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ABSTRACT 

This work investigated several aspects of OLED device physics. The mechanisms 

responsible for the efficiency enhancement typically seen when a dye molecule is doped 

into the emission layer were examined. By comparing the spectra and efficiencies of 

single-layer devices for varying dopant concentrations, it was found that both charge 

transfer and energy transfer firom the host molecule to the dye dopant are important 

processes. The measiired efficiencies for photoluminescence and electroluminescence 

were found to be consistent with a simple model developed to explain the ftmctional 

dependence on the dopant concentration. 

Work was also done on the enhancement of electron injection from an aluminum 

cathode using a thin layer of LiF. A double-layer device with the blue emitter DPVBi 

showed a factor of 50 enhancement in quantxmi efficiency upon insertion of a LiF layer. 

This technique has important practical application since it allows for the use of an 

environmentally-stable alimiinum cathode while retaining high device efficiency. 

The effect of the ionization potential of the hole transport layer on the efficiency 

of a double-layer device was also investigated. TPD side-group polymers were used as 

the hole transport layer. The device efficiency was shown to increase as the ionization 

potential of the hole transport layer was pushed further firom the work-fimction of ITO. 

This trend was attributed to an improved balance between the injection rates of holes and 

electrons. A Monte Carlo simulation of a single-layer device was developed which 

demonstrated the importance of balanced injection to obtain high efficiency. 

Drawing upon these results, an optimized OLED was fabricated which exhibited a 

luminous efficiency of 20 Im/W for green emission. This is one of the highest OLED 

efficiencies reported as of the date of this writing. 
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Chapter 1 

INTRODUCTION 

Research on electroluminescence from organic materials is, by nature, an 

extremely interdisciplinary field. A thorough understanding of the operation of an 

organic light-emitting diode (OLED) requires a working knowledge of physical 

chemistry, organic chemistry, condensed-matter physics, materials science, device 

physics, and optics. The field has matured quickly, and the body of literature on the topic 

is now on the order of 1,000 publications. The work that is presented here has been 

focussed on the device physics. The intent has been to understand which of the many 

parameters are most critical to improving the efficiency of OLEDs. 

Chapter 2 presents background material on the structure and excited states of 

organic molecules. Chapter 3 is a description of the main elements of OLED operation: 

charge injection, charge transport, exciton formation, and luminescence mechanisms. 

Here we discuss the important parameters defining the organic layers, such as electronic 

levels and charge transport mobility, within the context of optimizing the device 

performance. Chapters 4-6 present the novel experimental results of our investigations. 

Chapter 4 discusses the nature of the enhancement in device efficiency seen when the 

emission layer is doped with a suitable dye. Here we establish that both the optical and 

electronic properties of the dye molecule, relative to the host material, are important 

considerations for device design. Chapter 5 presents a method for fabricating high 

efficiency devices using environmentally-stable aluminum cathodes. This technique has 

important consequences for the real-life application of OLEDs. Chapter 6 discusses the 

importance of balanced injection of holes and electrons into the device. By optimizing 

the ionization potential of the hole transport layer, and consequently the rate of hole 
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injection into the OLED, we have developed a device with a luminous efficiency of 20 

Im/W. This is among the highest efficiency OLEDs reported to date. Chapter 7 

describes results of the characterization of several novel materials. These examples 

provide insight into understanding how the structure of a molecule relates to its 

macroscopic properties and function within an OLED. Chapter 8 comments on the 

various mechanisms leading to the degradation and eventual failure of an OLED. The 

rest of this chapter briefly describes the motivation for developing high-efficiency 

OLEDs. 

1.1 Motivation 

Why do research on OLEDs? What are they good for? When first discovered, 

electroluminescence from organic materials was little more than a novelty. Devices 

produced miniscule amounts of light and lasted only a few minutes. However, steady 

progress was made in both theoretical and experimental aspects of the field. Commercial 

interest in OLEDs was sparked in 1987 by the development of a tris(8-hydroxyquinoline) 

aluminum (Alqs) based double-layer device with a luminous efficiency of 1.5 ImAV. 

This efficiency is high enough to be considered for use in a flat-panel display screen. 

Table 1-1 gives a brief review of the major developments in the field of OLEDs. 

Discovery Author Year 

Electroluminescence from an organic crystal Pope et al. 1963 
Electroluminescence from a polymer (PVK) Partridge 1974 
Electroluminescence from small-molecules Eastman Kodak 1982 

Double-layer OLED based on Alqs Tang and VanSlyke 1987 
OLED based on conjugated polymer (PPV) Burroughes et al. 1990 

Prototype display based on OLEDs Pioneer Inc. 1997 

Table 1-1. History of the major developments in the field of OLEDs. 
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Organic technology has several potential advantages over inorganic technology 

for optoelectronic devices. For an inorganic material, the intrinsic emission wavelength 

is fixed by the bandgap energy of the atomic species. In contrast, the emission 

wavelength of an organic solid can be tuned by changing the chemical composition of the 

constituent molecules. This is demonstrated in Section 7.1. Other properties of an 

organic material can also be 'engineered', including charge transport character and 

mechanical properties such as glass-transition temperature (Tg). Organic materials also 

have desirable mechanical properties. They are lightweight (~ 1 g/mL) and can be made 

flexible. Most importantly, organic materials are inexpensive. Synthesis of new organic 

compounds, while being labor-intensive, does not require a large capital investment. 

Fabrication of thin fihn devices is generally done with simple techniques such as solution 

spin-casting or thermal deposition. 

In order to be useful, an OLED must have a low operating-voltage and high 

liuninous efficiency (described in Appendix B). At present, research groups are reporting 

operating-voltages of 3 - 5 V and efficiencies of approximately 20 hn/W (green 

emission). This efficiency exceeds what is currently available with inorganic display 

technology, and is high enough to be considered for room-lighting applications. Table 1-

2 lists the efficiencies for various display, room-lighting, and inorganic LED technologies 

(Gu and Forrest 1998; Fletcher 1999). The first prototype displays based on OLEDs are 

designed for small-area applications such as portable electronics. Ultimately, industrial 

researchers dream of developing a large-area display screen. With the possible use of a 

flexible substrate, the entire display could potentially be rolled-up and stored as a scroll. 

Presently, there are in excess of 40 corporations world wide conducting research on 

OLED technology in some capacity. The main disadvantage to organic technology, and 
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the main reason why commercial devices are not yet available, is the lifetime of the 

devices. 

Display Technology: Efficiency (ImAV) 

CRT 1 
LCD 1 - 3  

Plasma 0.2-0.7 

Room-lighting: 

Incandescent light 20 
Fluorescent light 60 

Inorganic LEDs: 

AlGaAs (650 run) 2 - 8  
AlGalnP (590 - 620 nm) 10-50 

InGaN (Blue) 7 
InGaN (Green) 25 

Table 1-2. Efficiencies of existing technologies for displays, room-lighting, and LEDs. 

To be commercially useful, a device must last a minimum of 10,000 hours. As 

described in Chapter 8, there are many factors leading to the degradation of OLEDs. 

Only recently have some of these obstacles been overcome. Although researchers are 

optimistic about the prospects of large-scale commercial use of OLEDs, the future is still 

quite uncertain. If OLEDs do prove to be commercially viable, they could pave the way' 

for a revolution of organic optoelectronics. Organic devices used for applications such as 

photovohaic energy conversion or holographic data storage could, one day, move us from 

the 'silicon age' to a new 'carbon age'. 

From the standpoint of basic science, there are many interesting aspects to OLED 

research. A condensed matter physicist might be interested in the nature and dynamics of 

excitations and charge carriers in organic solids. A statistical physicist might be 

interested in charge transport phenomenon in a disordered medium; this is rooted in 
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percolation theory. A physical chemist might study the nature and efficiency of the 

transfer of charge or energy between two molecules. These processes are also important 

in biological phenomena such as charge transfer in DNA and radiationless energy transfer 

(the antenna effect) in plant photosynthesis. A materials scientists might study the 

morphology and adhesion of polymer thin films to oxide surfaces. A computational 

modeler might attempt to simulate a macroscopic portion of a real-life device. This is 

conceivable since the organic layer in an OLED is approximately 100 nm thick. Thus, 

OLEDs encompass several fields of basic science. 
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Chapter 2 

ELECTRONIC AND OPTICAL PROPERTIES OF ORGANIC SOLIDS 

Carbon is a very unique atom. Because of its four valence electrons, and the 

variety of ways in which they can hybridize, carbon can bond with up to four other atoms 

to form structures with either 1-, 2-, or 3- dimensional character. This versatility makes 

carbon the basic building block for a virtually unlimited number of molecular 

configurations. The properties of a given organic molecule are determined by the 

distribution of electronic charge over its geometry. Processes such as bonding, 

absorption, and emission are governed by the probabilities of transition between these 

charge distribution states. 

2.1 Electronic structure 

7i-electrons 

When atoms are bonded together to form molecules, the individual atomic orbitals 

combine to form molecular orbitals (Streitwieser, Heathcock et al. 1992; Atkins and 

Friedman 1997). Atomic orbitals that overlap along the direction of the bond axis form 

cr-bonds. These are localized bonds which provide the skeletal framework for the 

molecule. Atomic orbitals that overlap along a direction perpendicular to the bond axis 

form 7t-bonds. These also contribute to the bonding of the molecule, but electrons in it-

bonds are less strongly bond than those in a-bonds. When several carbon atoms are 

bonded together, the Ti-electrons delocalize to produce a conjugated system. These n-

electrons are responsible for the electronic and optical properties of the molecule. The 

archetypal conjugated molecule is benzene. This six carbon molecule is held together by 

electrons in cr-bonds to form a planar ring. The o-bonds result from the overlap of sp^ 
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orbitals, which are formed from the hybridization of one 2s orbital with two 2p (p* and 

Py) orbitals. 7t-bonds result from the overlap of the remaining pz orbitals, which are 

perpendicular to the plane of the ring. Figure 2-1 depicts the a- and ti- bonds of benzene. 

The dangling a-bonds are occupied by hydrogen atoms. 

The conjugated Ti-system of electrons extends across any molecule with a series of 

alternating single and double carbon bonds. It is the resonance between these single and 

double bonds which delocalizes the Tt-electrons. A polymer which has a backbone 

consisting of alternating single and double bonds is known as a conjugated polymer. In 

principle, electrons are delocalized along the entire length of the polymer backbone, 

which may have macroscopic dimensions. However, in real materials, there are usually 

defects and impurity states which limit the effective conjugation length to less than ten 

monomer units. There exists a large body of literature on the theory of charge transport 

and excitations in conjugated polymers (Kiess 1992; Greenham and Friend 1995). The 

work presented here is focussed on the device physics of small-molecule and non-

3QC 
a-bonds Ti-bonds 

Figure 2-1 Schematic diagram of the a and n bonds of benzene. 
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conjugated polymer OLEDs, but conjugated polymers are mentioned for completeness. 

Figure 2-2 depicts several common conjugated polymers. 

polyacetylene 
(PA) 

KH 
poly(p-phenylene) 

poIy(2-methoxy-5-(2'-ethyl-hexyIoxy) 
-p-phenylcnevinylene) (MEH-PPV) 

•KD-4 Ky-Qi 
poly(p-phenylenevinylene) polythiophene 

(PPV) (PT) 

Figure 2-2 Molecular structiu"es of several conjugated polymers. 

HOMO and LUMO levels 

The electronic and optical properties of an organic molecule are determined 

mainly by its 7t-electron system. In the ground state, the 7i-electrons form a series of 

energetic levels that together form the 7i-band. The highest energy n-electron level is 

referred to as the highest occupied molecular orbital (HOMO). In the excited state, the n-

electrons form the 7t*-band. The lowest energy 7i*-electron level is referred to as the 

lowest unoccupied molecular orbital (LUMO). Together the HOMO and LUMO are 

known as the frontier orbitals. 

When measured experimentally, the HOMO and LUMO are found to each have a 

continuous distribution. The top edge (closest to vacuum) of the HOMO distribution 

corresponds to the ionization potential (IP) of the molecule, and the bottom edge (furthest 

from vacuum) of the LUMO distribution corresponds to the electron affinity (EA). The 
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values of the IP and EA are important parameters for an OLED material because they 

determine the rate of hole and electron injection, respectively, from an electrode. 

Measiu-ement of the energy of the HOMO of small-molecule materials is done with 

ultraviolet photoelectron spectroscopy (UPS) (Schmidt, Anderson et al. 1995; Anderson, 

McDonald et al. 1998). This technique provides a measurement of the HOMO position, 

taken from the centroid of the highest kinetic energy photoemission line, and the IP, 

taken from die onset energy for photoemission. UPS measurements do not yield direct 

values of the EA or LUMO. However, an estimate for the EA can be obtained by 

subtracting the peak energy of optical absorption from the HOMO energy. The EA value 

obtained in this marmer is larger than the true EA because of the binding energy of the 

exciton created by optical excitation. In other words, the optical band gap energy is 

smaller than the true energy gap between the CP and the EA. Direct measurement of the 

EA and LUMO awaits the development of other techniques, such as inverse 

photoemission and scarming txmneling spectroscopy, which are not yet well established 

for organic materials. 

For polymeric materials which carmot be thermally deposited, electrochemical 

measurement of a molecule's electronic levels is required. The technique that is used is 

cyclic voltammetry (CV) (Sawyer, Sobkowiak et al. 1995). CV gives the values of the 

oxidation and reduction potentials for a material in solution relative to a reference redox 

couple. However, these values may not be equivalent to the true IP or EA that are 

relevant for charge injection into the condensed-phase of a material. In solution, the 

electronic structure of a molecule may be altered by the polarity of its siurounding. Also, 

the conformational freedom of a molecule in solution makes the addition or removal of 

an electron easier than for the condensed-phase material (Conwell 1996). The energy gap 

between the oxidation and reduction potentials measured electrochemically has been 
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shown to be approximately equal to the optical energy gap for a small-molecule such as 

Alq3 (Anderson, McDonald et al. 1998), but substantially different than the optical 

energy gap for a conjugated polymer (Janietz, Bradley et al. 1998). The conclusion from 

this section is that CV is best used as a relative measure of the electronic levels of a given 

molecule compared to another. 

CoQdensed-phase 

An organic molecular solid is held together by weak van der Waals forces (Silinsh 

and Capek 1994; Wright 1995). The overlap of orbitals between adjacent molecules is 

very small, with an energy of 10"^ - 10"^ eV for a typical spacing on the order of I nm. 

Thus, an extended electronic wavefunction cannot be defined. This is evidenced by the 

width of the HOMO measured by UPS for gas-phase compared to condensed-phase 

molecules. The FWHM of the gas-phase UPS spectra are smaller by only about 40% 

than the FWHM of the condensed-phase spectra (typically 0.5 - 1.0 eV) (Lichtenberger, 

Nebesny et al. 1991; Anderson, McDonald et al. 1998). 

The implications of a condensed-phase material with little intermolecular 

interaction are that charge carriers and excitons are highly localized. Charge transport 

mobilities for holes and electrons are small compared to conventional semiconductors. 

Band theory, such as used in conventional semiconductors, cannot be applied to organic 

molecular solids. Instead, a hopping theory is required for transport in organic molecular 

solids, as described in Section 3.1. 

2.2 Excited states and luminescence 

Franck-Condon model 

Molecular excitations consist of rotational, vibrational, and electronic transitions 
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(Klessinger and Michl 1995; Atkins and Friedman 1997). At room temperature, the 

upper states of electronic transitions and most vibrational transitions are virtually 

unpopulated. Optical absorption is a consequence of electronic transitions. Upon 

absorption of a photon, the electronic distribution on a molecule is altered. This may also 

cause structural changes in the geometry of the molecule itself. Transitions may take 

place on a particular group of atoms in the molecule. This is referred to as a 

chromophore, and its transition to an excited state is typically referred to as n* n ('pi 

to pi star'). The probability that a chromophore will absorb a photon and undergo an 

electronic transition is proportional to the square of the transition dipole moment. When 

an electronic transition does occur, it may be coupled with a vibrational transition as well. 

A transition between electronic states occurs on a timescale that is too rapid for 

nuclear motion to take place. This is known as the Franck-Condon principle. After the 

instantaneous redistribution of electronic charge density, the nuclei move to their new 

equilibrium positions. The molecule can also be in an excited vibrational state as a result 

of the transition; each electronic level contains a series of vibrational sub-levels. 

Relaxation down to the lowest vibrational sub-level of the electronic state (Kasha's rule) 

then takes place on the timescale of 10"'^ s. From this level, several pathways are 

available for the excited state energy, including a) a transition to the ground state 

(fluorescence), b) internal conversion to a vibrational sub-level of the ground state 

(nonradiative), c) intersystem crossing to a triplet state (possibly leading to fluorescence), 

and d) nonradiative energy transfer to another molecule (Forster energy transfer). 

In the case of fluorescence, the emitted photon has less energy than the absorbed 

photon. This phenomenon, known as the Stokes shift, is a result of the difference in 

equilibriimi sizes of the excited and ground state molecules, as well as the loss of energy 

during vibrational relaxation. The downward transition resulting in fluorescence can also 
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terminate in a vibrational sub-level of the ground state. Vibrational sub-levels can be 

seen in both absorption and emission spectra, particularly if the electronic structure and 

equilibriimi geometry of the ground and excited states are similar. This also results in a 

mirror symmetry between the absorption and emission spectra. However, vibrational 

structure in the spectra can be blurred by intermolecular interactions. Figure 2-3 depicts 

several transitions between the ground So state and the excited S, state. The resulting 

absorption spectrum and a possible emission spectrum (electronic states omitted) are also 

shown. The equilibrium sizes of the molecules in the ground and excited states are 

labeled as re and rg'. 

r. 

