigure4.6

(a) and (e), respectively), Ma@eposited on these substrates ((b) and (f)), CBP deposited on the
previous layers ((c) and (g)), and the entire organic s{@gdksnd (h)). It can be seen that for both
substrates, the surface morphology does not change much afterdejod3ition. However, after the

CBP layer is deposited, the surface becomes significantly smoother. Particularly, in the case of
ITO13085 thesurface roughness reduced from 7.5 nnir{gure4.6 (f)) to 4.4 nm Figure4.6 (g)) and

the peakto-valley roughness (R decreased from 61 nm to 30 nm. More importantly, after the entire
device fabriction, both Rnsand Ry remain the samd-{gure4.6 (h)). This indicates that the spikes

from the ITO substrate are fully covered by the CBP organic layer, and do not penetrate into the other
organic layers. Considering that théckness of the CBP layer accounts for only 30% of the

thickness of the entire organic stack, it is therefore unlikely for the roughefkl#® cause shorting

in the devices. This perhaps explains the similar stability trenithe afvo devices ifrigure4.5.
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Figure 4.5 Changes in EL and driving voltage with time under 20 mA/cricurrent
density for devices fabricated on ITQsos.3and ITO130/8.5
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It is importantto point out that the increase in light extraction by increasing ITO roughness is
also influenced by the ITO thickness. For example, when using thinner ITO, only 100 nm thick
instead of BO nm thick, increasing the ITO roughness from 3.3 nm to 9.9 nm brings about an
increase in efficiencyfanly 10%, as shown iRigure4.7, smaller than the difference observed for
the thicker ITO. Since it hdseen simulated by ik et al.[24] that light outcoupling strongly depends
on ITO thikness due to optical interference of reflected light within the ITO layer, the transmittance
of the ITO substrates, which are directly affected by interference, are then used to further examine the
difference between the smoathd the rough ITCFigure4.8 presents the transmittance of the four
used ITO substrates, 16333 ITO130/8.5 ITO1003.3and ITQoor0.0 It is clear that the transmittance of
the ITO is changed when the ITO roughness is increased. Therefore, the ingmbiredevice
efficiency when using rougher ITO comes from both more efficient light scattering and changes in
optical interference. Light scattering when using rougher ITO is always more efficient, however, on
the other hand, changes in optical interfeezcan have a negative impact on light outcoupling. As a
result, the efficiency improvement when using 3¢ sover ITOws0/3.3S more pronounced than when

|Toloo/9,giS used over ITQos3
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Figure 4.7 Current efficiency (solid symbols) and power efficiency (open symbolss.

luminance characteristics of devices fabricated on IT@osz.3and ITO100/9.9
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Next, ITOis033and ITQsgssare utilizedin OLEDSs of the structure ITO/26DCzPPy (5
nm)/CBP (25 nm)/CBP: Ir(ppyjacac) (8%) (15 nm)/BmPyPhB (30 nm)/LiF (1 nm)/Al (80 nm), as
shown inFigure4.9 inset. In these device, 26DCzPPy, Ir(pfg3ac) and BmPyPhB replace MoO3,
Ir(ppy)s and TPBI used in the original structure in artieoptimize efficiencyThe current efficiency
vs. luminance characteristics bftdevices are shown kigure4.9. Once again, it can be seen that
the device made on the rougher ITO is 40% more efficient, exhibiting very high efficiency at a
remarkably high brightness, demonstrating 56 cd/A atdOr. This represents the highest
efficiency d such high brightness to date for an OLED utilizing an ITO anode without external light
outcoupling techniques.
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In order to test the effexbf changing TO thickness alonen efficiency substrates with the
same surface roughness but different ITO thickness,sbe@and ITQooss.3 are usedrigure4.10
shows the current efficiency vs. luminance characteristics of devices fabricated on these substrates. It
can be seen that the device made on the thinner ITQ{J3@exhibits 25% higher efficiency.
Figure4.10 (inset) shows the transmittance spectra of the two ITO substrates. Although be
expeced that the thinner ITO woulthve a higher transmittance, possibly leading to lower optical
losses and better light outcoing, the spectra, howeveshow that the thner ITO has lower
transmittance in the green region where most OLED emission occurs. Microcavity effects in the ITO
can be used to explain the lower transmittance of the thinner ITO. Due to the refractive index
mismatches at the air/ITO and ITO/glas®ifdces, a small portion of light is reflected at each
interface. The overall intensity of transmitted light depends on optical interference between the
forward transmitted component and forward reflected components resulting from multiple reflections
between the two ITO surfaces. The interference pattern will naturally depend on the ITO thickness

and the emission wavelength. In this case, when ITO thickness is 130 nm (which represents a travel
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distance of 260 nm for light to get reflected off the ITO/gkass then the air/ITO interface) and the
emission is at 520 nm (or 260 nm inside ITO, given its ~2 refractive (884 total constructive
interference is expected. When ITO thickness is only 100 nm, partial destructive interference will, in
contrast, occur. The lower transmittance in the green region of the thinnggd¥€an therefore be
attributed to thieffect. For he same reason,danbeexpecedthe total reflectance of the 1633

substrate to be lower, leading to weaker microcavity effects in the organic stack of the OLED. For the
device on the thinner ITO to have a higher light outcoupling efficiency (agested from the higher
current efficiency)it can beconcludel that the weaker microcavity effects in this device result in less
losses from destructive interference in the organic stack. Even though the ITO transmittance is lower
in this device, the ovall light outcoupling efficiency is still higher.
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Figure 4.10 Measured transmittance of ITOyo03.3and ITO 13085 (b) Current efficiency vs.

luminance of devices fabricated on ITQuozzand ITO 13085
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Knowing that the ITO transmittance affects light outcoupling significantly, it is then
important to study the effects of changing ITO roughness while maintaining the ITO transmittance on
device efficiency. In order to examine this, two types of substti@sos.sand ITQsggsareused. It
can be seen iRigure4.11 (a) that the two substrates indeed have similar transmittance, especially in
the green region. This suggests that the transmittance is affectaayby ITO thickness, but also
its roughness. The similar current density vs. voltage characteristics of devices made on the
substrates, shown Figure4.11 (b), suggests they also have very similar chargenbaleatios, hence
also similar IQE. Quite remarkably, however, the device made on the rougher ITO exhibits 10%
higher current effi@ncy, as illustrated iRigure4.12. This higher efficiency is attributed to the
aforementionedact that the rougher ITO is able to out scatter trapped light within the ITO and/or the
organic stack86].
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Figure 4.11 (a) Measured transmittance of ITO1poz3and ITO 13085 (D) Current efficiency vs.

luminance of devices fabricated on ITGyz3and ITO 13085
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4.2 Conclusions

It is experimentally shown that ITO thickness and roughness both have an effect on the light
outcoupling of OLEDs. The transmittance of ITO, which is a related to both ITO thickness and
roughness, affectbi¢ efficiency via microcavity effects. On the other hand, rougher ITO is shown to
improve the external efficiency by out scattering light trapped inside the ITO and/or the organic stack.
Changes in ITO thickness and roughness are found to be able thalight outcoupling efficiency
by more than 25% and 10%, respectively. These results clearly demonstrate the significant efficiency

benefits of using ITO with optimal thicknesses and higher roughness in OLEDs.
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Chapter 5

Exciton-induced Degradation at the ITOOrganic interface

The material presented in this chapter was publishekpipl. Phys. Letf.vol. 103, no. 6, p.
063307, 2013 It is reproduced here with the permission from the publisher.

