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Abstract

Over the last decade Organic Light Emitting Device (OLED) technology has matured,
progressing to the point where state-of-the-art OLEDs can demonstrate external extraction
efficiencies that surpass those of fluorescent lights. Additionally, OLEDs have the benefits
over conventional display and lighting technologies of large viewing angles and mechanical
flexibility. However, in order to become a commercially viable, widely adopted technology,
OLLDs must not only match the long-term stability of competing technologies, but must
demonstrate a distinct advantage in efficiency. This thesis presents various strategies for
fabricating nanopattetned structures that can be integrated into OLEDs with the amm of
improving the external extraction efficiency. Soft nanolithography, colloidal deposition, and
preparation of metallic nanoparticle films are among the fabrication techniques mnvestigated for
potential applications in enhancing OLED performance.
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GLOSSARY

Anode - A positively charged electrode that is the source of holes, or the sink of electrons, in
an electrical device.

Anthracene — A crystalline solid that can range in hue from colotless to pale yellow. One of a
group of chemicals called polycyclic aromatic hydrocarbons (PAHs). The chemical

structure is shown below:
AN /‘R\T

|

\:é\\\'// / \\\\ /[\ !

Cathode — A negatively chatged electrode that is the soutce of electrons, or the sink of holes,
in an electrical device

Conjugation — The presence of alternating double (or triple) and single bonds between
carbon atoms in a chemical compound.

Electron — A sub-atomic patticle with a quantized negative charge.

Electron-Volt (eV) — A unit of energy, typically used to measure energy of atoms, molecules,
or individual photons. A useful conversion factor is

1241 eV -nm
x

, where x is in ¢V.

Exciton — An exciton is a combination of an electron and a hole 1 a semiconductor or
insulator in an excited state. The hole behaves as a positive charge, and the electron is attracted
to it to form a state similar to a hydrogen atom. The probability of the electron falling into the
hole is limited by the difficulty of losing the excess energy, so that the cxciton may have a
relatively long life. Alternatively, an exciton may be thought of as an excited state of an atom
ot ion, the excitation wandering from one cell of the lattice to another.

Hole — The absence of an electron in a semiconductor material, which can be modeled as
b4
p081tive charge carriers in an electrical device.

Intrinsic Carrier Concentration — The formula for calculating intrinsic carrier concentration
at thermal equilibrium is

2kpt
n=N.e

] S
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where:
e n, is the intrinsic cartier concentration per unit volume in a semiconductor free
of defects or impurities.

N, is the number per unit volume of effectively available states.
I, is the energy gap between the LUMO and the HOMO.

ky is the Boltzmann’s constant, 1.381x10* Joules/Kevin.

‘I is the absolute temperature in Kelvin.

Ohmic Contact — A metal-semiconductor contact that has a linear or near-linear current-
voltage characteristic

Polycyclic Aromatic Hydrocarbons (PAHs) — A group of highly reactive organic
compounds.  Hydrocarbons refer to organic compounds containing only carbon and
hydrogen. Aromaticity refers to a configuration of six carbon atoms into a planar ring that are
connected by delocalized electrons. The simplest aromatic hydrocarbon 1s known as a
benzene ring (Figure below). Polycyclicity refers to the presence of multiple carbon rings in a
compound.

|
H ¢ H
\C/ \C/
Ol
w \T/ ~y
H

Vacuum Level — The energy level of a free electron

Wotk Function — The minimum enetgy requited to transfer an electron from the Fermi level
within a solid to a point just outside its surface.
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Introduction to Organic Light Emitting Devices

Chapter 1

INTRODUCTION TO ORGANIC LIGHT EMITTING DEVICES (OLEDS)

A Brief History of Organic Electroluminescence (EL) Research

Research on the generation of light from organic materials began as early as the 1950’s. In the
eatly 1960’s, researchers, such as M. Pope [1] and W. Helfrich [2], worked on single crystals of
anthracene to achieve light-emitting devices. However, there were several drawbacks
preventing practical use of these early devices including low light output, high operational
voltages, and unstable materials. The high operating voltages were a result of the crystal
thicknesses in the micrometer (1 x 10° m) range along with difficulties reproducing crystal

growth as well as poor clectrical contacts.

The next step in the evolution towards efficient OLEDs was made in the 1970s through the
use of vacuum vapor deposition techniques to prepare thin organic films. The reduction of
the organic layer thickness well below 1 micron allowed researchers to achieve clectric fields
comparable to those applied to single crystals, but at a considerably lower voltage. But,
research was shelved again due to the inability to produce thin, morphologically smooth

organic films; defects such as pmn-holes resulted in unstable device operation.

Finally, i the late 1980’s C.W. Tang [3] and J.H. Burroughes [4] demonstrated OLEDs with
the potential for lighting and display applications. Their works utilized organic films deposited

by thermal evaporation or spin-coating, leading to thin (1 x 10” m), smooth, and
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Introduction to Otganic Light Emitting Devices

homogencous films. The small thicknesses led to low operating voltages (~ 10 V), which were
compatible with modern electronics. The homogeneous films led to high dielectric strength
and the possibility of applying large electric fields. Their deposition methods also made large
area devices possible. Howevet, it was their development of the multi-layer OLED structure
that let to considerable improvements in efficiency of light emission by achieving a better
balance of charge carriers (holes and electrons) and improving the electrical contact between
the organic layers and the electrodes. This breakthrough sparked efforts in the development
of new molecular materials and device structures. Over the last decade, OLEDs have entered
the commercial world through ccll phones, car stereos, and digital cameras and are considered

as promising candidates for future display and lighting applications.

