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Cost effective, highly efficient, and color accurate lighting sources are quickly 

reaching high demand.  One possible method of achieving these disparate goals is 

through organic light emitting devices (OLED).   In this work, methods to improve the 

luminous power and external quantum efficiency of OLEDs were investigated.  

Specifically, alternative device structures and methods that would alter the path of light 

through a device in order to extract more light to air were designed.   

First, a transparent electrode consisting of an oxide / metal / oxide structure was 

considered for use in top-emitting OLED (TOLED) architectures to replace the 

commonly used transparent electrode, indium tin oxide (ITO), which has limited 

processability in TOLEDs.  The electrical and optical characteristics of electrodes 

consisting of molybdenum oxide (MoO3) / gold or silver / MoO3 were shown to have low 

sheet resistance (<10 Ω/square) using thin 10 nm thick metal layers.  Additionally, the 

transparency of these electrodes has been shown to reach 90% for some wavelengths 

depending on the metal used.  When used in a TOLED, the device behavior was shown 

to be comparable to bottom-emitting counterparts with only 20% reduction in efficiency 

due to charge injection issues. 
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Next, molded, UV cured, transparent, hemispherical microlens arrays were applied 

to TOLEDs using a soft lithography process in order to reduce internal reflection at the 

device air interface.  Previously, bottom-emitting devices with applied microlens arrays 

show a 50-70% enhancement in efficiency.  By eliminating an internal interface that 

causes waveguided mode formation, a significantly higher enhancement of 2.6 fold can 

be seen when applying arrays to the TOLED architecture. The current enhancement 

has been shown to only be limited by the index of refraction of the lens material. 

Finally an alternative device structure of blue green OLEDs showing nearly 100% 

internal quantum efficiency was examined.  Through the use of multiple pathways for 

charge transportation, exciton confinement and abundant sites for radiative 

recombination, the device efficiency can be maximized.  The potential of this structure 

when combined with down conversion microlens arrays for high efficiency white OLEDs 

was also examined.  While leading to a CRI value of over 80, the limited quantum yield 

of the emitters used limits the viability of this technique. 
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CHAPTER 1 
INTRODUCTION TO ORGANIC ELECTRONICS  

1.1 The Need for High Efficiency/Cost Effective Lighting Sources 

In a world of declining resources and growing demand for said resources; new, 

more efficient methods of utilization are necessary.  This statement is no more 

significant than in the realm of energy generation and consumption, where a growing 

world population dependent on electricity and electronic consumer devices has put an 

ever growing strain on electrical infrastructure.  While power storage technologies such 

as fuel cells and lithium ion batteries continue to advance in capacity[1,2], a balanced 

approach of also reducing the power consumption of existing products is prudent.  

Portable electronics, large screen displays, and a growing desire for ultrathin compact 

technologies all require high efficiency components to meet power, form and lifetime 

demands.  One of the most significant contributors to the growing demand for power is 

something often taken for granted, namely lighting.  Figure 1-1 illustrates this point 

rather succinctly showing nearly 700 terawatt hours per year simply on lighting [3].   

 
Figure 1-1. US annual power consumption for various lighting applications and by lamp 

type in 2010 [3]. 
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Humans in particular rely on light more heavily than most organisms, but for most of 

human history light sources have been limited to the sun or combustion of various 

sources of organic matter.   With the advent of incandescent light bulbs, light could be 

generated on a whim and could last hours into the night.  Lighting has progressed over 

the years, to increase brightness, and duration, and more recently to reduce power 

consumption.  The result has been a virtually endless daytime in the industrialized world 

with cities such as Tokyo and New York ever illuminated, with dynamic glowing 

billboards presenting an ever changing series of advertisements.  Lighting contributes 

nearly 22% of all power consumption in the United States with an estimated 1,000 

terawatt-hours likely to be consumed in by the year 2025 [4].  With a light source even 

50% efficient at converting electrical power to optical power, this amount could be 

reduced by 620 billion kilowatt hours per year or the equivalent output of nearly 70 

nuclear power plants [5].  Clearly, in order to reduce this burden to the power grid, 

highly efficient, low cost methods of lighting are necessary.  One area of research that is 

likely to meet the needs of both the electronics and lighting sectors is solid state lighting 

(SSL).   

The promise of SSL stems from the materials used, semiconductors, which can 

transfer electronic energy directly to visible light.  Consisting of direct band gap 

semiconductors (typically group III - nitride compounds), supplied electrons directly emit 

photons when de-excitation occurs across the semiconductor’s band gap leading to less 

indirect losses found in conventional lighting due to heating of a filament or exciting an 

intermediate gas.  The advantage of SSL compared to these methods is twofold both in 

terms of efficiency (comparing the poor incandescent power conversion efficiency of 5% 
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to the potential 100% internal quantum efficiency of solid state light emitting devices), as 

well as color rendering (fluorescent light sources showing typical CRI values in the 60’s 

compared to up to 90 for SSL sources) [6].  Thus great interest in these light emitting 

devices has been shown for both high efficiency display and lighting applications.  

Developments in SSL lighting are compared to other light sources in figure 1-2.  

 
 Figure 1-2. Timeline of lighting technology efficiencies with predicted efficiencies of 

future solid state lighting technologies as dashed lines [3]. 

While solid state lighting as a whole is a promising avenue of research, it is not 

without its limitations.  Traditional inorganic semiconductors require costly and time 

consuming methods such as chemical vapor deposition, RF sputtering, and pulsed laser 

deposition to produce commercial scale products [7–9].  Additionally, the need for 

expensive and difficult to maintain clean rooms only increases the difficulty of producing 

quality products.  Furthermore, many of the materials required for inorganic 

semiconductors are either rare or highly toxic.  Cadmium, lead, and tellurium are all 

commonly used, high performing materials in the industry with distinct drawbacks [10–
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12].  Even precursors such as arsene and silane carry as many health and safety risks 

as the materials in the devices themselves. 

1.2. Organic Electronics as a Viable Lighting Replacement   

With these considerations in mind, one promising alternative to these materials 

and methods is the realm of organic semiconductors which present solutions to some of 

these issues.    

1.2.1 Advantages of Organic Technologies 

Based on highly abundant carbon, these small molecules or polymers possess 

controlled structures dependent entirely on organic chemistry synthesis.  As a result, by 

adjusting the moiety of these molecules, various colors, band gaps, and orbital energy 

levels can be achieved, leading to various functionalities in a light emitting device.  

Furthermore, these molecules can be deposited using simpler methods such as vacuum 

thermal evaporation, or solution processed methods such as inkjet printing [13], 

ultrasonic spray [14], or roll to roll [15].  Additionally these films are far thinner 

(approximately 100 nm) than their inorganic counterparts leading to reduced material 

consumption, ultra thin display elements, and even flexible lighting that can conform to 

surfaces throughout a structure.  The result of these features is the ability to produce 

scalable, thin technologies applicable to both displays as well as lighting applications.   

1.2.2 Potential applications for Organic Light Sources 

Organic LEDs have a wide variety of applications, some similar to their inorganic 

counterparts while others are entirely novel.  The two primary applications come in the 

form of flat panel displays, as well as white light sources in order to replace 

conventional fluorescent tubes and incandescent bulbs.   
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1.2.2.1 Display technology 

The most developed application for OLEDs is for use in active matrix displays.  

Display technology has progressed from the use of cathode ray tubes to current 

competitors plasma display panels (PDP) and liquid crystal displays (LCD).  While 

currently LCD devices dominate both the mobile and large screen markets, this 

technology has some inherent limitations.  The viewing angle of LCD screens has been 

notoriously limited and its slow refresh rate limits the capability of these screens to 

generate realistic motion or splitting 3D images.  OLEDs by contrast have nearly 180° 

viewing angle and micro to nanosecond radiative life times.  Furthermore, by actively 

generating the light in appropriate intensities rather than filtering intense white light as 

the liquid crystals do, power consumption is reduced.  Companies like Samsung and LG 

have already begun to produce small scale displays for mobile devices and are 

increasingly scaling these technologies up for next generation televisions.    The thin 

organic nature of OLEDs also enables new concepts such as flexible displays, able to 

better withstand the wear and tear mobile devices receive as can be seen.   

 
Figure 1-3. Examples of OLED display technology from Sony: the Xel-1, the first OLED 

TV and an example of a flexible OLED display [16]. 
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1.2.2.2 Commercial and residential lighting 

One area of increased interest for OLED development is the realm of commercial 

and residential lighting.  The low power consumption and high color fidelity of OLED 

devices as well as the customizability of shape and color lead present the next great 

challenge in terms of commercialization.  While the current state of OLED efficiency 

may be enough to create display products, work must continue in order to rival 

fluorescent and other high efficiency lighting technologies.  The slim form factor and low 

cost of production make this technology an attractive predecessor to current lighting 

sources. 

 1.3 Current State of Organic LEDs 

Historically, the advent of organic light emitting devices came in 1987 when Tang 

and Van Slyke at Kodak discovered light emission when a current was applied to 

organic molecules that were being tested for use in organic photovoltaics [17].  From 

this followed the convention of using separate materials for electron and hole transport.  

This lead to early external quantum efficiencies of nearly 1% (photons out/electrons in) 

by shifting the recombination zone away from the plasmon quenching cathode as well 

balancing charges injected for more efficient recombination.  By 1989, further 

improvement to the small molecule device was made through the addition of efficient 

fluorescent dyes which when doped into the emissive layer allowed energy transfer from 

the host material into dye and allowing for a greater rate of radiative recombination 

without the loss of the electronic properties [18].  Finally, the cathode itself has made 

the transition from Mg which of course is highly reactive when exposed to air, to Mg/Ag 

a more stable albeit expensive alternative to finally the introduction of a LiF interlayer 
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that allows adequate electron injection even from metals such as Al while 

simultaneously reducing the operating voltage of these devices [19].   

To this point, the primary method of light emission relied on fluorescent emission 

within the active layer.  Unfortunately, singlet transmissions that lead to fluorescent 

emission only account for 25% of the total formed excitons in organic molecules. The 

other 75% of excitons were forbidden to radiatively relax due to spin conservation.  To 

further develop OLED technology and overcome this 25% internal efficiency limitation, 

Stephen Forrest of Princeton University and Mark E. Thompson of the University of 

Southern California developed emissive molecules that capitalized on the spin orbit 

coupling between heavy metals and organic ligands [20].  The result was that 

phosphorescent emission from triplet states in these molecules could now be accessed 

by doping the emissive layer with these new dyes.  From this development, internal 

quantum efficiencies of nearly 100% can be achieved [21]. 

While highly efficient green devices  could be achieved, wide band gap blue 

OLEDs still lacked high efficiency.  Few potential deep blue emitting dopants had been 

developed [22] and those that had been still required better exciton confinement, wide 

band gap host material, charge injection, and charge confinement.  In order to combat 

these issues, high triplet energy hole transport [23]and electron transport materials 

[24]were used to better confine excitons, and a double emitting region were used to 

force recombination on dopant molecules [25].  Furthermore, charge injection was 

improved through the use of p-i-n device structures [25], which add doped p and n type 

transporting layers in order to reduce the driving voltage of the device.   
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As the efficiency of the blue emitter has increased, so too, has the possibility of 

producing a white light OLED.  Various techniques have been applied to produce white 

light broad emission such as blended single emitting layer devices with multiple color 

dopants [26], single dopant multiple emitting layers [27], or even tandem OLEDs with 

optimized device structures for each of the colors emitted [28]. By applying these 

methods, some laboratory devices have already begun to match fluorescent lighting 

sources in terms of efficiency [29].  Unfortunately, most methods to produce these 

highly efficient devices require expensive or difficult to fabricate optical enhancement 

mechanisms to overcome the light extraction limitations inherent in OLED design.   

The focus of the current OLED research push is to find better more effective 

means of extracting the light generated in these devices [26,29–38], reduce efficiency 

roll off at high intensities, and improve device stability under operating hours.  Much 

work is also conducted on transferring laboratory scale processes to large scale 

manufacturing facilities with high throughput methods of device creation.  Where OLEDs 

will be in the next 10 years remains to be seen, but with recent advances, it is likely that 

this technology may be found in any home.  
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CHAPTER 2 
FUNDAMENTAL PHYSICS OF ORGANIC SEMICONDUCTORS 

2.1 Introduction 

In spite of current usages of the word, organic compounds are those consisting 

primarily of carbon molecules, typically conjugated or aromatic hydrocarbons.  Due to 

the up to four bonds each carbon atom can have, the arrangement and iterations of 

these molecules is nearly endless.  The size and complexity can range from the most 

basic, methane (CH4) to long chain molecules such as polyethylene, to even further 

complex biological proteins like spider silk [39].  Figure 2-1 illustrates this transition in 

complexity. 

 
Figure 2-1. Examples of organic molecules with increasing complexity.  A) Methane. B) 

Polyethylene. C) Myoglobin protein [40–42]. 

2.2 Electronic Structure and Bonding 

Solid materials are typically the product of four major bond types: covalent, 

metallic, ionic, and van der Waals (VDW).  While typical materials consist of one bond 

type, organic solids form from covalently bonded molecules that are linked through 

VDW forces.  This unique interaction would suggest a variety of properties not seen in 

most other materials [39].  While the mechanical and biocompatible properties of these 

materials are certainly impressive areas of study, this chapter will focus specifically on 

the electronic and photo physical properties these materials may possess.   
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While most organic compounds are considered electrical insulators, one subset of 

note are organic semiconductors.  These compounds are characterized by their strong 

conjugated covalent bonds which form sp2 hybridized orbitals (σ – bonds) that exist in 

plane with the organic molecule.  Perpendicular to the molecule, alternatively, are the pz 

orbitals.  The overlapping of neighboring pz orbitals is referred to as π-bonds.  It is 

through these delocalized π electrons that charges can transfer around a molecule   By 

hopping between these conjugated structures electrical conductivity is allowed.  Figure 

2-2 shows a typical organic semiconducting molecule with its orbitals displayed.  

 
Figure 2-2. Benzene molecule with perpendicular pz orbitals and their delocalized nature 

[43]. 

2.3 Charge Transport Models 

While describing the motion of charges using molecular diagrams is perhaps the 

most accurate method, more succinct energy level diagrams are of value when 

describing the semiconducting properties and charge transport of these materials.  The 

following sections will illustrate this method. 
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2.3.1 Band Structures 

The methods for describing semiconductors are based upon traditional inorganic 

semiconducting materials and therefore it of benefit to explain this structure first.  