Despite the high initial efficiency, simplified PHOLEDs suffergepEL lifetime when the
devices are under electrical b[a9], [20]. It has been observed that different treatments on ITO
surface lead to different lifetimes of the devigE3], [20]. This suggests that the shorter lifetime of
the simplified PHOLEDs may be due to additional degradation phenomena that occur at the
ITO/organic interface, besides those known to occur in the EML of the desigeh as chemical
instability of organic moleculg®0] or polaron induced degradatifs6], [87], [88].

It has beemecently discovered that O/organic interfaces are susceptible to degradation by
excitons and that the phenomenon can play a role in limiting the EL stability of JBEDPS8Y
exposing the devices to external illumination, gaainjection at the ITO/organic interface suffers a
gradual deterioration. A correlation between the OLED operational stability and the interfacial photo
stability was also established. Knowing that the shorter lifetime of the simplified PHOLEDs may be
as®ciated with degradation phenomena at the ITO/organic interface, the question of whether excitons

play a role in the limited EL stability arises.

In thischapterthe effects of electrical driving and external illumination on the EL stability of
simplified PHOLEDs are compare@heresults show that th&horter lifetime isndeed caused by
excitonrinduced degradatioof the ITObrganicinterface It is also determined that the underlying
excitonsare created btherecombination of electrons leaked frohe EML with holes injected from
the ITO Approaches for controlling this degradation mechanism and increasing device stability are

also described.

5.1 Degradation Mechanism

To investigate the possibility that the shorter lifetime of simplified PHOLEDs may be

associated with excitons at the ITO/organic interface, devices where CBP is used as both hole

2 All work presented in this chapter were done by the author with helpful discussions from the co-
authors Mina M. A. Abdelmalek and Qi Wang.
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transport and emitter host following Helander efll] are studiedThe general device structure is
ITO/CBP (30 nm)/CBP:Ir(pp¥)(5%) (10 nm)/TBi (40 nm)/LiF (0.8nm)/Al (80 nm). Kst, the effect

of exposing the device to external illuminatisrstudied. In this experiment, the devices are exposed
to illuminationat a wavelength of 350 nm, where CBP significantly absorbs, with ~0.5 nf\W/cm
powerdensityfor 12 hours without any electrical bid&able5.1 shows the luminance and driving
voltage (at 20 mA/cA) recaded from the device before and after the exposure to illumination. As
can be seen, the dewiexhibits a ~20% decrease in luminance avmltincrease in driving voltage
after the illumination step, pointing to phataluced changes. The changes are similar to those
observed in other OLEDs and can be generally attributed to excdaned degraden phenomena
[57]. Next,the EL stability of this devicander electrical biais tested If the nature of the device EL
degradation under bias is excitmuced,t can be expected thtte electrial-induced changes to
continue on the changes already produced by illumination. On the other hand, if the electrical
degradation is not due to excitons, there would be no correlation between changes produced by
electrical driving and those produced byntimation. Therefore, the device would have degradation
trends under bias that resemble those of a pristine (i.e. not subjected to illumination before)
PHOLED.Figureb5.1 (a) and (b) shows the changes in EL and the driving vgltagpectively, with
time under electrical bias to maintain a constant current flow of 20mA/cm2 for the device that was

subjected to il lumination before (denoted to

was not subjected to the illunéint i on (denoted to by fApristined).

represented in the form of normalized luminance (luminance/initial luminance) which in case of the
illuminated device refers to its pitumination luminance, thus the initial point off0 It can be seen

from Figure5.1 (a) that the illuminated device does not exhibit the rapid decay of the pristine sample,
indicating that the illumination had an effect on the EL decay trend under electrical bias. Quite
interesingly, if the illuminated curve is shifted along the time axis so that the initial point (i.e. 0.8)
matches the 0.8 point of the pristine one (showkiguire5.1 (a) as the illuminated shifted), the two
curves would follow closgl Considering that the illuminated device is subjected two stress processes
(ilumination and then electrical), whereas the pristine device is subjected to only the electrical stress,
for them to have the same EL decay trend, it indicates that the iltionsinduced degradation must
have something in common with the electriteluced degradation. Since the illumination only

creates excitons in CBP, the common factor here is exciton. Therefore, it can be concluded that

electrical degradation process implified PHOLEDs is most likely excitemduced which could be

at the | TO/ CBP interface. The same can %Il so be
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of which the illuminated device again refers to the changes with respect to-ilemirgation state,
hence an initial point of 1 shown Figure5.1 (b). If the same shifting scheme is applied, the two
voltage curves would also follow closely. Clearly, this rise in voltage over time indicates a

deterioration in hole imjction.

Table 5.1 Driving voltages and luminance at 20mA/crifor devices without and with MoOs

before and after external illumination

Before After illumination

illumination

V (V) |L(cd/m? |V (V) |L (cd/m?)
Without MoOs | 6.52 | 7580 7.60 | 6020
With MoOs 6.89 | 7080 7.11 | 6910

To test whether the degradation is at the ITO/CBP interface, devices that include a 5 nm
MoO:; layer at the interfacare fabricated and testedder the same conditions. The use of MaO
the ITO/organic interface has been recently found to substantially reduce interfacial-arditoed
degradatiorf57]. The luminance and driving voltage of the sample at 20 mAoeasured before
and afer illumination are listed ifable5.1. Contrary to the device without MgQCexternal
illumination changes the device performance only marginally. This verifies that almost all the photo
induced damage in the de& without MoQ layer is at the ITO/CBP interface. Therefore, in
simplified PHOLEDs, the shorter EL lifetime under electrical bias arises from additional degradation
processes at the ITO/CBP interface that are caused by excitons. This argument igaltedshp
the degradation results shownFigure5.1 (c), where EL decay trends of the illuminated and the

pristine closely follow each other.
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To further verify that excitons at the ITO/CBP interface leatth¢ohorter lifetime the effect
of reducing exciton concentration at the interface on device EL stabifitudied In general, there
are two mechanisms by which excitons can exist at the ITO/CBP interface: (1) exciton diffusion from
the EML, and (2) the fonation of excitons near the interface due to the recombination of electrons,
which might drift from the EML and reach the interface due to the bipolar charge transport nature of
CBPJ[89], and holes injected from the ITO. Introducing a material that can trap both excitons and
electrons as a dopant in the HTL can therefore be expected to reduce the exciotraton at the
ITO/CBP interface. In order to satisfy these requirements, the material needs to have a LUMO level
that is significantly deeper than that of CBP (2.8 eV) to be able to efficiently trap excitons and
electrons, and a HOMO level similar tat of CBP (6.1 eV) to not significantly alter hole transport
across the HTL, hence charge balance. Firpic, which has a deep LUMO level of 3.47 eV and a
HOMO level of 6.15 eV is used for this purpoberefore a series of simplified PHOLEDs of the
same gucture as before but further contain Firpic as a dopant in a thin slice (5nm) of the HTL at
various concentrations {80% by volumejre fabricated and testethe device structure is ITO/CBP
(20 nm)/CBP:Flrpic (X %) (5 nm)/CBP (15 nm)/ CBP:Ir(ppt§5%) (10 nm)/TPBi (40 nm)/LiF
(0.8nm)/Al (80 nm). An examination of the JV characteristics of these defWicesd5.2 (a)) shows
that changing the Flrpic concentration does not significantly affect the driving voltages of thedevice
suggesting that Flrpic does not strongly block holes, as expected. It is also important to note that all
devices have very similar current efficiencies, as illustratédguare5.2 (b), suggesting that
introducing Flrpic doegot significantly alter the charge balance in the devices. The EL stabilities of
the devices with different Flrpic concentrations are showsigare5.2 (c). It is clear that devices
with higher Flrpic concentrations have longjitimes. Because a higher Flrpic concentration results
in increased exciton and electron trapping, hence a lower exciton concentration at the ITO/CBP
interface, the results are fully consistent with the conclusion that excitons at the ITO/CBP interface
are the cause of the fast EL degradation in simplified PHOLEDSs. It is noteworthy to point out that the
fact that all devices still contain neat {doped) CBP at the ITO contact indicates that the stability
differences among the devices cannot be a rekalsier hole injection or due to changes in the
morphological or wetting characteristics of CBP at the ITO contact due to the presence of Flrpic. This
conclusion rules out morphological instabilities at the contact from being behind a dominant factor in
the short lifetime of the simplified OLEDSs.
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Although the above results show that the presence of excitons in the vicinity of the ITO/CBP