OLED Device Structute

A typical OLED consists of organic layers that ate sandwiched between two electrodes and are
many times thinner than a sheet of paper. Figure 1.1a presents a cross-section of a canonical
green OLED, which is the basis for all of the experiments in this thesis. Fach layer in the
OLED serves a unique purpose, and for that reason choosing the appropriate thickness and
material of each layer is crucial. The cathode is typically made of a Magnesium-Silver
(Mg/ Ag) alloy. For reasons discussed later, the cathode must have a low work function (W);
however, such materials are quite reactive. Choice materials arc presently Calcium (W ~ 2.87
eV) and Mg/Ag (W =~ 3.6 eV). The next layer down is the organic layer, which consists of
different materials depending on the desited color. Because the organic light emission is

typically in the visible range, a photon energy from 1.7 ¢V to 3.1 ¢V is required. This

Improving the External Extraction Efficiency of Organic Light Emitting Devices 10



Introduction to Organic Light Emitting Devices

necessitates the use of conjugated molecules or polymers in the emitting layer, whose lowest
unoccupied moleculat otbitals (LUMOs) and highest occupied molecular orbitals (HOMOs)
are typically 2-3 eV and 5-6 eV below vacuum level. The presence of conjugation also results
in semiconducting organic matetials that can respond to electrical signals. For all of the
devices in this thesis, a tris-(8-hydtoxyquinoline) aluminum (Alg;) and an N,N’-diphenyl-
N,N’-bis(3-methylphenyl)1-1’biphenyl-4,4’diamine (IPD) heterojunction was used as the
active organic layer (sce Figure 1.1b). Underneath the organic layer lies the anode, which 1s
composed of a thin layer of Indium Tin Oxide (ITO). ITO 1s a conventently transparent,
conductive material, through which the emitted light escapes the device. For reasons
discussed below, the anode requires a rathet large work function, and ITO, depending on the
sutface treatment, can have a work function between 4.7 eV and 4.9 ¢V. Finally, all of these

layers are vacuum-deposited onto a transparent substrate, which 1s typically glass.

ﬂ) b)
<t Ag \
< Mg/Ag A
<+— Alg; (ﬁlﬁ\é
<+—TPD H_;C == cm
] <+—ITO N J
SN/ \

<+ Glass
2 e

Figure 1.1. a) Cross-sectional view of a typical green OLED b) Chemical structures of Alq3 and TPD
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OLED Device Operation

Electroluminescence (EL) is the generation of light from matter using electricity and is at the
core of OLED operation. In order to better understand the EL process researchers use a
simple enetgy band model to describe OLED behavior (see Figure 1.2). A typical I-V curve
for a green OLED is shown in Figure 1.3. From the energy band model it becomes easier to
relate the I-V characteristics with the basic processes required for EL in organic solids: charge
cartier injection, charge cartier transport, exciton formation, emission of a photon, and

transport of the photon out of the device.

Anode Organic Cathode

Figure 1.2. Simplified energy band diagram representing the basic steps of EL: (1) charge carrier
injection, (2) charge carrier transport, (3) exciton formation, and (4) radiative exciton decay. (Wc:
cathode work function, Wa: anode work function).
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Figure 1.3. A characteristic I-V curve for a standard, green OLED with the following layers,
TPD:Alq3:Mg/Ag:Ag (500 A: 500 A: 500 A: 500 A).

Charge Carrier Injection and Transport
Many of the materials in OLEDs are wide-gap materials with energy gaps of 2 to 3 eV. Thus,

the intrinsic carrier concentration in the organic materials is very small (< 10"

cm’). From
this petrspective, it is approptiate to consider the materials more as insulators than
semiconductors. Any charge carriers present in the operating OLED must be injected from

the electrodes. Generally, the relative positions of the energy levels in the organic films and

the metal electrodes create energy barriers for injection.
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Once carriers are injected into the organic material, they are transported by the applied electric
field towards their respective electrodes. Because of the disorder inherent in organic matetials,
chatge carrier transport in organic materials is described by hopping between localized,
molecular sites with different energy and distance. Additionally, carriers can be trapped in gap

states originating from mmpurities or structural traps. This results in low carrier mobilities,
which are typically between 107 and 107 cm’ / Vs at room temperature. Research suggests

that conduction in OLEDs is consistent with a trapped-charge-limited (I'CL) model [5].

Carrier Recombination

If enough voltage is supplied to the OLLD, the electrodes will induce an electric field that
injects electrons from the cathode (Mg-Ag) and holes from the anode (ITO). If both charges
attive on a single organic molecule, a molecular excited state may be formed. The Coulombic
interaction between the closely spaced charge cartiers creates a large binding energy for the
molecular excited state. ‘Thus, the molecular excited state cannot be dissociated easily, and its
properties are consetved, over a finite lifetime. This molecular excited state diffuses through

the organic layer between molecules, allowing it to be treated as a particle known as an exciton.

Exciton Decay and Light Out-conpling

An exciton can be classified as cithet a singlet ot a ttiplet based on its spin. Singlet excitons
quickly and efficiently decay, emitting light in a process known as fluorescence. Triplet
excitons, however, have a low probability of luminescence and almost always decay in slower,
non-radiative processes. 'The wavclength of the emission depends on the energy bandgap of

the emissive material, and the intensity of the light is proportional to the current. Light is
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generated in the organic layers within the OLED, however not all of the light is able to escape
the device. Much of the light is waveguided within the layers of the OLED due to total
internal reflection. One important figure of metit for determining how much light leaves the
device is the output coupling efficiency or external extraction efficiency, which is defined as
the ratio of the number of photons emitted by the OLED into the viewing direction to the
number of clectrons injected. ‘lThree different fabrication techniques are explored in this
thesis: nanolithography, colloidal deposition, and metallic nanoparticle deposition.  These
techniques lay the foundation for creating new device structures that have the possibility of

improving the output coupling efficiency of OLED:s.

Improving the External Extraction Efficiency of Organic Light Emitting Devices 15
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Chapter 2

APPROACHES FOR MODELING AND EXTRACTING WAVEGUIDED
LIGHT

Eixtracting the waveguided light that is trapped within OLED:s 1s the main thrust of this thests,
and in the next few sections the motivations for this research will become clear. To have any
hopes of controlling the waveguided light, we need to first take a closer look at where the

generated light is going,

Quantum Efficiency
The quantum efficiency, N, of an OLED is an important figure of merit for devices and can
be experimentally measured. Quantum cfficiency is defined as the number of photons exiting

the device per injected electron and can be expressed as a product of the fraction of emissive

excitons, §; the photo luminescent efficiency of the emissive molecule, ¢p; and the output

coupling cfficiency, Ny :

Mg = AMxOpi. EQ21)

A sample quantum efficiency vs. current curve is shown in Figure 2.1. The singlet to triplet

ratio produced by conventional OLLEDs has been directly measured to be approximately 1:3.
Thus, the fraction of emissive excitons, ¥, in a fluorescent OLED is restricted to 25%.

