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Abstract

Organic Light Emitting Devices(OLEDs) have several advantages over traditional
semiconductor devices such as the possilof being printable, the potential for low cost
fabrication, and the potential ease of integration onto a flexible substrate. However, mass
commercialization for OLEDs faces several hurdles including that of ambient stability. Due to
issues such as lowork function of the cathode in the OLEDSs, exposure to oxygen or humidity
leads to dark spot formation which detrimentally affects device performance. Protection of
OLEDs from ambient conditions places high importance on strict encapsulation techniques.
Rigid encapsulation techniques which provide high impermeability to ambient conditions are not
easily applicable for flexible OLEDs. Flarntegrable thin film encapsulations do not possess the
high integrity of rigid encapsulation structures. If the demanditfrict thin film encapsulation
could be eased via stronger inherent resistance to dark spot growth, it can be most beneficial for

the future of OLEDSs, especially in the flexible arena.

To ease the need for stringent encapsulation, alternatenuapslation related
approaches for dark spot suppression are investigated. These include heating the substrate to an
elevated temperature during cathode deposition and the use of eatbade& interfacial layers
in the OLED. Observations from microscopy, ¢leal measurements, surface morphology
measurements, and adhesion tests are analyzed. Conclusions on the suppression of dark spot
growth are discussed. The role of interfacial adhesion in dark spot suppression is investigated.
Ambient stability of OLEDss shown to be related to stronger interfacial adhesion between the

cathode and the organic layers.

A few thin-film encapsulation structures for OLEDs using materials like titanium (Ti)

and MoO3 are also discussed along with the results.

Though dark spatradication via encapsulation may still prove challenging, dark spot
suppression via cathoaganic interfacial adhesion strengthening can be shown to be a

promising tentative solution to improve OLED lifetime yield.
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Chapter Introduction

Organic electronics seem to be gaining pop
advantages such as potential of lower cost manufacturing, low power consumption ,eco
friendliness. Some of the other advantages of organic elextroner conventional electronics
are that they can be printable and coatable and have the potential to be used in flexible

electronics.

The organic electronic applications are widespread and they can be seen in Charge
Transport systems like transistorglahodes (organic active matrix backplanes for displays,
printed integrated circuits, etc.), in electroluminescent systems like Polymer Light Emitting
Devices, Organic Light Emitting Devices (OLEDSs) (full color active matrix displays, large area
uniform displays, etc.), and in Photovoltaic cells (battery chargers for mobile devices, smart
packaging, traffic signs etc). Figure 1.1 shows several applications of organic electrbhics[1

OLEDSs have entered the commercial market in devices such as displag@idrstate
lighting systems and possess very promising properties such as faster refresh rates ,wider
viewing angles , and better color contrast. OLEDs are forecasted to account for US $5.6B in the
organic electronics market by 2015[6]. However to overe poor ambient stability, attributed
to moisture/oxygen susceptible low work function cathode and active organic layers, OLEDs
usually utilize high integrity encapsulation for commercial viability. Although rigid
encapsulation has become ubiquitous farfiexible OLEDs, encapsulation of flexible OLEDs
still presents a challenge. Thin film encapsulation might provide a solution for flexible OLEDs,
but it lacks the high integrity moisture/oxygen impermeability as seen in glass/rigid barriers.
Hence, a nekexists to strengthen the inherent ambient stability of OLEDs to ease the need for

stringent encapsulation in the flexible arena.



Figure 1.1: Examples of organic electronicsg}

1.1 Overview of OLEDs

OLEDs emit light based on the phenomena of electroluminescence(EL). When supplied
with external power, OLEDs can generate light based on the organieatiing materials
used to fabricate the OLED. Although the concept of electroluminescence in aorgdarals
was realized as early as 1950s, the first OLED diode structure was only reported in 1987[7].
Prior to 1987, electroluminescence was observed from single crystals of aromatic hydrocarbons
like anthracene [8](Helfrich & Scneider in 1965). In 1987ing W. Tang and Steven Van Slyke

reported the first diode device consisting of a-tayer structure with separate hole transporting



and electron transporting layers such that recombination and light emission occurred in the
middle of the organic layeThis resulted in a reduction in operating voltage and improvements
in efficiency [7](when compared to single layer devices) and led to the current era of OLED
research and device production.

1.2 Structure of OLEDs

A typical structure of an organic ligleimitting device consists of one or more organic
layers sandwiched between two electrodes which can be either metallic aroseincting [5
9]. The organic layers can act both as emissive layers and as charge transport and/or injection
layers to improve th performance of the devices18]. Fig 1.2 shows two basic OLED

configurations: a) singiayer structure, and b){ayer structure.

E, C) . ‘E C) Cathode

ETL/EML
Organic Laver HTL
Anode Anode
Glass Substrate Glass Substrate
EL Emission EL Emission

Figure 1.2: Typical structure of single and-layer OLEDs.

For a b-layer heterojunction OLEEhe device structure conssif atransparent high work
function anodea hole transport layer (HTL)R electron transport layer (ETL) aadow work

functioncathodeWhen a forward biais appiedto an OLED holes and eleains are injected



Energy (eV)

from anode and cathodandaretransporédthrough HTL and ETLrespectively recombiring

to form excitonsn the emissive layer (EML)inally the excitonseitherdecay radiativelyo

emit photons or dissipate noadiatively.

On the oher hand, for a single layer OLED, the structure consists of just one organic layer

sandwiched between two electrodes. When a forward bias is applied to dayegl©LED, the

holes and electrons are injected into the common organic layer which dceskaotransport

layer for the charge carriers and also as the site for exciton formation and light emission (Fig

1.3). However, in these types of OLEDs, since charge recombination and light emission happens

in the single organic layer, the area near th@acting electrodes can exhibit luminescence

guenching which affects overall device performance[19].