interface plays a significant role in limiting the stability of the simplified PHIOLEDs and that
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reducing their concentration at the interface, such as by means of introducing Flrpic in the HTL,
results in an increase in device stability, they do not indicate whether the excitons exist at the
interface due to diffusion from the EML or the result ¢f ecombination near the interface. To help
answer this questiotthe effect of increasing the thickness of the CBP HTL in these désices

studied As the exciton diffusion length in CBP is relatively short (~16.8 [7i8l), it can beexpeced

that varying the tickness of the CBP layer between 20 nm and 100 nm to significantly affects exciton
concentration near the ITO interface should their presence in this area be primarily the result of
diffusion from the EML, and thus would influence the device lifetime.@mother hand, as CBP is a
bipolar material and can transport electrons efficig@®y, increasing th€BP thickness will not
significantly hamper the drift of electrons across the CBP layer to reach the ITO under the external
bias, and thus would less significantly impact the concentration of excitons near the interface should
they be primarily the resultf e-h recombination there. The EL stability measurements on 5 different
devices with 20, 40, 60, 80 and 100 nm thick CBP HTL reveal they all have essentially the same
lifetime, as can be seenkigure5.3. This proves that thexciton creation at ITO/CBP interface is
primarily the result of €1 recombination in the CBP layer near the ITO interface due to electrons that
drift past the EML and into the HTL (i.e. leakage current) which recombine with holes injected from
the ITO. h this context, the success of using Flrpic as a dopant in the HTL in increasing device
stability must be arising from its role in trapping electrons, thus reducing their arrival to the ITO

hence reducing exciton formation near the ITO interface.
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5.2 Approaches to Suppress Degradation

From the findings that (1) excitons at tA€&VCBP interface result in short lifetime in
simplified PHOLEDSs, (2) excitons are created from electrons leaked from the EML with holes
injected from the ITO, and (3) using an electron trapping material as a dopant in the HTL can extend
the PHOLED lifetimeit can be expectettat introducing a material with a shallower LUMO level
than that of CBP yet a similar HOMO level as that of CBP can block electrons from reaching the
ITO/CBP interface, thus increase the device stabilithovit undermining efficiencylrhereforea
layer of 26DCzPPy between ITO and CBRntroduced The device structure is then ITO/26DCzPPy
(5 nm)/CBP (25 nm)/ CBP:Ir(ppy)5%) (10 nm)/TPBi (40 nm)/LiF (0.8nm)/Al (80 nm). Because
26DCzPPy and CBP have similar HOMO levels (6.05 eV@ahaV), hole injection and transport,
hence charge balance in both cases, are almost the same. This is evidéiguret4 (a) and (b),
which illustrate the characteristics of the devices with the 26DCzPPy layer, showirsjmiay
driving voltages and current efficiencies to those without the I&jgure5.4 (¢) shows that the
lifetime of the PHOLED with 26DCzPPy layer is longer by one order of magnitude. Since 26DCzPPy

has a shallower LUMO leveéhan that of CBP (2.56 eV vs. 2.8 eV), electrons leaking from the EML
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are blocked at the 26DCzPPy/CBP interface, which prevents exciton formation, hence the exciton
induced degradation at the ITO/26DCzPPy interface. Due to the similarity in HOMO levels,
26DCzPPy in principle can always be used in conjunction with CBP regardless of the work function
modification treatment on ITO to increase the lifetime of the simplified PHOLEDSs.

It is also important to emphasize that 26DCzPPy provides protection agaitst-educed

degradation by blocking leaked electrons from reaching the ITO interface, thus preventing the
formation of excitons therebidowever, it is alsshown that if excitons are created on 26DCzPPy

(e.g. via external illumination), the ITO/26DCzPiRterface would still degrade, similarly to the
ITO/CBP interface. For example, a PHOLED with a structure ITO/26DCzPPy (20 nm)/ CBP3r(ppy)
(5%) (10 nm)/TPBI (40 nm)/LiF (0.8nm)/Al (80 nm) would lose 15% of its initial luminance after 25
hours of exposurat a wavelength of 300 nm (where 26DCzPPy absorbs). As sh&iguie5.5,

when the illuminated device is subjected to electrical bias, the EL decay trend highly resembles that
of a pristine device. This can be seen more gleghlen the illuminated curve is overlaid on top of

the pristine one. If the degradation at the ITO/CBP interface in simplified PHOLEDs was not-exciton

induced, the devices Figure5.1 would have shown similar results.
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It is important to realize that simplified PHOLEDs, which atlione material for hole
transport and emitter host, would in general be prone to this esiedaned degradation of the
ITO/organic interface. This is because the material is required to have bipolar property to be an
efficient emitter host, thus the trsport of electrons to the ITO will not be insignificant. Conventional
PHOLEDs with HTL/EML interfaces can usually limit electrons from reaching the ITO/organic
interface hence the creation of excitons nearby, and therefore are less susceptible tatldtialeg
mechanism.

5.3 Conclusions

In conclusionjt has been shown thtte shorter lifetime in simplified PHOLEDs is due to
excitoninduced degradation near the ITO/organic interface. The excitons are created from
recombination of electrons leaked from &L with holes injected from the ITO. Introducing an
electron trapping dopant (e.g. Flrpic) in the HTL or an electron blocking layer (e.g. 26DCzPPy) can
prevent electrons from reaching the interface, hence increase the lifetime of the PHOLEDs. Having
similar HOMO level to that of CBP makes 26DCzPPy a very useful HTM. Using 26DCzPPy in
conjunction with CBP with any ITO treatment can potentially enhance the lifetime of the simplified

PHOLEDs.
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Chapter 6

Exciton-polaron Induced Degradation at the Organic/Organic Interface

Due to their advantages in contrast, viewing angle and color quality, displays utilizing
OLEDs, especially the moseficient PHOLEDs[90], [91], now account for the second largest
shipments in display industry, after liqusdystal display$92]. Therelatively lower stability of
OLEDs has however been a lesignding issue that limits their wider adoption. In particular, the
different stability of devices that produce different colors results in differential color aging in OLED
displays. Over the padecade, much research has focused on uncovering the degradation
mechanisms in PHOLEDSs, and several degradation mechanisms have been proposed. Those include
interactions between host anions and guest exdi&&)s[56], chemical processes that occurs during
device operatiofb0]i [54], buildup of hole space charge in the emission layer (EBR]) [93], and
exciton induced degradation of the ITO/orgdit], organic/organi¢61], [75] and organic/metal
interfaced60].