Wavelength (nm) 

Figure 2-3 Franck-Condon model for molecular transitions. (Adapted from Kearwell 
and Wilkinson, 1969). 
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Excitons 

When a molecule is in an excited state, an electron has been promoted to a higher 

orbital, leaving a hole in the ground state orbital. The resulting electron - hole pair is 

bound by Coulombic interaction. Since there is little interaction between neighboring 

molecules in an organic molecular solid, the electron - hole pair is highly localized and is 

considered to be a Frenkel exciton. Although, in an ideal conjugated polymer the system 

of 7t-electrons which extends over the backbone gives the exciton some extended 

character, and it may be considered intermediate to either a Frenkel or Wannier exciton 

(Frolov 1996). 

As discussed previously, the optical band gap energy of a molecule is smaller than 

the true energy gap between the IP and the EA by an amount equal to the binding energy 

of the exciton. The value of this binding energy has been subject to debate. Early reports 

of the exciton binding energy in the conjugated polymer PPV were as low as 25 meV 

(Lee, Yu et al. 1994) and as high as 1.1 eV (Leng, Jeglinski et al. 1994). More recent 

studies have placed the exciton binding energy between 0.2 eV and 0.35 eV (Conwell 

1996). Values for the exciton binding energy in Alqa have not been published. 

In addition to optical excitation, an exciton can also be created by the transfer of 

an electron and a hole to the same molecule. This is the basis for the phenomenon of 

electroluminescence. An exciton created electrically is identical to one created optically 

(after vibrational relaxation occurs), as evidenced by the identical shape of the 

electroluminescence spectrum compared to the photolimiinescence spectrum. 

Fluorescence quantum yield 

The fluorescence quantum yield of a molecule is defined as the number of 

molecules undergoing fluorescence divided by the total number of molecules originally 
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in the excited state. Thus, other processes which deplete the excited state act to reduce 

O/r. These include internal conversion, intersystem crossing, and energy transfer (to a 

quenching species). Each of these processes is associated with an intrinsic rate. If these 

rates are purely exponential, then Of can be calculated using 

k 
cDc = ^=1— Equation 2-1 

where kp is the intrinsic rate of fluorescence, and ki is the rate of any nonradiative process 

(Klessinger and Michl 1995). 

The most important factor determining Of for a given molecule is the magnitude 

of the transition moment between So and Si. If this transition is symmetry allowed (u -> 

g or g -> u), then fluorescence can compete with nonradiative processes. Also, if the 

difference between the equilibrium geometries of the ground and excited states is small, 

then internal conversion is less probable, and Of can be high. This is often true for rigid 

Ti-systems such as aromatic hydrocarbons. The consequence of this is that materials with 

high intrinsic Of, such as laser dyes, also have a small Stokes shift and are subject to 

strong self-absorption at high concentrations. Alqs is unique among small-molecule 

organic materials because it retains a high Of (~ 32%, Garbuzov, Bulovic et al. 1996) 

even in the condensed phase. 

2.3 Molecules for OLEDs 

Here we present several important molecules for OLEDs. Figure 2-4 gives the 

molecular structures of the emitters Alqa (green) and DPVBi (blue), the dye dopant 

quinacridone (green), the polymeric hole transport material PVK, and the small-molecule 

hole transport material TPD. 
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4,4'-bis(2,2-diphenylvinyl)-1,1 '-biphenyl 
(DPBVi) 

s 0^ Jo. 

tris(8-hydroxyquinoline) aluminum 
(Alqa) 

P 
H,c-^ <Q)^CH3 

N,N'-diphenyl-N,N'-bis-(3-methylphenyl)-
(1,1'-biphenyl)-4,4'-diamine (TPD) 

poly(9-vinylcarbazole) 
(PVK) 

Figure 2-4 Molecular structures of (a) Alqs, (b) DPVBi, (c) quinacridone, (d) TPD, and 
(e) PVK. 

The molecular orbital levels, peak wavelengths for absorption (Abs) and 

photoluminescence (PL), and glass transition temperature (Tg) of these materials are 

given in Table 2-1. The HOMO and IP levels are measured by UPS. The EA is 

estimated by subtracting the peak energy for optical absorption from the HOMO energy. 

Material 
HOMO 

(eV) 
IP(eV) EA 

(eV) 
AbSmax 
(nm) 

PLmax 
(nm) TgCQ 

Alqs 6.65 5.93 3.48 391 525 172 

DPVBi - 5.9' 2.8" - 473 -

Quinacridone 5.9 5.26 3.71 517" 532" -

TPD 5.73 5.38 2.36 365 398 60' 

PVK 6.6 5.79 2.98 345 410 200' 

'Hosokawa, Higashi et al. 1995, **in DMF solution, 'Naito and Miura 1993 
Unless otherwise noted, absorption and photoliuninescence measurements performed on thin fihns, and 
UPS measurements performed by N. R. Armstrong, University of Arizona, Department of Chemistry. 

Table 2-1 Properties of several important OLED materials. 
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Chapter 3 

MECHANISMS OF ELECTROLUMINESCENCE 

An OLED consists of one or more thin layers of organic material sandwiched 

between a cathode and an anode. Typically, the anode consists of glass coated with a 

layer of indium-tin-oxide (ITO), and the cathode is a layer of metal such as aluminum or 

magnesium. The thicknesses of the anode, organic layers, and cathode are typically 150 

nm, 100 nm, and 200 nm, respectively. The active, light-emitting area of the device can 

range from several ^m^ to several cm^. Schematic diagrams of an OLED structure are 

shown in Appendix A. 

The operation of an OLED can be broken down into four major steps: injection of 

charge, transport of charge, exciton formation, and luminescence. A simplistic 

description of electroluminescence in a single-layer device is as follows. Electrons are 

injected from the low work-ftmction cathode into the LUMO band of the organic layer, 

and holes are injected from the high work-function anode into the HOMO band of the 

organic layer. These injected charges relax into self-trapped carrier states, or polarons, 

which consist of the charge and its associated distortion of the surrounding lattice (Song, 

Williams 1993). For the remainder of this work, electron polarons and hole polarons will 

be referred to simply as electrons or holes. In the presence of a strong electric field (10® 

V cm*'), the electrons drift toward the anode, and the holes drift toward the cathode. 

Transport between molecules occurs through a hopping mechanism, as described in the 

next section. Electrons and holes are attracted to each other via a Coulombic force. If an 

electron hops onto a molecule that is already occupied by a hole, or vice versa, an exciton 

is formed on that molecule. The exciton has a characteristic lifetime, during which time 

it may hop to surrounding molecules in a process referred to as exciton diffusion. The 
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exciton decays through either fluorescence or one of several other channels that are 

generally noruradiative. If fluorescence occurs, a photon is emitted in a random direction. 

The overall distribution of light that is emitted by the device depends on the exact 

geometry, indices of refraction of the different layers, and the reflectance of the back 

electrode. 

As an approximation, an organic semiconductor can be modeled as a conventional 

semiconductor with valence and conduction bands. In reality, true bands do not exist in 

these amorphous materials because of the lack of periodicity and because of the weak 

interactions between molecules. In an organic molecular solid, these bands consist of 

distributions of localized states, and are instead referred to as the HOMO and LUMO 

levels. For the purpose of depicting the electric field distribution in an OLED, organic 

layers are often represented by this pseudo band picture. When the anode and cathode 

are place in contact with the organic layer, the Fermi levels of the metals become aligned. 

This results in a built-in electric field in the device which is given by 

FQ =——— Equation 3-1 
e d 

where (f>a and are the work-functions of the anode and cathode, respectively, e is the 

charge of an electron, and d is the thickness of the organic layer (Parker 1993; Campbell, 

BCress et al. 1997). This built-in field may by used to drive charges created by light-

absorption in a photovoltaic device, but in an OLED it provides a voltage barrier that 

must be overcome. A sufficient positive bias, equal to FQ d, must be applied to reach the 

flat-band condition. Increasing the applied bias further can then result in charge 

injection. These concepts are illustrated in Figure 3-1. 
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LUMO 

HOMO 

Before contact After contact 

Positive bias, flat-band Positive bias, current injection 

Figure 3-1. Schematic diagram of the electric field in a single-layer device. 

This simple model provides a description of the electric field in a single-layer 

device. A model of the electric field distribution in a double-layer device is presented in 

Section 3.5. The remainder of this chapter discusses individual aspects of OLED 

operation in detail. 

3.1 Charge transport in disordered molecular solids 

Because of the poor overlap of the molecular orbitals between adjacent molecules, 

the band picture used for charge transport in conventional semiconductors cannot be 

applied to organic molecular solids. For mobility values less than 1 cmV(V s), the carrier 

mean-firee path is found to be less than the lattice constant using the band picture 

(Bottger, Bryksin 1985; Farges 1994). For amorphous organic molecular solids, the 
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mobility is less than 10'^ cm^/(V s). The model that has worked to describe the 

temperature and field dependence of the mobility in these materials is the disorder 

formalism (Borsenberger, Pautmeier et al. 1990; Bassler 1993; Gartstein and Conwell 

1994). In this model, the macroscopic form of the mobility /J{E,T) is a result of a 

microscopic hopping mechanism. The activation energy of a hop between two molecules 

arises from differences in the site energies due to positional and orientational disorder in 

the amorphous material. In the disorder formalism, two types of disorder are used: 

diagonal and off-diagonal. Diagonal disorder represents the distribution of carrier 

energies on individual sites, which is assumed to be Gaussian with standard deviation <j. 

The energy £•, of a given site is a complicated function of the position and orientation of a 

molecule relative to its surrounding neighbors. Off-diagonal disorder represents 

deviations in the relative position and orientation of the two molecules, i and j, that are 

involved in the hop. This is represented by the term r,y, which is the sum of the 

contributions from each molecule, F,- and Tj. These are each chosen from a Gaussian 

distribution with a standard deviation of 2 / \/2 . The hopping rate Vij between sites i and 

j is given by 

where is a prefactor, a is the lattice constant, tsRg is the distance between sites i and j. 

Si and Sj are the energies for sites / and j, k is Boltzmaim's constant, and T is the 

temperature. Monte Carlo simulations carried out using this microscopic hopping 

mechanism yielded the following functional form for /J{E,T) 

Equation 3-2 

I >1.5 

S< 1.5 
Equation 3-3 
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where /A) is a prefactor, a = dkTand C = 2.9 x 10"^ (cmA^)"^. 

For electric fields greater than 10^ V/cm, which is the range relevant for OLED 

operation, Equation 3-3 was found to accurately describe experimental results for the 

mobilities of vapor deposited and molecularly-doped TPD type molecules. The 

implication of the success of the disorder formalism is that the energy associated with the 

formation of a polaron is negligible in small-molecule materials such as Alqa and TPD 

(Mahrt, Yang et al. 1991). Statistical fluctuations in lattice site energies account for the 

functional form of the mobility. In contrast, the mobility for conjugated polymers such as 

PPV has been shown to follow a polaron model with an activation energy on the order of 

0.5 eV (Lebedev, Dittrich et al. 1997). 

Mobilities of organic materials are typically measured using the time-of-flight 

technique (Borsenberger, Pautmeier et al. 1990). Values reported from different groups 

often disagree by as much as two orders-of-magnitude due to dispersive transport and 

differences in sample preparation. Here we summarize the reported mobilities of several 

important materials at field strengths which occur in the operation of an OLED. 

Material (cmV(V s)) fie (cinV(V s)) 
Alqa 10"^- 10'^^®M0'®^^ 10"^^^ 5x10'^^'^ 
TPD 10*3 (d) 

-

PVK 10*5 (e) 
-

PPV 10*5(0 
-

*(Lin, Jenekhe et al. 1997), ''(Kepler, Beeson et al. 1995), '(Hosokawa, Tokailin et al. 1992), ""(Stolka, 
Yanus et al. 1984), °(Pai, Yanus et al. 1984), "(Lebedev, Dittrich et al. 1997) 

Table 3-1. Mobilities of common OLED materials. 

One characteristic of organic molecular solids is that the hole mobility is, in 

general, much greater than the electron mobility. In fact, there are few materials which 

act as electron transporters. These include chelate metals, oxadiazoles, and perylene 
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dyes. The reason for the imbalance in hole and electron mobilities in organic materials is 

subject to debate. The are two schools of thought. One is that electrons are more easily 

trapped by impurities, especially oxygen, which are always present in a material at some 

level. The other is that electron transport is intrinsically slow due to a high polaronic 

energy for electrons. The origin of the polaronic energy is the change in conformation 

from 2-dimensional to 3-dimensional character when an electron is added to a sp^-

hybridized orbital. The latter is supported by the fact that materials based on the 

triphenylamine group, which have a central nitrogen bonded to three other moieties, have 

the highest hole mobilities and very poor electron mobilities, while materials with a 

double-bonded nitrogen, such as Alq3, have the highest electron mobilities. 

3.2 Models of the cur rent-voltage relation 

The maximum current flowing through an OLED with a given applied bias is 

governed by the build-up of space-charge within the bulk of the organic layer. In this 

regime, referred to as space-charge limited (SCL), the electrode must be able to supply 

carriers faster than can be transported through the bulk (Bassler 1998). Such a contact, 

referred to as being ohmic, is established if the barrier to charge injection is less than a 

few tenths of an eV. The barrier to charge injection for holes (electrons) is defined as the 

difference between the work-function of the anode (cathode) and the EP (EA) of the 

adjacent organic material. 

For a material with no traps for charge carriers, and if the mobility is independent 

of the electric field strength, the SCL current density simplifies to Child's Law: 

9 
J  - - S e ^ f i I d  Equation 3-4 

8 
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where e is the dielectric constant of the organic material, so is the permittivity of free 

space, n is the mobility, E is the electric field, and d is the thickness of the organic layer. 

A general analytic solution has not been obtained for a field-dependent mobility, except 

for the specific case of //a £" (Abkowitz, Facci et al. 1993). Trap-free SCL behavior 

was demonstrated for hole current in systems based on triphenylamine and in PPV 

(Blom, de Jong et al. 1996), Trap-free SCL electron current was reported in a 

polystyrene copolymer carrying CPs-substituted quarterphenyl (Pommerehne, Selz et al. 

1997). 

For the case of a material with traps that have an exponential distribution in 

energy, the current becomes trapped-charge-limited (TCL): 

J oc £'•"/d' Equation 3-5 

where typically 4 < / < 8. In this context, a trap is a localized state with an energy that is 

significantly lower m energy (by 0.1 eV or greater) than the surrounding sites. Traps 

may result from extrinsic impurities or from intrinsic defects in the amorphous lattice. 

TCL hole current has been reported for PPV (Blom, de Jong et al. 1996), and TCL 

electron current has been reported for Alqa (Burrows, Shen et al 1996) 

For the case in which the electrode is not able to supply charges fast enough to 

reach the SCL or TCL limit, the device is considered to be injection-limited. There are 

several distinct theories of charge injection into organic materials (Kalinowski, Di Marco 

et al. 1996). Richardson-Schottky thermionic injection occurs with the premise that an 

image charge forms a barrier to charge emission from the electrode. The barrier height 

decreases with the applied field (Schottky effect), resulting in 

Equation 3-6 
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where e is the electron charge. Fowler-Nordheim tunneling, in its basic form, ignores 

Coulombic effects but considers that charges must tuimel through a triangular barrier to 

be injected into the organic material. The barrier height decreases with the applied field 

in this case as well, yielding 

where m* is the effective mass the charge carrier, h is Planck's constant, and cp is the 

barrier height, as defined above. 

In contrast to these continuous models, a discrete model based on escape from the 

attractive Coulomb potential of the image charge in the electrode has been developed 

(Conwell and Wu 1997; Arkhipov, Emelianova et al 1998). In this Monte Carlo 

simulation, charges were initially injected into the organic layer with a Gaussian 

distribution of energies. The charges were then subject to the hopping mechanism, 

described earlier in the context of the disorder formalism, under the influence of the 

attractive potential of the electrode image charge. Charges that 'backflowed' into the 

electrode did not contribute to the current. For large injection barriers (> 0.6 eV), this 

model reproduced the J-V relation of FN injection, even though no tunneling was used in 

the Monte Carlo. For small injection barriers, this model reproduced the SCL result. 

3.3 Recombination of carriers 

Recombination Idnetics 

The recombination of charge carriers in an organic material, which occurs when 

an electron and a hole hop onto the same molecule, can be considered to be a bimolecular 

chemical reaction (Albrecht and Bassler 1995). An electron - hole pair is bound when 

the distance between them is less than rc - ̂ lAnesiJcT, which is the distance at which 

their Coulombic binding energy is equal to -kT. Charge carriers that have been injected 

Equation 3-7 
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into an organic layer are subject to both drift and diffusion. Carriers that recombine 

contribute to the measured current and light output; carriers that traverse the sample and 

are absorbed by the opposite electrode only contribute to the measured current. The rate 

of recombination of holes and electrons is generally considered to be diffusion controlled 

(Langevin type) and has the form rrec = ynp, where n and p are the densities of electrons 

and holes, respectively, and ;'is the recombination coefficient, y follows from Einstein's 

diffusion relation and is given by 

^ Equation 3-8 

where //+ and are the mobilities for holes and electrons, respectively. For the case of a 

single-layer OLED, in which electrons are the minority carrier, the probability for 

electron recombination p"' is given by the branching ratio between recombination and 

sample traversal: 

rec _ yjK Equation 3-9 
yn^ + ̂ x.E d 

Combining Equations 3-4,3-8, and 3-9, assuming /u » and using the relation j = j+ = 

efun+E, yields 

d""" = ^—5— = —Equation 3-10 
j+ss,M.E\,d y+yf" 

where j is the majority carrier (hole) current density and yf" is the SCL limit for 

electron current. From this it can be seen that the electron recombination probability is 

inversely proportional to the electron mobility. This is an intuitive result since the 

carriers have a higher probability of recombination if they spend more time in the device. 