Single-Layer OLEDs

Assuminga constant vacuum

__—levelfor all components

(bITO
1\ ,
11/ Howmo
Anode Organic Cathode

€vac = 0

Charge
recombination
and emissive
state formation
occurs near
one of the
contacting
electrodes,
quenching the
luminescence

Bi-Layer Heterojunction OLEDs

e, =0 o e e =

Dy

<

Y

>

(o))

B

g ™™~ Electron/Hole Pair

w Recombination and Emission
(Away from Contacting

Electrodes)
h*—
Anode HTL ETL Cathode

Figure 1.3: Energy level diagrams for single layer andayier hetergunction OLEDs[19].
(This figureshows Aluminum as cathode and Indiimoxide as anode)



1.2.1Major material families of OLEDs

a) SM-OLEDs: These types of OLEDs utilize small molecule organic materials in between
their electrodes, hence giving them the name: small molecule organierigtihg devices
(SM-OLEDSs). Molecules commonly used in SBLEDs include organometallic chelates,
fluorescent and phosphorescent dyes and conjugated dendrimers[20.EEM usually
employ thermal evaporation procedures for fabrication making the prodycboess more
expensive and not as easily applicable for large area devices. However, thermal evaporation
yields well controlled, homogeneous films, and due to its high flexibility in layer design, it helps
in achieving high efficiencies for the SMLEDs[20]. The OLEDs utilized in this thesis are SM
OLEDs.

b) PLEDs: Polymer Light Emitting Devices (PLEDS) utilize electroluminescent conductive
polymers that emit light when connected to an external voltage. Typical polymers used in PLED
displays include deratives of poly(pphenylene vinylene) and polyfluorene[20]. PLEDs usually
employ spircoating as the method for depositing thin polymer films. Although-epating is
promising for largearea devices, the construction of complex rdalfer structures pras

difficult with this approach.

1.30OLED Operation

The OLED operational mechanism depends on three processes: charge carrier injection,

charge carrier transport and exciton formation and dissipation.

1.3.1Charge carrier injection

Carrier injection takes placat the two electroggemiconductor interfaces. In the case of
metatsemiconductor interfaces, the M&thottky model [21]can provide some insight about
carrier injection. Fig 1.4 [22]shows the energy band diagrams of an isolated metal adjacent to

an solated Aype semiconductor.



Vacuum level

qx% q0,
qq)m ¢ ‘
___________ T _E_:C
q(¢7n - X) I EF
Ev
Metal Semiconductor

Figure 1.4: Isolated metal and semiconductor energy band diagram[22].
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Figure 1.5: Energy band diagram when metal and sendoetor are brought in contact[22].

When the electrodes and semiconductors are brought into contact, it leads to energy level
realignment as shown in Fig 1.5[22]. Bringing the metal and semiconductor in contact will lead
to flow of electrons (from the sedof higher E(Fermi energy) to the other) until alignment ef E
in the two materials is reached. Although recent research has proved that the Fermi energy levels
do not perfectly align, and there exd28ts a va
we will regard the MotSchottky model as a simplistic model in understanding energy alignment

issues at the metakmiconductor interface.

In organicelectronicdevices, band bending is closely related to the potential profile
across the organlayers in the devices, with an applied external electric field. In OLEDs, the
electric field is often assumed to be constant and the potential is proportional to the position .

Hence a simple illustration of energy level changes in OLEDs can be shovwgnlir6f24]. As

6



seen in the figure, when the OLED is subject to forward bias, the energy barrier for electrons and
holes is low, and it aids in easy charge injection at the eleesedeconductor interface. On the

other hand, when the OLED is subject tearse bias, the energy barrier for carrier injection
becomes much higher, leading to inefficient injection at the elect®ahéconductor interfaces.

Due to this an insignificant current flow is observed when the OLED is in reverse bias.

low EL high
work-  material Work- _

electrode electrode

L+ T e

forward bias reverse bias
* low e- , h+ injection = highe-, h+ injection
LUMO barriers barriers
» efficient injection » inefficient injection
« gignificant current * ingignificant current
flow flow

Figure 1.6: Singlelayer OLED energy level diagrams[24].

Two models are often used to describe injection of the carriers from the metal electrode
into the semiconductor. The first one is called FosMerdheim Model and explains the
directtunnelling of charges through the triangular energy barrier as shown in Fig 1.7. The higher
the electric field across the interface, the stronger the tunnelling observed. The second model is
called the Richardse8chottky Model (illstrated in Fig 1.8) and it demonstrates the field
assisted thermionic injection over the image force bardery deformations at the electrode

semiconductor interface can affect charge injection in an OLED and severely reduce device

i Image force potential: An electron at a distance X from the surface of a metal experiences a force as if there wesechgrgsitf +e at a
distance of 2x from it. This force, whidries to prevent the escape of the electron from the metal, gives a potential energy called the image force
potential.



efficiency and perfonance. Hence, it is of utmost importance to maintain the integrity of the

electrodesemiconductor interface in order to ensure superior device performance and lifetime.

_A () [ 00}
O, \ ok, 3gF

Fowler-Mordheirm
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Figure 1.7 Fowler Nordheim Tunnelifg5].
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Figure 1.8: RichardsorSchottky Model[25].

1.3.2Charge carrier transport

In conventional inorganic semiconductors, the crystals are bonded together by means of

covalent or ionic bonds, and charge casria the crystals are delocalized over the crystal lattice.



In this case, carrier transport is through charges which can move freely in the energy bands. This
is called band transport. On the other hand, organic semiconductor materials are bonded togethe
by relatively weak Van der Waals forces and the charge carriers are localized to individual
molecular sites. Charge transport in amorphous organic semiconductor materials occurs by
hopping through Gaussian distribution of localized states with superetpasential disorder.

The relaxation time of carriers between scattering events is lesser than the carrier residence time

on the scattering sitd.e. the carriers are not as mobile as seen in band transport[24].