It is recently found that interactions between excitons and positive polarons result in
aggregation of host materials, especially in the vicinity of the organic/organidaypeerinterface of
the device. Moreoven corelation between device Hifetime and the rate by which this aggregation
behavior occurs in a given host matef&#] has been showiQuite interestingly, the investigations
also revealed a clear correlation between the rate of aggregation and the width of the eneggp band
of the material where materials with wider energy bgap tend to aggretmfaster. These new
findings help explain, for the very first time, the generally lower stability of blue and other wide
bandgap based OLEDs. One phenomenon that this theory, however, still does not explain is why
devices utilizing the same host matehiat different guest materials can sometimes have very
different lifetimes[65]. In view of this phenomenon, a bEtunderstanding of the main factors
governing device stability requires ansimgrthe following two questions (13 it the host or the
guest that plays a more dominant role in goireg device stability? (2f the host plays a more

dominant role, thendw does the guest affect the stability of the host?

The answers to these questions are provided in sdctioimvestigations show that the
device lifetime is determined by the host aggregation rate, confirthat the host plays a more
influential role on OLED stability. They also show that the aggregation rate of a host material can
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vary significantly depending on the choice of the guest material introduced in it. Finally, phase
segregation between the hasd the guest is found to be an important aspect of the morphological
changes that take place in those material systems. Because of this phase separation, transfer of
excitons from the host to the guest becomes increasingly less efficient in the degiating in the

loss in EL efficiency over time.

Knowing that the aggregation of the host caused by expidtaron interactions is the key to
device degradation, approaches to suppress this degradation can include reducing (a) exciton and (b)
polaron oncentrations at the organic/organic interface, and (c) usirgggregated neat emitting
layer. The approaches are described in details in sé&gon

6.1 Degradation Mechanism

Reprinted with permission fromMCSAppl. Mater. Interfaces2016. Copyright 2016
American Chemical Society.

In order to determine whether it is the host or the guest that plays a more dominant role in
governing @vice stabilitythe change in EL with electrical driving time of OLEDs comipgshe
same host material but different guest matergisvestigatedFor this purpose, OLEDs with the
structure ITO/MoQ (5 nm)/ CBP (30 nm)/CBP:guest (15 nm)/ TPBi (45 nm)/LiF (1 nm)/Al (80 nm)
are fabricated and tested. In these devices CBP isagsihe host material whereas Ir(ppy)
Ir(ppy)z(acac) or Ir(piqy is used as a guest mateifigd] doped intahe host at 0.25% doping
concentration. Such low guest concentration is used so that complete energy transfer from the host to
the guest can be avoided. This allows us to obtain EL from both the host and the guest, and thus
offers an opportunity to studshanges in their relative EL intensities with timedar electrical stress.
Figure6.1 (a) presents normalized EL spectra collected from the Irgmmped device after
electrical driving at 20mA/c@for various times. As can bean, device EL is dominated by Ir(ppy)
emission. A close examination of the spectra, however, reveals the presence of an additional
emission band with peak around 400nm, which corresponds to emission from the CBP host, as
expected. An enlarged view ofetihost EL spectral characteristicgtiis range are shown Figure
6.1 (b). The spectra in this figure are normalized to the guest EL peak height so that the change in the
host EL relative to the guest EL can be better illusttafs can be seen, in addition to the typical 400
nm CBP EL band, the spectra reveal the emergence of a new EL band at 480 nm with time. This band

can be attributed to emission from CBP aggred&@s The intensity of this new band increases with
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ti me whereas t hat of the 400nm band, whi ch wi
band, decreases. The trends point tossible gradual increase in CBP aggregates accompanied with
a decrease in the number of CBP monomer molecules in the device with time. This behavior can be
more clearly seen if the guest EL band is removed (i.e. mathematically subtracted) from the overal
spectrum, as shown Figure6.1 (c). Tests on devices with Ir(ppfacac) and Ir(pig)as guest

materials in place of Ir(ppygxhibit the same host aggregation trends. The results frsa tevices

are shown irFigure6.1 (d), (e) and (f)) for Ir(ppy(acac), and ifrigure6.1 (g), (h) and (i)) for

Ir(ppy)z(acac).

1 0.02 w 0.007
c
09 3 0.006
08 0.015 E
@ 0.7 a g 5 0.005
E 8.2 E 0.01 % é 0.004
0.25% Irlppy)s g g T & 0.003
S . 5 T o
203 2 & §0.002
02 0.005 =
’ £
01 £ 0.001
0 0 z o !
360 410 460
Wavelength (nm) Wavelength (nm)
1 w004 -
09 (d) £ o035 —gmn
[~
0.8 £ g 0.03 ~—5min
@07 g @ —10 min
B 06 gg00% 30 min
N ] —
0.25% Ir(ppy),(acac) ® 0.5 S e 0.02 _; :r
Eo4 [ r
S © 30015 |
203 &9
02 S 2 oot
01 £ ooos
0 z 0 :
350 450 550 650 350 400 450 500 550 360 410 460
Wavelength (nm) Wavelength (nm)
1 w 01 — -
09 (o o [ £ o000 —omin
—0min o —
0.8 ‘ g 008 — S min
2 _5 0.07 —10 min
\ g % 0.06 30 min
0.25% Ir(piq); s E o005 —1hr
% %004
& 3003
= 8o
E 0.02
5 001
z 0
350 450 550 650 350 450 550 650 360 400 440 480 520
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 6.1 EL spectra (normalized to the guest emission peak iansity) of devices with (a)
0.25% Ir(ppy) s, (d) 0.25% Ir(ppy)2(acac) and (g) 0.25% Ir(piq} as dopant, collected before and
after electrical driving at 20mA/cm? for certain periods of time. (b), () and (h)T he enlarged

views of (a), (d) and (g) centeredraund the host emission peaks, respectively. The arrows
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highlight the direction of changes in the CBP monomer and aggregate peaks relative to the
guest emission peaks. (e), (f) and (i) Normalized EL spectra from (a), (d) and (g), respectively,

after removing the guest emission peaks.