However, through a technique called electrophosphorescence [6], OLEDs can be made to
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efficiently harvest the energy from triplet excitons to produce light, effectively making  close

to 100%.
14
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Figure 2.1. A sample external quantum efficiency vs. current graph taken from a standard, green
OLED with the layers TPD:Alq3:Mg/Ag:Ag (500 A: 500 A: 500 A: 500 A).

Additionally, the photo-luminescent efficiency, ¢,,, of a molecule under optical excitation is
defined as the number of emitted photons per absorbed photon. Device optimizations such
as creating a heterojunction with an electron transpott layer (ETL) and a hole transport layer

(HTL) in conjunction with electrophosphotescence have also made ¢, close to 100%.

Imptoving the External Extraction Efficiency of Organic Light Emitting Devices 17



Approaches for Modeling and Extracting Waveguided Light

Because it is possible to make both ¢,; and 7 close to 100%, the only remaining limitation to
the quantum cfficiency of OLEDs is the output coupling efficiency, ny. The structural and

physical properties of OLEDs directly limit 1y through absorption losses and by waveguiding
light within the layers of the device. Traditional OLEDs tend to harness approximately 20%
of the total light emitted from an otganic light source [7]. As the light is emitted from the
organic layer it travels in all directions. Because of the changes in the index of refraction from
layer to layer, the light emitted from the soutce will refract. Some of the light will refract so
much that it becomes trapped in any one of the layers due to total internal reflection. Also,
light that is reflected back through the device has a large probability of being absorbed by the
otganic molecules or the metal electrode. Thus, a large portion of the light created never

makes it out of the viewing surface and goes to waste.

Ray Optics Model

By ignoring microcavity cffects, assuming that there is no diffuse scattering at interfaces, and
approximating all surfaces to be planat we can build a model to estimate just how much light
gets trapped in an OLED structure based on simple geometry. Despite not accounting for the
quantum mechanical microcavity effects, it is still possible to atrive at a relatively accurate
estimate of the distribution of waveguided light within the device. First, we require an
understanding of Snell’s Law, which is a direct result of Fermat’s principle, stating that a beam

of light travels the path between two points in space that requites the least amount of time:

n,sin®, =n,sin6, (EQ21)
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Snell’s law applies light that is incident on an interface between layers with different indices of

refraction (see Figure 2.2).

Figure 2.2. A schematic demonstration of Snell’ law with two layers that have different indices of
refraction ny and nz. 0 is the incident angle of the light and 02 is the refracted angle.

With Snell’s law we can begin to look at waveguiding in the OLED structure layer by layer.
Assuming an isotropically light-emitting point source (Le. an Alg, molecule), only the rays
contained in a right-circular cone defined by the critical angle (0,) can escape from layer 1

(emitting layer) to layer 2 (receiving layer):

O = arcsi_n( T J (EQ 2.2)

o,

A ray diagram of the various optical paths taken in an OLED is shown in Figure 2.3.
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Figure 2.3. A schematic diagram of optical paths in an OLED. Only light emitted at angles within the
“escape cone” will leave the device (ray 1). Light emitted at larger angles results in trapping in the
substrate (tay 2) and in the otganic/anode layers (ray 3).

Clomg—niry 15 the critical angle between the organic layer and air. Furthermore, the fraction of

light trapped in the substrate, 7, and the organic/ITO layers, 7,1, are given by

nxub =Cos e(:(urgﬂ}i() —Cos e(‘,(nr‘ufxuh) (E‘Q 24)
nnwn'() =cos e(,’(:)r.l.{*sub) (EQ 2'5>
where 0, ., 15 the critical angle between the organic layer and the substrate. For glass

substrates and typical indices of refraction for the organic (n ~ 1.7) and ITO (n ~ 1.8 -2.1)

layers, the external extraction efficiency, 1, i1s only approximately 17%. Close to 51% of the

ext ?

light i1s waveguided in the organic/ITO layers and the remaining 32% of the light remains

trapped in the substrate layer [7].
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Notable Approaches

By looking at previous work on improving the outcoupling efficiency of OLEDs, it becomes
casier to see the best approach to solving this problem. A variety of techniques have
demonstrated an increase in the output coupling efficiency. One solution to the light trapping
problem is to add a spherical glass lens the substrate of the OLED [8]. This approach did
improve the external extraction cfficiency by a factor of 3. However, the spherical lens needs
to be relatively large in size compared to the thickness of the actual OLEL pixel because the
focal point of the lens is pushed further away by the device layers in between, making this

scheme inappropriate for integration into displays.

Alternatively, an ordered microlens atray was placed on the substrate and achieved a 50%
increase in external extraction efficiency over a flat, glass substrate [9]. While this solution
could be used in lighting and display applications, the difficult process of fabricating microlens

attrays prohibits this technique from gaining widespread use in manufacturing,

Finally, a two-dimensional photonic crystal was patterned onto the inner surface of an OLED
substrate [10]. Experimentally, a 50% enhancement of the external extraction efficiency over a
conventional OLED was observed. However, the far-field intensity profile of the photonic-
crystal OLED (PC-OLED) exhibited a pattern attributable to the photonic-crystal pattern.
This makes integration in display applications much more difficult. Also, there was no data
shown for the effect of the PC-OLED on the specttum of the emitted light. Presumably, the
broad emission spectrum of organic materials would exceed the photonic bandgap and

therefore interact with the photonic crystal to change the spectrum of the emitted light. The
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processing required to fabricate the 2-D photonic crystals prevents this technique from

widespread use as well.