Inorganic semiconductors rely on a single bonding method, most commonly covalent 

although some ionically bonded oxides are also semiconductors.  As single molecules 

and even small numbers of bonded atoms, electrons are only capable of occupying 

discrete energy levels as described by the Pauli exclusion principle.  As more atoms 

become bonded together to form a solid material the close proximity of electrons causes 

the energy levels of these electrons to shift in order to perpetuate single occupant 

levels.  Once enough of a crystalline solid material is formed, the difference between 

discrete energy levels becomes so minute that in effect it becomes a band of 

acceptable energy levels.  Figure 2-3 illustrates this phenomenon [44].   

 
Figure 2-3. Evolution of discrete energy levels to energy bands with increased 

molecular interaction. 

For metallically bonded materials, this band is continuous allowing charges to 

become completely delocalized and able to move easily throughout the material.  For 

this reason, metals are electrically conducting materials.  In semiconductors, the 

number of acceptable states does not form a completely continuous band.  Typically a 
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gap exists between the two bands, one filled with electrons (the valence band) and the 

other unoccupied acceptable states for electrons to occupy (conduction band).  This 

band gap, and the amount of energy necessary to excite and electron over the gap, 

form the basis for semiconducting technologies, both in controlling the flow of current 

and in the interaction of this gap with both the absorption and emission of light. 

The common terminology used for charge carriers in semiconducting devices are 

electrons and holes.  Electrons, of course, are the negatively charged components of 

atoms and molecules.  When these electrons are excited from the valence band into the 

conduction band, a hole remains behind.  This hole is the virtual positive charge carrier 

(as the absence of a negative charge in a balanced system would create a net positive 

charge). Each of these carriers has its own movement through their respective bands 

allowing for the flow of electrical current. 

2.3.2 Amorphous Material Charge Transport 

While inorganic semiconductors are known for their valence and conduction 

bands, the lack of a crystalline structure in most organic materials means that these 

terms do not exactly apply to organic semiconductors.  Instead, organic materials are 

described by their highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) which loosely correlate to valance and conduction bands 

respectively.  The interactions between the π electrons and σ electrons within each 

organic molecule define the gap between these two states.  Figure 2-4 shows the 

splitting of energy levels as molecules interact [39].   
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Figure 2-4. Splitting of energy levels as two molecules begin to interact. 

With enough molecules interacting and a large enough population of electrons, these 

energy again begin to form band like structures similar to those in their inorganic 

counterparts.  The size of the energy gap in this case is also strongly dependent on the 

degree of conjugation, allowing larger molecules to have narrower band gaps.   

Just as inorganic semiconductors rely on electrons and holes for charge carriers, 

so too do their organic counterparts.  When comparing a single molecule in the gas 

phase to crystalline solids with excited charge carriers the band gap becomes reduced 

due to polarization energy in the two charges.  If the solid is no longer an ordered 

crystal but rather amorphous, as is the case in organic solids, the polarization changes 

with the local arrangement of molecules leading to a Gaussian distribution of possible 

states for charges to transport through figure 2-5 illustrates this transition [45].   
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Figure 2-5. Energy gap for single molecules, crystals, and amorphous solids. 

Due to the disorder in organic solids and the weak VDW forces between 

molecules, the transport properties of organics are several orders of magnitude lower 

than their inorganic counterparts which have delocalization of electronic states in a 

crystalline solid that are created by the covalent bonding.  Organic molecules are known 

to have two types of transport mechanisms based on the amount of order present in 

films.  Highly amorphous films with weakly interactions between molecules cannot 

provide a complete band structure for transport, and therefore must rely on 

intermolecular hopping of charges.  The typical carrier mobility (μ) of these films is in the 

range of 10-3 ~10-10 cm2/V-s.  This mobility is primarily dependent on electric field and 

temperature [46].  This relationship can be expressed mathematically as: 
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with F representing the electric field, T is temperature, ΔE the activation energy 

necessary for intermolecular hopping to occur, k is the Boltzmann constant and β is a 

numerical constant. 

Due to the shape of some organic small molecules, a high degree of crystallinity 

can be achieved in solid films allowing for a somewhat delocalized band structure.  

These films tend to have high charge carrier mobility on the order of 1~10-2 cm2/V-s as 

is the case in molecules like pentacene [47]. Due to the delocalized nature, the mobility 

of these films can be represented mathematically only as a function of temperature [48]: 

)3...1()(   nTT n  

2.3.3 Electronic versus Optical Gaps 

One important distinction to make in organic semiconducting films is the difference 

between electrical or transport band gaps (Etr) and optical band gaps (Eopt).  While 

delocalization in bands tends to reduce this difference in inorganic semiconductors to 

only a few meV, and indicates weak exciton binding, the close proximity of charges on 

the same molecule lead to high exciton binding energy and notable distinction between 

Etr and Eopt [39].  Expressed mathematically, the relationship between these two terms 

is:  

Eopt = (Egap – Ep) – Eex = Etr - Eex 

In this equation, Egap is the actual energy difference between the HOMO and LUMO 

levels of the molecule, Ep is the energy that is lost to polarization, and Eex is exciton 

binding energy.   
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2.4 Excitons 

Based on the previous discussion, the question must be answered as to what an 

exciton actually is.  The term exciton refers to a bound electron-hole pair of charge 

carriers held together by coulombic interactions.  As a result, it can be considered as 

charge balanced quasi-particle capable of transport through a film.  The exciton is 

critically important to OLEDs and therefore a description of its various properties will be 

presented in the following sections.   

2.4.1 Formation and Types 

Excitons may be divided into two major types: Wannier exciton that is loosely 

bound and typically found in inorganic semiconductors and the Frenkel exciton that is 

highly bound and most commonly found in organic semiconductors.  Figure 2-6 displays 

the difference between these two forms in solid films [49].   

 
Figure 2-6. Distinction between Wannier and Frenkel excitons. 
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The large radius of the Wannier exciton (on the order of 100 Å) allows for only weak 

binding of around 10 meV, whereas by confining the charges to a single molecule or 

two (with a radius of only 10 Å), these Frenkel excitons become tightly bound with 

energies on the order of 1 eV.  One less discussed form of exciton, is the charge 

transfer exciton (CT) which resides in the intermediary energy range between the two 

extremes considered in the other excitons.  These charges can be found a few 

intermolecular distances apart.  

2.4.2 Singlets and Triplets 

Another distinction to be made between excitons occurs as the result of the 

quantum spin states that electrons possess. As an exciton is the combination of two 

charges, a total of four spin states can occur   Based on Pauli’s exclusion principle [49], 

the total wave function of the two electron system must be anti-symmetric with the 

interchange of particles.  Based on the spin statistics of electrons in an excited state, 

the anti-symmetric and symmetric wave functions can be expressed as: 

s   =   χ1(↑) χ2(↑) 

s    =   χ1(↓) χ2(↓)                                    symmetric states (net spin =1) 

s    =   χ1(↑) χ2(↓) + χ1(↓) χ2(↑) 

a    =   χ1(↑) χ2(↓) - χ1(↓) χ2(↑)                anti-symmetric state (net spin =0) 

Here, a   and s refer to anti-symmetric and symmetric wave functions respectively and 

χn (where n=1,2) refers to the spin function with (↑)  and (↓) referring to the spin state of 

the electron.  Due to this difference in spatial symmetry, two different exciton states, the 

high energy anti-symmetric singlet state and the lower energy symmetric triplet states, 

exist.  The radiative relaxation of these two states then is markedly different.  The high 
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energy singlet state, due to the symmetry of its spins, will quickly relax and emit a 

photon.  The radiative lifetime of this process is approximately 1 ns and is referred to as 

fluorescence.  Due to the forbidden nature of charges with the same spin state 

occupying the same position, triplets have a long relaxation time (on order of 1 ms) and 

is referred to as phosphorescence.  Figure 2-7 illustrates these two processes. 

 
Figure 2-7. Singlet and triplet excitons with radiative relaxation. 

2.4.3 Heavy Metal Complexes 

 
Figure 2-8. Two types of excitons in heavy metal complexes. Type 1 is ligand only 

interaction while type 2 shows metal ligand charge transfer. 
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As the radiative relaxation of triplets in organic molecules is a forbidden process, 

only ¼ of the excitons formed will ever be able to emit light.  In order to overcome this 

highly inefficient process, organometallic compounds with a central heavy metal atom of 

iridium, platinum, osmium, and ruthenium surrounded by organic ligands can be used.  

These compounds can access the triplet state as well as the singlet state due to strong 

spin-orbit coupling which scales to the fourth degree with atomic number (Z4) [50–53].  

Based on the strength of this coupling, organometallic compounds can either have 

excitons based entirely on the organic component with long relaxation times that may 

prevent full radiative recombination of charges or with very strong coupling, the metal 

ligand charge transfer excitons that interact with the metal core can occur, leading to 

nearly 100% of all excitons radiatively recombining.  Figure 2-8 contrasts these two 

types of complexes [21]. 

 
2.5 Energetic Systems and Interactions 

Now that the exciton is better understood, the energy interactions that can excite 

an electron from the HOMO level, move the electron to other energetic states and finally 

return to ground state must be better understood.  The following sections detail these 

photo-physical processes. 

2.5.1 Intramolecular Processes 

At the most basic level, these energetic processes can take place on a single 

molecule.  Using a Jablonsky energy diagram, as is displayed in figure 2-9, one can 

begin to understand the various processes that can occur.  First some basic symbols 

must be defined.  The S symbol refers to singlet states with S0 referring to the ground 

state and S1-n referring to excited singlet states while T1 represents the triplet state. 
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Figure 2-9.  A Jablonski energy diagram illustrating the various intramolecular 

processes that can occur. 

2.5.1.1 Energy absorbtion 

Absorbtion is the process by which a photon of light with energy higher than the 

band gap (hc/λ > Egap) of the material leads to the excitation of a charge into a higher 

energy state.  Since a range wavelengths of light with greater energy than the band gap 

can excite an electron, the single lines for energy states rather than a broad range is 

merely used for simplicity.  Symbolically this is represented as S0  S1,2.   

2.5.1.2 Fluorescent decay 

Once an exciton is formed, series of vibrational relaxation and internal conversion 

processes occur in order to reach the more stable lowest energy available singlet state.  

Once these non-radiative transitions have occurred, exciton can further relax to a 
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ground state through emission of a photon of its own.  As previously described, this 

singlet relaxation is referred to as fluorescence and is represented by the transition, S1 

 S0.  This rapid relaxation only occurs in 25% excitons due to the limited number of 

singlets available.   

2.5.1.3 Intersystem crossing 

In an effort to reduce the energy of the excited electron in a singlet state to a more 

stable lower energy configuration, many singlet excitons transfer to the triplet.  This 

process is called intersystem crossing (ISC) and is the product of a vibrational coupling 

between the singlet and triplet states.  This non-radiative process is symbolized by S1  

T1. 

2.5.1.4 Phosphorescent decay 

Once ISC has occurred, the electron goes through the same internal conversion 

and vibrational relaxation processes to reach the minimum triplet state.  Transfer back 

to the singlet state is not possible due to the large gap between the singlet state and 

that of the triplet and a lack of sufficient thermal energy under ambient conditions.  

Alternatively, through use of spin orbit coupling, the typically forbidden process of 

relaxing a triplet exciton can occur.  This is phosphorescent radiative relaxation and due 

to the long lifetime of these excitons, may emit light long after the initial excitation.  

Without this coupling, most triplet excitons would non-radiatively recombine over a long 

lifetime.   

2.5.1.5 Vibrational shifts 

As previously expressed, during excitation and relaxation processes, the electrons 

typically undergo vibrational relaxation.  This relaxation, as opposed to its radiative 

counterpart, is a low energy transition that only releases a phonon or heat instead of 
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light. Figure 2-10 is a configurational diagram that demonstrates the path of an excited 

electron and its relaxation [49].   

 
Figure 2-10. Configurational diagram showing the absorbtion of photonic energy and 

subsequent shifted emission energy [54]. 

As an electron is excited from the minimum energy zero order vibrational mode of the 

ground state to the excited state, the corresponding vibrational mode with the same 

radius is usually higher in order.  From this state, the electron rapidly sheds energy 

through heat to occupy the zero order mode which is of a larger radius than the starting 

radius.  Due to this change in radius, when the electron emits a photon to reach the 

ground state, it transitions to a high order vibrational mode of the ground state before 

again shedding heat to reach the lowest order mode.  This process is referred to as the 

Franck-Condon shift or Stokes shift and explains reduction in energy between the light 

absorbed and the light emitted from a film.   
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2.5.2 Intermolecular Processes 

 
Figure 2-11. Intermolecular energy transfer processes A)   rster transfer and B) Dexter 

transfer. 

Now that energy processes within a molecule are better understood, the non-

radiative energy transfer between molecules can be discussed.  This process is typically 

divided into two types depending on the range over which the transitions occur.  The 

longer range transition at around 100 Å lengths is called   rster energy transfer [49].  

Transfers at short distances around 10 Å are called Dexter transfers.  Figure 2-11 

demonstrates these mechanisms as they are explained in the following sections.   

          rster energy transfer 

  rster transfer is the intermolecular interaction that occurs as the result of 

resonant dipole-dipole interactions.  This rapid energy transfer (< 1ns) happens 

between two singlet excitons as the overlap between the wavelengths of the photons 

emitted by the so called donor molecule and wavelengths able to be absorbed by the so 
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called acceptor molecule [55,56].  A rate constant at which this occurs can be 

expressed mathematically as: 

64
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Where J is the overlap between the emission and absorption spectra of the two 

molecules, K is the orientation factor, n is the refractive index of the medium through 

which the energy is transferred,  D  is the radiative lifetime of the donor, r is the 

distance (cm) between donor and acceptor and, of course, , kDA is the rate constant 

derived.   