The following equation [24]representetmobility as a result of hopping transport seen in

organic semiconductor materials:

202 o e —
L% ji, eXp [—(?) exp[C‘(cr-—E-j\;F]

where? = represents Density of States (DOS), C= consfant, represents positional disorder,

F = represents electric field

From this equation we can see that hopping transport in organic semiconductor materials is

dependent on electric field strength. Fig 1.9[24]shows a diagram of hopping transport vs. band

transport.
-e +—0O
— e LUMO Ec
6 00 00 0o —.{}—'" HOMO Ey
F— » +e .
Hopping Transport Band Transport

Figure 1.9: Hopping transport(left) vs. Band transport(right). LUMO: Lowest unoccupied

molecular orbital, HOMO: Highest occupied molecular orbital[24].



1.3.3Exciton formation and energy dissipation

The charge carrier, once transported into the emissive layer OLEEB, will recombine
to form excitons. An exciton is a bound state of an electron and hole, ingaawrd energy
level. The electron and the hole are attracted to each other by the electrostatic Coulomb
force[26]. Depending on the degree of delocalaabf the electron around the hole, excitons
can be classified as a)Frenkel excitons(highly localized), WaMuogrexcitons(weakly

localized), and Chargeansfer excitons(intermediate degree of localization).

Excitons can also be categorized as beirgjnglet or triplet state, based on the spin
configuration of the electrons in the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). If the two unpaired electrons have the same spin, the
exciton can be consided to be in triplet state. However, if the spins of the two unpaired

electrons are opposite, it is considered a singlet.

As can be seen from Fig 1.10[27], three out of the four possible spin state configurations
lead to the creation of triplets. Henceith is a 75% chance that excitons are in a triplet state

rather than in a singlet state (25% chance).

| #IL\[O +I.t,.\-10 Triplet

Iigl Singlet

|5

A
HOMO -
A

HOMO

P
by

Figure 1.10: Schematic description of the exciton (left) and singlet and triplet spin descriptions
(right)[27].
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The energy dissipation of an exciton can take two routes: radiative transition or radiation
less transition [27]. Phenomena such a fluorescence, delayed fluorescence, and phosphorescence
are categorized as radiative transitions. Internal coioreasd intersystem crossing are
classified as radiaticless transitions. Fig 1.11 shows a Jablonski diagram demonstrating the

aforementioned dissipation phenomena.

excited rvibrational states

/ (excited rotational states not shown)

A = photon absorption
F = fluorescence {emission)

F P = phosphorescence
5 = singlet state
| T = triplet state
IC = internal conyYersion

ISC = intersystem crossing

A T,

Ic

A F T
1

Energy ——»
n MCD U)

h 4
electronic ground state

Figure 1.11: Jablonski diagram demonsdirgy exciton energy dissipation phenomena

1.4 Degradation Mechanisms in OLEDs

Degradation of an OLED's performance over time can be attributed to three major
categories[28]. These categories, which are listed below, detrimentally affect the device

luminan@ and thereby diminish device integrity.

1) Dark-spot degradation: Dargpot degradation refers to OLED degradation as a result of
formation of noremissive dark spots within the emissive area of the device. These non
emissive areas result in the decreasmtal device luminance and lead to device
degradation. Dark spot degradation is accelerated by the presence of moisture and

oxygen, leading to severe device degradation. This type of degradation can be controlled
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via device encapsulation. However encapsuteof flexible OLEDs still poses a

challenge as rigid encapsulation cannot be utilized, and existing thin film encapsulation
techniques lack the high impermeability of glass encapsulation. Due to the lack of
suitable flexible encapsulation, dark spotmelgtion can be considered as a major mode

of degradation in flexible OLEDs. Fig 1.12 shows typical dark spot growth after 0 and 2
hours exposure to 100% RH in air, for an unencapsulated OLED. Various causes for dark
spots formation and growth have beeogwsed, and are discussed in depth in section 1.5
below.

a) b)

Figure 1.12: Typical dark spot growth after Ohr(a), and 2hr(b) exposure to 100% RH for
a OLED with structure: ITO/NPB/AlgMg:Ag/Ag" . The circular ings observed in the

bottom part of the images are the magnifying focus of the microscope and can be ignored.

2) Catastrophic degradation: Catastrophic degradation refers to a sudden decrease or total
loss of OLED luminance due to the development of elexdtsicorts across the
device[28]. These shorts result from {@pasting morphological defects in the organic
layers or the electrodes of the OLED. This type of degradation can be easily controlled by
using materials with high morphological integrity andubiizing deposition techniques

that yield uniform films with minimal defects.

Y NPB: N,N-di(naphthalend-yl)-N,N"-diphenytbenzidine
AlQs: Tris(8-hydroxyquinoline) aluminum
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3) Intrinsic degradation: Intrinsic degradation refers to the progressive decrease in the
luminance of the OLED in time that occurs during device operation[28]. This type of
degmdation leads to an intrinsic decrease in the electroluminescence quantum efficiency
of the OLED. Fig 1.13 shows the typical progressive decrease of luminance over device

operation time for OLEDs as a result of intrinsic degradation[29].

1

O NPB
® NPB + 5% TPD

0 I | 1 1
0 10 20 30 40 50

Time (hours)

Figure 1.13: Intrinsic degradation Typical luminance decay(L4). over time for
OLEDSs. This patrticular image from literature[29], displays OLEDs with different hole
transport layers(HTL).

The following are some of theadels proposed to explain intrinsic degradation[28]:

i.  Morphological instability model
ii.  Unstable cationi&lgqs model
iii.  Indium migration model
iv.  Mobile ionic impurities model

v. Immobile positive charge accumulation model
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It is important to note that this thesisagus directed towards improving OLED ambient
stability via controlling ambient degradation for flexible OLEDs. Due to the lack of high
efficiency, easily integrable encapsulation for flexible OLEDs, dark spot degradation is the most

relevant mode of devecdegradation in this work.