Scattering Waveguided Light

One aspect that all of the previous approaches had in common, was that the patterning was
applied to a face of the substrate. This has the disadvantage of putting the optically active
elements farther away from the emissive layer. If the distance between the patterning and the
light-emitting layer could be made smaller the size of the patterned features can be minimized.
My solution to the efficiency problem is motivated by the need to move the optically active
layer as close as possible to the light-emitting layer and by the need to keep the processing of
organic devices as simple as possible. The idea is to create scattering centers that will be as
close as possible to the organic layer without changing the electrical properties of the OLED.
Petforming a simplc calculation, we can estimate the possible gains in external extraction

efficiency from this approach.

Ray Optics Analysis of 1ight Scattering
Consideting a simple isotropic emitter and an adjunct, scattering layer it is possible to
reasonably estimate the potential improvements in outcoupling efficiency. For simplicity,

assume a square device profile as shown in Figure 2.4.
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Figure 2.4. A simplified device containing only a scattering and emissive layer.

Using geometry, we can calculate the critical angles in the x and y dimension for light to escape

the scattering layer (Figure 2.5).

Scattering Layer !

d 0102
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Emission Site
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Figure 2.5. A diagram illustrating the geometry of the escape angle. The only photons that matter are
the ones that leave the front of the device through the scattering layer.

Assuming the scattering layer is placed some distance, d, away from the emissive layer, then

the equations determining the escape cone atre

0, (x)= 0,,+6,, = tan”' [§)+ tan”' (Ld_xj (EQ. 2.6)
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0, (y)=6,,+6,, =tan" [%) +tan” (?) EQ.2.7)

By assuming we have an isotropic emitter, we can integrate over the device arca and normalize

over the device dimensions to obtain the fraction of forward emitted light that reaches the

scattering layer, M:

_ 10,8 () (
n_AAf - =dA [Q. 2.8)

Remembeting that the device is square and L is equal to W, we can further simplify the

expression:

L 2
= 12 }‘1{{2 J"faff1 (gj dX:l (By device symmetry)
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Ltan_(%jzﬁ and %ln[du—kL-)zéln(—Ii)—)O (For d << L)

Thus, in the limit that the scattering layer is placed directly adjacent to the emissive layer all of

the light will reach the scattering layer.

Assuming putely random (memoryless) scattering and considering the lower limit of scattering
effects (ie. no contribution from sccondaty reflections) 50% of the light that reaches the
scattering centers will be scattered in the forward direction. Secondary reflections have the
potential to further improve the external extraction efficiency as backscattered light is reflected
off the cathode into the forward direction. Absorption will reduce this contribution, and
diffusion of the light away from the device area will negatively impact display resolution.
However, diffusion of the light away from the device will be negligible assuming the light 1s
traveling in a film that is much thinner than its lateral dimensions. Also, absorption can be

effectively ignored based on simulations documented in Chapter 4.

Thus, assuming a cathode that is ~80% reflective [13] at 530 nm (wavelength of green light),

including secondary reflections, and ignoting absorption effects we can estimate the total

fraction of light that is scattered forward out of the emissive layer (organic/ITO) to be

o«

Mo = 2,(05) (0.8 > 1 (EQ 29)

1=1
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So, we arrive at the approximation that all of the emitted light will eventually scatter forward
into the next layer. This next layer will be glass in all of the experimental device structures
explored in this thesis. Thus, the index of refraction difference between the glass substrate (n
= 1.5) and air (n = 1.0) will result in a fraction of the emitted light getting externally extracted.

This fraction becomes the external extraction effictency, 1, , and can easily be calculated from

ext ?

Snell’s law by finding the critical angle for light traveling through glass mnto air:

. » . a1 ‘
B gass-ic =SI0 1[;““ ] =sin"' (ng ~ 41 (EQ. 2.10)

glass

Thus, external extraction efficiency becomes approximately 41 / 90 x100% ~ 45%, resulting

in a factor of 2.5 improvement over the calculated external extraction efficiency of

conventional OLEDs.

Proposed Device Structures

By using microsphete monolayers and metallic nanoparticles as scattering centers we have a
couple of potential solutions that will be capable of being integrated into any device structure
and will produce a significant factor of improvement in external extraction efficiency.
Microsphere deposition can tresult in devices that have the structure illustrated in Figure 2.6.
The microspheres will lie between the ITO and the glass substrate, which means that ITO will
be sputtered on top of the microsphetes after they are deposited onto glass. Effectively, this
will cause the ITO to conform to the pattern formed by the lattice of microspheres thereby

toughening the ITO and causing it to become a scattering layer. The metallic nanoparticles are
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another scattering media that can be used to roughen the surface of the ITO. The processing
would only require a few angstroms of metal evaporated onto the I'TO coated glass substrate.
This would again have the effect of roughening the ITO and organic interface, letting the

emitted light scatter into the glass substrate.

Figure 2.6. A schematic of a proposed device structure that incorporates microspheres as a form of
scattering media.
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Chapter 3

EXPERIMENTAL METHODS

While not all of the fabrication techniques desctibed in this section may appear to be directly
telated to OLEDs, the methods may, in the future, play a role in realizing a more efficient
OLED. The detailed processes of nanopatterning PDDMS, microsphere deposition, and

metallic nanoparticle evaporation are explained below.

Fabrication of 2-D Periodic Nanostructures in Poly(dimethylsiloxane) (PDMS)

There are two fabrication processes that are required to construct periodic nanostructures in
PDMS: Interference Lithography and Soft Lithography. Figure 3.1 steps through the whole
process, showing how both fabrication processes are combined to create the final, structured

PDMS film. The sections below will explain each fabrication process in detail.