For the case that the majority current is space-charge limited, p"" = 1, and the 

recombination efficiency ijrec is given by 
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ree » • 

Equation 3-11 
j y; 

From this it can be seen that the light output is proportional to the minority current, and 

the recombination efficiency is dictated by the balance between hole and electron 

currents. The optimal case for a single-layer OLED is one in which both carriers are in 

the SCL regime and have the same mobility. This yields rjrec =1 for a sufficiently thick 

device (Crone, Davids et al. 1998). 

The above kinetics do not apply to a multi-layer device. Barriers to charge 

injection between the two layers may impede current flow. If this is the case, charges 

will accumulate at the interface between the two layers. This increases the probability for 

charge recombination and alters the field distribution within the device, as discussed in 

Section 3.5. 

Spin statistics 

When an electron and a hole are injected into the device, they each have an 

associated spin that is either up or down. The resulting exciton can then be in a singlet 

state (probability 1/4) or in a triplet state (probability 3/4). Radiative decay of the triplet 

state is spin-forbidden, therefore these statistics place additional factor of 0.25 on the 

electroluminescence efficiency of a material. However, triplet emission 

(phosphorescence) is possible due to spin-orbit coupling, and recent work has addressed 

the possibility of using efficient triplet emitters as dopants in OLEDs to harness light 

from the triplet states (Cleave, Yahioglu et al. 1999). 
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3.4 Luminescence quenching mechanisms 

Once an exciton is formed in an OLED, a variety of quenching mechanisms can 

compete with radiative decay. The lifetime rof the exciton is given by 

where br is the radiative decay rate, and bnr is the decay rate for any nonradiative process. 

Here we summarize the major mechanisms of quenching in an OLED. 

Impurities present in the organic material can quench luminescence in two ways. 

Strong, local electric fields from polar species can dissociate the exciton into an electron 

- hole pair. This same mechanism is discussed later in the context of electric field-

induced quenching. Impurities can also act as nonradiative acceptors which receive the 

excited state from the original molecule via Forster energy transfer. This is discussed in 

Chapter 4 in the context of energy transfer to efficient emitter molecules. 

An exciton in proximity to a metallic surface can be quenched by nonradiative 

energy transfer (Chance, Prock et al. 1975). The oscillating dipole field of the exciton is 

reflected off the surface of the metal to produce a damping force in the equations of 

motion of the dipole. Energy lost by the exciton is coupled into surface plasmon modes 

of the metal. The rate of energy transfer is dependent on the frequency of the emitter 

molecule and on the optical constants of the organic material and the metal. The distance 

dependence of the rate of energy transfer is given by ba « x'^ where x is the distance 

between the emitter molecule and the surface of the metal. 

An exciton can be dissociated into an electron - hole pair by the presence of a 

strong electric field. Field-induced quenching is relevant to OLEDs since high electric 

fields (~ 10® V/cm) are generated. Quenching of photoluminescence intensity has been 

seen in Alqa (Stampor, Kalinowski et al. 1997) and in PPV derivatives (Deussen, 

Scheidler et al. 1995). These studies have shown that quenching occurs from the lowest 

Equation 3-12 
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vibrational energy of the excited electronic state. A strong electric field opens up an 

additional pathway for nonradiative decay of the exciton by transferring a carrier (either 

an electron or a hole) to a neighboring molecule via a hopping process. The binding 

energy of the exciton in a PPV derivative was estimated to be = 0.4 eV using the super-

linear dependence of the amount of quenching on the electric field. Field-induced 

quenching of the blue emitter DPVBi is demonstrated in Chapter 5. 

Temperatiure is another property of an OLED which can reduce the luminescence 

efficiency. Photophysical processes generally have a temperature dependence because 

they depend on the physical conformation of the molecule. The intrinsic fluorescence 

quantum yield Of of a molecule can be positively or negatively correlated with a change 

in the temperattire. If a triplet level lies just above the lowest excited singlet state in a 

molecule, as is the case in some substituted anthracenes, an increase in temperature will 

increase the intersystem crossing and decrease O/r (Klessinger and Michl 1995). Cases in 

which Of increases with increasing temperature occur when the donor and acceptor 

orbitals have poor overlap, and vibrational activation is needed to populate levels which 

have a larger transition moment to the ground state. Decreased photoluminescence and 

electroluminescence efficiencies with increasing temperature have been reported for Alqa 

(Abe, Onisawa et al. 1992). 

Lastly, we discuss luminescence quenching due to aggregation of molecules. 

This phenomenon, also known as concentration quenching, resuhs firom the formation of 

a complex between a ground state molecule with an excited state molecule. This 

complex is known as an excimer (excited dimer). When an excited state molecule 'M* is 

in proximity to a ground state molecule M, an excimer '(MM)* can be formed in which 

the excitation is shared across both molecules (Klessinger and Michl 1995). The 

transition to the ground state '(MM)* -> M + M produces fluorescence with a longer 
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wavelength (often in the infrared) than the M* M transition. Excimer formation and 

aggregation effects are common in dye materials because their planarity allows for close 

contact. This is demonstrated by DIQA, a soluble derivative of quinacridone. Figure 3-2 

shows the photoluminescence spectra of DIQA solution for a range of concentrations in 

chloroform. The growth of a peak that is red-shifted from the dilute solution spectrum is 

a result of aggregation. 

500 550 600 650 700 
Wavelength (nm) 

Figiure 3-2. Spectra of DIQA for different concentrations in CHCI3. 

The quantum yield of excimer fluorescence is generally less than the intrinsic 

quantum yield of the single molecule. Thus, as the concentration of a dye molecule is 

increased, contributions from excimer fluorescence will decrease the overall fluorescence 

efficiency. A method to inhibit aggregation and excimer formation is to add bulky side-

groups to a molecule. Steric hindrance then acts to keep the molecules more isolated. 

Concentration 

(mg/mL in CHCI3) 
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This is demonstrated by DEHQA, a version of DIQA with longer alkyl side-groups. 

Figure 3-3 shows the relative photoluminescence efficiency of DIQA and DEHQA over a 

range of concentrations in chloroform. 
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Figure 3-3. Relative photoluminescence efficiency of DIQA and DEHQA for different 
concentrations. (Synthesis of DIQA and DEHQA performed by J. -F. Wang, University 
of Arizona Department of Chemistry) 

3.5 Optimization of device performance 

The phenomena discussed in the preceding sections are the basic mechanisms of 

OLED operation. Here we pull these mechanisms together and discuss the design of the 

OLED. 

A single-layer OLED that has high efBciency is desirable since this is the easiest 

to fabricate. However, there are several intrinsic problems with designing such a device. 

An optimal device would have small barriers to both electron and hole injection such that 

each carrier type is space-charge limited. This would require the HOMO and LUMO 
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levels of the organic material to be close (< 0.2 eV) to the work-function of the anode and 

cathode, respectively. The mobilities for electrons and holes should also be equal. 

Lastly, the material should have a high quantum yield. 

Designing such a material that satisfies these independent constraints is difficult. 

If ITO (work-function = 4.7 eV) is used as the anode, and magnesium is used as the 

cathode (work-function = 3.7 eV), the HOMO - LUMO gap of the organic material 

would have to be < 1.4 eV to meet the above constraint. Such a material would not emit 

visible light. Also, hole mobilities are typically greater than electron mobilities by 

several orders of magnitude. As a result, the recombination zone for electron - hole pairs 

is pushed toward the cathode (Kawabe, Morrell et al. 1998), which increases quenching 

from the metallic surface. Obtaining high quantum yield in the condensed-phase is 

difficult because many materials undergo aggregation quenching. 

There are solutions to each of the above problems. One technique that is used to 

increase the quantum yield of a material is to dope it with a high efficiency dye material 

in low concentration. This is discussed in detail in Chapter 4. One solution to the 

problem of balanced injection, other than the design of a new, high work-function 

transparent anode, is to increase the effective work-function of the ITO with a layer of 

conducting polymer. Another is to use a double-layer device; this also confines the 

recombination zone away from the cathode. 

In a double-layer OLED, a high hole mobility material, such as TPD, is place 

adjacent to the anode, and a high electron mobility material, such as Alqa, is placed next 

to the cathode. This confines the recombination zone near the center of the device, since 

the mobilities of holes in Alqs and electrons in TPD is small. The recombination zone 

has been shown to extend approximately 20 nm into the Alqa layer and less than 5 nm 

into the TPD layer in a TPD / Alqj double-layer device (Matsumura and Jinde 1997; 
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Murata, Merritt et al. 1998). Also, the ionization potential of the hole transport material 

and the electron-affinity of the electron transport material can be timed independently to 

achieve balanced charge injection from the electrodes. Tuning of the ionization potential 

of the hole transport layer is demonstrated in Chapter 6. 

In a double layer device such as TPD / Alqs, there is a build-up of charges at the 

interface between the two layers. In the case that the injection rates of holes and 

electrons into the device are not equal, the majority carrier, typically holes, will have a 

greater charge density at the interface. This acts to reduce the electric field strength 

across the hole transport layer and increase the field strength across the electron transport 

layer. The result is that the injection rate of the minority carrier is 'auto-balanced' with 

that of the majority carrier, to some extent. Figure 3-4 illustrates the build-up of holes at 

the TPD / Alqa interface and the subsequent alteration of the field strengths across the 

two layers. 

Anode HTL ETL Cathode 

Figure 3-4. Electric field distribution in a double-layer OLED. 

Here we do a simple calculation of the maximum external quantum efficiency of 

an OLED. The external quantum efficiency rj is given by 

V = nPLo Equation 3-13 
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where rjrec is the efficiency of electron - hole recombination, x is the ratio of excitons 

that decay radiatively according to spin statistics, O/r is the net quantum yield of the 

emitter molecules (including all quenching mechanisms), and TJFLO is the amount of light 

that is emitted out the front of the device. Assuming the ideal case in which the injection 

rates of holes and electrons are equal, and all carriers recombine before exiting the 

device, rjrec = 1 • Excluding the possibility of harnessing triplet states for emission, x = 

0.25. With a high efficiency dye doped into the emission layer at low concentration, O/r 

= 1 is possible. r]Fio is determined by the index of refraction of the organic material. 

Since the light is generated inside a medium with a higher index than air, much of it is 

waveguided out the sides of the device. For a planar OLED, TJFLO = l/2n^, where n is the 

index of the organic material (Greenham, Friend et al. 1994). n is typically 1.7 for 

organic semiconductors, yielding TJFLO = 0.17. The total result is rj^ax = 4.3%. This limit 

appears to have been reached for several molecular systems. In Chapter 6, we discuss the 

design of a green OLED with rj = 4.5% 

3.6 Monte Carlo simulation of OLED operation 

A Monte Carlo simulation has been developed to illustrate some of the basic 

mechanisms of single-layer OLED operation. Using a Monte Carlo simulation has 

advantages over analytical techniques. Differential equations quickly become intractable 

when the charge injection, transport, and recombination kinetics are included. Numerical 

solutions must be used. In a Monte Carlo simulation, the macroscopic properties emerge 

from the statistical averaging of the microscopic parameters. For example, the field 

dependence of the mobility is included in the simulation as a result of the hopping 

mechanism. Including the field dependence of the mobility in analytical techniques has 

proved to be extremely difficult. The one drawback to a Monte Carlo simulation is the 



46 

computational time involved. However, the dimensions of an OLED are small enough 

that modeling a realistic volume of molecules is feasible. 

In the simulation, a 3-dimensional cubic lattice of molecules is defined, each with 

a HOMO energy , a LUMO energy , and an off-diagonal disorder term F,. 

Each of these is chosen from a Gaussian distribution. Figure 3-5 shows the energies 

e"°"° and 6^""° for a 1-dimensional cross-section of the lattice. 
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Figure 3-5. Sample distribution of energies on the lattice sites of a Monte Carlo 
simulation. 

Charge hopping between sites is done using Equation 3-2. The probabilities of 

hopping to the 26 nearest neighbors are computed, and each is assigned an interval in 

number space. The neighbor to which the hop occurs is decided according to which 

interval a randomly chosen number falls in. The mobility is varied with a prefactor /JQ 

that determines the probability that the hop will take place. Coulombic forces between 
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charges are not considered, except for the repulsion of like charges that attempt to hop 

onto the same site. 

Injection of charges is done by hopping onto molecular sites with exponential 

probability, followed by possible backflow mto the anode, as discussed in Section 3-2. 

The probability pi„j of charge injection from an electrode onto molecular site i is given by 

Pinj = Po ®xp(~ Equation 3-14 

where po is a prefactor, and t/, is the effective barrier to injection. C/, is given by 

U- = A,. eEx Equation 3-15 
\6KesQX 

where E is the electric field, x is the distance between the electrode and the site onto 

which a hop is attempted. A, is the contribution to the injection barrier from the energetic 

disorder of the organic molecules, given by A, = {^anode - 5"°^°) for hole injection and 

A, = - <t>cmhode) for electron injection, where Ois the work-function of the 

electrode. The term e^/lSzesox represents the attractive potential of the image charge in 

the electrode. Injection is only considered onto molecules in the first layer of the organic 

lattice, therefore x = a the lattice constant. The net injection rate is determined by a three 

step process. First, each lattice site adjacent to the electrode is examined to determine if 

injection occurs according to Equation 3-14. Second, the injected carriers are allowed to 

hop through the lattice for one iteration. Third, backflow is simulated by removing all 

carriers that remain on lattice sites adjacent to the electrode. As a result, most of the 

carriers backflow into the electrode at low fields. At high fields, most of them drift into 

the bulk of the lattice. The rate of charge injection in the simulation is controlled by the 

parameters Aa and Ag, which are the mean values for A, for holes and electrons, 

respectively. 
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An exciton is formed in the simulation when an electron and hole hop onto the 

same lattice site. All excitons are assumed to decay radiatively. The quantum efficiency 

is calculated by dividing the rate of exciton formation by the rate of charge flow through 

the device for steady-state conditions. 

The parameters for the simulation are chosen as follows. The total size of the 

lattice is 100 x 100 x 100 sites. The temperature is set at 300 K. The lattice spacing a is 

set at 1 nm. The widths of the distributions for s and F are 0.07 eV and 1.4 eV, 

respectively. These values are taken from published results on Monte Carlo simulations 

of charge transport in TPD type molecules (Borsenberger 1992). The mobility prefactor 

/jQ and the injection prefactor po are set to 1 unless otherwise noted. The 'loading factor', 

or average occupation of lattice sites, is limited to approximately 10"^. This value is 

considerably higher than that in a real device. For instance, Alqa has a molecular density 

of approximately 2 x 10^' cm"^. The charge density can be calculated using n =jle/uE. 

Typical values arey = 10 mA/cm^, // = 10'^ cm^/(V s), and £ = 10^ V/cm, which yields n 

= 6 X lO'® cm'^ and a loading factor of 3 x 10"^. Thus, the charge densities in the 

simulation are several orders-of-magnitude larger than in a real device. In order to 

reduce the charge densities in the simulation, and still retain enough carriers for good 

statistical averaging, the size of the lattice would have to be increased substantially. 

The field values for the simulation are varied between 10^ and 10® V/cm. Values 

less than 10^ V/cm require too many time steps for carriers to traverse the device. Values 

greater than 10® V/cm result in saturation of the charge velocity. Figure 3-6 shows the 

number of timesteps required for a single carrier, initially placed on a randomly chosen 

molecule in the first layer of the lattice, to traverse a 100 layer device as a function of the 

field. Results are averaged for 100 trials. 
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Figure 3-6. Timesteps required for a single charge to traverse a 100 layer device. 

In the simulation of a device, many carriers are injected per timestep into the 

lattice. Due to the time required for traversal, the charge density in the device may take 

many iterations to reach steady-state. Figure 3-7 shows the evolution of the charge 

distribution as a function of the lattice plane for a hole-only device. 
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Figure 3-7. Time evolution of the charge distribution in a hole-only device. 
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Figure 3-8 shows the total number of holes on the lattice as a fimction of time. It 

can be seen that steady-state is reached in approximately 1000 iterations for a field value 

of 5 X lO^V/cm. 
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Figure 3-8. Total number of holes in the device versus time. 

Since the range of carrier densities that are feasible in the simulation is small, the 

useful range of the parameters Ae and A/, is limited to ~ 0.30 eV - 0.40 eV. Figure 3-9 

shows the injected hole current as a function of A/, for two different field values. 
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Figure 3-9. Hole current in the device versus the mean energetic barrier to injection. 



51 

The current - voltage relation for a device with given parameters Ag and A/, is 

obtained by running the simulation at each voltage point until steady-state is reached. 

Figure 3-10 shows the current - voltage relation for a hole-only device with Aa = 0.35 eV. 
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Figure 3-10. Current - voltage relation for a hole-only device. 

For the simulation of a light-emitting device, both holes and electrons are injected 

simuhaneously. Since there are no Coulombic forces in the simulation, the injection rates 

for the two carriers are essentially independent. A profile of the light emission can be 

plotted from the locations of exciton formation. Figture 3-11 shows the evolution of the 

charge and exciton distributions in a two-carrier device, with /^ = 1 for both holes and 

electrons and Ae = Aa = 0.4 eV. The recombination zone is centered in the middle of the 

device, as expected since the injection rates and mobilities are the same for both carriers 

The probability that a given charge will recombine before traversing the device 

increases as the density of the opposite carrier increases. The carrier densities are 

determined by the barriers to injection, A^ and AH. TO study the effect of the carrier 

densities on the device quantum efficiency, Ae and AH were identically varied from 0.375 
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eV to 0.5 eV. Figure 3-12 shows the quanttim efficiency as a function of barrier height 

for the case of symmetric barriers (Ag = A/,). The efficiency is seen to decrease with 

increasing A, as expected firom a reduction in carrier density. 
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Figure 3-11. Time evolution of the charge and exciton distributions in a two-carrier 
device. 
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Figure 3-12. Efficiency versus barrier height for symmetric barriers. 
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Next, the barrier heights were varied asymmetrically. For the first case, the height 

of the barrier to the minority carrier (electron) was varied. Figure 3-13 shows the 

recombination zone, current, light output, and quantum efficiency for devices with Ag = 

0.4125 eV - 0.45 eV and A/, = 0.4 eV. 
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Figure 3-13. Recombination zone (a), current and light output (b), and quantum 
efficiency (c) for devices with varying minority carrier (electron) injection rates. 