2.5.2.2 Dexter energy transfer 

Dexter transfer due to the proximity of the molecules is the actual transfer of 

electrons between molecules.  This process requires the wave functions to overlap 

between the donor and acceptor molecules.  This process most commonly occurs in 

triplet to triplet transitions [57].  The rate constant for this process (kET) is given by 

following equation:  

]/2exp[)]2/([ 2 LrJPhkET    

Here previously defined constants remain the same and L and P are numerical 

constants   ‘r’ signifies the distance between the two molecules  
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CHAPTER 3 
LIGHT EMITTING ELECTRONIC DEVICES BASED ON ORGANIC 

SEMICONDUCTORS 

3.1 Fabrication Methods for Organic Electronics 

While organic semiconducting materials may have many desirable properties that 

can be used to harness electricity and light, these materials must be arranged in a 

meaningful manner in order to achieve the desired results.  More so than just a 

necessity, one of the primary advantages of organic semiconductors is in their versatility 

of processing and relative ease with which electronic devices can be fabricated using 

these molecules.  When discussing processing, the first distinction to be made is 

between the use of small molecules (SMOLED) and polymers (PLED). Small molecules 

are typically designated by low molecular weight (less than 1000g/mol) whereas 

polymers are long chain molecules with a repeated unit and high molecular weight 

(greater than 1000g/mol).  Based on this separation, the methods for fabrication break 

down into high vacuum processes such as, organic molecular beam deposition 

(OMBD), and vacuum thermal evaporation (VTE) or solution based processes such spin 

coating, spray deposition, inkjet printing, vapor jet printing, and roll to roll processing.   

While small molecules can be functionalized to be soluble, these materials are 

typically deposited using high vacuum methods that produce highly controlled film 

layers with pristine interfaces.  Due to the low vacuum pressure (approximately 106 torr) 

compared to OMBD (108-1012 torr), VTE is the most common method for small molecule 

deposition [58].  Figure 3-1 illustrates this method.   
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Figure 3-1. Schematic of a thermal evaporation chamber with the significant 

components labeled. 

Essentially, a metal boat filled with the desired material is resistively heated under 

vacuum.  The sublimed material is able to coat a substrate target above the material, 

due the high mean free path (on the order of tens of centimeters) for molecules in the 

vacuum chamber.  Through the use of shadow masks, various features can also be 

patterned using this method.  A quartz crystal monitor (QCM) provides real time rate 

and thickness measurements accurate to .1 Å/s.  This method of deposition is also 

notable for its ability to deposit metals such as gold, silver, and aluminum as well as 

some oxides such as molybdenum trioxide (MoO3), vanadium oxide (V2O5), and 

tungsten oxide (WO3).  As a result, a complete device structure including electrical 

contacts and encapsulants can be fabricated. 

Polymers, conversely, are typically deposited using solution based methods, the 

most common of which on the research scale being spin coating (figure 3-2) [59]. 

Polymer powders are dissolved into organic solvent and subsequently dropped onto a 
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spinning substrate in order to disperse an even film   The film’s thickness is controlled 

by the rate of spin or solute concentration and typically a thermal annealing period is 

required in order to drive off excess solvent as well as control morphology.   Solution 

processing is notable for the ability to dissolve multiple materials in the same solution 

which creates unique morphologies that can be controlled to optimize transport 

mechanisms throughout the film.  Electrical contacts must still be deposited using an 

alternative method often high vacuum method.   

 
Figure 3-2. Diagram of spin coating deposition. 

3.2 OLED Device Architecture 

As presented in the previous chapter, in order for a photon to be emitted, the 

electrons and holes in an exciton must recombine.  The issue of course, is how do the 

charges reach appropriate molecule and efficiently recombine.    

3.2.1 Operation Principles 

Figure 3-3 shows the operational structure of a simplified OLED device. Before 

contact, the Fermi levels of the anode and cathode of the device are not aligned (a), but 

once contact is made, an equilibrium Fermi level exists, but cannot transport charges 
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due to a built in voltage barrier, Vbi, created by the alignment that prevents the 

movement (b).  Once a potential, V, is applied to the electrodes, charges may move as 

soon as V= Vbi (c) and inject into the organic layer as greater values(d).  

 
Figure 3-3. Basic OLED operation. 

  A single layer of organic material is often time not sufficient in order meet all of the 

various functions of an electronic device.  In the case of a light emitting diode, electrical 

contacts, charge injection and transport, and emission regions are all necessary to 

produce a fully functional and efficient device.  Therefore, multilayer stacks wherein 

each layer serves a specific function are employed.  With applied voltage, charges 

move from the injection layers through the transport layers, and into the emitting layer 

where the opposing charges can recombine.  Light is then able to through one of the 

electrodes which must be transparent.  While each of these tasks seems simple, the 
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specific qualities each layer must possess in order efficiently achieve their purpose, are 

many. 

3.2.2 The Multilayer Stack 

Each section of the device stack will be described in detail for its function as well 

as the properties for ideal material candidates. 

3.2.2.1 Electrodes 

While seemingly trivial in many discussions of modern device structures, the 

electrodes are quite critical components of OLED design.  Each electrode must be able 

to not only supply the respective charge, but also have optimal work functions and 

optical properties for the device stack.  The anode or hole injecting electrode must have 

sufficiently high work function (greater than 4.8 eV) in order to align with the HOMO 

level of the hole injecting or transporting material.  Additionally, the anode is often used 

as the transparent electrode through which light generated in the device may escape to 

air for viewing.  Few materials exist that are both transparent and electrically 

conductive.  The most common of which is tin doped indium oxide (ITO) which is 90% 

transparent in the visible spectrum.  This material must be treated with UV/Ozone in 

order to increase the work function from 4.5 eV to 4.8 eV.  Further investigation into 

other transparent conductive oxides has begun due to the limited availability of indium.  

The cathode or the electron injecting electrode requires just the opposite qualities as the 

anode.  A low work function (~4.1-4.2 eV) metal with high reflectivity is necessary in 

order to match the LUMO level of the electron injecting or transporting layers while also 

redirecting light back to the viewing direction.  Al and Ag are typically used for this 

purpose, although a lower work function metal such as lithium or cesium is typically 

used as an interlayer in order to reduce the injection barrier.   
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3.2.2.2 Charge injection layers 

The charge injection layers, while considered optional to device operation, do 

present a myriad of advantages to device efficiency.  Most notably charge injection 

layers create a high density of charge carriers that both reduce the turn on voltage and 

increase power efficiency.  As the device stability tends to decrease with increased 

power, the ability to produce more light at lower voltages allows the device to be less 

taxed as well as consume less power at normal operating parameters.  The second 

advantage of charge injection layers is in the ability to more actively control the charge 

balance through doping concentration.  In order to maximize the efficiency of devices, 

an equal number of holes and electrons are necessary for effective radiative 

recombination.  To produce a charge injection layer, host materials with HOMO or 

LUMO levels closest to the work function of their respective electrodes are used.  

Furthermore, the mobility of the charge that is to be carried in the layer must be 

maximized.  Finally, the layer is doped with either a material whose energy levels allow 

for a multiplication of charges in the layer as is the case in materials such as MeO-TPD 

doped with F4-TCNQ which creates an abundance of charge carriers as electrons 

become trapped on the F4-TCNQ molecules or when the doping molecule’s high 

conductivity creates even higher mobility in the host material, as is the case in BPhen 

doped with Cs [25]. 

3.2.2.3 Charge transport layers 

Charge transport layers are critical to device operation in an efficient OLED.  Few 

organic materials have HOMO and LUMO levels together that are close to the work 

functions of the adjoining electrodes or balanced mobility to bring these charges 

together and to confine them.  Furthermore, such a material would also have a narrow 
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band gap and would not be capable of emitting visible light.  Therefore in order to 

shuttle charges from the electrodes to the emitting region, transport layers are 

necessary.  Possible charge transport layers require three major criteria; these layers 

must be highly mobile to the specific desired charge, prevent movement of excitons 

back into the transporting material and act as an intermediary energy level for transition 

from the electrodes to the emitting layer. While the first criteria is obvious the second is 

less so.  By using materials with wide band gaps and more importantly high triplet 

energies, excitons in the emitting layer will not be able to migrate out and prevent 

radiative recombination [23,24]. 

3.2.2.4 Emissive layer 

The emissive layer is the obvious crux of the OLED device.  In this layer the 

electrons and holes bind into excitons and finally recombine to emit a photon.  The 

emissive layer of OLED was originally a single material with the recombination of the 

charges occurring on the same material they were injected into.  This method was 

ultimately shown to be largely inefficient.  Thus the properties of the emissive layer have 

often been separated in order to better accommodate its needs.  The first component is 

the host, which is known for its more balanced electron and hole mobility as well as 

appropriate alignment of HOMO and LUMO levels to allow for charge injection.  While 

excitons form on these molecules, there is little in the layer itself to confine charges to 

the layer.  As a result the host material is usually of wider band gap than desired 

emission energy.  To achieve emission, a second material is doped into the host with 

lower band gap forcing the excitons to be confined before recombination.  As shown in 

the previous chapter, only small fraction of the excitons formed exist in a singlet state 

able to produce fluorescent emission.  In order to access the triplet states, heavy metal 
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complexes are used as dopants.  The result is an emissive layer that can convert 100% 

of the charges injected into the desired photons. 

3.3 Measurement of OLEDs 

Fabrication of an OLED is of course only half the task necessary to understand its 

behavior.  The second component is to characterize its various optoelectronic 

properties.  This section will illustrate the various techniques and figures of merit that 

are used to describe OLED behavior and performance.   

3.3.1 Colorimetry 

 

Figure 3-4.  The entire electromagnetic spectrum with the visible spectrum highlighted 
[60]. 
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Light, or the visible spectrum, is defined as the region of the electromagnetic 

radiation spectrum that can be perceived by the human eye.  The wavelengths () of the 

entire electromagnetic spectrum are shown in figure 3-4 with the visible spectrum 

expanded.  As can be seen, light has a wavelength between 380 nm (violet) and 780 

nm (deep red) bordered by the invisible ultraviolet (UV) and infrared (IR) regions 

respectively.  As the purpose of an OLED is to emit light, quantifying and categorizing 

the light produced is key to evaluating the performance. 

The first distinction to be made in the measurement of light is the difference 

between photometry and radiometry.  While radiometry is the study of the entire 

electromagnetic spectrum, photometry is restricted to the visible range [61].  Both 

techniques are used to quantify the energy emitted from a device, but given human 

perception is a critical component of evaluating the usefulness of OLEDs, the 

photometric quantities are typically the ones reported. Table 3-1shows the various 

terms associated with both photometry and radiometry. The units of measure and other 

terms will be further defined in the following sections. 

Table 3-1. Comparison of the various terms and units used for photometry and 
radiometry. 

Photometry Radiometry 

Illuminance Lx lm/m Irradiance W/m2 

Luminous Flux lm Radiant Flux W J/s 

Luminous Intensity Cd lm/sr Radiant Intensity W/sr 

Luminance cd/m2 lm/sr-
m2 

Radiance W/sr-m2 

Luminance Efficiency cd/A Radiance Efficiency W/sr-A 

Luminous Power 
Efficiency 

lm/W Power Efficiency W/W 
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3.3.1.1 Responsivity of the human eye 

While light is the product of an OLED, the consumer of the product must be 

considered in order to tailor the device to its needs.  The particular consumer of interest 

is the human eye which must be able to respond to daytime environments with 

illuminance of 100,000 lux (lx) while also responding to night time environments with 

illuminance as low as .0003 lx.  In order to accomplish such a feat, the size of the pupil 

and the sensitivity of the retina must change with the environment [62].  The result of 

these changes is that human eye’s responsivity is said to have two distinct modes, the 

photopic for normal or daylight environments (luminance greater than 3 cd/m2) and the 

scoptic for low light environments (luminance less than cd/m2).   

The photopic response, G(), can be expressed as a function with peak luminous 

efficacy of 0 =683 lm/W at λ= 555 nm compared to the scotopic, G(), which has a 

value of 0 =1700 lm/W at λ= 507 nm. 

)()(

)()(

0

0
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The terms g()and g() refer to the normalized responses for the photopic and scotopic 

responses, respectively, with peak values of unity at the peak wavelength.  Figure 3-5 

illustrates these normalized curves.  For the purposes of this dissertation the photopic 

response will be used for luminance calculations. 
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Figure 3-5. The normalized scotopic (green and left) and photopic (black, dotted, and 

dashed to the right) curves [63]. 

3.3.1.2 Angular emission 

Light emitting devices do not direct photons in a single direction.  Therefore an 

explanation of two dimensional and three dimensional angles is necessary.  A plane 

angle (θ) is the ratio of the length of the arc of a two dimensional circle to its radius 

described by the SI unit radian (rad), as opposed to a solid angle (Ω) which is defined 

as the ratio of the spherical surface area to the square of the radius of a three 

dimensional sphere described by the SI unit steradian (sr). A visual representation of 

this is seen in figure 3-6.   
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Figure 3-6  Comparison of the planar angle to solid angle. A) a planar angle in two 

dimensions and B) a solid angle in 3 dimensions 

3.3.1.3 The ideal Lambertian emitter 

The ideal emission source for light emitting devices is known as the Lambertian 

source and is defined as being isotropic with equal luminance in any solid angle.  A 

representation of the luminous intensity can be seen in figure 3-7.   

 
Figure 3-7 Two dimensional representation of a uniform Lambertian emission source 

[64]. 
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The intensity follows a cosign law when observed from the normal to the emitting 

surface.  While it may seem counter intuitive, the reason that the luminance does not 

change whereas as the luminous intensity does as a function of viewing angle, the 

reason is that the area of the emitter viewed changes as well.   

3.3.1.4 CIE coordinates and color rendering index 

One final piece to understanding the light emission from a device is, of course, the 

color.  Light sources may be single color or wide band like white light.  Two figures of 

merit are used to describe color from light emitters.  The Commission Internationale de 

L’Eclairage (CIE) color space, created in the early 20th century, allows the hue emitted 

from a source to be defined using (x,y,z) coordinates.   These coordinates are 

dependent on the tristimulus curves (  ,  ,  ) seen in figure 3-8 as well as by the 

wavelength dependent intensity of the emission spectrum.  

 
Figure 3-8. The tristimulus curves used to determine CIE coordinates [65]. 

The tristimulus values (X,Y,Z) are derived integrating the curves by the spectral intensity 

as seen in the following equation. 
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As the summation of x+y+z equals unity, the color space is most often described in two 

dimensional coordinates (x,y).  Using this notation, the color space in figure 3-9 can be 

rendered.   

 The second term important term related to color is the color rendering index 

(CRI).  The CRI is a quantitative method of describing how well a light source can 

represent the colors of an object compared to a reference lighting source.  The CRI is 

then listed as a relative value from 0 to 100 with a higher value corresponding to closer 

rendering with respect to the reference.  Black body radiators which exist along the 

Planckian locus as is seen in figure 3-9 can show a CRI value of 100.  Therefore, a 

known black body radiator, the incandescent light bulb is typically the reference source 

used for comparison.  Typically the term CRI actually refers to the average of 14 

different color rendering values which compare the rendering of 14 specific colors (CRI1-

14).  Commonly, only the CRI1-8 are used for the general CRI.   
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Figure 3-9. Two dimensional CIE coordinate plane with black line indicating the 

Planckian locus [66]. 