Interference 1 ithography

Interference Lithography (IL) is a patterning technique that can create sub-micron featurcs
that are petiodic over a large arca (usually several centimeters). IL allows vast numbers of
identical structures to be patterned with short exposure times and simple equipment. The
periodic pattern is formed by the constructive and destructive interference of light waves that
form a standing wave at the surface of the substrate, which 1s covered with a layer of light-
sensitive photoresist. This standing wave exposes the photoresist, allowing the periodicity of

the standing wave to be transferred to the photoresist layer. The period of the transferred
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pattern, P, is a function of the source wavelength (L) and the angle between the normal to the

substrate surface and the light beams (9) [11]:

A »
(EQ.3.1)
2sin@
Interference Lithography Soft Lithography
\ - \v @ Deposit photolithographic stack \\\\
Bare Silicon Nanopatterned PDMS

o @ Cure PDMS and template
@ Expose interference patrern

1.4

@ Reactive lon Etch

« ] 5
- @ Apply teared silicon templare

//

L

N

@) Spin PDMS on substrate

Figure 3.1. A diagram of the processes involved in fabricating thin, nanopatterned PDMS films.
Interference lithography consists of steps 1-3 and soft lithography consists of steps 4-5.

Lioyd’s Mirror Interferometer

The Nanostructures Laboratory (NSL) is home to the Lloyd’s Mirror I system, which was
used to create all of the structures documented in this thests. The Lloyd’s Mirror
Interferometer uses a broad laser beam and a mirror to generate the interference patterns on

the substrates as shown in Figure 3.2. The mitror is held perpendicular to the substrate
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surface and uses the incident beam to create a second beam that generates the mterference
pattern. The period of the grating will be determined by Equation 3.1, where 0 is determined

by the otientation of the mirror and substrate with respect to the incident beam.

&«

Incident Light

Phase Front

IRARARARRANN

| Substrate

A

Figure 3.2, Schematic of basic Lloyd’s Mirror configuration, generating an optical path length
difference.

The Iloyd’s Mirror system, as illustrated in Figure 3.3, uses a 54 mW helium cadmium (HeCd)
ultraviolet laser at a wavelength of 325 nm as the light source. The mirror and the substrate
are rigidly attached to the substrate holder via vacuum suction. The substrate holder rests on a
rotation stage which can change the incident angle of the laser beam on the mirror and the
substrate, reliably setting the petiod of the grating anywhere from 200 nm to 1000 nm. A
spatial filter is used to remove the high frequency noise from the laser beam before exposing

the photoresist, creating an approximately Gaussian beam profile. A pinhole is placed
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between the spatial filter and the substrate to allow the laser beam diameter to expand so that

it exposes a large area when it finally reaches the surface of the substrate.

HeCd Laser

Spatial Filter

/ﬁ

Substrate Holder

Figure 3.3. An isometric view of the Lloyd’s Mittor Interferometer system showing light incident upon
both the mirror and substrate. The light reflected off the mirror interferes with the incident light to for
a periodic pattern. The rotation stage sets the period by changing the orientation of the mirror and
substrate.

The Lloyd’s Mirror system is faitly robust and immune to external mechanical vibrations.
Vibrations that affect the relative path length of the two interfering beams are the only

vibrations that affect the exposed pattern. The whole system rests on a floated optical bench,
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and the separation of the laser beam does not occur until it reflects off of the mirror, which is
rigidly connected to the substrate holder. As a result, relative changes to the beam path
lengths are minimized. Also, the period of the grating can easily be adjusted by rotating the
mirror/substrate, which changes the angle of mcidence. No additional alignment steps are

necessary.

However, thete ate still some drawbacks to using the Lloyd’s Mirror system. First, the laser
soutce does not maintain the same power output between exposures. This makes it extremely
difficult to propetly dose the substrate, usually requiring a process of trial and error to discover
the approptiate exposure time. Also, the power of the incident beam is not constant over the
area of the spot of the beam, where the cdges of the beam are less intense than at the center of
the becam. This results in uneven dosing across a substrate, which can drastically reduce the
useable area on substrates that require multiple exposures. Gratings with two dimensions of
petiodicity will requite two exposutes that are performed at different angles around the axis
normal to the substrate, while maintaining the same incident beam angle. There is no rotatton
stage in the setup that allows for this type of rotation, therefore the substrate must be manually
rotated, introducing another source of etror and resulting in a lack of precision. DBoth
impropet exposure times and rotation angles can result in malformed structures, as illustrated

in Figure 3.4.
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Figure 3.4. a) An AFM image of a photoresist pattern that was underexposed in one of the exposures.
b) An SEM image of a photoresist pattern where the angle of rotation between the first and second
exposure was too large. In both cases the desired pattern was circular posts in a hexagonal lattice
with a period of 300 nm.

Photolithographic Stack

The first step in the process of making a nanopatterned, silicon master template that will act as
a mold for the PDMS is to prepare the silicon substrate with a stack. The photolithographic
stack refers to the layers of material that are deposited onto a substrate before exposing the

sample with an interference pattern.

The bottom of the stack is the Anti-Reflection Coating (ARC). The ARC is a polymer that
serves to attenuate the reflections of the incident beam off of the substrate. Light reflected off
of the substrate can interfere with the incident beam, forming an interference pattern along the

vertical sidewalls of the patterned substrate. This results in a wavy sidewall that may be too
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weak to withstand the subsequent development and etching procedures. The reflectivity at any
layer boundary in the stack i1s dependent on the indices of refraction and thicknesses of the
stack layers as well as the angle of incidence and wavelength of the laser beam. To minimize
the reflected power, a software simulation similar to the one used in [11] is used to determine
the necessary ARC thickness based on all of the properties mentioned previously. The
softwate program can calculate the reflectivity at any boundary of the layered stack and can
generate a plot of the reflectivity at a specified boundary as a function of ARC thickness. This
plot can then be used to determine the proper material and thickness for the ARC. For a 300
nm period grating, typically BARLi ARC is spun at 4000 rpm to achicve a roughly 90 nm thick
film. The wafer is then placed on a hot plate at 100° C for one minute to drive off any

remaining solvent.

The next deposited layer is a thin film of Silicon Oxide (§10x), which is thermally evaporated
on top of the ARC to act as a hard mask. During the subsequent etching processes the
patterned photoresist layer often will not survive for very long. 'Thus, the SiOx layer is
deposited between the photoresist and ARC layers to facilitate deeper etching into the silicon
substratc long after the photoresist pattern is gone. For a grating with a period of 300 nm, a

20 nm thick layer of SiOx is deposited.