In this case, the recombination zone is pushed toward the cathode (right side) as a 

result of the reduction in electron injection. This has negative consequences in a real 

device because quenching is greatly increased near the cathode. The current shows only 
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a small dependence on the minority carrier injection rate, since the majority carriers 

(holes) constitute the current. The small dependence of the current on Ae is a result of 

site-occupancy. As more electrons are injected, more holes are armihilated to form 

excitons. This creates more available sites for the holes to hop onto. The light output of 

the simulation, which is proportional to the minority carrier injection, decreases with 

increasing A^. As a result, the quantum efficiency also decreases. 

For the second case, the barriers height of the majority carrier (hole) was varied. 

Figure 3-14 shows the recombination zone, current, light output, and quantum efficiency 

for devices with Ae = 0.4 eV and A^ = 0.3875 eV - 0.3625 eV. 
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Figure 3-14. Recombination zone (a), current and light output (b), and quantum 
efficiency (c) for devices with varying majority carrier (hole) injection rates. 
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As in the previous case, the recombination zone is pushed toward the cathode as a 

result of the imbalance in the injection rates. However, the total light output remains 

essentially constant, since A^. does not vary. The current increases as Ah decreases, 

resulting in a reduction in the quantum efficiency as well. The light output shows a small 

dependence on Aa since the probability that a given electron will recombine with a hole 

before traversing and exiting the device depends on the density of holes. 

Next, we examine the dependence of the quantum efficiency on the applied 

electric field. Figtire 3-15 shows the current, light output, and quantum efficiency for 

devices with Aa = Ag = 0.4 eV and AF, = 0.4 eV, Ag = 0.425 eV. In both cases, the 

quantum efficiency is essentially independent of the applied field, although the value for 

the symmetric device (~ 0.8) is higher than that of the asymmetric device (~ 0.45) 

because of the imbalance in the injection rates. The small dependence on the quantum 

efficiency on the applied field can be explained as follows. At low fields, charges are in 

the device for longer times, and the probability of recombination is high. As the field is 

increased, this probability decreases. However, for fields beyond 5 x 10^ V/cm, the 

charge density becomes large enough that the probability for recombination also 

increases. 

Lastly, we examine changes in the recombination zone and device performance as 

the mobility of one of the carriers (electron) is decreased. Figure 3-16 shows the 

recombination zone, current, light output, and quantum efficiency for devices with the 

mobility prefactor for holes ~ the mobility prefactor for electrons jû  = 0.2 -

0.75. The mobility determines the time it takes for a charge to traverse the device. In 

this simulation, the mobility also determines the amount of charge that is injected. Since 

charges that have not drifted away from the electrode after one iteration of hopping are 

removed (to simulate backflow), a decrease in the mobility results in a proportional 
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decrease in the amount of charge that is injected. Thus, both the velocity and number of 

electrons is decreased as is decreased. The recombination zone is pushed toward the 

cathode, and the light output and quantum efficiency decrease as //q is decreased. 
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Figure 3-15. Current, light output, and quantum efficiency versus applied field for 
devices with symmetric (a) and asymmetric (b) barriers to injection. 

A dependence of the quantum efficiency on the carrier mobility for single-layer 

devices has not been seen experimentally (Johnson, McGrane et al. 1995). Single-layer 

devices consisting of PVK doped with TPD and a dye emitter showed a quantum 

efficiency that varied ~ 0.1% - 0.05% as the hole mobility was varied over three orders-

of-magnitude. This suggests that the strong dependence of the net injection rate on 

mobility demonstrated in this simulation as a result of the backflow is not an accurate 

description of real devices. However, a more sophisticated simulation which includes 

several different types of molecular species in the lattice is necessary to model such a 

device. 

This Monte Carlo simulation is clearly very limited. Since Coulombic 

interactions between charges have not been included, space-charge effects on the current 
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are not modeled. As a result, the injection rates for holes and electrons are independent, 

except for the small site-occupation effects discussed above. In a real device, an increase 

in the density of one carrier results in a higher electric field across the opposite electrode 

and consequently a higher injection rate of the opposite carrier. However, this does not 

invalidate the results of the simulation. The result that high efficiency is obtained when 

the injection rates are balanced is a general one. This simulation provides the ground

work for a fiill simulation involving charge - charge interaction, charge traps, and multi

layers. 
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Figure 3-16. Recombination zone (a), current and light output (b), and quantum 
efficiency (c) for devices with varying mobility. 
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Chapter 4 

ENERGY AND CHARGE TRANSFER 

Doping of fluorescent dyes into host emission materials has been one of the most 

important techniques for enhancement of efficiency and stabiHzation of OLED operation 

(Tang, VanSlyke et al. 1989; Hosokawa, Higashi et al. 1995; Shi and Tang 1997). 

Doping of small amounts of dye, typically on the order of 1%, changes the source of 

OLED emission from the host material to the dopant and results in higher device 

luminance and efficiency. Enhanced device performance has been shown with a variety 

of dye materials, including DCM and coumarin (Mori, Miyachi et al 1995), pyromethene 

(Dodabalapur, Rothberg et al. 1996), and squarylium (Mori, Miyachi et al. 1994). Recent 

work has shown quinacridone and its derivatives to be among the best dopants for Alqs 

devices (Saito, Tsutsui et al. 1993; Jabbour, Kawabe et al. 1997). In this work (Shaheen, 

Kawabe et al. 1999) a new, soluble derivative of quinacridone, N,N'-diisoamyl 

quinacridone (DIQA), has been synthesized and used to study the mechanisms of Forster 

energy transfer and charge transfer ui organic light-emitting diodes (OLEDs) based on 8-

hydroxyquinoline aluminum (Alqs). 

The efficiency enhancement seen in quinacridone-doped Alqa devices is 

postulated to be due to the Forster mechanism in much of the work done so far. This is 

supported by the fact that the absorption spectrum of quinacridone has a large overlap 

with the emission spectrum of Alqs. This work investigates single layer OLEDs based on 

poly(9-vinylcarbazole) (PVK) doped with Alqs and N,N'-diisoamyl quinacridone 

(DIQA), a new, soluble quinacridone derivative. We fmd that the efficiency of 

PVK:Alq3 devices is nearly doubled upon doping with small amounts of DIQA. 

Investigation of charge transfer to the DIQA dopant in these devices was carried out by 
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measuring the spectra and efficiencies of films for both photoluminescence (PL) and 

electroluminescence (EL) over a range of DIQA concentrations. The spectra of films 

with a given doping level show that more emission originates firom DIQA molecules for 

electrical excitation than for optical excitation. Comparison of efficiencies shows that the 

peak efficiency occurs for a lower optimal doping level for electrical excitation than for 

optical excitation. From these results, we conclude that charge transfer to DIQA 

molecules does occur in the operation of the OLED. 

4.1 Theories of energy and charge transfer 

Emission fi*om the dopant molecules in such a device can occur via two 

mechanisms: Forster energy transfer and charge transfer. In the Forster mechanism 

(Forster 1959; Turro 1978; Lakowicz 1983), dipole-dipole coupling results in a 

nonradiative transfer of the singlet excited state energy fi-om a donor (host) molecule to 

an acceptor (dopant) molecule. The rate of this energy transfer is given by 

^Fet ~ Equation 4-la 

where Vd is the lifetime of the donor in the absence of acceptor, r is the distance between 

the donor and acceptor, and Ro is the characteristic Forster distance which is given by 

CO 

Rg = a jFd(y)Sa(y)v~*dv Equation4-lb 
0 

where a depends on the relative orientation of the donor and acceptor dipole moments, 

the quantum yield of the donor in the absence of acceptor, and the index of refi*action of 

the medium. v) and Sa(v) are the fluorescence and extinction spectra of the donor and 

acceptor, respectively. Thus the overlap between the donor emission spectrum and the 

acceptor absorption spectrum is an important criterion for Forster energy transfer to take 
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place. The maximum distance over which Forster energy transfer can typically occur is 

30 - 50 A. 

In the charge transfer mechanism (Utsugi and Takano 1992; Suzuki and Hoshino 

1996), an excited dopant molecule is formed by the sequential transfer of separate hole 

and electron charges to the dopant molecule from different host molecules in the 

surrounding matrix. The physical basis for charge transfer was studied extensively by 

Marcus (Marcus and Sutin 1985), and a first-order model of the rate of transfer between 

donor and acceptor molecule is given by 

exp(-/?(r - ro))exp(AG'/^r) Equation 4-2 

where Vo is a collision frequency, r is the distance from the donor to the acceptor, /3 and 

ro are measures of the electronic coupling between the donor and acceptor, k is 

Boltzmarm's constant, T is the temperatiure and AG' is the free energy barrier. AG' 

includes contributions from the reorganizational energy of the reactants and the 

surrounding medium as well as AE, the difference between the appropriate energetic 

levels of the donor and acceptor. For electron transfer, AE = DLUMO - ALUMO> where 

DLUMO is the lowest unoccupied molecular orbital (LUMO) energy of the donor, and 

ALUMO is the LUMO energy of the acceptor. For hole transfer, AE = AHOMO - DHOMO, 

where AHOMO is the highest occupied molecular orbital (HOMO) energy of the acceptor, 

and DHOMO is the HOMO energy of the donor. Thus, charge transfer is most favorable if 

the HOMO level of the acceptor is above (closer to vacuum level) that of the donor, and 

if the LUMO level of the acceptor is below (further from vacuum level) that of the donor. 

Since the hopping mechanism requires overlap of the molecular orbitals of the donor and 

host molecules, charge transfer is typically limited to a maximum distance of 5 -10 A. 

Marcus theory was developed for molecules in solution. The applicability of its 

specific functional form to charge transfer between molecules in the condensed phase is 
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subject to debate. However, the constraints on the relative positions of the HOMO / 

LUMO levels of donor and acceptor molecules are the same regardless of the 

surrounding medium. 

4.2 Material synthesis and device fabrication 

Spin-coated films were used for these studies to allow for precise control of the 

doping level without the use of fairly sophisticated deposition rate-controllers needed for 

thermal co-deposition techniques. PVK was chosen as a host matrix because it is known 

to be a good hole conductor, and doping it with an electron conductor such as Alqa results 

in a bipolar fihn. OLEDs from single layer PVK films have been extensively studied 

using doping with electron and hole transporters (Johnson, McGrane et al. 1995), 

fluorescent dyes (Kido, Shionoya et al. 1995; Wu Sturm et al. 1997), and Alqa and its 

derivatives (Hopkins, Meerholz et al. 1996). Since quinacridone has poor solubility in 

most solvents, we synthesized a new quinacridone derivative, DIQA, which has alkyl 

side-chains which enhance the solubility. 

DIQA was synthesized according to the scheme in Figure 4-1. Quinacridone 

(Aldrich) (3.0 g) and NaH (0.9 g) were charged into a 500 mL flask, and N,N-dimethyl 

acetamide (DMAc, 60 mL) was added. Hydrogen gas was given off in a vigorous 

reaction forming a deep blue slurry. l-Bromo-3-methyl butane (60 mL) was added 

dropwise. After 24 hours, the mixture was poured into an ice/water mixture to give an 

orange precipitate. Chromatography on silica gel gave orange crystals (3.6 g, 80% yield), 

mp 287-288 °C. MS m/e (M+1) 453.4; ^H NMR (200 MHz, CDCI3) 5 8.77 (s, 2H), 8.56 

(t, 2H), 7.57 ( h, 2H ), 7.51 ( d, J = 8.8 Hz, 2H), 7.27 (d, J = 15.0 Hz, 2H), 4.53 (t, 4H), 

1.94 (m, 6H), 1.20 (d, J = 6.3 Hz, 12H); NMR (50.2 MHz, CDCI3) 5 178.6, 142.7, 

136.1, 135.1, 128.6, 126.9, 121.5, 121.3, 114.9, 113.9, 45.5, 35.9, 27.4, 27.1, 23.1. 
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Elemental analysis calculated for C30H32N2O2: C, 79.67; H, 7.13; N, 6.19; found: C, 

79.68; H, 7.20; N, 5.99. DIQA and PVK (Aldrich) were purified by recrystallization; 

Alqs was purified by gradient sublimation. 

Quinacridone 

*BrCH2CH2CH(CH3)2 

NaH 
DMAc 

' t 

Figure 4-1. Synthesis ofN,N'-diisoamyl quinacridone (DIQA). 

For optical characterization, absorption spectra were measured using a Gary 5 

spectrophotometer. PL emission spectra and efficiencies were measured with an optical 

multichannel analyzer (EG&G) mounted to a 0.27 m spectrometer. Samples were 

optically excited with the 365 nm line of a 100 W Hg:Xe lamp. The incident power 

density for PL measurements was approximately 1 mW/cm^. PL quantum efficiencies 

were measured using the integrating sphere technique (de Mello, Wittmann et al 1997). 

For OLED fabrication, 80 nm thick films were spin-coated onto ITO / glass 

substrates which were prepared by the technique described in Appendix A. Mg 

electrodes were thermally deposited at a rate of 1 nm/s through a shadow mask to create 

devices with an area of 0.12 cm^. Current-voltage and emission characteristics of the 

devices were measured in forward bias. OLED emission spectra were measured with a 
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constant current of 10 mA/cm^. Device fabrication and characterization were performed 

in a nitrogen dry box. 

PL spectra were taken directly from the OLED device films. For PL efficiency 

measurements, films with a thickness of approximately 1 |im were drop-cast from 

chloroform solutions onto quartz substrates. The excitation intensity for PL 

measurements was approximately 1 mW/cm^. 

4.3 Results and discussion of emission patiiways 

Optical characterization of DIQA 

The absorption and PL emission spectra for a solution of DIQA in 

dimethylformamide at a concentration of 7x10'^ M are shown in Figure 4-2. 
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Figure 4-2. Normalized absorbance and PL spectrum for a solution of DIQA in 
dimethylformamide at a concentration of 7x10"^ M. PL spectrum for a neat fihn of Alqa 
also shown. 
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At this concentration, which corresponds to an average intermolecular distance 

which is the same order-of-magnitude as for dopants in the OLED, the absorption and PL 

emission spectra of DIQA are identical to that of the parent quinacridone molecule. The 

absorption features of DIQA in the region from 425 nm to 550 nm strongly overlap with 

the emission spectrum of Alqa, also shown in Figure 4-2, which has a peak at 525 nm. 

Photoluininescence and electroluminescence spectra 

For PL studies, films of PVK:Alq3:DIQA are optically excited near the peak 

absorption wavelength of Alqs (390 nm) to create a population of excited Alqs molecules. 

In this wavelength region, direct absorption by PVK or DIQA molecules is negligible. 

The resulting PL emission spectrum is a blend of direct luminescence from excited Alq3 

molecules (525 nm peak) as well as luminescence from DIQA molecules (533 nm peak) 

that are excited via the Forster mechanism. The PL measurement therefore provides a 

probe of the Forster energy transfer from Alqs to DIQA. This pathway to DIQA emission 

is shown in Figure 4-3. 

For EL studies, a single layer OLED consisting of PVKrAlqsiDIQA is fabricated 

and driven in forward bias. The resulting EL spectrum is a blend of emission from 

several charge transfer pathways, also shown in Figure 4-3. With no DIQA dopant, the 

only pathway is for a hole to be transferred from a PVK cation radical (PVK"^*) to an 

Alq3 anion radical (Alqa"*). This results in an excited state Alqa molecule which can 

decay radiatively (for simplicity triplet states are ignored). Processes involving Alqa"*"* or 

PVK~* are not considered in Figure 4-3. These states are unlikely to exist since they are 

higher energy states (Charra, Lavie et al. 1994) than PVK"^* or Alqa"*, respectively. 
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Also, the mobilities for hole transport in Alqs and electron transport in PVK are known to 

be very small. 

DIQA charge transfer 

I Alqf + DIQA Alq3 + DIQA-

I PVIC* + DIQA- —*> PVK + SDIQA* 
I or 
i PVK^- + DIQA —• PVK + DIQA^* 

i Alq3- + DIQA^- —• Alq3 + ^DIQA* 

Alqj charge transfer 

\ PVK^- + Alq3- -• PVK + SAlq3* I 

r 
• ^Alqj* 

\ 
Alq^ PL 

Alqj + hv35o 
Forster SDIQA^ 

|Alq3 + hv525 nm 

i 
DIQA + hv533 nm: 

Figure 4-3. Possible pathways leading to emissive states in ITO / PVK(ioo%->r):(Alq3(ioo%-,t) 
:DIQA(x))(y) / Mg devices. Radical cation, radical anion and singlet excited state 

molecules are denoted by (()"*, and )*, respectively. 

Upon doping with small amounts of DIQA, several pathways to DIQA emission 

are available. As in the PL experiment, excited state DIQA molecules can be formed via 

Forster energy transfer from excited Alqs molecules. In addition, excited DIQA 

molecules can be formed by sequential charge transfer of a hole charge from PVK 

followed by transfer of an electron charge from Alqa (or the reverse order). These 

processes are likely to occur only if they are energetically allowed as defined in Equation 

4-2. The EL experiment therefore probes both the Forster energy transfer mechanism and 

the charge transfer mechanism. Processes involving charge transfer between two DIQA 
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molecules are not considered in Figure 4-3 since the DIQA doping level is assumed to be 

low. 

Evidence for charge transfer to DIQA in the operation of the OLED can be seen 

by comparing the spectra of films excited optically versus electrically for a range of 

DIQA concentrations. Since there are more available pathways leading to DIQA 

emission if charge transfer to DIQA is occurring, the EL spectrum will have more 

contribution firom DIQA emission than will the PL spectrum for a fihn with a given 

concentration. 