1.5 Dark spots Formation/Growth

Dark spot degradation is caused by the evolution of structural defects in the OLED
layers, and more specifically at the two electrode/organic interfaces but to a larger extent at the

cathode/orgauwiinterface[28].

1.5.1Dark Spot Causative Phenomena

Dark spots can be attributed to the following causative phenomena in an OLED:

1. Foreign materials lodged onto the substrate or onto the organic layers while deposition
lead to direct pathways for organic layerd cathod®rganic interfacial compromise by
oxygen/moisture(Fig 1.14). Fig. 1.14( a) shows particle or an asperity thexipte on
the surface of ITO/glass before the organic deposition[30]. Also shown in Fig 1.14(b) is
an organic Ohltchhe kdédpa hiatednilgy O66dspi tti ngodi
organic deposition[30]. These foreign particles may be larger in size than the thickness of
the organic layers. This may lead to incomplete coverage by organic deposition leading to
clear condits for moisture/oxygen propagation. Hence cleanliness of the substrate and

fabrication chamber is of utmost importance in order to reduce dark spots.
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(a)

(b)

ITO B8l organic HE Mg/Ag

Figure 1.14: lllustration of foreign materials or irretar "chunks" on the OLED
substrate/organic layers and the moisture/oxygen pathways which are created (indicated

with arrows)[30].

. Cathode Pinholes: pinholes are minute pathways created in a deposited layer which result
due to uneven layer depositionnRoles created in the cathode and/or protective layers

on top of the cathode provide pathways for oxygen and/or moisture to penetrate through
the sensitive metal layers(low work functiggrone to oxidation) and reach the

susceptible activerganic layers The result of this diffusion is device compromise.
Oxidation of the cathode can lead to inhibited electron injection at the cathgal@c

interface, and the compromise of the organic layers leads to device performance
degradation. Studies on the growate of dark spots have shown that the growth rate is
governed by pinhole size[31]. The larger the pinhole, the faster the growitleeatiag

to short device lifetimes[31]. Hence, the need for extremely uniform deposition of

cathode layers is cruciabfimproving device lifetimes.

15



3. "Bubble-formation/gas evolution: Gas evolution produced by electrochemical processes
at the cathode/organic interface in the presence of ambient moisture/oxygen leads to the
formation of bubble like structures at the catbtmrganic interface. These dotiles or
bubblelike structures lead to cathode delamination from the organic layers
underneath[387]. This negatively affects electron injection at the catrmrdanic
interface and dark spots are observed at the sitendéct loss. Figures 1.15 and1.16

show the bubble formation as a result of gas evolution at the cabhgaleic interface

Figure 1.15: Bubble like formations labeled 1,2,3 as seen on the OLED emissive
surface[35].
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Figure 1.16: Formation of dark spots as a result of gas evolution (This figure shows

aluminum as the cathode)[38].

. Algs crystallization: Aziz et al. reported that exposure to humidity(propaglatedgh
pinholes) induces the formation Alfq; crystallites in originally amorphouslqs

films[39]. These crystals form protruding lumps that are several times thicker than the
original film, and have a water content higher than that in the amorpthgsis

regions[39]. The diffusion of water into the device through microscopic defects in the
cathode may lead to crystallizationAlfy; in the OLED structure itself, leading to

growth ofAlqgs crystals. These crystals enlarge the defects in the cathode amakeili
appear on the cathode surface as large grains. These crystallized features can be seen in
Fig 1.17. This irregular surface could potentially affect the interfacial adhesion between
the organic and metal layers, further weakening device stabilitgnid@ation occurs
because the crystallifdqs clusters, being thicker than the surrounding amorphous
regions, lift the cathode, leading to loss of contact betwédgyand the cathode. The

areas with loss of contact become sites foramssive dark spsf39].
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0.1l mm

Figure 1.17: Transmission polarization micrograph of an 60&lg; film stored in
humid air at 100% RH for 6 h showiridqs crystallization[39].

1.5.2Heating and Organic Material Crystallization

As seerabove, crystallization can be inducediilgj; as a result of moisture exposure.
However Joule heating, as a result of current flow, can also induce crystallization in organic
materials. In addition, direct heating(not due to Joule heat) of the orgasiis l&e the hole
transport layer(HTL) and/or the electron transport layer(ETL) above their respective glass

transition temperatures ¢)lcan also result in crystallization of the amorphous organic matter .

For further discussion, we will consider theeets of heating on NPB amdqs- as these
are the materials used in this thesis for hole transport and electron transport respectively. The

choice of these materials will be discussed in section 1.9.

Glass transition of NPB is approximat&y96°C[40]. Studies have shown that
annealing(postleposition heating) NPB at temperatures greater1B&135°C[50] results in
crystallization of NPB which aids in decreasing hole mobility in the OLED. This balances the
hole-electron mobility in the OLED leading tmproved device performance. In this aspect
crystallization can prove to be advantageous. However, NPB crystallization has no direct impact
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on the electron injection at the cathemtganic interface, nor any direct relationship with the

cathodeorganic interfacial processes, and will not be discussed in this thesis.