3.3.2 Device Characterization 

Now that the figures of merit have been explained, the question remains how 

these values as well as the electrical properties of the device are acquired.  Through the 

use of standard measurement techniques, consistent comparison can be made 

between lighting sources from various research and commercial sources. The following 

sections describe the methods by which devices are characterized based on published 

methods [67].  Equipment between testing centers may differ but the application of 

these techniques allows for system independent study of devices. 

3.3.2.1 Current-voltage measurement 

The current and voltage measurements for OLEDs are the corner stone from 

which to discuss device behavior.  Measurement is conducted in ambient conditions 
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through the use of a semiconductor parameter analyzer (Agilent 4155C) which is 

electrically contacted to the device.  The voltage applied (V) to the device is 

incrementally increased and the current generated (Id) is recorded, though it is typically 

reported as the current density which is the current per device area (J).  By combining 

this information with the corresponding luminance measured, the operating parameters 

of the device can be ascertained.   

3.3.2.2 Luminance measurement and calibration 

Luminance, as mentioned earlier, is the luminous flux light per unit area per unit 

solid angle or in units, candela per meter squared (cd/m2) or lumens per steradian per 

meter squared (lm/sr-m2).  Obviously this term is based on photometric units and 

therefore must be calibrated using the photopic response.   This calibration is conducted 

using a luminance meter (Konica Minolta LS-100 with No. 110 close up lens) and 

calibrated silicon photodetector (Newport 818-UV).   By attaching the photodetector to 

the parameter analyzer, the photocurrent generated (Idet) by the device can be 

simultaneously recorded while current-voltage measurements are conducted.  The 

luminance meter is then used to measure the actual luminance (L) at a given 

photocurrent in order to derive a conversion factor (α) for the dedicated measurement 

set up assuming ideal Lambertian emission.   

detIL   

3.3.2.3 Emission spectra 

In order to assess the color emitted from the device as well as adjust the 

photocurrent measurements by the responsivity of the detector, the emission spectra 

must be captured.  Using a spectrometer (Ocean Optics Jaz) calibrated with a tungsten 
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lamp, the wavelength dependent emission intensity of the device can be measured.  

Furthermore, using optical software, the CIE coordinates and CRI value can be derived.  

3.3.2.4 Luminance efficiency 

Luminance or Current Efficiency (ηL) is the most basic assessment of the 

capabilities of a fabricated device.  It is defined as the ratio of the luminance to the 

current injected into the device.  The following equation illustrates this relationship:  

J

L
L   

This efficiency is reported in cd/A and taken directly from the calibrated measurements. 

From this efficiency rudimentary understanding of the light out versus the charges put in 

develops.   

3.3.2.5 Luminous power efficiency 

The luminous power efficiency (ηP) is calculated assuming a two dimensional area 

of emission that is Lambertian in emission (figure 3-10). The quantity is derived from the 

following equation: 
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Figure 3-10. A two dimensional Lambertian source with light emitting area A and 

surface area dS to define the solid angle 

In this system, A is the total luminous flux in lumens (lm) from the light source with a 

certain area (A),and P is the electrical power consumed by the device in watts (W).  ηP 

can also be thought of as radiometric unit radiant efficacy which is optical power out per 

electrical power in (W/W) multiplied by the photopic  luminous efficacy of the light.  This 

relationship illustrates two methods of improving the ηP of a device: first if more optical 

power is produced by less electrical power, and second if the device’s emission spectra 

is closely aligned to the photopic response. The following derivation shows how ηP is 

calculated using this relationship.  
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Here G() and g() are the previously reported wavelength dependent photopic 

response and its normalized counterpart.  S() and s() are the spectrum dependent 

optical power and normalized counterpart.  The device current (Id) injected at a given 

voltage (V) and the photocurrent (Idet) are from the direct measurements conducted.  

R() is the responsivity of the photodector and f is the geometric factor of the 

measurement set up.  For commercial lighting applications, this value is important in 

determining the energy costs an OLED will require in terms of its application.  

3.3.2.6 External Quantum Efficiency 

While the luminance efficiency is a rudimentary way of correlating electricity to 

light, the most precise quantity to do so is known as the external quantum efficiency 

(ηEQE), which directly shows the ratio of photons emitted to air to the amount of charges 

injected into the device.  Since this is based purely on physical quantities, the photopic 

response is not considered when calculating the value.  Alternatively, the photodetector 

used must be carefully chose based on the wavelengths of light to be measured.  The 

following equations show the derivation of this quantity. 
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In this derivation,all previously mentioned terms remain the same with q representing 

the fundamental charge of an electron (1.602  10-19 coulombs), h being Planck’s 

constant (6.626  10-34 J-s), and c is the speed of light (299,792,458 m/s).  This figure is 
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important in understanding the device architecture’s effectiveness at transforming one 

form of energy to another. 
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CHAPTER 4 
OLED OPTICAL PATHS AND MEANS OF ENHANCEMENT 

4.1 Light Path in Basic Bottom Emitting OLED Architecture 

While each of the components of an OLED described in the previous chapter are 

critical to the electrical performance, one aspect not considered is the desirable 

characteristics necessary to maximize light transmission to air.  The term most 

commonly associated with the amount of light that reaches air is the previously 

mentioned external quantum efficiency.   While a value for EQE can be derived from 

physical measurements, the term actually encompasses the various physical 

processes.  The two primary terms are the internal quantum efficiency (ηIQE) and the 

outcoupling efficiency (ηoutcoupling).  The internal quantum efficiency is more directly the 

number of photons created per the number of charges injected. This term is dependent 

on the efficiency of three processes within the device.  First is the charge recombination 

efficiency (ηR), which requires balanced charge injection from the electrodes in order to 

form excitons and prevent non radiative relaxation [68–71].  As excitons are formed in a 

one to one ratio, by adjusting the charges injected from either side to be equal, one can 

potentially 100% recombination efficiency.  The second process of interest is the 

fraction of exploited excitons.  As explained previously, organic molecules exist in two 

states, the singlet and the triplet.  Singlets account for 25% of all excitons formed and 

triplets 75%.  Therefore in order for 100% of all excitons to be accessed, a material that 

takes advantage of metal ligand charge transfer must be used [27,72].  The final 

process is the photoluminescent quantum yield, which is a ratio of photons generated to 

photons used to excite a material.  While this quantity can be extremely high for 

materials suspended in solution [73], solid films tend to have reduced values [74].  In 
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order to combat this inefficiency, films consisting of a host and emissive dopant layer 

with optimized doping ratio can increase the yield.   

While maximizing these terms can produce a nearly 100% internal quantum 

efficiency, the limiting factor for the EQE is the outcoupling efficiency, whereby the 

charges generated escape the device stack.  Figure 4-1 crudely illustrates the paths 

light may take when passing through the various layers of a complete bottom emitting 

(light emits through the substrate) OLED.   

 
Figure 4-1. Optical modes in bottom emitting device.  

Light is isotropically generated in the emitting layer of the device leading to emission at 

various angles and directions.  The different paths or modes of light travel can be 

described by the regions that are significant to the device stack.  The first mode is 

defined by the organic/ITO layers (n=1.7-2.0) where light can be completely internally 

reflected as it reaches the lower index glass substrate (n=1.5) [75–77].  This mode 

accounts for 50% to 60% of all the light generated in the device.  The second mode is 
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the defined by the glass substrate itself where light that has escaped the device stack is 

now internally reflected throughout the substrate due to glass/air interface (nair = 1.0) 

and accounting for another 20-30% of the light.  The final mode is defined by the light 

that is able to escape the substrate and finally be emitted into the air [21,78].  Due to the 

various interfaces with changes in refractive index, it is easy to see how a device with 

perfect internal efficiency can lead to such low external efficiencies.   

4.2 Fabrication Methods to Alter Optical Modes 

The previous section detailed the reasons which, in spite of a highly efficient 

device, the amount of useable light is extremely limited.  In order to access more of the 

light already generated by the device structure, various methods of altering the optical 

modes have been examined to enhance ηoutcoupling.  The following sections will address 

some of these methods.  

4.2.1 Cathode Surface Plasmons 

The first method is designed to access some of the light from the first optical mode 

presented.  One reason that much of the light generated never leaves the organic layers 

is due to a phenomenon known as surface plasmon quenching.  Essentially, light 

interacts with the sea of electrons that exists at the metal cathode/organic interface 

causing the electrons to oscillate.  This oscillation extends outward horizontally in the 

device, meaning that the light is dissipated instead of reaching a forward direction.  In 

order to reduce this quenching, a few methods have been attempted to alter the way 

that light interacts with the metal electrode.  The first is to move the emitting layer as far 

from the cathode as possible [79].  This is in turn reduces the likelihood that quenching 

will occur in the first place.  While a simple solution, the shifting of the emitting layer has 

the potential to upset the charge transport capabilities of the OLED.  The second 
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method requires modifying the structure of the electrode to incorporate nanoscale 

features that can act as antennae to retransmit the light in the forward direction [80–83].   

 

Figure 4-2.  Comparison of planar and surface plasmon enhanced device structures A) 
Planar. B) Modified for enhanced extraction. 

By redirecting the electromagnetic fields at the cathode/organic interface to incorporate 

a vertical component, light previous trapped horizontally can now be emitted in the 

forward direction.  This approach has been shown to increase the light extracted by 

2.35 times that of the standard device architecture [80].  The major limitation to this 

method is that it typically requires some kind of template in order to produce the 

nanoscale features.  Such templates require lithographic methods common to inorganic 

semiconductors and therefore adding significant cost and difficult processing to the 

OLED fabrication.  Furthermore, these techniques do not necessarily allow for 

commercial scale application. 
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4.2.2 High Index Glass 

The second method utilized takes the focus of improvement to the other end of 

device.  Due to the reduction in refractive index at the anode/glass interface, much of 

the light generated is reflected back into the organic layers.  The easiest way to prevent 

this is to have the glass match the refractive index of the rest of the device.  By 

removing one of the reflective interfaces, more light reaches the glass substrate and 

therefore more light can exit the OLED[84,85].  This method has been used in record 

setting device structures that can match fluorescent tube efficiencies in the lab (90 

lm/W) [29], and shows a 2.7 fold increase from the bare device.  Although the use of 

high index glass shows a high enhancement, it may present a cost prohibitive challenge 

to commercial applications. 

4.2.2 Low Index Grids 

One further method to improve this interface is change the optical path of light as it 

passes through the high index organic layer.  In order to do that, low index two 

dimensional grids with micron scale spacing allow light that is normally transmitted 

horizontally through the organic layer to instead pass into the sides of the grid, which in 

turn allows more light to enter the substrate [38,86].  Through the application of 

extremely low (n=1.15) index grids, enhancements of up to 2.9 times the efficiency of 

conventional devices has been seen.  This method still relies on traditional cleanroom 

processing techniques, either through lithography or oblique angle deposition in order to 

produce. 
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Figure 4-3. Light path through an OLED with incorporated low index grid. 

4.2.3 Quarter Wave Stacks (Bragg Reflector) 

 

Figure 4-4. Demonstration of light path through a Bragg reflector.  The backwards 
reflected light accounts for multiple reflections at the various interfaces in the 
stack 
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One method to improve the outcoupling capabilities of OLEDs relies on selective 

control of the electromagnetic wave of light in order to create constructive interference.  

Through the use of alternating layers of high and low index materials at the interface 

between the transparent electrode and substrate, light waves can be selectively 

reflected back at each interface.  This wave, due to both the forward directional and 

back reflected light, will experience constructive interference and by tailoring the device 

thickness optimize the interference to the wavelength.  By adjusting the thickness of 

these alternating high and low index layers to a quarter of the desired wavelength, more 

light of that wavelength is able to escape the device stack and reach the substrate 

mode (figure 4-4).  This microcavity effect is therefore a positive enhancement for single 

color light sources showing 1.6-1.7 times enhancement of light, while broad band 

sources such as white light can be limited by the application of the stack [87–89].  

Therefore, to produce white light, typically a high energy single wavelength source is 

produced by this method with additional down conversion layers to create white light. 

4.2.4 Microlens Arrays 

The most ideal method of enhancing the outcoupling efficiency of light would be to 

apply a large high index of refraction lens to the substrate which would allow most light 

trapped in either the substrate or device stack to reach through the 90° contact angle of 

the lens.  While this technique is ideal, a lens of sufficient size to cover any practical 

sized device would greatly increase the size of the product.  One alternative to produce 

similar light extraction would be through the use of microscopic lens arrays that could be 

produced across the surface of the device both emulating the enhancement of the large 

macro lens and maintaining the form factor of the device itself.  While most current 

attempts to produce microlens arrays require expensive processing techniques that also 
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limit the scale to the arrays can be printed [37,90], some recent methods utilizing either 

soft lithographic [30] or inkjet printing methods have begun to be explored.  By using 

monomer materials that have a refractive index that matches that of the device and can 

be UV cured into a high contact angle solid state, this method presents the possibility 

for high efficiency devices that can be scaled to commercial levels.  Table 4-1 

summarizes these methods.   

Table 4-1. Recorded enhancement of various outcoupling methods over traditional 
OLEDs. 

 

Technique Enhancement Multiplier 

Cathode Surface Plasmons 2.3x[80] 

High Index Glass 2.7x [29] 

Low Index Grids 2.9x [86] 

Bragg Reflector 1.7x [87] 

Microlens Arrays 1.7x  [90,91] 
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CHAPTER 5 
TRANSPARENT OXIDE/METAL/OXIDE TRILAYER ELECTRODE FOR USE IN TOP-

EMITTING ORGANIC LIGHT-EMITTING DIODES 

5.1 Introduction 

Organic light emitting diodes (OLEDs) are already commercially available in small-

area displays and quickly approaching the point of commercial viability for lighting 

applications.  White light devices with efficiencies reaching 100 lumens per watt (lm/W) 

have been achieved [29], which exceed the maximum efficiencies of the incandescent 

(17 lm/W) and fluorescent bulbs (90 lm/W) [92]. Soon flat panels with strong color 

rendering capabilities could replace conventional lighting fixtures both at home and in 

commercial environments.  While these devices could one day revolutionize technology, 

one important component that still requires investigation is the transparent electrode, 

which must be conductive but also transparent so as to facilitate the transmission of 

light to and from the active organic layers.  The most common transparent electrode 

used for these devices is indium-tin oxide (ITO), a degenerately doped metal oxide 

consisting of 90% In2O3 and 10% SnO2, typically deposited in a sputtering system at 

elevated substrate temperatures to simultaneously optimize the optical transparency 

and electrical conductivity [93,94].  This electrode can be patterned onto glass or other 

transparent substrates, and has high transparency of approximately 90% across the 

visible spectrum and low sheet resistance of 10- 0 Ω/□ for a 100-150 nm thick film; 

however, the high temperatures induced by the plasma as well the necessary post-

deposition annealing process will cause the thermal expansion of polymer based 

substrates and significantly reduce the conductivity of the layer.   