A thin layer of Hydrogen Dimethyl Sulfoxide (HMDS) is required to provide adhesion

between the SiOx layer and the final photoresist layer. Typically a thin film of negligible
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thickness is spun on top of the SiOx and then excess solvent is driven off of the substrate at

100° C for a minute on the hot plate.

The final layer in the photolithographic stack is the photoresist, which gets exposed to the
interference pattern. When using a positive photoresist, the interference pattern exposes the
parts of the surface that will remain after development. When using a negative photoresist, the
interference pattern exposes the parts of the surface that will be removed after development.
All of the samples in this thesis were fabricated with a desired periodicity of 300 nm. Thus,
PFI 88, a negative photoresist, was spun at 4000 tpm to create a 100 nm thick layer. After the
photoresist is baked at 100° C fot a minute on the hot plate, the substrate is exposed to the
intetference pattern for the appropriate dosage time. In the negative photoresist, a longer
exposure time results in thinner, smaller features, whereas shorter exposure times result in

thicker, larger features.

Reactive lon Etching (RIE)

RIE is a dry etching technique where ions accelerate towards the substrate, reacting with
materials at the surface. RIE removes material in a highly directional manner and is used to
transfer the developed patterns that resulted from the lithography steps down through the
stack into the substrate. Once the interference pattern has been developed in the photoresist
layer, a number of different etching steps ate necessary to transfer the pattern through the
SiOx layer, the ARC layer, and finally into the silicon substrate. Different materials have

vatying etch chemistries and thetefore requite different gases in the etching chamber. RIE
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processes are based upon a chemical reaction between the etch gas and the substrate, which
binds the substrate atoms into a volatile compound. A good indicator of the possible creation
of volatile by-products is the boiling point of compounds containing the etch gas and substrate
materals. SiOx is etched using a fluorinated gas such as CHIY, or CI,. Polymers such as the
photoresist and ARC react with a Helium-Oxygen mixture (He/O2). After etching the

substrate is ready for use as a silicon master template in patterning PDMS.

PDMS Nanolithography

Soft lithography is a fabrication technique that was pioneered by George Whitesides at the
Department of Chemistry in Harvard [12]. The basic idea is that of using polymer stamps to
transfer patterns on the sub-micron scale. To create polymer stamps, molds are created that
can shape the polymer with sub-micron resolution. While the fabrication of thick polymer
stamps (gtcater than hundreds of microns thick) is a relatively straightforward process, I am
interested in creating thin films (< 1 um) of patterned PDMS that can interact with visible
light. PDMS is a cross-linking polymer that can be made transparent and cures without

volumettic loss, making it a favorable material for fabricating nanopatterned films.

The PDMS used throughout my expetiments is manufactured by Dow Corning as Sylgard 186,
which comes as a kit with a tub of silicone elastomer and a bottle of curing agent. In order to
achieve thin films of PDMS I developed a process that is illustrated m Figure 3.1. 'The first
step is to mix silicone elastomer with the curing agent in a 10:1 ratio by volume. A change

the ratio of silicone elastomet to cuting agent results in changes in the rigidity of the cured
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PDMS. Making the ratio smaller will make the PDMS firmer, while a larger ratio will make the
PDMS more clastic.  Once the PDMS has been mixed (approximately 1 minute by hand) to
ensure that the silicone elastomer has been totally exposed to the curing agent, the PDMS is
set in a vacuum storage box and degassed for approximately 30 minutes. Next, an optional
step is to mix the PIDMS with a solvent (i.e. chloroform, hexane, etc.) to act as a thinner.
‘Then, the PDMS is spun onto a substrate; the spin speed can vary depending on desired
thickness of the film. Next, I take the silicon template and apply a few drops of surfactant (a
5% Micro 90/water solution by volume) and use a nitrogen gun to blow dry the substrate.
The surfactant aids in releasing the silicon stamp from the PDMS after curing. Then, I firmly

press the silicon template into the uncured PDMS film. While applying pressure, the PDMS
and silicon sandwich is then cured on a heating element at 130° C for 5 minutes. Finally, the

silicon template is carefully removed using tweezers, and we are left with the thin, patterned

PDMS film on a substrate.

Deposition of Silica (S§i0,) and Polystyrene (PS) Microsphetes

A number of deposition techniques were evaluated to determine the best way to achieve a
monolayer of microspheres over a large area (0.5 in. x0.5 in.). A flat monolayer becomes
important for the eventual integration of these optical elements into a working OLED.
Microsphere clusters and larger grain boundaries will most likely end up shorting a device, thus

limiting these defects becomes a key consideration when evaluating deposition techniques
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Spin-Casting

The spin-casting of microspheres is a technique that has the advantage of being a simple, quick
process. However, the deposition dynamics are difficult to fully control, and thus in these
experiments I was looking for general trends based on spin speeds, type of solvent, material of
sphere, the concentration of spheres, and the size of spheres. The substrates atre cleaned using
the standard Laboratory of Organic Optics and Electronics (LOOLE) cleaning procedure [9]
and then placed on the vacuum chuck of the spinner. Then, a couple of drops of solution

containing microspheres are spun off the surface at speeds ranging from 1000-6000 rpm.

: Substrate
Meniscus /&

Microspheres

Colloidal Solution

Figure 3.5. A schematic diagram of the vertical evaporation setup. The magnified view shows
colloidal deposition process.
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Vertical FEvaporation

Evaporation is another simple deposition technique that has the advantage of requiring few
steps and little equipment, howevet long evaporation times, lasting for several days, limit the
usefulness of this technique. Figure 3.5 depicts a setup similar to the one used in the
evaporation experiments. As can be seen from Figure 3.5, the cleaned substrates were placed
vertically into a vial containing solutions of varying concentrations of spheres and solvents.
Then, the vial 1s placed in an oven to speed the drying process. As the solvent evaporates, the
surface tension between the solvent and the sutface of the substrate forms a meniscus that

forces microspheres to adhere to the surface of the substrate.