To investigate if device lifetime correlates with the CBP aggregation rate, similar
measurements were carried out on OLEDs with varguest concentrationsigure6.2 (a) presents
changes in devicetal luminance (presented in the form of luminance at the given time relative to the
initial luminance) and in CBP monomer emission intensity (from the height of the 400 nm CBP EL
band at the given time relative to its initial height) from a device wibolir(ppyk(acac) over time.
During this test, the device is subjected to a constant electrical driving at 20 m@&learly, the two
guantities follow the same trend, suggesting a strong correlation between device lifetime and CBP
aggregation rate existigure6.2 (b) presents an enlarged view of EL spectra from the same device
(the view is limited to the 35850nm range where CBP emission occurs) at thengivnes. Like in
Figure6.1 (b), the spectrare normalized to the guest EL peak in order to better illustrate relative
changes in host versus guest EL intensities. Clearly, the intensity of EL from the CBP monomer
molecules (i.e. the 400 nm band) does not change relative to the guest EL bant/ingttiche in
this case (which agreesth the observation ifrigure6.2 (a)). Yet, once again, a gradual increase in
CBP aggregate emission with time is observed. The fact that the intensities of both guest EL and the
host monorar EL decrease at the same rate suggests that the two effects anedatedr This is not
unexpected and can be readily explained in terms of theestalblished notion that guest excitation
in phosphorescent OLEDs occurs primarily via energy trafrefer the hosf95]. In this regard, the
equal degradation rates suggest that the decrease in guest EL with time (and hence also the device
overall EL degradation rate considering that guest EL corestithe majority of device EL) arises
from a decrease in energy transfer from the host to guest and is associated with the decrease in the
host monomer EL. The equal rates also suggest that only excitons on the CBP monomer molecules,
but not those on the gegated molecules, can be transferred and cause excitation to the guest
molecules and thus produce EL from the guest. Similar results are also observed in devices using

Ir(ppy)=(acac) Figure6.2 (c) and (d)) and Ir(pig)Figure6.2 (e) and (f)) emitters.
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Figure 6.2 Changes in device EL and CBP monomer emission over time of devices usfay
1.5% Ir(ppy) 3, (€) 1.5% Ir(ppy) 2(acac) and €) 1.5% Ir(piq) s asdopant, under electrical driving
at 20 mA/cn¥. EL spectra (normalized to the guest emission peak intensity) of devices with) (

1.5% Ir(ppy) 3, (d) 1.5% Ir(ppy) 2(acac) and {) 1.5% Ir(piq) s as dopant, collected before and

after electrical driving at 20mA/cm? for certain periods of time.
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Devices with the three guest materials doped in other contiengravere also studied.
Figure6.3 (a) summarizes the results from those devices, presenting them in the form of the ratio of
CBP monmner EL-to-guest EL intensity (i.e. the ratio of the 400nm peak height to the guest EL peak
height) versus electrical driving time. As can be seen from the figure, in devices with low guest
concentrations (< 0.5%) EL from CBP monomer molecules decreassswih time than EL from
the guest molecules. This may be due to the fact that, at such low concentrations, a significant
fraction of host molecules will not be in close proximity to guest molecules, and thus will not be able
to dissipate their excitatenergy as quickly. These host molecules will therefore be more
susceptible to aggregation due to excipmtaron interactionf62], causing the fast degradation in
CBP monomer EL. In contrast, in devices with sufficiently high guest concentrations (and thus most
host molecules are within a few angstroms from a guest molecule and can therefore transfer energy
efficiently to the gudsvia both Forster and Dexter processes), the degradation rates of the guest EL
and the host EL become essentially equal. This scenario occurs at a concentration of 1.5% in case of
Ir(ppy)s, where, as evident from the figure, the CBP monetmguest raticemains at unity. Similar
results are also observed in devices with Ir(glagrc) Figure6.3 (b)) and Ir(piq) (Figure6.3 (c)
emitterswith that threshold concentration being between 0.5% and 1ri¥@raund 1.5%,
respectivelyln view of these results, it can be concluded that in commonly used PHOLEDs where
guest concentrations are typically above 1.5%, the deterioration in device EL is governed mainly by
the stability of the host material, and ttteanges in its ability to transfer the energy to the §uekis
indicates that the host plays a more dominant role than the guest in device stability.

31tisnoted that conducting similar experiments on devices with doping concentration exceeding 4% is not
feasible due to complete energy transfer from the lbas$tet guest, hence the difficulty of detecting host EL.
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The above results therefore lead to the conclusion that the aggregation rate df ihevhats
governs the rate of decrease in device EL with time. Furthermore, they show that the decay rate of
CBP monomer EL varies among the devices depending on the choice of the guest material and its
concentration. The question whether the morphologitzdility of the host is affected by both the
guest material species and its concentration therefore arises.

To investigate the dependence of the morphological stability of the host on the guest material
and its concentration, the effects of subjec@®&P films doped with various guest materials and
concentrations to heating on their morpholagy testedThe use of thermal stress as a way to induce
the same aggregation behavior as that induced by exmilanon interactions during electrical
driving of the device has been establisipeeviously[62]. The films are 30 nm thick, with either
0.25% or 5% dopant concentration. Theng set of dopantdr(ppy)s or Ir(ppyk(acac) or Ir(picg are
again comparedrigure6.5 shows images of these films taken under UV irradiationRLeémages)
before (top half of thfigure) and after (bottom half) heating @QE for 6 minutes peating of films
is performed on a hotplate inside a glove box where both oxygen and moisture levels are kept below 1
ppm). This temperature exceeds the glass transition temperatofeCBP, which is 62 €[96]. The
compositionof these films from left to right are: CBP (30 nm), CBP:Ir(pi&Po) (30 nm),

CBP:Ir(pig) (0.25%) (30 nm), CBP:Ir(ppyjacac) (5%) (30 nm), CBP:Ir(ppgacac) (0.25%) (30

nm), CBP:Ir(ppy3 (5%) (30 nm) and CBP:Ir(ppy]0.25%) (30 nm). It can be cleadgen that the

5% doped films show no visible signs of crystallization. On the other hand, the neat CBP film and the
0.25% doped films exhibit signs of significant crystallization. The average size of the crystallites in
these films increases from smallestargest in the order: Ir(ppy}\ Ir(ppy)z(acac)h Ir(pig)s A

CBP. It is interesting to note that the lifetime of devices with the same guests and concentrations also
follow the same ordérA similar trend can also be observed in the 5% doped filmslzting for

30 mins (with one exception that the film with 5% Ir(gigdw has the least amount of clization,

as shown ifFigure6.5). Once again, the lifetime of devices using the same guests and

concentrations follow theame order. The clear correlation between the morphological stability of the
host and its dependence on the guest supports the hypothesis that both the choice of the guest species

and its concentration affects the morphological stability of the host.

4The Ir(pigk-doped device indeed has a shorter lifetime than the Ir{@mac)doped device at low doping
concentration of 0.25%. However, this behavior is reversed at high guest concentrations.
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Figure 6.4 Image of films (top) before and (bottom) after heating at 120€ for 6 minutes, taken
under UV irradiation. The film compositions from left to right are: CBP (30 nm), CBP:Ir(piq) 3
(5%) (30 nm), CBP:Ir(piq)z (0.25%) (30 nm), CBP:Ir(ppy)(acac) (5%) (30 nm),
CBP:Ir(ppy) 2(acac) (0.25%) (30 nm), CBP:Ir(ppy) (5%) (30 nm) and CBP:Ir(ppy)s (0.25%) (30

nm).

cBp: cp:  CBP: CBP: CBP:  CBP:

cBp  Irlpiq)s Ir(piq); T(PPY)2 1H(PPY)2 ir(ppy), Ir(ppy)s
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Figure 6.5 Image of films after heating at 120€ for 30 minutes, under UV irradiation. The film
compositions from left to right are: CBP (30 nm), CBP:Ir(piq): (5%) (30 nm), CBP:Ir(piq) s
(0.25%) (30 nm), CBP:Ir(ppy)(acac) (5%) (30 nm), CBP:Ir(ppy)(acac) (0.25%) (30 nm),