Typically, OLEDs are designed to emit through ITO and the transparent substrate 

before reaching air (there is typically a metal electrode on the other side of the organic 



 

72 

multilayer stacks to reflect the light toward the ITO electrode).  This leads to three 

distinct interfaces which light must pass through: one between the organic layers and 

ITO, one between the ITO and glass, and one between glass and air.  The differences 

in indices of refraction between these components mean that at each interface light has 

the potential to be internally reflected, reducing the overall efficiency of the device.  If 

one could remove the interface between glass and substrate by switching the position of 

the transparent ITO electrode and the reflective metal electrode, light previously trapped 

internally in wave-guided modes could now partially escape the device [95,96].  This 

top-emitting structure, wherein the device emits directly from a transparent electrode to 

air, has the potential to improve the outcoupling of light [97,98] and drive organic 

devices towards higher efficiencies.  Furthermore these devices can also be fabricated 

on opaque substrates like silicon, allowing for integration into current active matrix 

display technologies. Unfortunately, with respect to top-emitting organic devices, the 

ITO electrode does not easily integrate into the fabrication process due to its method of 

deposition.  The sputtering process is highly destructive to the soft organic layers 

underneath [99].    Therefore, another transparent electrode is necessary for use in top-

emitting or semitransparent organic devices.  

Recently, the use of multilayer patterned electrodes consisting of thin metal layers 

sandwiched by oxide layers has been investigated [100–104].  While these electrodes 

have typically been deposited using e-beam deposition and therefore require additional 

processing steps and chambers apart from traditional thermal evaporation, Yook et.al. 

have shown that such a structure can be thermally evaporated as well, which integrates 

into the fabrication of small molecule organic devices and has less potential to damage 
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the underlying layers [102].  Typically the metal used has been Ag, while the oxide 

layers have run the gamut from ITO to WO3 to ZnO.    

This chapter seeks to expand the understanding of these multilayer electrode 

structures, and their integration into top-emitting diode design for high efficiency OLEDs.  

Previously the use of Ag as the intermediate layer showed a wavelength dependent 

transmittance favoring the blue region (400-500 nm) of the visible spectrum, and the 

application of this structure as a cathode in place of the typical Al or Ag [100].  By 

contrast, replacing this layer with Au and sandwiching it between layers of molybdenum 

oxide (MoO3), a shift in peak transmittance towards the green and red regions (550-600 

nm) of the spectrum is shown, while maintaining a low sheet resistance. Furthermore, 

when ultrathin layers of Au and Ag are stacked in this structure, the peak transmittance 

can be both broadened and tuned based on the proportions of each layer.  Finally, the 

structure was incorporated as an anode into OLED devices showing the potential for 

high efficiency devices with an inverted top-emitting structure.  

5.2 Experimental Methods 

All structures were deposited on glass substrates using vacuum thermal 

evaporation at a pressure < 3.0 ∙ 10-6 Torr.  The substrates were cleaned by 

submerging the samples in beakers of detergent and water, de-ionized water, acetone, 

and isopropanol successively and each beaker was ultra-sonicated for a period of 15 

minutes.  The transparent oxide / metal / oxide structures were deposited sequentially 

using 5 nm of MoO3 followed by various thicknesses of Au or Ag and finally 40 nm of 

MoO3.  OLEDs were then fabricated using an inverted top-emitting structure and 

compared to a standard bottom-emitting architecture deposited on top of a precoated 

ITO layer.  Figure 5-1 illustrates these two different structures.  Both fluorescent and 
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phosphorescent devices were examined   The fluorescent structure consisted of N, N’-

diphenyl-N,N’-bis(3-methylphenyl)-[ , ’-biphenyl]-4,4’-diamine (MeO-TPD) doped with  

tetrafluoro-tetracyanoquinodimethane (F4-TCNQ) as the hole injecting layer (HIL) [25], 

N,N′-bis-(1-naphthyl)-N,N′-diphenyl1-1,1-biphenyl1-4,4′-diamine (NPB) as a hole 

transporting layer (HTL) [105], and tris(8-hydroxyquinolinato) aluminum as the electron 

transport (ETL) and emitting layer (EML) [17].  The respective transparent electrodes 

(ITO for bottom-emitting devices and the oxide/metal/oxide trilayer for top-emitting 

devices) were used as the anodes, whereas a Cs2CO3 interlayer [24] and Al were used 

as the cathode.  Phosphorescent devices consisted of a p-i-n structure with MeO-TPD 

doped with  F4-TCNQ as the HIL, 1,1-bis-(di-4-tolylaminophenyl)cyclohexane (TAPC) 

[23] as the HTL, N,N’-dicarbazolyl-3,5-benzene (mCP) doped with 10 wt% fac tris(2-

phenylpyridine) iridium (Ir(ppy)3) green phosphorescent dopant as the EML [106], 4,7-

diphenyl-1,10-phenanthroline (BPhen) as ETL and BPhen doped with CsCO3 electron 

injection layer (EIL) [24].   The same anode and cathode structures as the fluorescent 

device were also employed.   

 
Figure 5-1. Schematic device structures for the standard bottom-emitting architecture 

based on the commercial ITO electrode and the top-emitting architecture 
based on the MoO3/metal/MoO3 trilayer transparent electrode. 
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The optical transmittance of the films were obtained by passing the white light from 

a Oriel Apex Monochromatic Illuminator through an Oriel Cornerstone 260 

monochromator and using a Newport 818-UV photodetector to measure the 

monochromatic light intensity.  The sheet resistance of the transparent electrodes was 

measured using the four-point probe technique.  Luminance (L)–current density (J)–

voltage (V) measurements were conducted in ambient conditions using an Agilent 

4155C semiconductor parameter analyzer and the aforementioned Newport 818-UV 

photodetector. The luminance of the OLEDs was calibrated using a Konica Minolta LS-

100 luminance meter assuming a Lambertian emission pattern. Electroluminescence 

(EL) spectra were taken using an Ocean Optics Jaz spectrometer. The power and 

external quantum efficiencies (ηP, and ηEQE, respectively) were derived based on 

published methods as explained in the previous chapter [67].
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5.3 Optoelectronic properties of multilayer structures 

 
Figure 5-2. Transmittance of the ITO and MoO3/Au/MoO3 electrode with various Au 

layer thickness. 

Figure 5-2 shows the optical transmittance of the trilayer MoO3 / Au / MoO3 

structures with varying Au layer thicknesses as compared to that of the commercial ITO 

electrode.  With a 5 or 10 nm thick Au layer, the trilayer structure can achieve a 

maximum transmittance of 85-90%, only slightly lower than that of the ITO. The 

transmittance of this trilayer structure does show stronger dependencies on the 

wavelength than the ITO, and the transmittance of trilayers with 5-10 nm thick Au 

intermediate layers is reduced to approximately 75% at 500 nm.  The trilayer 
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transmittance also shows a strong dependence on the Au layer thickness. While the 

structure with 5 nm thick Au layer shows broad transmittance, as the Au layer thickness 

increases, a characteristic peak transmittance begins to form around 580 nm, and the 

overall transmittance of the structure steadily decreases, particularly for wavelength 

<500 nm. 

 
Figure 5-3. Sheet resistance and transmittance at 600nm as a function of Au layer 

thickness. 

Figure 5-3 shows the relationship between the transmittance (at 600 nm) and the  

sheet resistance for trilayers with varying Au layer thickness. While the 5 nm thick Au 

structure shows high transmittance, its sheet resistance (3  Ω/□) was higher than that of 
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ITO (~ 0 Ω/□, approximately   0 nm thick)  With a  0 nm or thicker Au intermediate 

layer, the sheet resistance of the trilayer is reduced to below  0 Ω/□ and decreases with 

the Au layer thickness, although this is accompanied by a simultaneous reduction in the 

optical transmittance. Therefore in order to apply this electrode to light-emitting devices, 

a balance between the transmittance and sheet resistance must be achieved. One 

important observation relates to the 10 nm sample, which possesses both sufficiently 

low sheet resistance (8 9 Ω/□, much lower than that of the commercial ITO) and the 

highest transmittance at 600 nm.  This phenomenon suggests a correlation between the 

more coherent Au layer and an optical enhancement perhaps related to surface 

plasmon resonance.  This effect is further supported by the change in peak 

transmittance seen as the metal material is changed, suggesting a material dependent 

resonance.  Figure 5-4 shows that by changing the metal intermediate layer used to Ag 

or depositing  sequentially stacked Au/Ag layers, the maximum transmittance 

wavelength shifts from the red region of the electromagnetic spectrum to the blue (Ag) 

or green (Au/Ag) region. The 5nm/5nm Au/Ag stacked interlayer appears to be best 

suited for white light emitting devices as the corresponding transmittance is over 70% 

for the entire wavelength range of 450 to 650 nm, whereas either Ag or Au only results 

in a relatively poor transmittance at one end of the visible spectrum (long-wavelength 

end for Ag and short-wavelength end for Au).  The transmittance of this stacked 

interlayer appears to average the transmittance of the two components.  This feature is 

further illustrated by adjusting the proportions the metals in the layer suggesting that this 

structure can be completely tunable to a variety of niche applications and emissive 

molecules.   
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Figure 5-4.  Wavelength dependant transmittance of multilayer structures with Au, 

Au/Ag, and Ag intermediate layers. 

5.4 OLED devices with trilayer transparent electrodes 

As this MoO3/metal/MoO3 trilayer structure shows promising electrical and optical 

properties, its application to OLED devices must also be examined.  First, fluorescent 

devices were fabricated as previously described using the multilayer electrode with 10 

nm Au as the intermediate layer.  Figure 5-5(a) shows the L-J-V characteristics for the 

bottom-emitting Alq3 device (with a commercial ITO anode) and its top-emitting 

counterpart with a MoO3/Au/MoO3 anode.  The top-emitting device shows somewhat 

lower current than the bottom-emitting device, especially at voltages just above the turn-

on voltages of the devices (~2.2 V).  The inferior charge injection in the top-emitting 
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device may not be entirely associated with the transparent trilayer electrode. More likely 

it could be due to the electron injection from the Al cathode.  In a typical bottom-emitting 

structure, an interlayer of LiF or Cs2CO3 is first deposited onto the organic layer followed 

by an Al cathode, and reactions and diffusion may occur upon the deposition of hot Al 

atoms, which subsequently reduces the electron injection barrier [19,107].  When 

depositing a top-emitting structure with Al followed by an interlayer (such as Cs2CO3 

used here), the same series of events may not occur.  Nonetheless, the emission 

spectra of the bottom- and top-emitting devices as shown in Fig 5-5(b) are nearly 

identical. This indicates that if the injection barrier can be overcome, the transmittance 

of this structure is unlikely to affect the emission of the device. 

 
Figure 5-5. Device Properties of Bottom and Top Emitting Devices A) L-J-V 

characteristics of fluorescent bottom- and top-emitting devices. The 
commercial ITO anode was used in the bottom-emitting device whereas the 
MoO3/Au/MoO3 trilayer electrode was used as the anode in the top-emitting 
device.   B) Electroluminescent (EL) spectra of the two devices.   
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Figure 5-6. High efficiency p-i-n green phosphorescent devices. A) Energy level 
diagram of device structure. B) External quantum and luminous power 
efficiencies of these two devices. 

The trilayer transparent electrode was also applied to a p-i-n phosphorescent 

green-emitting device with both hole and electron injecting layers.  The schematic 

energy level diagram of such devices is shown in Fig. 5-6(a). As shown in Fig. 5-6(b), 

the external quantum efficiency of the top-emitting device was mostly the same as that 

of the bottom-emitting device in the current density range of 0.1 to 100 mA/cm2.  The 

power efficiency of the top-emitting device; however, shows a 20-30% reduction 
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compared to the bottom-emitting device in this current density range, which is attributed 

to the somewhat higher drive voltage of the top-emitting device similar to the case of the 

fluorescent devices (Fig. 5-5a). Based on this green p-i-n structure, the potential 

application of this electrode to high efficiency light emitting devices can be seen, so long 

as the high turn on voltage can be overcome.   

5.5  Summary 

A new architecture for a transparent multilayer electrode for use in thermally 

evaported top-emitting OLEDs was demonstrated.  While its transparency is wavelength 

dependent, maximum transmittance up to 85-90% is achieved along with sheet 

resistances lower than typical commercial ITO electrodes.  Furthermore, the wavelength 

dependence of the transmittance of such electrodes can be tuned based on the metal 

material used for the intermediate layer.  When Au-containing multilayer structures were 

used as the anode in a top-emitting OLED, the emission spectra of the device matched 

that of the bottom-emitting devices with ITO anodes.  These top-emitting devices also 

exhibit similar external quantum efficiencies as the bottom-emitting devices; however 

the somewhat inferior charge injection, likely caused at the Al cathode, leads to higher 

operating voltages and lower power efficiencies in the top-emitting devices. Further 

examination of these multilayer structures is clearly necessary as they present a 

promising avenue for the replacement of ITO in OLEDs
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CHAPTER 6 
ENHANCING LIGHT EXTRACTION IN TOP-EMITTING ORGANIC LIGHT-EMITTING 

DEVICES USING MOLDED TRANSPARENT POLYMER MICROLENS ARRAYS  

6.1 Introduction 

The low light extraction efficiency in OLEDs poses a critical limitation to the overall 

efficiency of these devices.  In a typical OLED, only approximately 20% of the emission 

can escape the device in the forward viewing direction [108].  While various methods 

have been reported to enhance light extraction in OLEDs, the more effective methods 

often involve using expensive materials or complex processing routines [26,29,30,32–

38,109–111].  In this chapter, the use of molded close-packed, hemispherical, 

transparent polymer microlens arrays will be examined in order to enhance the OLED 

light extraction efficiency of top-emitting OLEDs.  The microlens array does not 

appreciably alter the thin form factor of OLEDs, and can be readily scaled for low-cost, 

large-area device manufacturing. As a result, the optimization of this technique presents 

a very attractive option for creating solid state white light devices.  This chapter is an 

extended discussion of results previously present [31]. 