Literature shows that crystallites are comparatively less accessible to moisture and hence
less susceptible to chemical decompositior§82 However, one must consider that high degree
of crystallization also induces an irregular surface morphology. Crystallization also leads to the
formation of gaps or pinholes between grains created upon phase transition from amorphous to
ploy-crystalline phase. Hence controlling the effect of heat on the-ElIqz is crucial for
cathodeorganic interface integrity which in turn controls device lifetime and performance. For
good cathod®rganic integrity Algs films should not exhibit small grain morphology as seen in
amorphous organic materials, howeveithes should they exhibit highly irregular crystalline
morphology. Another important factor to consider wMly; is that theT of Algs is nearl30°C
to 140°C This is not an ideal fabrication temperature for integration with flexible substrates.
Hence, ve will discuss the effect of heating below the crystallization temperature raAdpp;of

and in range of flexibl elo(®@Q.bstrate tolerance

WhenAlqs is deposited on top of the hole transport layer at room temperature, it is in
amorphous state and exhibits rough surface morphology. Amorphous state exhibits small grain
morphdogy with a high grain boundary density leading to a high number of percolation paths for
moisture and oxygen. Studies have shown that by annealingl@ossition heatinghlqs
deposited on top of NPB &00°C- which is well below the Jof Alqsz (129-139°C [44]) - the
surface morphology oklgs becomes smooth and featureldds]. A more organized
morphology exhibits fewer grain boundaries, which means fewer percolation paths for moisture
and oxygen. Furthermore, studies have shownAligtdeposited at00°Con top of ITO/NPB
leads to better lifetime than annealed ITO/NRRy3 stack [45]. AFM scans reveal that substrate
heating whileAlgs deposition {00°CQ leads to a slightly rougher morphology when compared to
the annealedlqs/NPB/ITO stack[45]. Thisnorphological change can be seen in Figure
1.18.This minimal roughness might be beneficial in regards to increasing cathode adhesion by
increasing surfacadhesion area. Moreover, larger scale surface roughness due to bigger grains

might likely results immore difficult moisture penetration. Hence substrate heating while

I Content from reference [45 reproduced in this section with the permission of Elsevier.
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depositingAlqs or annealinghlgs at a temperature below ©f Algs can result in large grain

films with advantageous properties in regards to device lifetime.
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Figure 1.18: AFM scans ofAlqs layer (a) without heat treatment, (b)deposite@=8C,
(c)annealed &@5°C. TheAlqs layer here is deposited on top of a-psésting room temperature
deposited NPB layer[45].(Reprinted with permissibrlsevier)
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1.6 Dark Spot Growth Processe$

In order to further understand dark spot degradation mechanism, the processes behind
dark spot growth need to be identified. The propagation of dark spots is the primary cause behind
the loss of emissive area imet OLED. Liew et al showed that the growth of dark spots occurs
primarily due to cathode delamination[46]. Regulalayer OLEDs with NPB andlgs as HTL
and ETL, respectively, were fabricated with a Mg:Ag/Ag cathode and then exposed to ambient
conditions After 24 hours storage in ambient conditions, dark spots were visible. The cathode
was then peeled off with scotch tape and a new cathode of Mg:Ag/Ag was deposited on the
device. As a result, the sites of previous dark spots due to ambient exposuneweraissive,
except for a tiny noemissive central spot[46]. This seems to provide direct proof that growth of
dark spots is due to cathode delaminatgince by depositing a new cathode (which is not yet
delaminatedflqs electroluminescence could bbtained. Furthermore, when the cathode was
re-deposited, the OLED showed bright circular features where the old dark spots used to
exist[46]. This observation suggests that the growth of dark spots is associated with some
changes in the underlying laydrsneath the cathode. In addition, new dark spots that were not
present in the device with the original cathode are now observed, suggesting that these new dark
spots originate at the cathode or &lgs /cathode interface[46]. Fig 1.19 shows an optical
micrograph of the OLED with the second cathode. After observing dark spot growth with the re
deposited cathode, the second cathode was peeled off and another new Mg:Ag/Ag cathode was
deposited. Similar trends of previous dark spot areas being emissive| as thel occurrence of
bright circular features in the area of the older dark spots were observed. This suggests that the
cathode plays a role in the nucleation of dark spots and that the growth of dark spots and the
associated bright circular featuresrstd theAlqgs/cathode interface[46]. To make sure that these
results were not only applicable Adg; and Mg:Ag/Ag, different ETLs like Triphenyl Triazine
(TPT) and different cathode like Ag were utilized, yielding the same results[46]. These
experimentabbservations prove that cathode delamination is the primary cause for dark spot
growth in OLEDs.

8 Content from reference [46] is reproduced in this section with the permission of AIP.

21
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Figure 1.19: Dark spot and bright spots seen after cathode peel off and re
deposition[46].(Reprinted with paission of AIP)

Now that the primary cause of dark spot growth has been determined to be cathode

delamination, ways of controlling dark spot growth are discussed.

In the commercial market, the issue of dark spot growth is combated with the use of
en@psulation to protect the OLEDs from ambient conditions. As mentioned before,
encapsulation for flexible OLEDs is still considered challenging. In the next section, the issues

with rigid and thin film encapsulation for flexible OLEDs are discussed.

1.7 Encapalation/Barrier Layers

Traditionally, many organic electronic devices utilized glass/metal lids as barrier layers to
protect against moisture/oxygen. An inert met
sealed with an UMured epoxy resin. Getteraterials were utilized in such structures. In some
configurations, an inert gas has been mentioned to have been filled inside the voids to make the

device extremely stable. Even though this approach does provide protection against
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moisture/oxygen permeadiby, it has flexibility issues as well as robustness issues. A device
encapsulated with glass is prone to accidental breakage which can compromise the barrier
structure leading to overall device deterioration. Glass encapsulation is also impossible to
integrate into roll to roll OLED fabrication. A typical glass encapsulation structure can be seen
in Fig 1.20.

Glass or metal lid

QOLED device layers Gelter
.-"'r’

[ ‘\ Glass substrate / |

UV-curable epoxy -

Figure 1.20: Traditional glass/metal rigid encapsulation[47].

In today's market, flexibl©LEDs have great appeal due to the opportunities that they
can enable. Rollable display screens, foldable maps, flexible lighting options are just few of the
attractive market applications for OLEDs. Flexible OLEDs also have the potential to be thin and
light weight. However, flexible OLEDSs require flexible encapsulation structures. Furthermore,
flexible OLEDs also require low temperature encapsulation procedures, so as not to damage the
flexible substrate and the organic layers. The potential for flexXdIED fabrication via roito-
roll processing also stipulates another requirement for flexible OLED encapsulattiould

be applicable to large surface integration, making glass encapsulation obsolete.