CBP:Ir(ppy) 3 (5%) (30 nm) and CBP:Ir(ppy)s (0.25%) (30 nm).
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In order to better understand how the guest material and its concentration can affect the
morphological stability of the host, the Bhectra of the films ifrigure6.4 are collectedFigure
6.6 (a) present the PL spectra collected from the neat (i.e. undoped) CBP films before and after
heating. Interestingly, the PL spectrum of the neat CBP after heating shows clear vibronic bands,
indicating the CBP molecules become more highlyoed, which is consistent with the earlier
conclusion that molecular aggregation occurs and also with the observed crystallization. Furthermore,
when comparing results from the 0.25% Ir(ppydped film before andfter heating, shown in
Figure6.6 (b), the following can be observed (1hd heated films show significant PL in the 350
450 nm range, typical of that of CBP, indicating that energy transfer from CBP to the guestdecom
less efficient after heating. (2his PL has theame vibronic fatures seen in the spectrumtlodé
heated neat CBP film, indicating that molecular reorganization and aggregation of CBP molecules
occurs here as well despite thegaace of the guest molecule. ()lide the CBP PL peak, the shape
of theguest PL peak remains essentially unchanged after heating, suggesting that, unlike the host, the
guest does not undergo significant aggregation. The first two observations indicate that the thermal
stress brings about phase segregation between the hdabeaneest. The implicatienof this phase
segregation are (a)h€ host and guest molecules form separate domains which results in a decrease in
hostto-guest energy transfer and thus allows fluoeese from the CBP to appear. (5)eTCBP
molecules, now iegsent in essentially guefsee domains, are offered a better opportunity to organize
and attain more ordered morphologies, which leads to the appearance of clear vibronic features in the
PL spectrum. In contrast, the guest molecules do not seem tgaiggappreciably during the same
time frame, possibly due to their presence in much smaller numbers. The 0.25%(B@amydloped
films were similarly tested. Thesults are presentedkigure6.6 6 (c) and show a very similar
behavior to that observed in the 0.25% Ir(paidped films.
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FromFigure6.4 it can also be seen that the films with higher guest concentration (e.g. 5%)
are generally much more stable morphologically and show only negligible (if any) crystailizat
after heating. The increased morphological stability with higher guest concentration may be attributed
to more sluggish host/guest phase segregation due to the presence of a larger number of guest
molecules dispersed within the hds can also beee from the same figure that films doped with
different guest materials, but at the same concentration show crystallization to various extents,
indicating that they have different morphological stabilities. The dependence of the morphological
stability of the films on the guest species points to a possible influence of the guest molecular
structure on the host/guest phase segregation. This may explain why using a different guest material
in an otherwise identical OLED structure can alter device stabilityexample, Ir(ppy(acac), the
guest material utilized in the least morphologically stable doped films, has the least symmetric
molecular structure, which can be expected to make it more polar, and thus a stronger tendency to
segregate from the less polaBP host. Ir(ppy) in contrast, has the most symmetric molecular
structure. Therefore CBP:Ir(ppyhost:guest system may be the least susceptible to this phase
segregation. This perhaps sheds light on why devices in which li(@psg) is used instead of
Ir(ppy)s generally have a much lower EL stabili6b].

In order to further understand and verify the connedietween the morphological changes
and the deterioration in device EL with time, tinesolved fluorescence measurements amecar
out on the films shown iRigure6.4. Figure6.7 (a) presents the CBP fluorescence decay
characteristics at 389 nm, 407 nm and 436 nm collected from the neat CBP films before heating.
These three wavelengths are selected because they correspond to the three vibronic bands observed in
the PL spetra in figure 6. As expected, the fluorescence at longer wavelengths exhibits a slower
decay rate, indicating that singlet exciton lifetime becomes longer, in agreement with predictions
from basic theory that the oscillator strength decreases as the mgikiedé the transition increases
[15]. Measurements aihe heated neat film&igure6.7 (b)) again showhe same trend. However, in
this case, the fluorescence decay rates are significantly shorter, especially for the 389 nm transition.
The decrease in exciton lifetime with heating points to the formation of additional pathways by which
excitons can now logheir energy nomadiatively, and is fully consistent with the occurrence of
molecular aggregation. Due to increased intermolecular interactions in aggregate morphologies, new
guenching pathways become efficient, and compete with the radiative fluoregceoess, resulting
in a decrease in the fluorescence quantum yield of the material (an effect commonly known as
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ficoncentr at [15)nSincedhe shorteriwavgléngth excitons are the most efficient players

in the hosto-guest energy transfer process (due to their larger oscillator strength), quenching of these
excitons will result in significant reductions in energy transfer to the ghesee this effect more

clearly, the exciton lifetime at 389 nm in films with various dopants and doping concentrations are
measured andhé results are shown Figure6.8 (a). It can be seen that as the dopingcemtration
increases, the exciton lifetime decreases, reflecting the expected increase in energy transfer from the
host to the guest as the concentration of the latter increases. More interestingly however, the exciton
lifetimes in all films (regardlessf their guest content) after heating become similar to that of the

heated neat CB&s shown irFigure6.8 (b). This verifies that phase segregation between the host and
the guest indeed occurs in all films by hegtiand that CBP becomes aggregated. These results also
confirm that the deterioration in device EL results from a decrease in the quantum yield of the host
due to its aggregation, which in turn can lead to a decrease in energy transfer from hoswtithguest
time, causing the observed gradual decrease in guest EL. It is also noteworthy to point out that the
data also shows that CBP excitons exhibit very similar lifetimes in case of films doped withslr(ppy)
and Ir(ppy}(acac), indicating that energy trégisrates from the host to either guest is comparable.

This suggests that the difference in device lifetime when these two guests are used is primarily
governed by the differences in the morphological stability of the two host:guest systems as noted

above and is less dependent on the rate of exciton quenching on tf62jost
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Figure 6.7 Exciton lifetime in neat CBP films measured at various detection wavelength (a)
before and (b) after heating at 120€ for 6 minutes
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Figure 6.8 Exciton lifetime of CBP films with various doping condiions measured at 389nm
detection wavelength (a) before and (b) after heating at 120€ for 6 minutes

In order to establish that the above phenomena occur in other host:guest systems, and are not

limited to ones utilizing CBP as a host, similar investigatire conducte@n systems in which
82



26DCzPPy (§= 102 € [97]) and TAPC (T = 78 € [98]), two other widely used host materials in
OLEDs, are utilized. 26DCzPPy is selected because it is commonly used as a host material for blue
emitting phosphorescent guest materja8j, whereas TAPC is selected because, unlike CBP and
26DCzPPy, it is not a carbazole but rather a tertiary aromatic amine and thus represents a different
class of materials from a molecular structure standpoint. Aséyeiaange of typical guest materials

is used with each of these hosts.