PL and EL spectra measured for fihns of PVK<ioo%->):(Alq3(ioo%.x):DIQA(x))(y), with 

y = 14% and x = 0% - 10% are shown in Figures 4-4a and 4-4b, respectively. An 

excitation wavelength of 365 nm was used for the PL experiment, and direct optical 

absorption by the PVK matrix or the DIQA dopant was found to be negligible. The 

incident excitation intensity used for PL was approximately 1 mW/cm^, and the current 

density used for EL was 10 mA/cm^. In these regimes, the measured spectra did not vary 

with changes in the excitation intensities. The fraction of excited DIQA molecules was 

calculated to be less than 10"^ for both experiments, assuming an excited state lifetime of 

100 ps (Rossi, Bongiovanni et al. 1997). Saturation effects can therefore be ignored. In 

both cases of PL and EL, the spectra show a sharp transition of emission centers from 

Alqs to DIQA as the DIQA concentration is increased. However, in the region of 450 -

525 nm, where emission from excited Alqj molecules is the dominant process, the 

transition of spectral shapes occurs more rapidly as a function of concentration for the 

case of EL than for PL. For a given concentration there is more quenching of excited 

Alqs molecules and more emission from the DIQA dopant for electrical excitation than 

for optical excitation. Figure 4-5 illustrates the difference in the luminescence intensity 

of the two sets of spectra at 490 nm over a range of DIQA concentrations 



67 

Photoluminescence 
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Figure 4-4. (a) Normalized photoluminescence spectra of PVK(ioo%-y):(Alq3(iooo/„. 
^):DIQA(;c))(j,) films, where x = 0%, 0.1%, 0.5%, 2.0%, and 10%, and>' = 14% by weight, 
(b) Normalized electroluminescence spectra of ITO / PVK{ioo%-y):(Alq3(ioo%-x)-DIQA(.t))(y) 
/ Mg devices. 
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Figure 4-5. Comparison of normalized intensities of PL (open circles) and EL (solid 
squares) vs. x, the concentration of DIQA (wt. %). Data is extracted from Figure 4 at 490 
nm. 

Measurement of photoluminescence and electroluminescence efficiencies 

Evidence for charge transfer to DIQA can also be seen by examining the 

efficiency as a function of DIQA concentration for fihns excited optically versus 

electrically. Dye dopants such as DIQA have a very high limiinescence efficiency at low 

concentrations. When measured as a function of doping level, the PL efficiency of a host 

- dopant mixture initially increases as more dopant molecules become available for 

Forster energy transfer. However, dye materials typically show quenching at higher 

concentrations due to intermolecular forces, aggregation, and reabsorption due to a small 

Stokes shift. As a resuh, the PL efficiency of the mixture reaches a peak value at an 

optimal doping level and then declines. The EL efficiency also demonstrates this 

behavior as a function of doping level, but we expect that the optimal doping level will be 
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lower since there are more available pathways leading to DIQA emission states. These 

concepts are examined in detail in the next section. 

Measured PL and EL efficiencies, normalized to the values for films with x = 0%, 

are shown in Figure 4-6a for the same films and same excitation levels as used in the 

spectral measurements. Both plots show an initial rise in efficiency as the DIQA doping 

level is increased. After reaching a maximum value, both plots show decreasing 

efficiency due to luminescence quenching as the DIQA doping level is fiirther increased. 

However, it is observed that the maximum EL efficiency occurs at a lower doping level 

{x ~ 0.75%) than does that maximum PL efficiency {x ~ 4%). This result also indicates 

that more emission is originating fi:om the DIQA dopant for electrical excitation than for 

optical excitation. 
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Figure 4-6. (a) Measured photoluminescence quantum efficiencies for PVK(ioo%-
y):(Alq3(ioo%-x)."DIQA{.t))(y) films on quartz substrates (open circles), and 
electroluminescence device data shown for ITO / PVK(ioo%->'):(Alq3(ioo%-x):DIQA(x))(y) / 
Mg devices (solid squares), where x is the concentration of DIQA in Alqa, and y = 14% 
by weight. Efficiencies are normalized to the value at x = 0%. The uncertainty in the 
measurement is +/- 0.2 for photoluminescence and +/- 0.1 for electroluminescence, (b) 
Results of the model for TJ(X) for photoluminescence (dashed line, KO = 9.6 A) and for 
electroluminescence (solid line, Kg = 20.5 A). 
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Modeling of photoluminescence and electroluminescence efflciencies 

In order to understand the results of the above measurements, we have developed 

a simple model of the EL and PL efficiencies as functions of DIQA concentration. For 

either EL or PL, the efficiency of the host - dopant mixture depends on the relative 

amount of emission originating from DIQA molecules compared to Alqj molecules, as 

well as the luminescence efficiencies of each, which are in general fimctions of 

concentration. The efficiency of the mixture is given by 

where c is the molar concentration of DIQA molecules, r]DiQA(c) and r]Aiqj(c) are the 

concentration dependent luminescence efficiencies of DIQA and Alqs, respectively, and 

t(c) is the ratio of the number of excited Alqa molecules to the total number of excited 

Alq3 plus excited DIQA molecules. rjDiQA(c) and riAiq/c) were measured experimentally 

in solutions of chloroform. In general, efficiency measurements from solution cannot be 

compared directly to those performed on thin films due to the polar environment of the 

solvent. However, in this treatment we are interested only in the relative values for the 

efficiency of DIQA compared to Alqa over a range of concentrations. The luminescence 

efficiency of Alqs was found to be constant over a wide range of concentrations, 

therefore we set RJATQ/C) = RJAIQJ = 1. TJDIQA(C) was measured relative to RJAIQ^ and was fit 

by the following decaying exponential 

For the fimctional form of t(c), we use Perrin's formula (Forster 1959, Ermolaev 

1962) for the amount of energy transfer from donor to quenching acceptor molecules in a 

random mixture. In Perrin's formulation, a critical transfer distance, Tq, is defined. For 

donor - acceptor distances less than ro, transfer occurs instantaneously. For donor -

Equation 4-3 

noiQA =(0.11 + 2.69 exp(-c/0.011 M)) X Equation 4-4 
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acceptor distances greater than ro, transfer does not occur. The specific functional form 

of the energy transfer interaction is replaced by this step function in the calculation of the 

ratio of donor to acceptor luminescence averaged over the mixture. In this work, we 

extend Perrin's model to the case where the acceptor molecule is another luminescent 

species instead of a quencher. We also include the transfer of mobile charges as an 

additional pathway to form excited acceptor molecules. When used to model the 

efficiency of an EL device, ro can be considered to be an effective radius for the 

combination of both Forster and charge transfer processes. t(c) is given by 

t(c) = exp(-(4/3);rro A^'c) Equation 4-5 

where 0 < t(c) < 1, equals 6.02 x 10"^, and Tq is the critical transfer distance in A. 

The PL and EL efficiencies shown in Figure 4-6a were modeled by Equation 4-3 

using To as a fitting parameter and converting c, the molar concentration, into x, the 

weight percent of DIQA relative to Alqa in the mixture PVK(i(x)%.y):(Alq3(ioo%-

x):DIQA(;c))(y), with J' = 14%. T](C = 0) was normalized to one, as in the experimental data, 

by setting rjAiq^ = 1. The mass density of all materials was assumed to be 1 g/cm^, and the 

molecular weights of Alqa and DIQA are 459 g/mol and 452 g/mol, respectively. The 

fitting parameter Kg was chosen such that the optimal value of x for the model was equal 

to the optimal value of x in the measured data in Figure 4-6a for both cases of PL and EL 

efficiencies. For the PL efficiency, the optimal value of x was taken to be 4.0%, for 

which Kg = 9.6 A. For the EL efficiency, the optimal value of x was taken to be 0.75%, 

for which KO = 20.5 A. The results of the model for TJ(X) are shown in Figure 4-6b for 

both cases of PL and EL. 

The model correctly predicts the shape of the efficiency versus concentration 

curves for both cases of PL and EL. It also demonstrates that the optimal DIQA doping 

level is not the same in the two cases, restilting from the greater number of available 
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pathways leading to DIQA emission in EL. The model agrees with the magnitude of the 

efficiency enhancement in the PL data, but it predicts a higher efficiency for EL than is 

seen in the data. This suggests that additional quenching process are taking place in the 

OLED due to injection of charge and the applied field. 

The result that = 9.6 A for PL is reasonable considering that the model 

collapses the functional form of FQrster energy transfer to a step function, and this value 

is similar to that in the literature^*^ found by fitting Perrin's model to experimental data 

for a variety of dyes in solution. The result that ro = 20.5 A for EL has no direct physical 

meaning but demonstrates that the additional pathway of charge transfer enhances the 

probability that excited acceptor (DIQA) molecules will be formed. 

Ultraviolet photoelectron spectroscopy 

Ultraviolet photoelectron spectroscopy (UPS) measurements were done to 

investigate the energetic feasibility of charge transfer from Alqa and PVK to DIQA 

(Schmidt, Anderson et al. 1995; Anderson, McDonald et al. 1998). After correction for 

effective work-function changes which occur as thin film coverage is built up on a solid 

substrate, the UPS data provides an estimation of both the HOMO position (taken from 

the centroid of the highest kinetic energy photoemission line) and the ionization potential 

(IP) (taken from the onset energy for photoemission). The electron affinity (EA) can be 

estimated by subtracting the energy maxima of the thin film absorption spectrum from 

the HOMO level. The HOMO, IP, and EA levels are shown for Alqa, DIQA, and PVK in 

Figure 4-7. From this it is seen that transfer of a hole from PVK to DIQA and transfer of 

an electron from Alqa to DIQA are energetically favorable processes. As has been seen 

recently for studies of the interface between Alqs and triarylamines (Schlaf, Parkinson et 

al. 1998), these energies can be altered somewhat after contact of the two dissimilar 
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materials. Further studies are underway to refine our estimates of the critical energies of 

the Alqa/DIQA interface. 

EA 

IP 

HOMO 
Quin-

Alq3 DIQA acridone 

Figure 4-7. HOMO, EP, and EA levels for Alqs, DIQA, quinacridone, and PVK. 

Electrochemical measurements 

Recently reported (Anderson, McDonald et al. 1998) solution electrogenerated 

chemiluminescence (ECL) studies have demonstrated that excited state DIQA molecules 

are produced by charge transfer reactions between Alqs"* and DIQA"*"* and between 

PVK"^* and DIQA""*. In the ECL technique (Faulkner and Bard 1977), luminescence is 

produced by the recombination of radical cations and radical anions generated at close 

proximity to electrodes in solution. ECL reactions between DIQA""* and DIQA"*"' were 

first shown to produce luminescence with the same DIQA emission spectrum as shown in 

Figiu-e 4-3. Reactions between electrochemically generated Alq3~* and DIQA"*"* and 

between PVK"^* and DIQA~* were then shown to also produce this same DIQA emission 

spectrum, as expected since these cross-reactions are exoergic. These reactions are likely 

to increase in firee energy in a low dielectric-constant, condensed phase environment 
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(Maness and Wightman 1995), therefore we conclude that hole charges can be transferred 

from PVK to DIQA and that electron charges can be transferred from Alqa to DIQA in 

the operation of the OLED. 

Extension of results to bilayer devices 

Results of the above measurements indicate that both Forster energy transfer and 

charge transfer occur in the operation of OLEDs consisting of PVK:Alq3:DIQA. We 

would like to be able to extend these results to bilayer devices based on triphenyldiamine 

(TPD) / Alqsiquinacridone, a common device geometry. In the bilayer device, 

quinacridone can receive electrons from its Alqs surroundings, but it is not clear how it 

can receive hole charges. One possibility is that holes do travel some distance into the 

Alqs layer. Studies have shown that the recombination zone in TPD / Alqa bilayer 

devices extends approximately 22 nm into Alqs (Matsumura and Jinde 1997). This would 

provide a pathway to excited state quinacridone molecules via sequential transfer of 

electron and hole charges from Alqa. UPS measurements of the frontal orbital energies 

for quinacridone, also shown in Figure 4-7, show that both of these processes are 

energetically favorable. 

Conciusions 

A new, soluble qmnacridone derivative, DIQA, has been synthesized and used to 

investigate the role of charge transfer in OLEDs consisting of PVK:Alq3:DIQA. Spectral 

measurements show that more emission originates from the DIQA dopant for EL than for 

PL at a given doping level. Measurements of efficiency versus DIQA concentration 

show that the optimal doping level is lower for EL than for PL. From this we conclude 

that more pathways to DIQA emission are available for electrical excitation than for 
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optical excitation, and that both Forster energy transfer and charge transfer are important 

mechanisms in the operation of the device. UPS measurements demonstrate that electron 

transfer from Alqs to DIQA, hole transfer from PVK to DIQA, and hole transfer from 

Alqs to DIQA are all energetically favorable processes. Previous ECL measurements 

have shown that the excited DIQA state is produced by charge transfer reactions between 

an Alqa anion and a DIQA cation or between a PVK cation and a DIQA anion. 

These results have several consequences for future OLED device design. First, 

the electronic properties, as well as the optical properties, of the dye dopant material are 

important parameters for optimizing the device operation. Second, if the electronic 

properties of the dopant are optimized, the optimal doping concentration is lower for 

electrical excitation than for optical excitation. This information provides direction for 

the further development of dopant materials for Alqs devices and helps to establish a 

design framework for other host - dopant geometries. 
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Chapter 5 

ENHANCEMENT OF ELECTRON INJECTION IN A BLUE OLED 

OLED efficiency is often limited by the rate of electron injection into the device. 

In order to have a high rate of electron injection, a small energetic barrier between the 

work-function of the cathode and the electron affinity (EA) of the adjacent organic 

material is required (Parker 1994). This necessitates the use of a low work-function 

cathode such as calcium or magnesium. Such materials are highly reactive and degrade 

quickly when exposed to an environment containing oxygen or water vapor. 

Electron injection into OLEDs with blue emission is particularly poor because the 

large HOMO / LUMO gap of the material results in a large barrier to electron injection. 

Efficient blue emission has been pursued in several different molecular systems, 

including metal complexes (Hamada, Sano et al. 1996), oxadiazoles (Hamada, Adachi et 

al. 1992; Strukelj, Jordan et al. 1996), lanthanide complexes (Kido, Ikeda et al. 1996), 

and distyrylarylenes (Tokailin, Matsuura et al 1993; Adachi, Tsutsui et al. 1990). The 

aim of this work is to develop an efficient blue OLED without the use of a highly reactive 

cathode material. 

Recently, it has been shown that insertion of a thin insulating layer between the 

cathode and the top organic layer significantly enhances OLED device performance 

(Kim, Park et al. 1996; Hung, Tang et al. 1997). Li, Tang et al. (Li, Tang et al. 1997; 

Tang, Li et al. 1997) have demonstrated enhanced performance with AI2O3 / Al cathodes, 

and our group has demonstrated a green OLED with a LiF / Al cathode with an external 

quantimi efficiency of 3% (Jabbour, Kawabe et al. 1997). In this work (Shaheen, Jabbour 

et al. 1998), we demonstrate a double-layer blue OLED consisting of a TPD hole 

transport layer, a 4,4'-bis(2,2-diphenylvinyl)-ll,'-biphenyl (DPVBi) emission layer, and 
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a LiF / A1 cathode that has an external quantum efficiency of 1.4%. This value is a factor 

of 50 greater than that for a device with an aluminum-only cathode. The maximum 

luminance obtained for the device with LiF was 3,000 cd/m^ at 12 V bias. The insertion 

of the LiF layer allows for a simpler device geometry with the removal of the electron 

transport layer, as well as the use of a high work-function aluminum cathode that is more 

environmentally stable than materials such as magnesium or calcium. 

5.1 Material synthesis and device fabrication 

DPVBi was synthesized and purified as reported previously (Tokailin, Higashi et 

al. 1992) with an initial preparation of 4,4'-bis(bromomethyl)biphenyl by 

bromomethylation of biphenyl. TPD was used as received from Aldrich. OLEDs were 

fabricated on ITO / glass substrates which were prepared by the technique described in 

Appendix A. 50 nm of TPD was deposited as the hole transport layer, and 50 nm of 

DPVBi was deposited as the emission layer. 1.5 nm of LiF and 200 nm of aluminum 

were deposited in a separate bell jar at a base pressure of 10"^ Torr with deposition rates 

of 0.05 and 0.7 - 1.0 nm/s, respectively. During the LiF and aluminum depositions, the 

substrates were cooled to 10 °C to prevent crystallization of the organic layers. The 

aluminum cathodes were deposited through a shadow mask to form devices with an area 

of 0.12 cm^. Current-voltage and luminance characteristics were measured in forward 

bias. All device fabrication and testing was done in a nitrogen dry box. 

5.2 Blue OLED device data 

Device data 

Figure 5-1 shows current-voltage, luminance, and external quantiun efficiency 

data for ITO / TPD / DPVBi / Al and ITO / TPD / DPVBi / LiF / Al devices. With an 
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aluminum-only cathode, the maximum external quantum efficiency is 0.026%, and the 

minimum operating voltage is 12 V. With the addition of the LiF layer, the minimum 

operating voltage decreases by 6 V, and the external quantum efficiency increases by a 

factor of 50 to 1.4%. At a bias voltage of 9V, this corresponds to a power efficiency of 

0.64 bn/W and a luminance of 190 cd/m^. A maximum luminance of 3,000 cd/m^ is seen 

at 12 V. 
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Figure 5-1. Characterization of ITO / TPD / DPVBi / A1 (open) and ITO / TPD / DPVBi 
/ LiF /A1 (filled) devices. 
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From this data, it is clear that the performance in this double-layer device is 

increased dramatically upon insertion of the LiF layer. We attribute this mainly to a 

reduction in the energetic barrier to electron injection between the cathode and the EA of 

the DPVBi layer. This results in a much greater rate of injection of the minority electron 

carriers and a higher device luminance. Due to better balance of hole and electron 

charges in the device, the quantum efficiency is also enhanced. 