Using flexible polymer lids might seem to beramentally better than glass in the aspect
of flexibility. However, polymer lids can lead to delamination while being folded. This can lead
to device compromise. Hence, the only option for reliable encapsulation for flexible OLEDs is

thin film encapsulatio.

Thin film encapsulation layers provide easy integration into flexible OLEDs. If thin film
encapsulation utilizes low temperature deposition processes, it can overcome all the obstacles
that glass encapsulation encounters for flexible OLEDs. Moredwerfilm barrier layers are
extremely thin and have the potential to be transparent unlike metal lids, and they are not as

bulky as glass substrates and are easy to integrate into-roll production. In spite of their
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many advantages, thin film encafation layers have to maintain a high level of impermeability
(to match glass encapsulation) to be considered viable due to the sensitive nature of OLEDs.
Certain multilayer thin film encapsulations utilizing different inorganic and/or organic layers
hawe been shown to possess high impermeability to moisture/oxygen. Barix Encapsulation
Technology by Vitex Systems is one of the most promising thin film encapsulation
methodologies seen in today's industry. Barix rdalger thin film encapsulation is dis@esl in

the section below.

1.7.1Barix Encapsulation TechnologyThin Film Barrier Layers

Even with good attributes such as flexibility and possible transparency, thin film barriers
still need to meet the stringent requirements for water vapor and oxygen imbpiityneaeeded
for organic electronics. A water vapor transmission rate (WVTR) 8fgl@¢/day and oxygen
transmission rate (OTR) in the range of1@0° cm*’m?/day is desirable for OLEDs. Figure
1.21 gives some WVTRs and OTRs requirements for vadtagsronics to highlight the

stringent needs of organic electronics.

OXTR WVTR
Product Pyramid /\ (cm¥m?/dbar) 4, (g/m?d)
10 f| 106
’ Flexible OLEDs  ~=°°~
[\ 10511 105

Organic Photovoltaics

_____ 104]] 104
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A
Solar Cell EL Lamps 10.2 1 0-2
 Encapsulation || (Outdoor) J\ = ......--.. ...

State-of-the-art
in encapsulation

{ Packaging of Technical Parts

Figure 1.21: WVTR/OTR requirements for various electronics.

Barix Multilayer encapsulation represents a promising technique for pootéiom

ambient conditions for flexible OLEDs. Oxygen permeation rates 6fc@*/m?day have been
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achieved via Barix encapsulation on a plastic substrate[48]. Barix multilayer encapsulation takes
advantage of the redundancy and tortuosity provideal foyltilayer structure prolonging the
permeation path of oxygen and/or moisture through the barrier layers. The multilayer stack
consists of alternating organic and inorganic layers. The organic layers act as a planarization
layer which helps in a smoothsurface, whereas the inorganic layers(aluminum oxide) act as a
permeation barrier to moisture and oxygen[48]. Barix encapsulation is also transparent and hence
is suitable for togemitter OLEDs too. Most importantly, the encapsulation deposition pricess

a low temperature one, making the process extremely suitable for flexible OLEDs.

Although the organic materials used in Barix are proprietary, the general deposition
process is illustrated as seen in Fig 1.22. The organic materials are depositednasing
conformal deposition techniquehe organic material starts as a liquid which is then vaporized
and cured(UV cure) to form a solid layer[48]. The inorganic aluminum oxide is deposited via DC
sputtering. 45 polymer(organic)/inorganic dyads are usadencapsulation[48].
Liquid

o Inorganic  Liquid Cure
Precursor

Cu d iti Precursor

N q, eposition b‘ﬁﬁf
0 0
o P4
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Figure 1.22: Barix Encapsulation Technique[48].

Drawbacks of multilayers structures like Barix are that they require compleXOp&®
fabrication deposition with the need to haeparate deposition techniques for different layers.
Multilayer thin film encapsulation also results in long processing times which always introduces

the potential for complications/contamination. Multiple constituent materials may also increase
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the costindex for fabrication and thus make the fabrication of the encapsulated OLED

potentially expensive.

Hence we can see that even the best thin film encapsulation introduces complexity and
long processing times. Furthermore, Chwang et al. showed that Barfkrithencapsulation
does not achieve the encapsulation integrity of glass barrier layers for flexible or rigid substrate
OLEDsJ[49]. Therefore, a need exists to find alternative means of suppressing dark spot growth
means that would not introduce comyitg or potential for cost increase. We know that the
cathodeorganic interface is the main dasgot formation site as a result of moisture/O
propagation through the pinholes in the metal cathode in the OLED. If the interfacial adhesion
between the chbde and the organic layers was strong enough, the facile formation of metal
hydroxide sites at the interface could potentially be hind@gdinding ways to strengthen the
cathodeorganic interface, and consequently the inherent resistance of the @uUEDr® to
moisture and oxygen, suppression of dark spots can potentially be achieved.

1.8 Alternative approaches to control dark spot growth

As seen in section 1.7, encapsulation using rigid/glass structures has been shown to
suppress dark spot growthoWever, encapsulation of flexible OLEDs still presents a challenge
due to the lack of high integrity, flentegrable encapsulation . Even superior thin film
encapsulation techniques like Barix by Vitex systems, produce OLEDs with higher dark spot
growth when compared to glass encapsulated OLEDs[48]. Chwang et al[49], have demonstrated
that the use of Barix encapsulation on plastic substrates results in quarter the half life of a glass
encapsulated glass substrate OLED(half life: 2500h vs. 10,000h respgctor comparison,

Barix encapsulation results in 3700h half life for a glass substrate OLED vs. 2500h for a
plastic(flexible) substrate OLED[49]. Therefore, even superior commercial thin film barrier
layers do not achieve the high integrity encapsnawhich is seen with glass barriers. Due to
this difficulty, alternative approaches for the suppression of dark spot growth need to be
investigated. By investigating nemcapsulation approaches for dark spot suppression, the

stringency of flexible engesulation can be potentially eased. Literature shows the advantageous
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effects of annealing/heating OLEDs on the device lifetime and thereby their advantageous effects
on controlling dark spot growth[40,42,43,50 ]. Furthermore the use of a graded caghode

mixed organic metal layer(MOML)y Aziz et al has also been shown to prolong device
lifetime[53].