6.2 Experimental Methods 

Optical simulations were performed using both ray tracing and wave optics models 

to calculate the light extraction efficiency in top-emitting OLEDs with a close-packed 

hemispherical microlens array. The TOLED device used for simulation consists of an Al 

reflecting electrode on a substrate, a 140 nm thick organic layer (norg = 1.7), a 40 nm 

thick transparent electrode (n = 2.0), and a microlens array whose index of refraction is 

varied from nlens = 1.0 (meaning no microlenses) to 2.3.  Except for Al, all other 

materials are considered fully transparent in simulations. 
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For ray tracing, the Monte Carlo simulation started by randomly selecting a 

position and direction of light emission (a ray), followed by tracing the trajectory of that 

ray without considering interference. The ray was either reflected or transmitted at a 

material interface based on probabilities determined by the reflectance and 

transmittance across that material interface.  The light extraction efficiency is calculated 

as the ratio of the number of rays that escape the device through the microlens array to 

the total number of rays used for simulation (which is on the order of one million).   

Using a commercial software (Lumerical Solutions Inc., Canada), the finite-

difference time-domain (FDTD) algorithm was also employed to simulate the light 

(electromagnetic wave) propagation in the OLED multi-layer structures with or without a 

microlens array attached.  Emission from the organic molecules was modeled as a 

sheet of dipoles with random orientation positioned at a fixed distance away from the 

reflecting metal electrode. The light extraction efficiency is calculated as the ratio of the 

optical power radiated through the microlens array to the total power generated by the 

dipoles in the active layer.  The diameter of the microlenses was set as 2 m (instead of 

100 m in actual experiments) to reduce the simulation time and computer memory 

space. Significant wavelength dependence in the calculated ηLE was observed due to 

the increased interference effect with smaller microlenses.  The error in ηLE as shown in 

Figure 6-2(c) was taken from the standard deviation of ηLE in the wavelength range from 

500 nm to 600 nm. 

Small molecule based, top-emitting OLEDs with different color emissions were 

fabricated using vacuum thermal evaporation in a custom-made high vacuum 

evaporator (base pressure ~ 110-7 Torr).  The OLEDs generally consist of a 100 nm 
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thick Al cathode on a pre-cleaned glass substrate, a 1 nm thick interfacial Cs2CO3 layer 

[24], an organic multilayer stack, and a MoOx (5 nm)/Au (10 nm)/MoOx (40 nm) trilayer 

transparent anode [58]. The organic multilayer stack consists of (in deposition 

sequence) a 40 nm thick tris[3-(3-pyridyl)mesityl]borane (3TPYMB) electron transport 

layer [24], a 20 nm thick emitting layer (EML), a 10 nm thick 1,1-bis-(di-4-

tolylaminophenyl)cyclohexane (TAPC) hole transport layer, and a 30 nm thick hole 

injection layer of N, N'-diphenyl-N,N'-bis(3-methylphenyl)-[1,1'-biphenyl]-4,4'-diamine) 

(MeO-TPD) doped with 2 mol% of tetrafluoro-tetracyanoquinodimethane (F4-TCNQ). 

The green OLED employed an EML of N,N’-dicarbazolyl-3,5-benzene (mCP) layer 

doped with 8 wt% fac-tris-(phenylpyridine) iridium [Ir(ppy)3] [106].  For the blue-green 

OLED, the EML is mCP layer doped with    wt% iridium(III) bis(4’,6’-

difluorophenylpyridinato)tetrakis(1-pyrazolyl)borate (FIr6) [22,23]and 1 wt% Ir(ppy)3.  

Combining FIr6 and Ir(ppy)3 together with the red-emitting iridium(III) bis-(2-

phenylquinoly-N,C2’)dipivaloylmethane (PQIr) in a dual-EML structure as reported 

previously led to white light emission [26]. The typical OLED active device area was 4 

mm2 as defined by a cross-bar electrode geometry.  Larger size devices with an area of 

1 cm2 were also fabricated for direct demonstration of the light extraction enhancement 

with the microlens array. 
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Figure 6-1. Schematic of microlens fabrication process. A) PS beads on a silicon 
substrate.  B) Template for a PDMS mold. C) Cured mold with beads. D) 
Removal of beads. E) Filling with NOA. F) Application of filled mold to device.  
G)The mold is removed to form the lens array [30]. 

The previously published soft lithography process to fabricate microlens arrays on 

top-emitting OLEDs [30,91] was adapted here for use.  A schematic of the process is 

seen in figure 6-1.  First, polystyrene microspheres (PS)  in aqueous solution (2.1% for 

100 micron diamater spheres) were applied to precleaned, hydrophilic, UV/ozone 

treated silicon substrates with native oxide layer.  Using convective and capillary 

assemply, a tightly closed packed monolayer film is formed as is seen in figure 6-2.   
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Figure 6-2. Silicon wafer with polystyrene bead mono layer. A) Macroscopically. B) 

Under an optical microscope [91] 

With domain sizes on the order of 1 mm and a hexagonally closed packed array of 

beads, this film can be used to create microlens templates.  To form this template, ss 

can be seen in figure 6-3,polydimethylsiloxane (PDMS) precursors were mixed 10:1 

ratio of base polymer to curing agent and poured onto the monolayer film.  After 3 hours 

of vacuum exposure to remove any air bubbles, the precursor was cured at 60° C for 2 
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hours under vacuum (6-3a) .  Using common packing tape, the beads can be removed 

from the curec PDMS leaving concave hemispherical surfaces (6-3b,c). 

 

Figure 6-3. Scanning Electron microscope images of microlens formation process.  A) 
Cured PDMS with PS beads. B) Removal of beads from mold. C) Concave 
PDMS mold. D) Cured microlens array [91].  

Norland Optical Adhesive (NOA) 68 (n=1.54) monomer liquid is used to fill the template 

which can be placed on onto the glass substrate of an OLED.  Using UV light (λ=365 

nm), the NOA is then cured and the template pealed back to form a microlens array(6-

2d). 

The luminous, power, and external quantum efficiencies (ηL, ηP, and ηEQE, 

respectively) were determined following the recommended methods [67].  Current-

density– voltage (J – V) characteristics of OLEDs were measured under ambient 
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conditions using an Agilent 4155C semiconductor parameter analyzer. Unless otherwise 

noted, a calibrated Newport 818-UV silicon diode was placed in close proximity to 

measure the OLED light output, and the luminance was calibrated using a Minolta 

luminance meter (LS-100). The EL spectra were taken using an Ocean Optics Jaz 

spectrometer coupled to an optical fiber.  

For direct demonstration of the light extraction enhancement with a microlens 

array on TOLEDs, large-pixel OLEDs with a 1 cm2 active device area were fabricated 

and covered half of the device area with a microlens array (while leaving the other half 

uncovered). With the device operated at a constant current (in the range of 1 to 10 mA), 

an optical fiber (diameter = 400 μm) was positioned perpendicular to the device surface 

and within 1 mm of the light-emitting surface. The near-field EL spectra at multiple spots 

within the MLA-covered and bare regions of the OLED were recorded by an Ocean 

Optics Jaz spectrometer connected to the receiving end of the fiber. 

6.3 Comparison of Bottom and Top Emitting OLEDs 

Conventional OLEDs typically employ the “bottom-emitting” OLED (BE-OLED) 

structure as schematically illustrated in Figure 6-4(a), which consists of a planar 

substrate such as soda lime glass (with an index of refraction of nglass  1.5), a layer of 

transparent conducting indium-tin-oxide (ITO) anode (nITO  1.8-2.0), multilayers of 

organic thin films (norg  1.7-1.8) with a total thickness on the order of 100 nm, and a 

reflecting metal cathode such as Al. For light emission in directions that have large 

angles from the substrate normal, the total internal reflection at the ITO/substrate or 

substrate/air interfaces prevents the light from exiting the device through the substrate 

surface, leading to waveguiding modes confined in the substrate, ITO and the organic 
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layers (modes ii and iii in Figure 6-4(a)).  The light extraction efficiency of the OLED, 

ηLE, defined as the ratio of the number of photons coupled out of the device in the 

forward viewing directions to the total number of photons generated in the emissive 

region, is simply the percentage of light emitted into the external modes (modes i in 

Figure 1(a)), which has been estimated to be approximately 20% assuming isotropic 

emission inside the OLED [108,112]. There are also surface plasmon modes generated 

at the metal/organic interface, which are resulted from the coupling between the free 

electrons at the metal surface and the electromagnetic radiation and further reduce the 

percentage of emission in the external modes [113,114]. Methods to alleviate this 

surface plasmon quenching have been investigated by several groups, primarily by 

increasing the distance between the emissive layer and cathode [115] or by roughening 

the metal organic interface [80,116].  
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Figure 6-4. Bottom- and top-emitting OLEDs. A) Schematic device structure of a 

bottom-emitting OLED with three major emission modes.  B) Schematic 
device structure of a top-emitting OLED with two major emission. 

C)Simulation of light extraction efficiency, LE, of a top-emitting OLED with a 
close-packed, hemispherical, transparent microlens. 

By modifying the glass/air interface, such as attaching polymer microlens arrays 

[30,37,38,110] or macrolenses [26,35], or introducing light scattering centers [109], a 

portion of the substrate waveguiding modes can be extracted in addition to the external 

modes. Microlens arrays are preferred over macrolenses as they are a more practical 

solution for large-area OLEDs and do not signficantly alter the thin form factor of the 

devices (which is mostly dictated by the thickness of the substrate, typically around 1 
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mm). The ITO/organic-waveguiding modes, however, remain untapped, as they are 

separated from the glass/air interface by the substrate thickness.  When a high index of 

refraction (n  1.8) substrate is used instead of the more common, lower-index soda 

lime glass (n  1.5), the ITO/organic-waveguiding modes can be effectively coupled into 

the substrate due to the matching of the refractive indices.  In this case, an index-

matching hemisphere on the substrate surface can be used to significantly enhance ηLE 

by up to 140% [29].  However, these high index substrates are too costly for use in large 

area panels, and other much lower cost solutions are still needed. 

The less conventional “top-emitting” OLED (TOLED) architecture has been 

considered to be more advantageous than the bottom-emitting devices for integration 

with active matrix displays [95], and as will be shown here, it is also more advantageous 

for possible light extraction enhancement. As shown in Figure 6-2(b), with a reflecting 

metal electrode on the substrate and light emission through the top transparent 

electrode, the substrate waveguiding modes are eliminated, and the waveguiding 

modes in the organic and transparent electrode layers (mode ii in Figure 1b) are now 

accessible by modifications, such as attachment of a microlens array, on the light 

emitting surface (the transparent electrode/air interface).  

6.4 Simulation of Microlens Enhancement on Top OLEDs 

Optical modeling was used to study the impact of attaching a transparent 

microlens array (MLA) onto TOLEDs (see inset of Figure 6-4(c)) on light extraction.  

Both Monte Carlo based ray tracing and finite difference time domain (FDTD) wave 

optics simulations have been carried out, although neither method is expected to be 

fully accurate due to various assumptions.  The total thickness of the organic multilayer 
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stack in an OLED (~100 nm) is significantly less than the optical wavelength, which 

limits the applicability of the ray optics.  On the other hand, the microlens size was set to 

be 2 m in the FDTD simulations (instead of 100 m in actual experiments) due to the 

simulation constraints.  This leads to significant wavelength dependence in the 

calculated light extraction efficiency due to increased interference effect with small 

microlenses.  Nevertheless, as shown in Figure 6-4(c), while there are discrepancies 

between the two methods especially in the high index region, both methods predict that 

ηLE increases with the index of refraction for the microlens material, nlens, for nlens   norg 

(which is 1.7 in this calculation). This is anticipated as a higher index of refraction for the 

microlens material allows a larger portion of the waveguiding modes in the 

organic/transparent electrode layers to enter the microlenses and be subsequently 

extracted.  Overall, maximum ηLE in the range of 70-80% is predicted when high index 

transparent materials are used for the MLA.  

6.5 Bottom-Emitting Devices with Microlens Arrays 

While the inevitable goal of this process is to produce top emitting devices with 

microlens arrays, it is first prudent to examine the effect of the arrays on the standard 

bottom emitting device [30,91].  Figure 6-5 shows the effect of 100 micron diameter lens 

arrays on small 2 mm by 2 mm green devices showing both the external quantum 

efficiency of bare and lens added devices normalized to the maximum EQE measured 

as well as the enhancement factor seen between the two.  
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Figure 6-5. Normalized EQE and enhancement factor of BOLEDs with added microlens 

arrays [91]. 

Here it can be seen that with the additional light extracted from the lenses, an 

enhancement factor of f=1.35+.04.  Compared to previous devices with lens arrays (f= 

1.5-1.7) [38,90], this enhancement is decidedly low.  One possible explanation for this 

reduction in enhancement is due to internal reflections within the OLED architecture.  

Devices with a large cathode measuring 1 cm by 1 cm were also fabricated and 

measured using both and integrating sphere and confirmed using a spectrometer.  The 

enhancement due to the lens area in these devices easily reaches f=1.70 +.07, more 

closely matching other reported values.  Figure 6-6 illustrates the enhancement in the 

emission spectrum as well as the proposed explanation for this increased 

enhancement.   
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Figure 6-6. Microlens enhancement of large area OLEDs A) EL spectra with and without 

microlens. B) Light path in large cathode device. C) Light path in small 
cathode device [91].  

By expanding the reflective cathode, light previously back reflected into the device, as 

seen in fig. 6-6(c), are now able to reflected forward again and possibly extracted to air 

as in fig. 6-6(b) .   

In summary, 70% enhancement of extracted light is possible through the 

application of molded microlens arrays to bottom-emitting devices which shows 

comparable enhancement to other methods of microlens deposition.  While this 

enhancement is significant, the simulations for top-emitting devices with this structure 

show the potential for even greater extraction.  Therefore the next obvious step is test 

the actual capability of top-emitting devices with microlens arrays.   
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6.5 Large Area TOLEDs with MLA 

 
Figure 6-7. Effect of a microlens array on light extraction in top-emitting green OLED. A) 

Schematic illustration of the device configuration (top) and scanning electron 

micrograph of the microlens array (bottom, scale bar = 200 m).  B) 
Comparison of the electroluminescence (EL) spectra of the green OLED in 
the bare region and in the MLA-covered region (six spots each).  C) Line scan 
of the integrated EL intensity across the two regions as illustrated in A). 