Figure6.9 presents PL images of 26DCzPPy films doped with various guest materials and at
various concentrations, before and after heatiri@ for 1 mins. The film compositions from left
to right are: 26DCzPPy:Ir(ppy}0.25%) (30 nm), 26DCzPPy:Ir(ppyp%) (30 nm),
26DCzPPy:Ir(ppyXacac) (0.25%) (30 nm), 26DCzPPy:Ir(pggrac) (5%) (30 nm),
26DCzPPy:FIrpic (0.25%) (30 nm), 26DCzPPygit (5%) (30 nm) and 26DCzPPy (30 nm). A
comparison of thee images with those Figure6.4 clearly shows that the same trends occur in the
26DCzPpy films. Although it is difficult to compare the size of thetalijtes in this figure by the
naked eye, microscopic exaration (images shown iRigure6.10) reveals that films with lower
guest concentration levels indeed have more aggregates. Once again, the film containing
Ir(ppy)z(acac) shows more aggregation than that containing Ir{ppijch shows that using
Ir(ppy)z(acac) as a dopant brings about only modest levels of morphological stability enhancements to
host materials in comparison to Ir(ppyFurthermore, it caalso be seen that the film doped with
Flrpic shows the most significant aggregation, consistent with the widely known behavior that
devices using FlIrpic as the emitter generally have a much shorter EL lifetime in comparison to their
green emittedoped counterparts. The close correlation between the changes in the morphological
stability of the films with the dopant material and its concentration on one hand, and theoveil
EL stallity trends (shown irFigure6.11, devices subjected to constant electrical driving at 20
mA/cn?) of devices using these dopants on the other hand show that device EL stability is indeed
primarily governed by the morphological stability of the host material, and how it is influentled by

presence of the dopant.
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Figure 6.9 Image of films (top) before and (bottom) after heating at 160€ for 1 minute, taken
under UV irradiation. The film compositions from left to right are: 26DCzPPy:Ir(p py)s (0.25%)
(30 nm), 26DCzPPy:Ir(ppy) (5%) (30 nm), 26DCzPPy:Ir(ppy)(acac) (0.25%) (30 nm),
26DCzPPy:Ir(ppy)2(acac) (5%) (30 nm), 26DCzPPy:Firpic (0.25%) (30 nm), 26DCzPPy:Flrpic
(5%) (30 nm) and 26DCzPPy (30 nm).
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Figure 6.10 Microscope images of (a) 26DCzPPy:lr(ppyfacac) (0.25%) (30 nm), (b)
26DCzPPy:Ir(ppy)2(acac) (5%) (30 nm), (c) 26DCzPPy:Ir(ppyd (5%) (30 nm) and (d)
26DCzPPy:FlIrpic (5%) (30 nm) films after heating at 160€ for 1 minute.
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Figure 6.11 Changes in device EL over time of devices with various dopant materials and

concentrations under electrical driving at 20 mA/cn.

Figure6.12 presents PL imageg$ ©APC films doped with various guest materials and at
various concentrations, before and after heating at 140 € for 2 mins. The film compositions from left
to right are: TAPC:Ir(ppy)(0.25%) (30 nm), TAPC:Ir(ppy)X5%) (30 nm), TAPC:Ir(ppyfacac)

(0.23%) (30 nm) and TAPC:Ir(ppyfacac) (5%) (30 nm). Once again, m&cope images (shown in
Figure6.13) show the same general behavior. These results indeed suggest that the phenomena
observed here are not limitedaspecific material or a host:guest system, but rather have a universal
presence.

TAPC: TAPC:

Ir(ppy),  Ir(ppy),
(acac) (acac)

(0.25%)

TAPC: TAPC:

Ir(ppy)s  Ir(ppy)3
(0.25%) (5%)

Before
heating

After
heating

Figure 6.12 Image of films (top) before and (bottom) after heating at 140€ for 2 minutes, taken
under UV irradiation. The film compositions from left to right are: TAPC:Ir(ppy) s (0.25%) (30
nm), TAPC:Ir(ppy) s (5%) (30 nm), TAPC:Ir(ppy) 2(acac) (0.25%) (30 nm),
TAPC:Ir(ppy) 2(acac) (5%) (30 nm).
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(a) TAPC:Ir(ppy),(acac) (0.25%) (b) TAPC:Ir(ppy),(acac) (5%)

100 pm 100 pm

(c) TAPC:Ir(ppy);(0.25%) (d) TAPC:lr(ppy)s (5%)

Figure 6.13 Microscope images ofd) TAPC:Ir(ppy) 2(acac) (0.25%) (30 nm), (b)
TAPC:Ir(ppy) 2(acac) (5%) (30 nm), (c) TAPC:Ir(ppy) (0.25%) (30 nm) and (d) TAPC:Ir(ppy)3
(5%) (30 nm) films after heating at 140€ for 2 minutes. Red circles indicate the avexrge sizes of

the crystallites.

The oot causes of the differences in EL stability amBRr§OLEDsutilizing different emitter
guestsare studiedThe results showhat the host plays a more influential role in limiting device
stability. During the electrical driving of a PHOLED, the host ugdes aggregation due to the
interactions between the excitons and positive polarons. The rate of this aggregation is found to be the
limiting factor for device lifetime. Moreover, the aggregation rate of the host is affected by the choice
of the guest mat&@l and its concentratiofrinally, it is shownthat phase segregation between the
host and the guest is an important aspect aetimerphological change8ecaus®f this segregatign
transfer of excitons from the host to the guest becomes increagsglgfficient in the devices,
resulting in the loss in EL efficiency over timihe findings explain why PHOLEDSs utilizing
different guest materials but otherwise identical material systems can have significantly different
lifetimes.
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Knowing that the agregation of the host caused by excipaiaron interactions is the key to
device degradation, approaches to suppress this degradation can include reducing (a) exciton and (b)

polaron concentrations at the organic/organic interface

6.2 Approaches for Suppressing Degradation

6.2.1 Reducing Exciton Concentration at the Organic/Organic Interface

Reprinted with permission fromCS Appl. Mater. Interfacesol. 6, no. 3, pp. 169701,
2014. Copyright 2014 American Chemical Society.

In order to study the influence ofchécing excitons concentration at the organic/organic
interface on PHOLED stability, theffect of increasing the thickness of the EMlstudied A thicker
EML can be expected to lead to a wided éess confined-bB recombination zone, thus a lower
exciton concentration at the EML/ETibterface. Therefore, devices are fabricated with the following
structuredTO/MoOs (5 nm)/CBP (30 nm)/CBP:Ir(ppy)5%) (x nm)/TPBi (40 nm)/LiF (0.8 nm)/Al
(80 nm), where x = 120 and 30, as shown igure6.14 inset.Figure6.14 shows theehanges in
EL with respect to time under electrical bias to maintain constant current flows of 20 ffé/cm
devices with 10, 20 and 30 nm EML. In this figure, the change in EL isseped in the form of
normalized luminance, i.e. luminance/initial luminance, where the initial luminance for these devices
with 10, 20 and 30 nm EML are 6720, 6840 and 5640 Laésapectively. It clearly shows that
increasing the thickness of the EML disato a longer device lifetime. To verify if a thicker EML
indeed leads to a broader recombination zone, hence a lower exciton concentration at the
organic/organic interface, a neat layer of the host maie@#&lP, is inserted between the EML and
the ETLin the devicesto be emplged as a marking layefigure6.15inset (a) shows the EL spectra
for devices with and without the neat CBP layer. The device structures for these devices are
ITO/M0oO3 (5 nm)/CBP (20 nm)/CBP:Ir(ppy)3%® (15 nm)/ CBP (10 nm)/TPBi (1 nm)/LiF/Al and
ITO/M0oO3 (5 nm)/CBP (25 nm)/CBP:Ir(ppy)3 (5%) (15 nm)/TPBi (40 nm)/LiF/Al, respectively.
Since only the device with the neat CBP marking layer shows emission from CBP, it is clear that
significante-h recombiration occurs in the neat CBP layer, suggesting that charge transport in it is

primarily bipolar, and is therefore not limited to electron transport. The intensity of the CBP

5 All work presented in this sub-section were done by the author with helpful discussions from the co-
author Qi Wang.
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emission is used to probe the exciton concentratitimeea€BP/TPBI interfacd-igure6.15 shows the

EL spectra of the devices with the neat CBP marking layer and with different CBP Jigy®y)
thickness x (where, x = 10, 15, 20, 25 and 30), normalized to the k{pmnsity. The EL spectra of
these devies without normalization are provided in inset (b). As the thickness x increases, the
emission from CBP is seen to decrease, indicating a decrease in exciton density. This observation
verifies that increasing the thickness of the EML indeed leads toex xgiton density in the

vicinity of the CBP/TPBI interface.