Hence to facilitate further dialogue on rencapsulation related approaches for
controlling dark spot growth, literature findings on the effect of tsatesheating, post
deposition annealing, and the use of a catlardanic interfacial layer on device performance

and/or dark spot retardation are discussed below.

1.8.1Effect of Elevated Temperature Processing

1.8.1.1Substrate Heating While Deposition

Annealing ofOLEDs has been shown to improve device lifetimes under carefully
selected temperature ranges. In 1999, Gad’§4@] showed the positive effect of elevated
temperature processing on device lifetime of an OLED by heating individual layers of the
OLED. Ga deposited the HTL (NPB) a#0°C the ETL @Alqs) at140°C and the cathode (Al)
at60°C. The resulting OLEDs showed 30% better luminance at 20mdament density when
compared to a neheat treated OLEDs with the same organic and cathode layersd®]. T
improvement in performance was mainly attributed to the HTL already being crystallized in the
fabricated device, so further operation and/or storage would not affect the device negatively.
Furthermore, when the devices were stored in 40% RH envirdrioréhweeks, the heat
treated devices continued to possess electroluminescence at 9 V[40]. On the other hand the non
heat treated devices exhibited no emission at all. Another set of OLEDs with only the HTL
(NPB) deposited &t40°Cwere also fabricated.hese devices were shown to possess
electroluminescence at 9V after 2 weeks exposure to 40% RH conditions but they only possessed
a slight increase in luminance over the f@at treated OLEDs when compared to the luminance
increase seen with the individlyaheated layer OLEDs[40]. In conclusion, the study by Gao et
al[40] , on the effect of heating the substrate while organic and metal deposition shows that NPB

crystallization helps in improving device performance and heatiggand metal might lead @

© Content from reference [40] is reproduced in this section with the permission of AIP.
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better adherent cathode interface(better electron injection). However, Gao et al[40], focused
more on the crystallization of the NPB and its advantages on device performance rather than on
the strengthening of adhesion between interfaces. No dark ggographs were presented.

In 2003, Chan et g41] showed that by depositing organic layers (NPB Alod) at
higher temperatures like50°C retarded dark spot growth was observed. After 1200min storage
in air, almost 80% of the emissive area of a-heat treated device became remissive. On the
other hand, dark spots on the0°Cdeposited organic layer OLEDs were still small in diameter
(most <0.07mm) as shown in Fig 1.23[41]. No direct reasoning for the dark spot retardation in
relation to the heatg of the ETL Alqg3) was given. The focus was primarily on heatuced

crystallization of NPB as seen in the work by Gao et al[40] in 1999.

t=0 min t =120 mins ‘ t= 1200 mins

Device A

——

B

" Device C.

Figure 1.23: Dark spot growth at 0,120,1200mins exposure & 4H .Device A is not heated
treated, Device C has its HTL and ETL depositetie@° (41].(Reprinted with permission of

Elsevier)

Content fronreference [41] is reproduced in this section with the permission of Elsevier.
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1.8.1.2Postdeposition annealing

Another way to utilize the effect of heat on OLEDs is to anneal the OLED post
fabrication for a pecific amount of time. In 2005, Sun et §0]showed that by annealing an
OLED (structure: ITO/NPBAIqgs/Al) at 120°Cfor one hour lead to marked improvement in
luminescent efficiency, brightness, and operating stability when compared teeameaied
device. The maximum luminance ofla0°Cannealed device was 6240Cd/m2 as compared to a
mere 3650cd/ffor a unannealed device[50]. Furthermore OLEDs were selectively annealed
layer by layer to focus on the effect of heating on progressively deposiezd.|ldgble 1.1
shows that by annealing(i.e. post deposition heating) the deviiceh includes the Al cathode
at120°G the best luminance(670cd/jand efficiency(3.5cd/A) values were obtained[50].

Table 1.1 OLED characteristics for various annealing strategies[50]. (Reprinted with permission

of Elsevier)
Effect of sclective amnealing on the charactenistics of green OLEDs (ITO/NPB/Algs/Al)
Layer(s) annealed Voltage (V) at Luminance (ed/m®) at Maximum efficiency Maximum luminance
100 cd/m’ 20 mAlem’ (cd/A) fedm®)

A None 8.8 280 1.9 3650
B NFB 0.8 570 3.0 4730
C NPB/Alg, 9.7 560 28 4790
D NPB/Alg,/Al 9.5 670 35 6240

The chosen temperature was 120 °C.

Furthermore, new OLEDs with the structure ITO/NRRBJ3/LiF/Al were fabricated with
individual layers selectively annealed just like done befoije[BfAce again, luminance and
luminance efficiency improvements were observed for the OLEDs with all the layers
annealed(i.e. post deposition heating). Moreover;lHalfmprovement was also observed (52
hours for the device with all the layers anneaked@posed to just 14hours for thearmealed
device) as seen in Fig 1.24. These results shows that annealing the cathode leads to enhanced
electron injection. AFM scans of the top of the Al cathode for the device with all the layers
annealed showed thatr@ealing leads evening out of the undulation of the Al film and hence

leads to smoother morphology[50]. This could be the reason behind better operational stability.

- Content from reference [50] is reproduced in this section with the permission of Elsevier.
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Although storage stability and dark spot growth as a result of ambient exposure were not
discussed, one can see how the heating of the cathode could be beneficial to ambient stability of
the OLED. It can be speculated that better electron injection could be a result of a better adherent
interface between the cathode and the organic layeressith of heat.