It has been previously demonstrated that the fabrication of large-area (several 

square inches) arrays of close-packed, hemispherical microlenses from Norland optical 

adhesives (NOA) using a soft lithography process, and achieve a 50-70% enhancement 
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in ηLE when such MLAs are applied to BE-OLEDs [30].  Here a 1 cm2 area, green-

emitting TOLED based on the structure investigated previously [58] with the 

phosphorescent fac-tris-(phenylpyridine) iridium [Ir(ppy)3] [106] as the emitter was 

fabricated. Half of the device emitting surface was covered with a MLA (nlens = 1.56) as 

schematically illustrated in Figure 6-7(a). A scanning electron micrograph (SEM) of the 

MLA is also shown in Figure 6-7(a). The diameter of the microlenses is 100 m, and 

close-packed arrays of hemispherical shaped microlens can be readily obtained over 

several square inches [30].  Figure 6-7(b) shows the electroluminescence (EL) spectra 

taken at multiple spots from both the bare and MLA-covered regions of the OLED 

operated at a constant current (see Methods).  The nonuniformity in the OLED leads to 

a 4-7% variation in the peak or integrated EL intensity among the six spots from either 

region. On average, the enhancement factor for the EL intensity with the use of the 

MLA, defined as the ratio of the intensity for the MLA covered surface region to that for 

the bare region, is f = 2.3  0.2 based on the peak EL intensity and f = 2.4  0.2 based 

on the integrated EL intensity.  The normalized EL spectra show negligible shift in the 

peak emission wavelength, although the shoulder peaks at   540 nm becomes slightly 

more prominent after the attachment of the MLA.   Figure 6-7(c) shows the integrated 

EL intensity as the optical fiber was scanned across the device surface as illustrated by 

the arrow in Figure 6-7(a).  The two plateaus in the plot in Figure 6-7(c) correspond to 

the bare and MLA-covered regions, and an enhancement factor of f  2.3 is obtained 

(EL data in the transition zone are not reliable due to the unavoidable accumulation of 

microlens material just outside the edge of the MLA).
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6.6 Wavelength and Angular Dependence of MLA 

 
Figure 6-8. Wavelength dependence of the light extraction enhancement induced by the 

microlens array.  A) Comparison of the electroluminescence (EL) spectra of a 
blue-green OLED in the bare region and in the MLA-covered region (three 
spots each). B) The MLA-induced light extraction enhancement factor, f, as a 

function of the wavelength, , for the green and blue-green devices, and the 
transmittance, T, of the ITO and MoOx/Au/MoOx trilayers (the intermediate Au 
layer thickness is 10 nm for trilayer 1 and 20 nm for trilayer 2). 

The same MLA structures have also been applied to OLEDs emitting in different 

colors   By incorporating the blue emitter, iridium(III) bis(4’,6’-

difluorophenylpyridinato)tetrakis(1-pyrazolyl)borate (FIr6) [22,23,25], into the green-

emitting TOLED, a broadened emission spectrum from blue to green, which enables the 

possibility to probe possible wavelength dependence of the light extraction efficiency.  

Shown in Figure 6-8(a) are the comparisons of the EL spectra in the bare and MLA-

covered regions of a blue-green emitting OLED.  The integrated EL intensity for the 

blue-green device shows a 2.2  0.2 fold increase with the MLA, similar to that for the 

green emitting device discussed above. Somewhat different from the green OLED 

discussed above, the spectral change after the attachment of the MLA is more 
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appreciable for the blue-green device.  While the peak at  = 458 nm is approximately 

20% more intense than the peak at  = 491 nm without the MLA, the intensities of the 

two peaks are approximately equal after the MLA is attached.  This is further illustrated 

in Figure 6-8(b) in which the enhancement in the EL intensity at each wavelength has 

been plotted as a function of the wavelength for both the green and blue-green devices.  

For both devices, the enhancement factor reaches a maximum at   530-540 nm, fmax 

= 2.6  0.2 for the green device and fmax = 2.4  0.2 for the blue-green device, and 

decreases towards both shorter and longer wavelengths. As the emission spectrum of 

the green device mostly occupies the peak enhancement region (hence relatively small 

variation in f), there is negligle change in the EL spectrum; however, the broader EL 

spectrum for the blue-green device and the significantly lower f in the blue region lead to 

an appreciable red-shift in the EL spectrum upon the attachment of the MLA.   

Such wavelength dependence in enhancement is mostly attributed to the 

transmittance of the transparent electrode used for these TOLEDs.  ITO commercially 

pre-deposited on glass substrates has been commonly used as the transparent 

conductor for BE-OLEDs.  While methods have been developed to deposit ITO during 

the rf sputtering process on organic layers without significantly damaging the organics 

[117,118], MoOx/Au/MoOx trilayer structure [58] as the transparent electrode for the 

TOLEDs was used here based on previous experience, which is fully compatible with 

organic material deposition in high vacuum.  As shown in Figure 3(b), the transmittance 

of such trilayer structure (trilayer 1, with a 10 nm thick intermediate Au layer) is above 

80% for 550 nm    700 nm, approaching that of the commercial ITO film. The trilayer 

transmittance decreases with a 20 nm thick Au layer (trilayer 2), especially in the long 
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wavelength region, thus leading to maximum transparency at 550 nm to 600 nm.  While 

trilayer 1 is used in the TOLEDs here, the waveguided OLED emission may travel 

through the trilayer electrode more than once before it could escape the device. 

Consequently, the relatively low transmittance of the trilayer at  < 500 nm and  > 600 

nm significantly reduces the EL intensity in these wavelength regions, leading to less 

efficient extraction enhancement. The maximum enhancement factors (fmax = 2.4 or 2.6) 

obtained at intermediate wavelengths ( ~ 550 nm) are therefore considered to be more 

indicative of the actual potential of the MLA approach discussed here. If a more 

transparent electrode such as ITO is used instead of the trilayer, provided that no 

damage to the organic layers occurs during electrode deposition, a less wavelength 

dependent and overall a higher enhancement in light extraction across the entire visible 

spectrum is expected. 
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6.7 White OLEDs with Lens Enhancement 

 
Figure 6-9. Performance of a top-emitting white OLED with a microlens array.  A) 

External quantum efficiency, EQE, as a function of the current density, J, for 
the triple-doped, top-emitting white OLED with (w/) or without (w/o) a 

microlens array attached to the light emitting surface. B) Power efficiency, P, 
as a function of the luminance, L, for the devices. 
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The MLA structure was further applied to white OLEDs employing a dual-emissive-

layer structure containing three phosphorescent dopants [26]. As shown in Figure 6-9(a) 

and (b), a maximum external quantum efficiency (EQE) of EQE = (20  2)% and a 

maximum power efficiency of P = (46  3) lm/W were achieved for the TOLED, which 

are slightly higher than those of the BE-OLED (maximum EQE = 18% and P = 40 

lm/W) [26].  Both devices show significant efficiency roll-off at higher current densities 

(J) or luminances (L), although it is more severe for the TOLED. The efficiency roll-off 

behavior is common for phosphorescent OLEDs due to processes such as triplet-triplet 

annihilation [119].  However the likely unbalanced charge injection in the non-optimized 

TOLED may have contributed further to the efficiency roll-off. With an enhancement 

factor of f = 2.2  0.2, a maximum EQE = 43% can be achieved for the white OLED after 

the attachment of the MLA.  As P decreases with the increase of luminance, the MLA-

induced enhancement in P at a given luminance becomes even higher.  For example, 

at L = 100 cd/m2, P was increased from 28 lm/W to 68 lm/W, corresponding to a 2.4 

fold increase; at L = 1,000 cd/m2, P was increased from 17 lm/W to 45 lm/W, 

corresponding to a 2.6 fold increase.  

6.8 Summary 

In summary, a method to increase the light extraction efficiency in OLEDs by up to 

2.6 times has been demonstrated. As presented in chapter 4, this method is 

comparable to other light extraction techniques in terms of degree of enhancement and 

provides a simple means of producing a high efficiency OLED.  The integration of close-

packed, hemispherical, transparent microlens arrays on the light emitting surface of top-

emitting OLEDs serves to effectively extract the waveguiding modes in the transparent 
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electrode and organic layers, without appreciably altering the thin form factor of the 

devices. Optical simulations predict even higher light extraction enhancement could be 

achieved when transparent materials with higher index of refraction are used to 

fabricate the microlenses. The soft lithography approach used to fabricate the microlens 

array is simple and low cost, and can be readily scaled up for larger size arrays, making 

the overall approach compatible with low-cost fabrication of large-area OLED panels, 

especially for solid-state lighting applications.



 

104 

CHAPTER 7  
ALTERNATIVE OLED ARCHITECTURES FOR IMPROVED EFFICIENCY 

7.1 Introduction 

Methods to improve the efficiency of OLED devices generally follow a natural 

progression of finding a new material, integrating it into standard device structure, and 

finally optimizing the device stack for maximum efficiency.  While this method has 

proven to be a useful tool in pushing the progress of OLEDs forward, potential new 

structures or new ways of generating light are often ignored.  In this section, alternative 

OLED structures with unique properties will be examined.  First, high efficiency 

blue/green OLEDs will be examined to determine the reasons behind the high external 

quantum efficiency and low roll off of these devices.  Second, fluorescent doped 

microlens arrays will examined as a method of both improving device efficiency and 

reducing OLED fabrication requirements. 

7.2 Experimental Methods 

OLED active layers were deposited by thermal evaporation under a pressure of 

3.0 x 10-6 Torr or less.  The substrates were cleaned by submerging the samples in 

beakers of detergent and water, de-ionized water, acetone, and isopropanol 

successively and each beaker was ultra-sonicated for a period of 15 minutes.  Devices 

were deposited on a precoated ITO electrode for standard bottom emission 

architecture.  Device structures consisted of 40 nm thick 1,1-bis-(di-4-

tolylaminophenyl)cyclohexane (TAPC) hole transport layers, N,N’-dicarbazolyl-3,5-

benzene (mCP) doped with fac tris(2-phenylpyridine) iridium (Ir(ppy)3) green and 

iridium(III) bis(4’,6’-difluorophenylpyridinato)tetrakis(1-pyrazolyl)borate (FIr6) blue 

phosphorescent dopants as the emitting layer, and 40 nm thick tris[3-(3-
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pyridyl)mesityl]borane (3TPYMB) for the electron transport layer. A 1nm CsCO3 

interlayer followed by 80nm Al were used as the cathode.   

The previously described soft lithography process to fabricate microlens arrays on 

OLEDs [30] was used with additional steps.  Norland optical adhesive (NOA) was used 

for the transparent microlenses (with an index of refraction of 1.56) with the addition of 

organic fluoresecent dye which had been dissolved in solvent and mixed with the NOA .  

The solvent was allowed to evaporate in a vacuum environment and leaving behind the 

NOA precursor and dye material.  A polydimethylsiloxane (PDMS) concave template, 

produced using a close-packed monolayer of polystyrene microspheres (diameter = 100 

m), was placed on top of the liquid NOA on the TOLED surface.  After polymerization 

of the NOA with UV illumination (365 nm, 200 mW/cm2), the PDMS template was 

pealed away,and all that remains was a microlens array. 

Current-density– voltage (J – V) characteristics of OLEDs were measured under 

ambient conditions using an Agilent 4155C semiconductor parameter analyzer.  The 

Newport 818-UV silicon diode was placed in close proximity to measure the OLED light 

output, and the luminance was calibrated using a Minolta luminance meter (LS-100). 

The EL spectra were taken using an Ocean Optics Jaz spectrometer coupled to an 

optical fiber. 

7.3 Blue/ Green Bottom OLEDs with Near Maximum External Quantum Efficiency 

The classic analysis of OLEDs shows a maximum approximately 20% (although 

closer to 22%) amount of light generated that can escape the device.  Current 

simulations and experimental results seem to indicate this to be a gross 

underestimation.  Theoretical limits of nearly 30% appear to possible using an optimized 
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bottom OLED design [78].  Questions still remain as to how the typical 20% barrier can 

be overcome.  For example, through the use of high triplet energy transport and emitting 

layers, an optimized green phosphorescent device can reach the traditional threshold.  

Of note though, is the effect that adding blue phosphorescent dopant contributes to this 

system.  

 

Figure 7-1. Blue green device features.  A) The device energy diagram B) Comparison 
of EQE with optimized green and blue green dopants. 

Figure 7-1 shows the difference between an optimized green device architecture 

(8 wt% doping) and a device incorporating both blue and green dopants (25 wt% blue 

and 0.5% green).  The high quantum efficiency as well as gradual roll off suggest  a 

highly balanced charge injection and recombination and an upper threshold greater than 

22% for these devices.  The question must then be asked, from where does this 

enhancement arise? Further investigation of this structure provides some clues into the 

necessary requirements for greater conventional OLED efficiency. 
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Figure 7-2.  External quantum efficiencies of devices with varied hole and electron 
transport materials 

 First an investigation of the green device structure can help illustrate some of the 

properties leading to conventional maximum efficiency. Figure 7-2 shows first the 

improvement in efficiency as the transport materials are changed from traditional 

materials N,N'-bis(naphthalen-1-yl)-N,N'-bis(phenyl)-benzidine (NPB) and 2,9-dimethyl-

4,7-diphenyl-1,10-phenanthroline (BCP) as hole and electron transport materials 

respectively to TAPC and 3TPYMB in mCP devices with 8 wt% green doping.  As has 

been presented previously with relation to blue doped devices [23,24], replacing even 

one of these transport materials with its high triplet counterpart improved charge 

injection and exciton confinement, and allows more efficient recombination.  The 

combination of both high triplet materials allows the green device to reach 22% external 
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quantum efficiency.  Therefore it is clear that exciton confinement is necessary in order 

to maximize the internal quantum efficiency of the device.  

 
Figure 7-3. Comparison of host materials CBP and mCP for use in green OLEDs based 

on external quantum and power efficiency.  

While the assumption so far has been to use mCP as the host material, most 

common high host material changes from the traditional 4,4'-bis(carbazol-9-yl)biphenyl 

(CBP) host to the mCP host with 10 wt% doping in the emitting layer (figure 7-3).  Both 

devices are fabricated using an added mCP exciton blocking layer as presented in 

literature [22].   While the current injection of the CBP devices is higher, the efficiency of 

the mCP based device is far higher than the CBP counterpart.    As has been suggested 

in literature [120], this likely due to the reduction in aggregation of dopants within the 

host material due to the improved solvation of mCP molecules.  This in turn leads to 

higher photoluminescent quantum yield as excitons are more efficiently transferred from 
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host to dopant, as well as reducing triplet-triplet annihilation and triplet polaron 

annihilation.  Furthermore, the improved exciton confinement due to the mCP blocking 

layer, display an even higher maximum EQE than the previous presented devices.  