Etectrically Guided Assembly

Using a technique pioncered by Aksay in the Depattment of Chemical Engmeering in
Princeton, colloidal suspensions are assembled into planar lattices using alternating current
electric fields [14]. Close packed clusters ot sparse arrays form depending on the frequency
and relative particle concentrations. The frequency dependence of the assembly behavior is an
interesting and complex relationship. At low frequencies (< 3 kHz) the microspheres repel
each other and separate uniformly, creating a sparse lattice. At high frequencies (20-200 kHz)
the microspheres attract one another and aggregate into large clusters. A schematic diagram of
the experimental setup used to observe the microsphere formations in-situ is illustrated in
Figure 3.6. While this technique presents the opportunity to fully control the placement of
microspheres on a substrate, there is currently no method of depositing the spheres onto the

substrate. As the solvent evaporates, the sphetes aggtegate and cluster at the boundaries of the
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solution as they no longer are affected by the strong electric fields. At present, this technique
is solely used to observe microsphere behavior in solution. If there existed a method to affix
the spheres to the surface of the substrate while still being suspended by the electric fields,

then this technique would be suitable for creating uniform monolayers appropriate for devices.
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Figure 3.6. Schematic of the apparatus for pattern formation and in-situ observation. The ITO
electrodes are separated with a 500 micron Teflon spacer.

Deposition of Metallic Nanoparticles

Gold and Silver nanoparticles have been obsetved to scatter visible light. To take advantage of
this property in a working OLED device, I use an Angstrom Engineering Evaporation System
to deposit thin (approximately 1 A t0 10 A thick) films of gold or silver on top of the ITO
electrode. Growing at a rate of 0.5 A/sec allows me to accurately control the thickness of
these thin films. The Angstrom Engineering system maintains a steady rate of growth through

a computer-controlled feedback loop.
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Chapter 4

DISCUSSION AND RESULTS

Photolithography Results

[ have experience fabricating three different interference patterns: lines, posts in a squate
lattice, and posts in a hexagonal lattice. Lines etched in silicon are the simplest pattern to
fabricate because the substrate only requires one exposutre. Both the square lattice and
hexagonal lattice post formations require two exposures at 60% of the dosage of one regular

exposure. Figure 4.1 1 displays a sample result from the Lloyd’s Mirror Interferometer.

< > < —
1 um 2 um

Figure 4.1. a) A cross-sectional view of a 340 nm square-post grating in PFI 88 positive photoresist on
a stack of SiOx and Barli ARC (20 nm and 90 nm respectively). b) A top view of the same pattern.
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Nanolithography Results

Figure 4.2 shows Atomic Force Microscopy (AFM) images of patterned, PDMS thin films.
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Figure 4.2. a) An AFM image of a square hole pattern in PDMS with 340 nm period. b) An AFM
image of a 320 nm period grating of lines in PDMS.

In order to approach the limits of a true 2-D photonic bandgap material, the depth of the
features in the PDMS must approach the thickness of the film. Typically, the PDMS films are
around 7 microns. To get thinner films on the order of 3 microns, solutions of chloroform
and PDMS can be used. However, pinholes and pores begin to show up in the PDMS films
upon careful inspection with an AFM (see Figure 4.3). This could be due to chloroform that
remains trapped in the PDMS during the curing process. As the PDMS cures, the trapped

chloroform would begin to evaporate try to escape the PDMS, causing bubbles in the film.
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Figure 4.3. a) An AFM image of a 320 nm period grating with pinholes. b) An AFM image of a 320 nm
petiod square post pattern with larger pinholes.

An alternate solution to fabricate deeper features 1s to make the pattern features large enough
to make up for the microns thick PDMS films. However, there is a tradeoff between the
rigidity of the nanopatterned features, in PDMS and silicon, and their aspect ratios. Tall and
thin silicon features may be so fragile that they would not withstand the applied forces of
patterning and stamp removal from the soft lithography processing. Furthermore a tall PDMS

feature has a greater tendency to collapse upon itself as can be seen in Figure 4.3.

More work remains to be done in refining the soft lithography techniques mentioned above
with the ultimate goal being to achieve sub-micron thick, pinhole-free PDMS films with
feature sizes in the nanometer range. Potential venues for future research include using a
vatiation of PDMS with different curing properties that would allow it to be diluted with a

solvent without affect:ing the pattern transfer process.
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Colloidal Deposition Results

Figure 4.4 displays a few SEM images of different microsphere-coated samples. From the
images in Figure 4.4, it is possible to see that there are many defects that would cause electrical
shotts in devices such as clustering and bate areas. Changing spin speeds did not yield any
noticeable trends. Also, using different solvents did not yield any clear distinctions between
samples. Howevet, the concentration of spheres in the solutions did seem to have an effect on
the coverage of the samples. Yet, from the small set of data collected, it is difficult to make
any definite generalizations. From the data collected, spin-casting appears to be an appropriate

deposition technique when a uniform, monolayer of microspheres is not strictly required.

Outcomes from vertical evaporation experiments yielded a qualitatively more uniform and flat
microsphere layer. However, the excessive drying times make this technique an unwieldy
process. An improvement over the existing vertical evaporation technique would be to slowly
draw out the substrate at a steady rate. This technique might help to speed up the evaporation
ptocess while maintaining the uniformity that comes from evaporation. Devices with an
integrated microsphere layer have been fabricated; however, no reliable data could be
measured due to shorts caused by the large height changes within the sputtered ITO layer that
lay on top of the microsphere layer. One possible solution to this problem is to deposit an
optically transparent, electrically inactive layer (i.e. parylene) on top of the sputtered ITO layer
to smooth out any drastic changes in layer depth. Figure 4.5 shows the SEM results of the

parylene-coated samples, but working devices have yet to be fabricated.
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Figure 4.4. SEM images of different microsphere depositions at magnifications of a) 5, 500X, b)
1000X, c) 15,000X, d) 5,500X.
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Figure 4.5. An SEM image (taken at a magnification of 2000X) of a microsphere-coated sample with a
1 micton layer of parylene on top. The image was taken at an angle of 45 degrees from the normal to
emphasize the flatness of the surface.