10 Device Layer|s) Maximurm M aimasm Halfdife 40000
annealed efficiency lumninance
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Figure 1.24: Current efficiency and Luminance characteristics for OLEDs with various layers
being annealed . The general OLED structure is: ITO/NR&J/LiF/AI[50]. (Reprinted with

permissio of Elsevier)

Investigations into the effects of annealing(i.e. getosition heating) on OLED
operation conducted by several other groups also show positive resti2}[%lhen et al [51]
showed that by annealing OLEDs (ITO/NPB{3/Mg:Ag/Ag) at100°C which is much below
the Ty of NPB, high current density and lower driving voltages could be achieved. The power
efficiency could be improved by more than 40% by annealii@@tC[51]. The reasoning
behind the improved performance was attributed fwraved interface structures between the
HTL and ETL organic materials[51]. However, since the entire OLED was annedled°&}
one may yet again presume some improvement in interface structure of the cathalig.and
Unfortunately this study did not fas on dark spot retardation as a result of annealing(i.e. post
deposition heating).
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This uninvestigated issue was explored by Wong’éh&006[52]. OLEDs
(ITO/CFX'/NPB/ Algs/Mg:Ag) were subject to mild annealing (i.e. post deposition heating) at
70°C(well below the T of NPB) for 7.5mins and 15mins. Dark spot measurements were
recorded at Omins,120mins, and 1200mins to ambient exposure. As seen in Fig 1.25, after
1200mins of ambient exposure, almost 40% of the emissive area of the untreated dewee bec
non-emissive[52]. On the other hand, the dapot in the 7.5 and 1%in heated devices were
still small in diameter (most less than 0.08 mm)[92je 7.5min heated device gave the slowest
dark spot growthlt is considered that in the heat treatedices, the mild heating might have
modified and enhance the bonding at the various interfaces in the devices. In particular, there
would be intermixing of molecules at the NPB{; interface. Yet again, in this study, the

cathodeorganic interface was néte focus of the rationale behind retarded dark spot growth.

=0 min t=120 min t=1200 min

Figure 1.25: Dark spot growth at 0,120,1200mins exposure to 40% RH. The heated device is

untreated

heat: 7.5 min

subject to a temperature 60°C[52]. (Reprinted wittpermission of Elsevier)

A comparison of annealing vs. substrate heating Wklde deposition was conducted by
Kwong et al [45]. This study showed that substrate heating while depositidigefeads to
superior OLED device performance[45]. It was fotingt the deposition at elevated substrate

temperature improves both the maximum luminance and the stabifgobased OLEDs.

J Content from reference [52] is reproduced in this section with the permiddidsesier.
* CFx: Fluorocarbon layer.
I Content from reference [45] is reproduced in this section with the permission of AIP.
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Annealing at 108C resulted in inferior device performance. The differences in the performance
of devices subjected to diffemt temperature treatments were attributed to the changes in the film
morphology, possible changes in the molecular packing, and different charge transport
properties[45]. The morphology 8igs when it is deposited 4000°Cis shown to be rougher

than wha Alq; is annealed a@00°Cas seen in Fig 1.18[45]. The rougher morphologilgg

might affect the cathod&\lq; interface in a positive manner by improving current injection.

Even though this study focuses on the morphologyi@ as a effect of annaal and substrate
heating while deposition, it does not correlate this to dark spot retardation.

Hence after a survey of literature, we see widespread observations on the advantages of
annealing and/or heating OLEDs but very little attention is focasdtie direct improvement of
cathodeorganic interfacial characteristiegspecially adhesionas a result of annealing or
heating the OLED/OLED layers.

1.8.2Effect of Cathodeorganic interfacial Mixed Organic Metal Layer
Aziz et al [53] have showed that thee of a Mixed Organic Metal Layer (MOML)

deposited between the ETL and the cathode can result in dark spot retardation. Structures of
OLEDs with a MOML interfacial layer(A) and without the MOML(B) are shown in Fig 1.26.

Mg Ag (9:1)
(120nm) Meg:Ag (9:1)
cathode (120nm)
AlQ:Mg:Ag ;
{Ternary MOML) i organic
' ; layers
T it E S —
: layers _ i
i : ! anode
anode
Device A Device C

Figure 1.26: Device A shows the structure of an OLED with a MOML cathodganic
interfacial layer. Device B represents the generatM@ML OLED structure[53].
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Fig. 1.27 shows micrographs obtained from device A and device C after Bishaage
in the ambient (22°C, RH: 55%0%) without encapsulation[53]. Clearly, the use of MOML
retards the growth of dark spots. It is interesting to point out that some of the studied MOML
OLEDs were found to be still operable after being left, witlemaapsulation, in the ambient for
a year; a feature that conventional devices with standard metal cathodes fail to show[53]. The
causes behind the slower dark spot growth in MOML OLEDs were not discussed in this study.
However, since delamination at tbathode/organic interface is believed to cause dark spot
growth, the increased dark spot retardation in MOML OLEDs may be an indication of better

interfacial adhesion at MOMbrganic interface.

Figure 1.27: Dark spot growth after 24 hours ambient exposure for an OLED with a MOML
layer (left) and an OLED without a MOML layer (right)[53].

Hence we have discussed the literature findings on the effects of heat and interfacial
MOML layers on OLED performancenprovement and/or dark spot retardation. Overall the
effect of controlled and judicial heating on dark spot retardation is shown to be promising.
However no substantiated studies exist on the direct effect of elevated temperature cathode
deposition and/othe effect of using cathoed®ganic interfacial layers on improving dark spot
retardation by focusing on the cathemlganic interfacial adhesion. Therefore, this work focuses

on the role of cathoderganic interfacial adhesion in dark spot retardation.
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