From this test two more critical features are seen in the use of an exciton blocking layer 

and host with reduced aggregation.  

 
Figure 7-4. Comparison of green (G), blue (B) and blue green devices with various 

doping concentrations 

Next a comparison of the green device, the blue green and a blue device with 

changing doping concentrations is used to illustrate some interesting features (figure 7-

4).  First, a blue only device doped 15 wt% shows relatively low efficiency compared to 
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the other devices present.  This low efficiency is confirmed by previous reports of blue 

OLEDs [121].  What is more significant is the increased efficiency low doping levels of 

green only devices with .7 wt%, these devices show high EQE in spite of the lack of 

doping molecules on which to recombine. The more rapid decline in efficiency suggests 

that this efficiency is limited by the charge density in the EML where with greater 

amount of charges and less dopants, annihilation is likely to occur. Furthermore, while 

the blue dopant is fixed, the green dopant has little effect on the EQE, but both devices 

exceed the efficiencies of the single dopant devices.  This combination of dopants 

therefore must somehow improve transfer of excitons or charges in devices.  

 

Figure 7-5.  Blue green device structures showing both separation of blue dopant from 
ETL and removal of the mCP exciton blocking layer 

Previous examinations of blue dopants [22,68] show that electron transfer directly 

onto the doping molecules from the electron transport layer is not only possible but 
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necessary for exciton formation in the wide band gap host materials.  Figure 7-5 

demonstrates that this property is also true of the blue green doped device.  By placing 

even 2 nm of only green doped mCP between the blue doped region and the ETL the 

efficiency drops to by nearly half (14% EQE).  Clearly for electron transfer and exciton 

formation, electrons must inject directly into the FIr6.  The LUMO level of the dopant at 

3.1 eV facilitates more efficient charge transfer into the EML than into mCP (LUMO=2.4 

eV) from 3TPYMB (LUMO=3.3 eV).  Thus more of electrons injected are able to 

efficiently transfer into the EML instead of being trapped at the interface.  Furthermore 

on the opposing side of the EML, the removal of the mCP exciton blocking shows a 

clear drop in efficiency to only 22% EQE. This is likely due to even further prevention of 

green triplets reaching the hole transport layer and perhaps acting as a necessary 

intermediary for exciton formation on blue dopant molecules with holes transporting to 

mCP first before reaching the blue dopant.   

Finally, an examination of the emission spectrum of the blue green device shows 

one final feature that may explain the high efficiency of these devices.  Figure 7-6 

shows the dependency of the emission spectrum on increasing current injection.  As 

can be seen, the blue FIr6 emission peak at 460 nm increases with increased amount of 

charges.  This suggests that as previously shown, the green dopant is less capable of 

handling the increased number of charges injected.  Due to the high density of blue 

dopant molecules and the propensity for charges to directly transfer to this dopant 

before transferring as excitons to the green molecules, these extra charges  that would 

once have non radiatively recombined in the host molecule now occurs on a 

phosphorescent dopant extacting light in the process. 
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Figure 7-6.  Current dependent EL spectra of blue green device (B:15 wt% and 

G:.35 wt%). 

From this analysis of the blue green OLED, it is clear that while charge transfer, 

and exciton confinement are necessary to improve efficiency of devices, a single 

pathway limits the means of charge and exciton transfer whereas through a multiple 

path system whereby the charge transport is optimized through different materials and 

excitons have both a large density of emitting sites as well as low energy sites to 

efficiently to transfer to and recombine on, the device  can truly maximize its internal 

quantum efficiency. This phenomenon has been seen in part using mixed host systems 

in order to better balance charge transport in the emitting layer [122].  These devices 

show the same low roll off in efficiency as the blue green mixed systems, indicating that 
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perhaps ambipolar transport in the EML is one of the final necessary components to 

maximize OLED efficiency. 

7.4 Down Conversion Red Microlens Arrays 

 
Figure 7-7.  Current injection of equally doped red (PQIr), green (Ir(ppy)3), and blue 

(FIr6) OLEDs. 

In order to produce desirable white light devices that out compete fluorescent 

tubes, OLED light sources must broad emission spectra, or at the very least, a high 

color rendering index that can display blue, as well as green, and even so far as red 

must be created.  While the commonly accepted method of producing high color 

rendering devices requires the use of three dopants added to the emissive layer of a 

device [26], this method requires precise control of the doping layers, specifically the 

red doping layer in order to avoid quenching to red emission, reduction in efficiency due 

to charge trapping, and reduced charge injection, leading to low power efficiencies.   



 

114 

As red dopants provide significant challenges to device efficiency, perhaps 

another method is necessary to accomplish the production of white light.  Previous work 

has shown [87] that down conversion devices with an outer layer that absorbs light 

emitted from the device and emits light at a longer wavelength may provide a provide a 

promising avenue.  Alone, this method may prevent some of the difficulties encountered 

by the use of red dopant in a device, but unless photoluminescent efficiency of the down 

conversion layer is 100%, the external quantum efficiency will be reduced.  Therefore, 

further steps are necessary to produce both white light and a high efficiency device.  

One possible method is to combine the properties of a down conversion outer film with 

the molded qualities of a microlens array.  Presented here is an investigation of the 

viability of this technique.   

The first step in this process is to select the appropriate method of down 

conversion.  Due to the need for blue and green light as well as red light, as suspension 

of a dye within a transparent host was selected to prevent complete absorption of the 

emitted light from within the device.  For the host material, the natural choice is to use 

the NOA 68 UV cureable lens material previously used to fabricate devices in order to 

provide index matching and forming of lenses.   With the host material set, the next 

variable to investigate is the red emitting material desireable.  Three materials were 

examined for this purpose:  iridium(III) bis-(2-phenylquinolyl-N,C2) acetylacetonate 

(PQIr), the traditional red phosphorescent dopant used in the EML [26]; 5,6,11,12-

tetraphenylnaphthacene (rubrene), a common orange/red fluorescent dye [123]; and 4-

(dicyanomethylene)-2-t-butyl-6(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran 

(DCJTB)[124,125], a deep red dopant also used in fluorescent applications.  In order to 



 

115 

suspend the doping material in the host, .7-.8 grams of the NOA were dissolved in 1 ml 

toluene while the dyes were dissolved in chloroform with an optimized amount of 

10mg/1ml in order to prevent aggregation.  The two mixtures were then combined and 

placed in a vacuum oven to evaporate the solvent from the system.  The resultant 

mixture was then cured in a lens mold using the methods presented in the previous 

chapter.  The films were then applied to the optimized blue green device structure.  

Figure 7-8 shows a comparison of the emission spectra of the B-G device, and with 

either rubrene or PQIr doped microlens array captured using a spectrometer. 

 

Figure 7-8. Comparison of the emission spectra of the B-G device, and with either 
rubrene or PQIr doped microlens array 

From this graph it is clear that PQIr makes a poor choice for an emitting dopant.  This 

problem is likely explained due to the absorption peak of PQIr occurring below 400 nm 
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(279 nm for films and 344 dissolved in tetrahydrafuran).  Conversely, the rubrene doped 

lenses do show a promising broad spectrum emission with peaks in the blue, green and 

red regions (CIE coordinates 39,47), but with a color rendering index of only 51.  The 

low color rendering is likely due to the emission peak of rubrene at 560 nm which limits 

the red contribution as the emission quickly decays before 600 nm [126].  While this 

demonstrates that such a device is possible, the limited red emission makes for a poor 

white light device due to its low color rendering.  For this reason, DCJTB was 

considered as an alternative due to its emission peak at 600 nm [125].  Figure 7-9 

illustrates the difference in emission spectra between the DCJTB and rubrene lens 

films.   

 

Figure 7-9.  Comparison of white light emission spectra with rubrene and DCJTB doping 
with inset of an illuminated device with half the area covered in with DCJTB 
microlens. 
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Of note are both the broader emission of the DCJTB doped lens array and additionally 

the improved balance of the peaks as well (CIE 38, 38).  This leads to a CRI of 82, a 

distinct improvement in color rendering and even exceeds the value for the previous 

triple doped emitting layer device (79) [26].   

Now that an ideal emission pattern has been achieved, device performance 

becomes a concern.   Figure 7-10 shows the luminance of the blue green device with 

half the device covered by the microlens array measured using a luminance meter.  

From this measurement it is clear that in spite of the addition of the MLA, luminance of 

the device was severely hindered.  Upon examination of the photoluminescent quantum 

yield of a solution of chloroform dissolved DCJTB, the yield of this solution shows only 

35% compared to 52% for rubrene using an excitation wavelength of 510 nm (optimized 

to peak DCJTB absorbtion).  While solution QY efficiency is not the same as the dopant 

in a solid film, the solid films tend to have even lower efficiencies if the host material is 

incapable of transferring excitons.  As result, while the CRI of the device is well 

balanced, much of the emitted light is sacrificed in order to produce the red emission.   



 

118 

 
Figure 7-10.  Large area blue green OLED luminance and luminance with attached 

DCJTB lens array 

7.5 Summary  

Here a new device structure for a blue green OLED was investigated after 

showing near maximum external quantum efficiency (28%).  By examing the various 

components of this device structure, it is clear that a multiple path approach whereby 

more balanced charges are injected, excitons are confined and sites for recombination 

are widely available leads to maximum efficiency in OLED devices.  Furthermore, by 

doping red dopants into microlens arrays, white light devices with high color rendering 

index are possible.  Currently, these doped lens arrays do not show enhancement due 

to the poor PL quantum yield of the dopants used.  
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CHAPTER 8 
CONCLUSIONS 

8.1  Oxide / Metal/ Oxide Transparent Electrodes 

The prospect of finding an easily fabricated transparent electrode that can replace 

the industry standard is certainly a daunting task.  The ideal replacement must possess 

high transmittance, high conductivity, easy patternability, and be cost effective.  When 

compared these criteria, the multilayer structure, while its transparency has a maximum 

transmittance up to 85-90%, this transparency is highly wavelength dependent and the 

maximum wavelength must be tuned based on the metal material, thus reducing its 

usefulness. The sheet resistance is lower than typical commercial ITO electrodes and a 

simple shadow mask can be used to define the electrode area.  When multilayer 

structures were used as the anode in a TOLED, the emission spectrum was comparable 

to that of the ITO counterpart.  The external quantum efficiencies were shown to be the 

same as the bottom-emitting devices; however the severe charge imbalance, leads to 

higher operating voltages and lower power efficiencies in the TOLEDs.  This 

unbalanced nature therefore necessitates the use of hole injecting layers in order to 

produce comparable charge balance to conventional device structures. While the stack 

does show some results comparable to those of a standard device, overall it is still 

lacking, and therefore the uniqueness of an oxide /metal/ oxide electrode is perhaps 

best left as an academic curiosity. 

8.2 Light Extraction Enhancement in TOLEDs 

The use of outcoupling enhancements to improve OLED efficiency is a promising 

method of overcoming some of the inherent barriers in OLED design.  Perhaps through 

this route, commercial OLED products will begin to exceed current lighting technology.  
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In Chapter 6, a method was demonstrated that increases the light extraction efficiency 

in OLEDs by up to 2.6 times making the process comparable to other outcoupling 

enhancement methods. Through the use of close-packed, hemispherical, transparent 

microlens arrays applied directly to the light emitting surface of top-emitting OLEDs, 

more light is effectively extracted from the waveguiding modes that reside in the device 

architecture, all the while without significantly increasing the form the device. The simple 

nature of the processing for the lens array means that its application would not be a cost 

or process limiting factor for use in commercial OLEDs.  This enhancement appears to 

be useful for both single emission and broad emission so long as the transparent 

electrode used is not very wavelength selective.  As current high index materials used 

for the lens array are limited, the enhancements shown are lower compared to the 

maximum enhancements from the optical simulation predictions.  It seems possible that 

through further development of cureable small molecule The use of a cheap, easy to 

handle approach to apply these lenses makes for promising new step in OLED design.  

8.3 Alternative OLED Architectures  

In Chapter 7, means of improving device efficiency in OLEDs through the use of 

unusual device architectural changes were examined.  A blue green doped OLED has 

been shown to maximize external quantum efficiency to nearly a 100% internal quantum 

efficiency limit.  By examining the interactions between the various components of the 

high efficiency device, a better understanding of needs of OLED design has been 

achieved.  The improved charge transport, exciton confinement and availability of 

recombination sites allows for a unique system in which the interaction between multiple 

emitters lead to a device more efficient than the sum of its parts.  Furthermore, the 

potential for greater efficiencies for use in white OLEDs was examined through a 
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combined down conversion / microlens array.  While no specific dopant was ideal, it is 

clear that the potential for a high color rendering high extraction can exist.  Through 

such a method, a device capable of competing with fluorescent tubes might be possible. 

8.4 Future Work 

8.4.1 Quantum Dot LEDs 

While the work presented here was designed in conjunction with OLEDs, 

techniques are not limited simply to organic devices.  While OLED technology is 

reaching a commercially accessible point, the technology still has many limitations, 

some inherent prevent future growth in the field.  The susceptibility to environmental 

conditions requires that all devices have some form of encapsulation in order to 

preserve device operation for more than a few hours.  This encapsulation therefore 

limits how the device itself can be interacted with and what types modifications (like a 

top emitting device with directly attached microlens array) can be used to improve 

device efficiency.  Additionally, the most efficient OLEDs are small molecule based and 

rely on vacuum thermal evaporation or other high vacuum techniques in order to 

produce the desired properties.  This further limits how cost effective this technology 

can be and therefore its ability to supplant conventional incandescent lighting.   

One area of research that is beginning to garner attention is the use of solution 

processed inorganic nanoparticles to generate light instead [11,127–129].  The 

particles, due to their relation to traditional semiconductors, allow for much high 

processing temperatures and much weaker susceptibility to environmental and chemical 

changes that may occur in the device.  By controlling the size of these molecules, the 

emission wavelength is highly tuneable in a manner similar to organic materials.  The 

techniques presented here: the use of a top emitting architecture, and the application of 
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microlens arrays are just as applicable to this technology as to the organic devices.  

While the energetics of these quantum dot LEDs is still in the process of being 

understood, this technology could present a long term alternative to organic 

technologies.   
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