The decrease in the operating voltage of the device can also be attributed to an 

increase in the rate of electron injection. As discussed in Section 3.5, the distribution of 

electric field strength in a double-layer device depends on the build-up of charge at the 

interface between the two layers. In a device in which the barrier to electron injection is 

much larger than the barrier to hole injection, as is the case for the ITO / TPD / DPVBi / 

A1 device, a high density of hole charge builds up at the interface. This reduces the 

electric field across the hole transport layer and decreases the rate of injection of majority 

carriers, resulting in a decrease in the measured current at a given field. The build-up of 

hole charges at the interface also increases the electric field across the DPVBi layer, 

however the barrier to electron injection is too great, and the rate of electron injection 

remains poor. Upon insertion of the LiF layer, the rate of electron injection is greatly 

increased. Electron - hole recombination depletes the density of hole charges at the 

interface, and injection of both majority and minority carriers is facilitated. Thus, the 

rates injection of the majority and minority carriers in such a double-layer device are 

interdependent. 

Another enhancement in the device performance as a result of the use of a LiF 

layer is the purity of the emission spectrum. It is desirable to design OLEDs with a 

narrow emission spectnun for use in fiill-color display applications. The 

electroluminescence spectrum for the ITO / TPD / DPVBi / LiF / A1 device, shown in 
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Figure 5-2, has a peak position at 476 nm and a full-width-at-half-maximum of 78 nm. 

For comparison, the device ITO / TPD / DPVBi / Alqa / A1 was also fabricated with a 12 

nm thick layer of Alqa functioning as an electron transport layer. Insertion of such an 

electron transport layer is often used to provide an intermediate step between the cathode 

and the emission layer to aid injection (Hosokawa, Higashi et al. 1995). However, some 

part of the recombination zone may extend into this Alqs layer to add a green 

contribution to the emission spectrum. The ITO / TPD / DPVBi / Alqs / Al device 

yielded an external quantum efficiency of 0.3%. The emission spectrum, also shown in 

Figure 5-2, has a peak at 482 nm and a full-width-at-half-maximum of 87 run. The red-

shift and broadening of the emission spectrum indicate that some portion of the emission 

originates firom within the Alqs layer. Use of the LiF layer removes the need for the Alqa 

layer and results in a high efficiency, blue-emitting device with improved color purity. 
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Figure 5-2. Electroluminescence device spectra for ITO / TPD / DPVBi / LiF / Al (solid) 
and ITO / TPD / DPVBi / Alqa / Al (dashed) devices. 
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5.3 Mechanism of enhanced electron injection by LiF / A1 cathodes 

Several possible mechanisms have been invoked in the literature regarding the 

physical basis for the enhancement in charge injection when a thin insulating layer (~ I 

nm) is inserted between the electrode and the organic layer. One proposal (Hung, Tang 

et al. 1996; Kim, Park et al. 1996) is that a high electric field is developed in the large 

band-gap insulating layer upon application of an external voltage. In the case of electron 

injection, this field acts to shift the work-function of the cathode closer to the EA of the 

adjacent organic layer and reduces the barrier to injection. We do not believe this is a 

plausible argument for the enhancement seen in our devices with LiF. The 1.5 nm layer 

of LiF that is thermally deposited does not form a continuous film. The surface 

roughness of the organic material is at least 3 nm RMS, therefore the LiF is most likely 

forming islands which do not completely cover the surface. Preliminary attempts at 

imaging the LiF morphology using AFM have been unsuccessful. Another proposed 

mechanism (Tang, Li et al. 1997) is that the insulating layer prevents chemical reactions 

that may be occurring between the cathode and the organic material. Such chemical 

reactions create species which can trap injected charges or act as quenching sites for 

exceptions generated in the device. We do not believe this mechanism describes the 

behavior of our devices again for the reason that the LiF does not form a continuous film, 

and some portion of the cathode is in contact with the organic material. 

Instead, we believe that the reduction in the barrier to electron injection in our 

devices is a result of a decrease in the effective work-function of the aluminum cathode 

when in contact with LLF. To investigate the effects of the insertion of a thin layer of LiF 

into the device, we used ultraviolet photoelectron spectroscopy (UPS) to measure 

changes in the effective work-function of aluminum upon deposition of monolayer 

amounts of LiF onto the surface. Figure 5-3 shows that the effective work-function of 
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aluminum decreases dramatically with less than an equivalent monolayer of LiF coverage 

on the surface. The work-function values were measured from the full width of the He(I) 

photoemission spectra, correcting for background, with the sample biased at -5 V 

(Schmidt, Armstrong et al. 1994). The measurement of effective work-function by this 

technique has been shown to be effective for a variety of inorganic and organic thin films, 

and in this case clearly demonstrates that the insertion of LiF into the OLED decreases 

the effective work-function of the aluminum cathode / lumophore interface. This 

decrease is larger than is generally seen by deposition of lumophores onto clean 

aluminum surfaces. 
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We invoke two possible mechanisms to explain this effect. One explanation is 

that the large dipole moment of LiF (6.33 D) decreases the surface potential of the 
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aluminum. Campbell et al. have recently shown (Campbell, Kress et al. 1997) that the 

effective work-function of a copper electrode is systematically altered by attaching a self-

assembled monolayer with well defined orientation and dipole moment to the surface. 

The LiF layer deposited thermally onto our devices may act similarly to decrease the 

effective work-function of the aluminum cathode, although the morphology of such thin 

fihns deposited onto organic substrates is not well understood, and it is not clear that the 

LiF molecules align to produce a bulk dipole moment. Recent, preliminary 

measurements have shown no dependence of the device performance on the dipole 

moment of different molecular species used as the insulating layer, therefore we find that 

this mechanism is an unlikely explanation for the change in effective work-function. 

Another possible explanation is that chemical reactions are taking place at the LiF 

/ Al interface to create low work-flmction thin fihns. X-ray photoemission (XPS) 

experiments show that the decrease in the effective work-function of the aluminum is 

accompanied by an increase in the F(1J) and Li(lj) intensities, and new aluminum 

species are detected with Al(2/7) binding energies shifted approximately 1 - 3 eV higher 

than that of the clean metal. Alloying of aluminiun cathodes with lithium (Haskal, 

Curioni et al. 1997) has been shown to enhance electron injection in OLEDs, and it is 

possible that LiF dissociates during thermal deposition and alloys into the aluminum at 

the interface. The XPS 0(1 J) intensity is seen to increase as well in this interface region, 

indicating the presence of water on the sample which may have accompanied the LiF 

during thermal deposition and may also be reacting with the aluminum surface. An 

additional role which may be played by the LiF layers is to protect DPVBi from direct 

interaction with the first deposited alimiinum monolayers during device fabrication. 

Reduction of the these lumophores to reactive radical anions is likely through this 

interaction, resulting in electrically nonconductive interfacial states. Investigations using 
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angle resolved high resolution XPS and secondary ion mass spectrometry (SIMS) are 

underway to fully characterize these surface chemical processes. 

One additional possible mechanism for the change in effective work-function of 

aluminum is that free Li is present in the LiF source during deposition. Cathodes made 

from Li: A1 alloys have been shown to improve device performance in OLEDs (Haskal, 

Curioni et al. 1997). Although recently it has been shown that CsF may be used as the 

insulating material to enhance OLED performance (Jabbour, Kippelen et al. 1998). 

5.4 Field-induced luminescence quenching in DPVBi 

Regardless of the specific mechanism for the decrease in the effective work-

function of the LiF / Al cathode, the enhanced work-function of the LiF / Al cathode 

results in a decreased operating voltage in the OLED. This results in a decrease in the 

electric field strength within the emission layer, and therefore luminescence quenching 

due to Held-induced dissociation of excitons within the recombination zone is also 

reduced. Field-induced dissociation of excitons has been studies in several materials of 

interest for OLEDs, including conjugated polymers (Kersting, Lemmer et al. 1994; 

Tasch, Kranzelbinder et al. 1997) and Alqa (Fujii, Ohmori et al. 1994; Stamper, 

Kalinowski et al. 1997). We investigated this effect in DPVBi and found that the 

photo luminescence intensity did decrease in the presence of a strong electric field. 

DPVBi was doped into an inert binder polymer, poly(methyl methacrylate) (PMMA) at 

2% by weight. A 50 nm thick fihn was spin-casted onto ITO from a chlorobenzene 

solution, and aluminimi was deposited as a cathode. The film was forward biased while 

being excited by a pump light with a wavelength of 365 rmi. The doping level was kept 

low to minimize the amount of charge injected into the device in order than carrier-

exciton interaction can be ignored. The measured current in the device did not exceed 1 
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mA/cm^. Figiure 5-4 shows the photoluminescence intensity as a function of the appHed 

field. 
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Figure 5-4. Field-induced photoluminescence quenching in DPVBi. 

At a field strength of 3 x 10® V/cm, the intensity is seen to be reduced by ~ 10% 

as a result of the field quenching. This field strength is comparable to that across the 

DPVBi in the actual double-layer device without the LiF layer. Assuming that the 

mobility of holes in TPD is much greater than the mobility of electrons in DPVBi, most 

of the potential drop in the device occurs across the 50 nm thick DPVBi layer. The 

insertion of the LiF layer into the device reduces this field strength and increases the 

luminescence yield. 

Due to the increased density of carrier sites, the neat fihn of DPVBi in the actual 

device undergoes more luminescence quenching than the measured film doped at 2%. 

The dependence of field-induced dissociation of excitons on doping level was studied by 
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Deussen et al. (Deussen, Scheidler et al. 1995), and it was found to be approximately a 

factor of three higher for dense films compared to dilute films of a conjugated polymer 

material. Therefore, we estimate a luminescence quenching of at least 20% at 3x10® 

V/cm in a neat DPVBi fihn. Although the reduction of the field strength within the 

emission layer alone is clearly not enough to account for the enhancement in external 

quantum efficiency of the device with the LiF layer, the combination of reduced 

luminescence quenching and enhanced electron injection results in a factor of fifty 

improvement. 
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Chapter 6 

High efficiency OLEDs Using a Triphenyldiamine Side-Group Polymer as 

the Hole Transport Layer 

In order to be useful, OLEDs must have high brightness and efficiency while 

requiring a low operating-voltage. Multilayer devices consisting of thermally deposited 

hole transport (HTL) and emission layers have been shown to have high performance and 

good operational stability (VanSlyke, Chen et al. 1996; Jabbour, Kawabe et al. 1997). 

The HTL typically consists of a triphenyldiamine (TPD) or similar compound which is 

Icnown to have high hole mobility. TPD also has an ionization potential (IP) which is 

well positioned between the work-function of indium-tin-oxide (ITO) (~ 4.7 eV) and the 

IP of many emission materials. Initial studies addressing the effects of varying the IP of 

the HTL on the device performance have led to differing results (Okutsu, Onikubo et al. 

1997; Tamoto, Adachi et al. 1997), However, more recent studies have shovm that the 

device quantum efficiency increases as the difference between the ionization potential of 

the HTL and the emission layer is decreased (Roitman, Antoniadis et al. 1998; Giebeler, 

Antoniadis et al. 1999). These studies have generally been done using thermally 

deposited small-molecule hole transport materials. One disadvantage to this approach is 

that the morphological properties of the HTL fihn are affected by the particular molecular 

design. Possible crystallization of the hole transport material and poor interfacial contact 

with the ITO anode result in decreased device performance. In this study (Shaheen, 

Jabbour et al. 1999), we use a series of fimctionalized polymers with TPD derivative 

side-groups as the HTL. The IP of these polymers can be controlled to provide a 

systematic way to investigate the importance of the IP of the HTL to the device 

performance while maintaining a consistent film morphology. 
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We find that the device efficiency systematically increases as the IP of the hole 

transport layer is shifted further from the work-function of the ITO anode. We attribute 

this trend to better balance of hole and electron charges in the device. An optimized 

device consisting of a fluorinated version of the polymer as the hole transport layer, 

quinacridone doped Alqs as the emission layer, and a LiF / Alqs cathode results in a peak 

external luminous efficiency of 20 lumens / watt. 

6.1 Material synthesis and device fabrication 

The EP of TPD has been measured to be 5.38 eV using ultraviolet photoelectron 

spectroscopy (Anderson, McDonald et al. 1998). This value can be systematically 

decreased (shifted toward the vacuum level) by adding an electron-donating moiety, such 

as /7-OCH3, or increased (shifted further from the vacuum level) by adding an electron-

withdrawing moiety, such as /w-F. This principle is demonstrated by the three polymer 

TPD derivatives shown in Figure 6-1, PI - P3, that have an IP that ranges from 5.06 eV 

to 5.56 eV. In this study, we used polymers PI - P3 as the HTL in double-layer OLEDs 

with a thermally evaporated emission layer of either pure 8-hydroxyquinoline aluminum 

(Alqs) (IP = 5.93 eV), or Alqa doped with quinacridone. 

The details of the synthesis of polymers PI - P3 are given elsewhere (Bellmann, 

Shaheen et al. 1999). Alqs, quinacridone, and TPD were obtained commercially 

(Aldrich) and purified by sublimation techniques. OLEDs were fabricated on ITO coated 

glass substrates (Donnelly Corp.) with a nominal surface resistance of 20 Q/sq. The hole 

transport polymer films were spin-coated from dichloroethane solutions to a thickness of 

40 nm. Emission layers consisting of either pure Alqs or Alqa doped with quinacridone 

(0.5% by wt.) were thermally deposited to a thickness of 60 nm. Either Mg (150 nm) or a 

bilayer of LiF (0.8 nm) / Al (150 nm) was thermally deposited as the top cathode. Details 
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of the device fabrication and characterization are given elsewhere (Jabbour, Kawabe et al. 

1997). Single-layer devices with a thickness of 90 nm were fabricated by either thermal 

deposition of small-molecule TPD or spin-coating of polymer P2 onto ITO substrates 

followed by deposition of an Al cathode. All thermal depositions were done in a small 

bell-jar (diameter = 25 cm) with a source-to-sample distance of 17 cm and a fixed sample 

holder. The IP of the polymers PI - P3 was estimated to be the same as that of thermally 

deposited fihns of the small molecule analogues (TPD, w-F-TPD, /7-OCH3-TPD) 

measured via ultraviolet photoelectron spectroscopy (Anderson, McDonald et al. 1998). 

IP = 5.06 eV 
Tg = 132 "C 

IP = 5.38 eV 
Tg = 151 "C 

IP = 5.56 eV 
Tg = 147 °C 

Figure 6-1. TPD derivative hole transport polymers used in this study. 
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6.2 Interfacial contact with ITO 

To compare the current-injection and transport properties of spin-coated 

polymer TPD (P2) versus thermally evaporated, small-molecule TPD, we prepared 

single-layer devices on ITO with an aluminum cathode. Figure 6-2 shows that the turn-

on voltage for the polymer P2 device is approximately 8 V lower than for the small-

molecule TPD device. We attribute this to a difference in the interfacial contact with 

ITO. Spin-coating of the polymer provides better contact with the rough ITO surface (2 -

3 nm RMS). This results in low interfacial resistance and a low operating-voltage when 

polymers PI - P3 are used as the HTL in an OLED. We emphasize that our deposition 

chamber has a small source-to-sample distance and a fixed, non-rotating sample holder; 

more sophisticated deposition systems are likely to yield better film coverage. However, 

this data illustrates the importance of the morphology at the organic - ITO interface for 

hole injection into the OLED. 
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Figure 6-2. Current density versus applied voltage for ITO / small-molecule TPD / Al 
(open) and ITO / polymer P2 / Al (closed) devices. 
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6.3 Effects of varying the ionization potential of the hole transport layer 

Figure 6-3 shows current density, luminance, and external quantum efficiency 

versus applied voltage for double-layer OLEDs using polymers PI - P3 as the HTL, Alqj 

as the emission layer, and Mg as a cathode. The emission spectra of the three devices 

were identical and exhibited the characteristic Alqs emission peak at approximately 525 

nm. Figiu"e 6-3 shows that the operating-voltage required to drive a given current 

increases as the IP of the HTL is mcreased. The external quantum efficiency is seen to 

increase as the IP of the HTL is increased. The OLED is most efficient when the IP of 

the HTL is shifted away from the work-function of ITO and closer to the IP of the Alqs 

emission layer. These same trends were also seen in optimized devices which included 

doping the Alqs emission layer with quinacridone and replacing the Mg cathode with a 

bilayer LiF / A1 cathode (Jabbour, Kawabe et al. 1997). Figure 6-4 shows the luminance 

and luminous efficiency versus applied voltage for an optimized device using polymer P3 

as the HTL. At an applied voltage of 3.0 V, the luminance is 15 cd/m^, and the luminous 

efficiency is 20 hn/W (corresponding to approximately 4.5% external quantum 

efficiency). At an applied voltage of 4.0 V, the luminance is 135 cd/m^, and the luminous 

efficiency is 14 Im/W. 
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Figure 6-3 Characterization of ITO / polymer / Alqs / Mg devices where polymer 
PI (•), P2 (A), and P3 (•). 
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Figure 6-4 Luminance (closed) and luminous efficiency (open) versus applied voltage 
for ITO / polymer P3 / Alqsrquinacridone / LiF / A1 device. 

We find that the most likely explanation for the trend in the OLED efficiencies is 

that increasing the IP of the HTL reduces the rate of hole injection from the ITO anode 

and creates a better balance between the number of holes and electrons in the device. 