The scattering properties of a roughened ITO surface have been simulated using BeamProp
[15], an integrated Computer-Assisted Design and simulation program for waveguides and
fiber optics. We want to understand how light in a device similar to the one illustrated in
Figure 2.6 behaves. First, we can simplify the analysis by considering only the cathode, the
organic layer, the ITO layer, and some lower index of refraction substrate (in this case
patylene) for the simulation. BeamProp allows us to find the fundamental mode profile of the
structure, and Figure 4.6 shows sample data from BeamProp that illustrates how the light

prefers to travel in the I'TO layer based on its high index of refraction.
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Computed Transverse Mode Profile (m=0,n_¢=(1.885139,0.0008436))

)

ra

Vertical Direction (jumy

o

—
-

CE T 50 1 &0 35T 2T 5T &1 I
-6 -4 -2 0 2 4 6

Horizontal Direction {pumn)

Figure 4.6. Sample fundamental mode simulation (A = 530 nm) from BeamProp with an overlay
showing the following layers from top to bottom: 1) Ag cathode (n = 0.25 + 3.5i, 100 nm), 2) Organic
layer (n = 1.7, 100 nm), 3) Sputtered ITO (n = 2.0, 250 nm), 4) Parylene (n = 1.66, 1500 nm).

Once the fundamental mode information is established, we can launch a beam of light
(Gaussian profile) from within the ITO layer and monitor its power as a function of distance
traveled in the layer. BeamProp has the functionality to include absorption effects and
scattering from “lithographic roughness” on the sidewalls of the waveguide structure. With
these parameters, we can examine the effects that absorption from the cathode and scattering
roughness (150 nm = radius of the microspheres) has on the power of the light as it travels
through the ITO layer. Figure 4.7 plots the power as a function of distance traveled in the

I'TO layer for all of the combinations of absorption and scattering effects.
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Figure 4.7. A compatison plot (power vs. distance traveled in the ITO layer) between all of the
different combinations of loss mechanisms in the waveguide structure.

There is an important point to take away from this simulation. Even if we assume an
absorptive cathode and scattering centers, light can travel in the ITO layer for over 100
microns. This very important picce of information allows us to make the approximation that
all of the contributions from secondary reflections will eventually scatter almost all of the
emitted light into the glass substrate, which verifies the major assumption made in the

calculations to estimate the improvement in external extraction efficiency.

Improving the External Extraction Efficiency of Organic Light Emitting Devices 48



Discussion and Results

Metallic Nanoparticle Results

Devices have been fabricated with thin films of silver and gold under the assumption that the
metal will pool into nanopatticles that will later act as the scattering centers in an OLED.
Figure 4.8 displays quantum efficiency data from an OLED with 5 A of silver deposited on
top of the ITO layer. Clearly, the OLEDs with 5 A of silver deposited on top of the ITO

layer all exhibited lower external quantum efficiencies than their conventional OLED

counterparts.
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Figure 4.8. An external quantum efficiency vs. current plot of conventional and Ag nanoparticle green
OLEDs.

It is possible that the external quantum efficiency of the devices with the silver layer decreased

because of the high work function of silver (W =~ 4.3 V), which creates a large barrier at the
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cathode for electron injection. In addition, sidver can readily oxidize during thermal
evaporation and create a thin, insulating layer covering the ITO anode, thus diminishing device
performance. Therefore, gold nanoparticles have become the next best choice for creating
scattering nanoparticles. Figure 4.9 compares the device characteristics of conventional, green

OLEDs to devices that contain a 10 A gold nanoparticle film on top of the ITO layer.
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Figure 4.9. An external quantum efficiency vs. current plot of conventional and Au nanoparticle green
OLEDs.

At present it is not understood exactly why the devices with 10 A of gold are performing

worse than conventional OLEDs. In order to have a better understanding of the effects of
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adding a nanoparticle layer on top of the ITO anode, mote wotk needs to be done on

characterizing the metallic nanoparticle films.
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Chapter S

CONCLUSION

In this Master’s Thesis, 2 number of approaches to improving outcoupling cfficiency have
been investigated and are still being explored. Primitive fabrication techniques and processes
have been demonstrated and have been considered for applications in working devices.
Through PDMS structures we tmay be able to create arrays of microlenses. With the
microsphere deposition techniques we may be able to construct substrates that exhibit
enhancement for outcoupling light. Metallic nanoparticles also look to be a promising ventute

for improving OLED etficiencies.

In otdet to realize an actual device that exhibits improvements in out-coupling efficiency, there
are several challenging issues that need to be addressed: characterization of the cffects of
shape and size of gold nanoparticles on the scattering of different wavelengths of light, the
effect of surface plasmon resonances on absorption losses, and methods of deposition for gold

nanoparticles.

Future wotk will include developing numerical simulations using the light-scattering theory of
spherical nanoparticles and ray-tracing techniques to determine the relationship between the
size and shape of a nanoparticle to the wavelength of scattered light. Numerical modeling will
also provide theoretical absorption spectra that will be important in characterizing the

wavelengths of absorption for different sutface plasmon resonances. In conjunction with the

Improving the External Extraction Efficiency of Organic Light Emitting Devices 52



Discussion and Results

simulations, I can continue to conduct experiments to verify the theoretical calculations.
Distinct absorption profiles for different thicknesses of gold films can be leveraged to
determine the relationship betwcen the thicknesses of evaporated films to the average size of
the nanoparticles. By comparing the expetimental spectra with numerical simulations, I can
begin to approximate the size and shape of the deposited nanoparticles. Atomic Force
Microscopy (AFM) will also be useful in characterizing the gold films. However, the
nanoparticles I will be working with will most likcly be near the limits of resolution for the
AFM. Thus, I will need to take into account the shape of the cantilever tip and the effect that
it will have on the recorded images. Thete is commercial software available that can remove
the artifacts of AFM tips from images, which will prove useful in acquiring more accurate size

and shape information.

There is still much more wotk to be done in the area of optimizing OLLED structure to
increase device performance. As the search for the performance limits of OLEDs continues
to fascinate researchers, new device structures will become more and more of a reality. This
research lays the groundwork for fabricating novel device structures that will enhance the
external extraction efficiency, which should prove to be a fruitful area for continued

investigation.
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