1 s LiF/Al
) TPBI
E 0.9
= CBP;
e Ir (ppy)3
= 0.8
3 CBP
N MoO
T 0.7 - O
g 0
(@)
prd
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0.5 :

0 10 20 30 40 50
Time (hours)

Figure 6.14 Changes in EL with timeunder 20 mA/cn? current density for devices with
10, 20 and 30 nm EML all utilizing 30 nm CBP HTL and 40 nmTPBi ETL. (Inset) The

structures of these devices.
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Figure 6.15Inset (a) EL spectra for devices with and without the 10 nm neat CBP layer.
EL spectra for devices with 10, 15, 20, 25 and 30 nm EML and wittDInm neat CBP

marking layer, normalized to Ir(ppy) s emission. Inset (b) EL spectra of these devices

without normalization.

Although the lifetime of a simplified PHOLED can be increased by increasing the thickness
of the EML, the charge balance, hence teeick efftiency is also alteredrigure6.16 shows the
current efficiency versus current density of devices with various organic layer structures. The current
density versus voltage-{J) characteristics of these devices are alsown in the inset. It can be seen
that the current efficiency of a device with 30 nm EML is significantly lower than that of a device
with 10 nm EML (denoted as device A), both utilizing a 30 nm CBP HTL and a 40 nm TPBi ETL.
Changing the ETL thicknessofn 40 nm to 2 nm in this device (i.e. with 30 nm EML) results in a
significant efficiency improvement (denoted as device B). Further improvement can be achieved by
removing the Ir(ppydopant for the 10 nm of the EML adjacent to the EML/ETL interfaceehye
having only a neat CBP layer. Using 1 nm of BmPyPHB)] instead of 2 nm of TPBi is found to
benefit the efficiency even further (denoted as device C). It is important to point out that although
device C has relatively high efficiencyi, it is still slightly less efficient thanadeti This may be due

to the smaller distance between the EML and the reflective cathode, which can lead to less optimal
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optical interference. Optical modeling of OLEDs with the ultrathin ETLs can provide invaluable
guidance in this regard, and will thewed be pursued in the future. Despite less optimal optical
interference, it is still quite surprising that a device with an ETL as thin as only 1 nm casubhve
comparable efficiencyFigure6.17 shows the changes in EL over &émander constant 20 mA/ém

current density for devices A, B and C. The device siras are also shown igure6.17 inset. The
initial brightness for device A, B and C are 5640, 6960 and 787, ad¥spectively. It can be seen

that the device with 1 nm BmPyPhB (device C) has roughly the same lifetime (i.e. the extended
lifetime) as the device with 30 nm EML (device B). Therefore, by using this structure with only 1 nm
BmPyPhB ETL, higher efficiency and stability can be sim@tarsly achieved. Another benefit is the
significant reduction in device thickness. The structure with the ultrathin ETL has around 50 nm thick
organic materials in total, i.e. only half the thickness of typical PHOLEDs. This thinner structure can
be expead to offer advantages in lowering fabrication cost by reducing material consumption and
processing time.
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Figure 6.16 Current effi ciency vs. current density characteristic®f selected devices.

(Inset) Current density vs. voltage characteristics of these devices.
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Figure 6.17 Changes inEL with time of devices A, B and C. (Inset) The structures of

It is nateworthy to point out that in thestson vaious ETL/EIL configurations, it isound

these devices.

that only a few electron transport materials can be used in this ultrathin structure to gttaeviie

efficiencies Figure6.18 shows the current efficiency versus current dgrefidevices with selected

ETL/ EIL

configurations. The

Asimplified

reference

nm)/CBP:Ir(ppy} (5%) (10 nm)/TPBi (40 nm)/LiF (0.8 nm) structure. All other devices use the
common CBP (20 nm)/ CBP:Ir(ppy(5%) (20 nm)/CBP (10 nm) stack, followed by an ultrathin ETL

and/or EIL. All devices with only an EIL (but no ETL) have poor efficiencies, regardless of the EIL

material (LiF, CsCQOs; or Ca). Surprisingly, despite being very thin, different ETLs (i.e. TPBi,

BmPyPIB, BAIg and Alg) can lead to vastly different efficiencies, with only TPBi and BmPyPhB

giving the highest efficiencies. Considering an ETL as thin as 1 nm can have such a major impact on

device current efficiency, what roles this ETL plays in the deveo®imes an interesting question.
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Figure 6.18 Current efficiency vs. current density characteristics of selected devices with

different ETL/EIL configurations.

In addressing the roles of these ETLs, it ipdmant to first examine layer coverage and
whether continuous layers of these materials at these thicknesses (~1 nmjade Far this
purposedevices with the common CBP (20 nm)/CBP:Ir(pg$P6) (20 nm)/CBP (10 nm) structure
followed by the specifiETL listedare studiedAn EIL consisting 0.8 nm LiF and a cathode of 80 nm
Al is used in all devicesigure6.19 (a) shows the-¥ characteristics of devices in which BCP is
used as the ETL, of various thicknesses. It is ingpdtio note that the driving voltage first decreased
as the thickness of the BCP layer is increased from 0.8 nm to 3 nm, and then increased on further
increasing the thickness to 10 nm. This trend suggests that a complete coverage of the CBP layer by
the BCP layer is achieved at a minimum BCP thickness of 3 nm, below which the coverage is only
partial and leads to negfficient electron injection. Thus, as the BCP thickness is increased to 3 nm,
the driving voltage gradually decreases. On the other hamdcraase in film thickness beyond 3 nm
results in a longer electron transport pathway, hence the increase in driving voltage. Therefore, the

coverage of the ETL appears to play an important role inthehhracteristics behavior of the
device.
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Figure 6.19 Current density vs. voltage characteristics of devices with various (a) BCP
and (b) TPBI ETL thicknesses.

The roles of the ultrathin ETL in increasing device efficieaythen examinedin general,
ETLs increase device efficiency by the following means: facilitating electron injection/transport,
blocking holes and blocking excitofl1]. In the context of devices with ETLs as thin asd,
electron mobility of the ETL cannot play an important role. Moreover, since the cathode is at ~ 1nm
distance of the interface where excitons are created (i.e. EML/ETL interface), the role of the ETL in
blocking singlet excitons must be insignificaimce quenching by long range Faster transfer to the
metal can occur. As a result, only triplet exciton blocking can have an effect on device efficiency.
Therefore, the three possible roles of the ultrathin ETL on increasing efficiency are (1) electron
injection, (2) hole blocking and (3) triplet exciton blocking.

In order to examine the role of the ultrathin ETL in facilitating electron injection, the driving
voltages of the device with and without the ultrathin E&te studiedFigure6.19 (b) shows that the
driving voltage of the device without a TPBi ETL is significantly higher than that of the device with a
2 nm TPBI ETL, beyond which the coverage of the TPBi flm becomes complete, as indicated in the

figure. It is clear thathe electron injection is facilitated when the ultrathin ETL is present. Since
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