The trend in the operating-voltages shown in Figure 6-3 demonstrates that the number of 

injected majority carriers, generally thought to be holes, decreases as the EP of the HTL is 

increased. Another possible explanation for the trend in the efficiencies is that a 'cross-

reaction' occurs at the interface between the HTL and the emission layer to produce 

luminescence. Electrogenerated chemiluminescence experiments carried out in solution 

between positively charged TPD molecules and negatively charged Alqa molecules have 

been shown to produce Alqa luminescence (Anderson, McDonald et al. 1998). The 

efficiency of this luminescence was shown to increase as the EP of the TPD derivative 

was increased, resulting from the increased driving force of the reaction. However, we 

do not attribute the trend in the OLED efficiencies to this mechanism. Complimentary 

results show that devices in which a layer of thermally evaporated p-OCHs-TPD, 
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corresponding to polymer PI, has been inserted between the hole transport polymer P3 

and the emission layer do not result in a decreased efficiency, as would be expected if the 

cross-reaction mechanism is important in the device operation. Therefore we conclude 

that the cross-reaction is not the dominant mechanism of light emission in these devices. 

We also consider that the hole mobilities of the three polymer PI - P3 may differ because 

of additional dipole-disorder introduced by the side-groups. However, it has been shown 

that the OLED quantum efficiency is independent of the HTL mobility (Giebeler, 

Antoniadis et al. 1999). Lastly, it has been shown that exciplex formation between the 

HTL and the emission layer reduces the device efficiency (Tamoto, Adachi et al. 1997), 

however we find no evidence of exciplex emission in these devices. 

Due to the high glass-transition temperature of polymer PI - P3, which ranges 

firom 132 °C to 151 °C, we expect these devices to have good thermal stability. However, 

as reported elsewhere, the device lifetimes correlate more strongly with the IP of the HTL 

than with its glass-transition temperature (Bellmann, Shaheen et al. 1999). The device 

lifetime decreases as the IP of the HTL is increased. This is explained by crystallization 

at the interface between the ITO and the HTL as a result of joule heat that is produced as 

charges are injected across a larger energetic barrier (Adachi, Nagai 1995). Thus, there is 

an intrinsic trade-off between the efficiency and the lifetime in these double-layer 

OLEDs. Preliminary results indicate that this problem can be overcome by using 

multiple hole-transport layers to create a staircase of energetic levels between the ITO 

and the Alqa layer. 
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Chapter 7 

NOVEL MATERIALS 

In this work, several novel materials have been provided to us by collaborating 

chemists (J. -F. Wang, M. -F. Nabor, E. A. Mash, T. A. Hopkins, S. R. Marder, N. R. 

Armstrong, University of Arizona Department of Chemistry; E. Bellmann, M. Wagaman, 

and R. H. Grubbs, California Institute of Technology Division of Chemistry and 

Chemical Engineering). The characterization of these materials provides insight into the 

relationship between the chemical structure of a molecule and its macroscopic optical and 

electronic properties. 

7.1 Substituted aluminum and zinc quinoiates 

Chelate metal complexes, which include Alqs, possess several properties which 

make them useful emission materials for OLEDs (Hamada 1997). They often have a 

large Stokes shift (difference between the peak wavelengths of absorption and 

luminescence), which results in high luminescence efficiency and small concentration 

quenching. Depending on the ligand, they can also possess good charge transport 

characteristics, particularly for electrons. They are also thermally stable (Alqs Tg = 172 

°C) and have good film forming characteristics because of their non-planar structure 

(Baker and Sawyer 1968). 

In this study, we used aluminum and zinc quinoiates to demonstrate how the 

luminescence spectrum of a molecule can be shifted in a systematic way by the addition 

of ligand substituents (Hopkins, Meerholz at al. 1996). The electron affinity and position 

of the substituent determine what effect it will have on the electronic distribution within 

the molecule. For a metalloquinolace molecule, placement of an electron-withdrawing 
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substituent in the 5-position of the quinoline ring is predicted to increase the HOMO -

LUMO gap (Coulson, Streitwieser et al. 1965; Albright, Burdett et al. 1985). 

Sulfonamide was selected as the substituent because of its electron-withdrawing 

character, and because it presented a feasible synthetic route to substituting the quinolate 

ligand. Figure 7-1 shows the structures of the parent Alqa and Znq2 and the substituted 

AI(qs)3 and Zn(qs)2 complexes. 

Figure 7-1. Molecular structures of aluminum and zinc quinolate complexes. 

Photoluminescence and absorption spectra were measured for each of the 

materials in thin-film form and are siunmarized in Table 7-1. The addition of the 

sulfonamide group results in a blue-shift in the photolimiinescence spectra of 17 nm for 

Alqa and 28 nm for Znqa. In order to realize a high efficiency OLED from these 

substituted materials, it is desirable to thermally deposit them onto a hole transport layer 

in order to fabricate a double-layer device. However, the sulfonamide group decomposes 

Zn(qs)2 
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at elevated temperature. It was therefore necessary to dissolve the materials in solution 

and spin-cast them as dopants in a hole transport polymer matrix. PolyCA'-

vinylcarbazole) (PVK) was chosen as the matrix. Although single-layer OLEDs have an 

intrinsically lower efficiency than double-layer devices, doping of luminescent molecules 

into PVK provides a convenient method to characterize the electroluminescence 

properties of a material (Kido, Shionoya et al. 1995; Wu, Stimn et al. 1997). 

Electroluminescence spectra were measured for single-layer devices consisting of ITO / 

PVK : quinolate (30%) / Al and are also siunmarized in Table 7-1. The 

electroluminescence spectra show a blue shift from the corresponding photoluminescence 

data as a result of the surrounding PVK matrix. As in the case of photoluminescence, the 

addition of the sulfonamide group results in a blue shift of the electroluminescence for 

Alqs (26 nm) and Znqz (40 nm). Although the quantum efficiency of these devices was 

very poor (-0.01%), they demonstrate that the electroluminescence spectra can be tuned 

in a systematic way by adding substituents which alter the electronic configuration of the 

luminescent molecule. 

Material Abs A.|naj( 
(nm) 

PL X-maz 
(nm) 

EL A-max 
(nm) 

Alqs 395 519 508 
Al(qs)3 380 502 482 
Znq2 380 542 530 

Zn(qs)2 375 514 490 

Table 7-1. Peak wavelengths for absorption, photoluminescence, and 
electroluminescence (in PVK) for the parent and substituted aluminum and zinc quinolate 
complexes. 
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7.2 BC-PPV and PNV polymers and copolymers 

Stability and Luminescence Efficiency of BC-PPV 

The shift in electronic levels due to the addition of an electron-withdrawing (or 

donating) group to a molecule has several consequences for its properties. Other than 

spectral shifts, changes in chemical stability can also occur. Here we discuss the 

improvement in photochemical stability of a ;T-conjugated polymer upon addition of 

electron-withdrawing carboxyl groups. The chemical stability of a molecule is largely 

determined by the positions of the HOMO and LUMO levels relative to vacuum. The 

addition of electron-withdrawing side-groups to a molecule generally increases the 

HOMO position (pushes it further from vacuum), which results in better chemical 

stability. We investigated this phenomenon using BC-PPV (Wagaman and Grubbs 

1997), a soluble derivative of PPV with carboxyl side-groups shown inset in Figure 7-2. 

At the time of this writing, the ionization potential (IP) of BC - PPV has not been 

measured, but it is expected that the difference in IP between PPV (IP = 5.0 eV, 

Greenham and Friend 1995) and BC - PPV is on the order of 0.5 eV - 1.0 eV. In 

addition to the purely electronic effects of the electron-withdrawing carboxyl side-

groups, there are also structural changes which indirectly affect the ionization potential. 

The carboxyl side-groups are very bulky, and they induce a twist in the polymer 

backbone due to steric hindrance. This increased torsion increases the ionization 

potential, as has been shown with other, similar materials (Fahlman and Bredas 1995). 

The stability of the two materials was compared by measiuing photoluminescence 

intensity versus time for fihns of each in air. A 365 nm optical pump with an irradiance 

of 0.5 W/m^ was used. Figure 7-2 shows the decay in photoluminescence intensity 

normalized to the initial value for one hour of irradiation. Better stability is evident for 

BC-PPV compared to PPV. 
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The twisting of the BC-PPV polymer backbone also causes a reduction of the 

effective conjugation length This has several consequences for the luminescence 

properties of the material, including an increase in the HOMO - LUMO gap and a blue-

shift of the optical spectra. The peak wavelengths for absorption and emission for fihns 

of PPV are 442 nm and 558 nm, respectively, and for solutions of BC-PPV are 410 nm 

and 489 nm, respectively. Decreasing the effective conjugation length also increases 

photoluminescence efficiency of a material by inhibiting exciton migration to quenching 

sites along the polymer backbone. The result is a photoluminescence efficiency of near 

100% for BC-PPV in solution compared to 27% - 60% for fihns of PPV (Friend, Denton 

et al. 1997). 
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Figure 7-2. Comparison of photoluminescence stability of BC-PPV and PPV. 

Having established that BC - PPV has better stability and efficiency than PPV for 

photoluminescence, we investigated if these properties hold true for OLEDs as well. A 
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single layer OLED of ITO / BC - PPV (50 nm) / Mg was found to have an external 

quantum efficiency of 0.1%. This compares favorably to a similar device consisting of 

PPV which has an efficiency of 0.01% (Wu, Chim et al. 1994). The improvement is 

explained by the higher intrinsic luminescence efficiency of BC-PPV, as well as better 

balance of injected holes and electrons. Since the IP of BC-PPV is larger than the IP of 

PPV, less holes (the majority carrier) are injected into the device. However, as will be 

discussed in Section 8.1, this also results in very poor lifetime due to joule heating at the 

BC-PPV / ITO interface. To attempt to increase the device lifetime, as well as to increase 

the efficiency by confining the carrier recombination zone away from the cathode, a 

double-layer device was fabricating consisting of ITO / cross-linked PVK 40 nm / BC-

PPV 50 nm / Mg. Cross-linking of the PVK, which was necessary to allow the BC-PPV 

layer to be spin-coated as a second layer, was accomplished by adding SbCls to the 

chloroform solution prior to spin-casting (Partridge 1983). This double-layer device 

showed only marginal improvement in stability, since the IP of PVK (5.7 eV) is still far 

fi-om the work-function of ITO (4.7 eV). The efficiency also showed only marginal 

improvement, increasing to 0.12%. This is presumably because the electron transport 

characteristics of BC-PPV are poor, and the recombination zone is still close to the 

cathode in the double-layer device. 

OLEDs from BC-PPV, PNV, and BC-PPV : PNV random copolymer 

In Section 6.2, the efficiency of a double-layer TPD / Alqa OLED was shown to 

increase as the IP of the hole transport layer (HTL) was increased (pushed further fi-om 

the work-function of ITO). In order to test the generality of this phenomenon, we used 

PPV-derivative conjugated polymers as the HTL in double-layer OLEDs with an Alqa 

emission layer. Three materials with a systematic shift in electronic levels were used as 
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HTLs: PNV, a red-shifted PPV derivative, BC-PPV, a blue-shifted PPV derivative, and a 

BC-PPV : PNV random copolymer. PNV and the random copolymer are shown in 

Figure 7-3. 

Figure 7-3. Molecular structures of PNV and BC-PPV : PNV random copolymer. 

The electronic levels of these materials have not yet been measured, but we 

estimate the IP of PNV to be approximately equal to that of dimethoxy-PPV (4.7 eV, 

Greenham and Friend 1995), which has a similar structure and emission spectrum. 

Comparing the relative electronic levels of the three materials, we expect that IPPNV < 

EPCOPOIYMCR < IPBC-PPV- Figure 7-4 shows the characterization of double-layer devices 

consisting of ITO / polymer 50 nm / Alqa 40 rmi / Mg. The emission from all the devices 

originated in the Alqa layer and had a peak wavelength of 525 nm. Thus, no 

recombination was taking place in the conjugated polymers, and they were acting strictly 

as a hole transport layers. The quantum efficiency ti shows the trend that tipnv / Aiqj < 

TLCOPOIYTNER/Aiqj < iIbc-ppv / Aiqj- This trend is the same as seen in Section 6.2: the quantum 

efficiency increases as the IP of the HTL increases. The current density is also seen to 

decrease as the IP of the HTL increases, consistent with a reduction in the rate of 

majority carrier (hole) injection. However, the BC-PPV / Alqa device is seen to have a 

drastically reduced current density and luminance as compared to the other devices. In 

PNV 
BC - PPV : PNV 

random copolymer 

m 



103 

this case, the IP of the HTL is pushed too far from the work-function of ITO, and holes 

have become the minority carrier, as discussed in Section 3.5. The results of this section 

demonstrate that balanced injection of holes and electrons is a critical parameter for 

performance of OLEDs in general and is not limited specifically to devices based on TPD 

/ Alq3. 

The lifetime x of the devices with the three different HTLs was also investigated. 

The trend in the lifetimes was found to be Tpnv / Aiqj > ^copolymer / Aiqj > tec-ppv / Aiqj- Based 

on the increased stability of BC-PPV that was discussed in the previous section, one 

might expect the BC-PPV / Alqa device to have the best lifetime. However, as will be 

discussed in detail in Section 8.1, a large difference between the work-function of ITO 

and the IP of the HTL results in increased Joule heating and aggregation of the polymer 

at the interface. These results demonstrate that the photoliuninescence characteristics of 

a material do not necessarily translate directly into electroluminescence characteristics. 



104 

175 • rTO/PNV/Alq,/Mg • 

150 • rro/copolymer/Alq,/Mg • 

125 A ITO/BC-PPV/Atq,/Mg • 

100 
• 

•• 
75 
50 

n 
25 A 7 
0 1-̂  

0.0 2 
4 6 8 10 12 14 16 18 20 

Bias Voitage (V) 

Figure 7-4. Characterization of ITO / conjugated polymer / Alqs / Mg devices. 
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Chapter 8 

SURVEY OF DEGRADATION MECHANISMS 

As the efficiency of OLEDs approaches commercially viable levels, studies of the 

mechanisms leading to device degradation become more important. Early devices lasted 

only a few minutes. More recently, research groups are reporting lifetimes in excess of 

10,000 hours (Tang 1996; Nakada and Thoma 1996; Arai, Nakaya et al. 1997), which is 

considered a minimum for commercial application. There are many, interdependent 

mechanisms leading to device failure. It is not the intent here to give a thorough analysis 

of the topic, but rather to outline the key mechanisms and then to discuss in more detail 

the dependence of device lifetime on the ionization potential of the hole transport layer in 

a multi-layer OLED. 

The lifetime of a device is commonly defined as the half-decay time of the 

luminance for a constant drive current. For practical reasons, devices are often tested for 

short periods of time at higher current densities than are needed for the actual application. 

Values for smaller drive currents are then extrapolated from these by assuming that the 

lifetime is inversely proportional to either the drive current (for J < 5 mA/cm^) or the 

square of the drive current (for J > 10 mA/cm^) (Sato, Ichinosawa et al. 1998). Clearly 

the device efficiency plays a large role in the lifetime. 

Resistive heating, or joule heating, is perhaps the most significant degradation 

mechanism. The ITO / glass substrate on which the OLED is fabricated has poor thermal 

conductivity, and power that is dissipated in the device results in an increased 

temperature. This has the immediate effect of reducing the luminescence efficiency of 

the emitter molecules. Over time, heat accelerates processes such as crystallization, 

aggregation, diffusion, delamination, and chemical degradation. These often act to 
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increase the drive-voltage needed for a given current. Thus, more power is consumed 

and more heat is dissipated in the device. A feedback loop is established that rapidly 

deteriorates the device. 

When an amorphous material is heated to near or above its glass transition 

temperature (Tg), it converts to a polycrystalline phase (Naito and Miura 1993). The 

resulting grain boundaries between the crystals are barriers to charge transport, and the 

mobility is severely diminished. One solution to this is to use materials with a high Tg to 

increase the thermal stability of the film (Tokito, Tanaka et al. 1997; Sato, Ichinosawa et 

al. 1998). Another solution is to dope the film with small quantities of dye. As well as 

increasing the efficiency of the device, dye doping increases the lifetime by inhibiting 

crystallization (Sato, Ichinosawa et al. 1998). However, heating can also induce 

aggregation among the doping molecules resulting in decreased luminescence efficiency, 

as discussed in Section 3.4. This can be overcome by designing dye materials with bulky 

side groups that impede migration and reduce intermolecular hydrogen bonding (Shi and 

Tang 1996; Wakimoto, Yonemoto et al. 1997). 

Heat-induced morphological changes are particularly important at interfaces. As 

discussed in the following section, joule heating at the interface between ITO and the 

hole transport layer can result in rapid degradation of the device. One solution to this is 

to use several hole transport layers to create a staircase of ionization potentials leading to 

the emission layer. Another is to use an ITO buffer layer, as discussed in Appendix A, to 

increase the effective work-fimction of the ITO and reduce the energetic barrier to charge 

injection. 

Heat also accelerates diffusion processes within the device. Organic layers can 

interdiffuse, leading to a 'blurred' interface which produces traps for charges and 

quenching centers for excitons. Aliuninum and calciiun firom the cathode, as well as 
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indium from the ITO anode, have been shown to diffuse into the organic layers during 

device storage and operation (Schlatmann, Floet et al. 1996; Probst and Haight 1997). 

Once inside the organic layer, metallic atoms provide short circuit paths for charges as 

well as quenching centers for excitons. A solution to these problems as well is to use 

high Tg organic materials that provide a rigid medium that retards metallic diffusion 

(Sato, Ichinosawa et al. 1998). Also, inserting a thin oxide layer between the electrode 

and the organic layers has been shown to act as a diffusion barrier (Huang, McDonald et 

al. 1998). 

OLED degradation also occurs as a results of chemical changes initiated by 

contaminants such as water and oxygen. These can be present in the device during 

fabrication or can diffuse into the device from the envirorunent. Water vapor has been 

shown to hydrolyze Alqs into volatile byproducts which lead to luminescence quenching 

species (Papadimitrakopoulos, Zhang et al. 1998). Photochemical degradation of 

conjugated polymers in the presence of oxygen has been shown to form carbonyl groups 

which disrupt the conjugation and quench luminescence (Zyung, Kim et al. 1995; 

Sutherland, Carlisle et al. 1996; Hale, Oldenburg et al. 1997). The solution to these 

problems is to use pure, dry materials as precursors for the material synthesis and to carry 

out the device fabrication in a nitrogen glove box. For practical device use, encapsulation 

is necessary for protection from environmental effects (Burrows, Bulovic et al. 1994). 

Another major mechanism for OLED degradation is the formation of dark-spots. 

These non-emitting areas begin as microscopic defects which then increase in size as the 

device is operated. One proposed pathway for dark-spot formation is from dust particles 

or intrinsic defects on the ITO substrate (McElvain, Antoniadis et al. 1996; Do, Kim et al. 

1997). ITO commonly has an RMS roughness of 2 - 3 run with occasional 'spikes' up to 

25 run, and dust particles are typically tens of microns or larger in diameter. These 
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defects create breaks in the fihns that are subsequently deposited and allow entry paths 

for water vapor and oxygen from the surrounding atmosphere. These lead to either 

delamination of the cathode from the organic layers or delamination of the organic layers 

from the ITO, caiising dark-spots. It has also been shown that water vapor induces the 

growth of crystalline Alqs clusters (Aziz, Popovic et al. 1998). The solution to these 

problems also is fabrication in a cleanroom environment and device encapsulation. 

Another proposed solution to the growth of dark-spots is pixelation of the OLED emitting 

area. Patterning of the OLED emission surface into 45 |j,m x 45 )im elements has been 

demonstrated by sol-gel techniques (Rantala, Jabbour et al. 1998). A dark-spot in such a 

device is confined within the pixel element and does not grow beyond its boundaries. 

Chemical impurities present in the organic materials during device fabrication 

have been shown to dramatically decrease the device lifetime (Sheats, Antoniadis et al. 

1996). Impurities can provide traps for charge carriers and quenching centers for 

excitons. Ionic impurities can drift under the influence of the applied field and establish a 

space-charge field in the opposing direction (Zou, Yahiro et al. 1998). One solution to 

the drift of ionic impurities is to operate the device with an AC drive-voltage (Van Slyke, 

Chen et al. 1996; Tessler, Harrison et al. 1998). 

Lastly, degradation of the cathode or anode can deteriorate the device 

performance. Cathode materials such as magnesium or calcium quickly oxidize in 

atmosphere. This can be overcome by alloying with a non-reactive material such as 

silver, or by using a LiF / Al or similar cathode as described in Chapter 5. The ITO 

anode has been shown to degrade under the influence of high electric fields such as those 

created in an OLED (Chao, Chuang at al. 1996). This brings attention to the need for 

alternative transparent conductors which are more robust. 
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8.1 Joule heating at the ITO interface 

Interfacial contact between the hole transport layer and the ITO anode is critical 

to the operation of an OLED. It has been previously demonstrated that increasing the 

ionization potential of the hole transport layer (HTL) in a double-layer device resuUed in 

a decreased lifetime. The was done with small-molecule hole transport materials based 

on TPD (Adachi, Nagai et al. 1995). The decrease in lifetime was attributed to joule 

heating at the ITO / HTL interface. As the ionization potential of the HTL is increased, 

there is a larger barrier to hole injection from the ITO anode. This results in greater 

energy loss by the injected carriers and an increased temperature at the interface. 

Crystallization and aggregation of the HTL material proceeds more rapidly, and the 

interfacial contact with the ITO is diminished. 

We have investigated this phenomenon with polymer versions of TPD with 

different ionization potentials (Bellmann, Shaheen et al. 1999). Polymers PI, P2, and P3, 

shown in Figure 6-1, have an ionization potential of 5.06 eV, 5.38 eV, and 5.56 eV, 

respectively. Double-layer devices consisting of ITO / HTL 40 nm / Alq3 60 nm / Mg 

200 nm were fabricated and operated at a constant current density of 50 mA/cm^. Figure 

8-1 shows luminance, luminous efficiency, and drive-voltage versus time for devices 

with the three different polymers. 

As discussed in Section 6.2, the device with P3 as the HTL has the highest initial 

luminance and efficiency. However, Figure 8-1 shows that it is also the least stable. The 

decay of the luminance and efficiency and the increase in the drive-voltage are most rapid 

for this device. These can be explained by the large barrier to hole injection at the ITO / 

HTL interface. The work-function of ITO is estimated to be 4.7 eV, yielding barriers of 

0.36 eV, 0.68 eV, and 0.86 eV for the devices with polymer PI, P2, and P3, respectively. 

As charges are injected over the ITO / HTL barrier, heat is produced which causes 
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aggregation at the interface. This results in a reduction of the area of contact between the 

hole transport material and the ITO, and an increasingly greater drive-voltage is required 

to drive the constant current over time. The heat that is generated is also conducted 

throughout the bulk of the device, elevating the temperature of the emission layer and the 

electrodes. Degradation of the luminance and efficiency by the processes previously 

discussed is then accelerated. Figiure 8-1 also shows a small, initial decrease in the drive-

voltage for all the devices which can be attributed to an increase in the bulk mobility as a 

result of the elevated temperature. 
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Figure 8-1. Degradation of double-layer devices with hole transport layers with different 
ionization potentials. 

In an attempt to solve the trade-off between the initial device performance and 

lifetime, we fabricated a triple-layer device consisting of two hole transport layers and an 
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Alq3 emission layer. Polymer PI was deposited by spin-casting onto ITO with a 

thickness of 20 nm. TPD-F, the small-molecule form of polymer P3, was then thermally 

deposited as a second HTL with a thickness of 40 nm. An emission layer of Alqs : QAD 

(~ 0.5%) and a cathode of LiF / A1 were then thermally deposited. Figure 8-2 shows the 

degradation of this device driven at 50 mA/cm^ compared to double-layer devices using 

either polymer PI or P3 as the HTL. The triple-layer device has an initial luminance 

which is close to that of the P3 / AlqaiQAD device, but its stability resembles that of the 

PI / Alq3:QAD device. Because of the staircasing of the ionization potentials of the two 

HTL's, the triple-layer device is both stable and efficient. A small energetic barrier (~ 

0.36 eV) for hole injection minimizes interfacial joule heating. The reduction of hole 

injection, which is needed for balanced injection, is accomplished by a larger energetic 

barrier (0.5 eV) for hole hopping between the first and second HTL's. This creates a 

build-up of holes at the interface between the two HTL's which results in a reduction of 

the electric field strength in the first HTL. This reduces the injection rate for holes and 

maintains the balance of hole and electron charges in the device. 



112 

~E 8000 

1 6000 
§ 4000 
<0 

I 2000 
3 

0 

a ^ 0 
1 I-3 O 
-J Q 

UJ 

o 
s 
CA iS 
CO 

4 

3 

2 
1 

0 
16 
14 
12 
10 
8 

6 

PI 40nm/Alq,:QA0 60nm/UF/AI 

P340nm/Alq,:QAD60nmaiF/AI 

PI 20nm/TPI>f 40nmfAlq,:QA0 60nm/UF/AI 

500 1000 1500 2000 2500 3000 3500 

Time (seconds) 

Figure 8-2. Comparison of degradation of double- and triple-layer devices. 



113 

Chapter 9 

CONCLUSIONS AND FUTURE DIRECTIONS 

Several conclusions can be drawn from this work. First, in order for high 

efficiency to be achieved, the rates of injection of holes and electrons into the OLED 

must be balanced. This was demonstrated using a Monte Carlo simulation of a single-

layer device. Experimentally, the injection rate of the majority carrier (holes) into a 

double-layer OLED with an Alqs emission layer was decreased by increasing the 

ionization potential of the polymer-TPD hole transport layer. This resulted in an increase 

in the device efficiency. 

The injection rate of the minority carrier (electrons) into a double-layer device 

with a DPVBi emission layer was shown to substantially increase with the insertion of a 

thin layer of LiF between the DPVBi and an aluminum cathode. This also resulted in an 

increase in device efficiency. This technique has important practical application since it 

allows for the use of an environmentally-stable cathode while retaining high device 

efficiency. 

This work also examined the physical mechanisms responsible for the increase in 

device efficiency seen when a dye molecule is doped into the luminescence layer in small 

quantities. By examining the spectra and efficiencies of single-layer OLEDs doped with 

a soluble version of quinacridone, it was determined that both charge transfer and energy 

transfer from the host to the dopant are important processes. The measured efficiencies 

for photoluminescence and electroluminescence were found to be consistent with a 

simple model developed to explain the functional dependence on the dopant 

concentration. 
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Drawing upon these results, an optimized OLED was fabricated which exhibited a 

luminous efficiency of 20 Im/W for green emission. This is one of the highest OLED 

efficiencies reported as of the date of this writing. 

Future Directions 

There are many possible directions open to future OLED research. Obvious 

extensions of this work are described as follows. First, the Monte Carlo simulation can 

be extended to multilayer devices. In order to do this, charge - charge interactions must 

be included. This will allow for the build-up of charge density at the interface between 

layers and the subsequent alteration of electric field distribution within the device. 

Second, fiarther experimental work can be done on hole transport layers with 

different ionization potentials. For instance, the ionization potential can be pushed even 

further firom vacuum than was done with polymer P3 in Chapter 6. This has been 

attempted by adding additional fluorine atoms onto the meta-position of the TPD side-

group polymer. A double-layer device made with this new polymer as the hole transport 

layer yielded an apparent decrease in device efficiency as compared to a device made 

with polymer P3; however, this result is ambiguous due to uncertainties in the stability of 

the new material. Also, more research can be done on the use of several hole transport 

layers in the same device. In this work, a staircase scheme of two hole transport layers 

was demonstrated. This technique can be further optimized by varying the ionization 

potentials such that the electric field distribution in the device results in both high 

efficiency and lifetime. 

Third, the physical mechanism behind the decrease in effective work-function of 

an aluminum cathode upon insertion of a thin layer of LiF into the device is very much in 

question. Recent work by G. E. Jabbour has shown that only very small amounts of LiF 
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are required near the organic / aluminum interface for the decrease in work-function to 

take place. In fact, the LiF does not have to be deposited as a separate layer; it can be co-

deposited with either the organic material or the aluminum. Thorough analysis of the 

chemical species that are potentially formed at the interface is required. 

Fouth, this work demonstrated that the ITO / organic interface is crucial for both 

device efficiency and lifetime. It would be instructive to image this surface, perhaps with 

SEM, to examine differences in morphologies between thermally deposited and solution 

cast fikns, as well as to examine the effects of device operation on the interfacial 

adhesion. 

Lastly, an area of possible future research is the optical geometry of the OLED 

device. The devices in this work were all fabricated on planar substrates. This geometry 

results in a poor external emission efficiency since only approximately 20% of the total 

light is emitted in the forward direction (see Section 3.5). This value could be improved 

by implementing different, non-planar geometries. One possibility is to deposit the 

device on a hemispherical substrate. Another is to use a substrate with surface featiu-es 

such as triangular steps. Fabrication of such devices, although technically challenging, 

should result in a higher external emission efficiency. 

In the field of OLED research in general, many avenues of research are 

open. The most important is to understand and solve the mechanisms leading to device 

degradation over time. Which of the mechanisms described in Chapter 8 are most 

responsible for degradation? Interrelated to degradation is the purity of the organic 

materials. More sophisticated purification techniques need to be developed, particularly 

for polymers. Development of new materials, particularly electron transport and 

emission materials, is also needed. Alqs possesses a relatively high electron mobility, 

and it has proved to be a good host material for greed dye dopants. However, its electron 
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mobility is still several orders-of-magnitude lower than the hole mobility of TPD based 

materials, and high-efficiency emitters are needed across the entire visible spectrum. 

Another potential area for research is the development of new transparent anodes which 

improve upon ITO. Improvement in properties such as work-function, electrical 

conductivity, optical transparency, surface smoothness, thermal conductivity, and 

robustness would lead to better devices. It is clear that many opportunities for research 

exist in the diverse, interdisciplinary field of OLEDs. 
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APPENDIX A 

TECHNIQUES FOR FABRICATING OLEDS: TRICKS OF THE TRADE 

Fabricating OLEDs with reproducible performance is as much an art as it is a 

science. Here the critical issues are discussed. 

Material puriflcation 

Device performance is extremely sensitive to the purity of the organic materials. 

Impurities can diminish the charge transport mobility by acting as energetic traps for 

either holes or electrons. They can also act as quenching sites for excitons, through either 

Forster energy transfer or exciton diffiision, and reduce the emission efficiency. Ionic 

impurities can drift under the influence of the extemally applied field, resulting in an 

intemal space charge field that opposes the applied field. Even neutral, electronically 

inert impurities can be detrimental to the device by disrupting the morphology of the 

film. Depending on the type of impurity, levels as low as parts-per-billion can adversely 

affect device performance. Conventional analysis techniques such as UYA^'IS 

spectroscopy or NMR are often not sensitive enough to detect such impurity levels. 

Therefore, it is critical to purify the materials to the maximum extent possible prior to 

device fabrication. 

For small-molecule materials, the technique most commonly used is gradient 

sublimation (Sattler and Feindt 1995; Wright 1995). In this technique, the material is 

placed inside a vial that is plugged with glass wool. The vial is then placed inside a glass 

tube that is evacuated to approximately 10"^ Torr. The section of the glass tube 

containing the material is heated to above its sublimation temperattire. The remaining 

length of the tube is heated such that there is a temperature gradient along its length 
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spanning from the material's sublimation temperature down to approximately room 

temperature. The sublimed material condenses along the length of the tube. Impurities 

that have a sublimation temperature higher than the material remain in the vial. 

Impurities that have a sublimation temperature lower than the material condense further 

down the length of the tube. Purified material is then collected in the zone of the tube 

corresponding to a temperatxire that is slightly less than the sublimation temperature. The 

collected material can then be sublimated again to further improve the purity. However, 

repeated iterations are not necessarily beneficial since the sublimation process itself may 

add impurities by thermally dissociating the original material. 

Sublimation techniques carmot be used for polymeric materials since large 

molecular weight molecules typically dissociate at high temperatiu-es. This makes 

polymers intrinsically more difficult to purify than small-molecule materials. Instead, 

solution purification techniques must be used. These include precipitation, 

recrystallization, and extraction. These techniques can be done on both small-molecule 

and polymeric materials, and multiple iterations on the material are typically performed. 

Precipitation purification is done by first dissolving the material in a suitable 

solvent. This solution is then slowly dripped into a stirred beaker containing a solvent 

that does not dissolve the material. Upon hitting the surface of the non-solvent liquid, the 

material precipitates out, leaving impurities in the solution. The precipitate is then 

collected and dried in a vacuum oven. 

A slightly more sophisticated technique of purifying a material from solution is 

recrystallization (Shugar and Ballinger 1996). The solvent is chosen such that the 

material has poor solubility at low temperatures and high solubility at high temperatures. 

The material is initially dissolved in the solvent heated to near its boiling point. The 

solution is then cooled, causing it to become supersaturated. Pure crystals of the material 



119 

nucleate and grow. This is a slower process than simple precipitation and yields higher 

purity. 

Soxhlet extraction (Shugar and Ballinger 1996) is a solution technique that 

extracts solutes from solids. It is effective at removing impurities that are trapped within 

the tangled network of a polymer. The material to be purified is first placed inside a 

porous thimble (the 'sock'). The thimble is then loaded into the body of the soxhlet 

extractor that sits above a collection flask containing the extracting solvent. This solvent 

is vaporized and condenses above the thimble. As the solvent drops into the thimble, 

pure material is dissolved and siphoned into the collection flask. 

Other than these simple solution techniques, there exists an entire science of 

column and chromatography separation. These have not yet been applied extensively to 

materials for OLEDs because they typically have low yields and require a large amount 

of design for a specific material to be purified. However, as OLEDs approaches a 

commercially viable level, these more sophisticated techniques may be used to purify 

high performance, target materials. The ease of purification of a given material may be a 

major consideration for its potential commercial use. 

ITO substrate preparation 

Indium-tin oxide, or ITO, is a composite of approximately 10% tin oxide mixed in 

indium oxide. As a transparent conductor, it makes the realization of the OLED possible. 

It has a transparency as high as 90% at 550 nm and a surface resistance as low as 15 

ohms/sq. It is, however, far from the ideal anode material. It has a work-function in the 

range of 4.5 - 4.8 eV, which is approximately 0.5 eV closer to the vacuum level than the 

ionization potential of most materials used for the hole transport layer. It has a surface 

roughness of 2 - 3 nm. This roughness may reduce the lifetime of the device by creating 
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regions of high electric field at the interface with the organic material as well as inducing 

pin-holes. The surface morphology of ITO is polycrystalline. This adversely affects the 

growth of organic layers, particularly small-molecule materials, which are ideally 

amorphous. Lastly, ITO has poor heat transfer properties. Heat that is generated in the 

ITO and within the device is not transferred away efficiently, and the subsequent rise in 

the temperature of the device reduces its efficiency and lifetime. 

We have found the following preparation technique for the ITO substrate to be 

simple and effective. ITO from Donnelly Applied Films Corp. with a surface resistance 

of 15 ohms/sq. is used. Cleaning is performed by ultrasonicating in baths of dry acetone, 

methyl alcohol, and isopropyl alcohol for approximately 1 hour each. The substrates are 

dried in a stream of pure nitrogen immediately after removal from each solvent bath. 

Immediately prior to organic layer deposition, the substrates are cleaned with air plasma 

for 60 seconds. 

Research on the properties of ITO continues to be an active field. The surface 

roughness and morphology of the ITO has been shown to influence the device 

performance (Kugler, Logdlund et al. 1998). The effects of treatment by plasma (Wu, 

Wu et al. 1997) and acids and bases (NUesch, Rothberg et al. 1999) have also be reported. 

One approach to designing anodes for OLEDs is to cover the ITO with a layer of copper 

phthalocyanine (Van Slyke, Chen et al. 1996), or with an adhesion promoting polymer 

such as (2,5-polythiophene) (Arai, Nakaa et al. 1997), or a conducting polymer such as 

polyaniline (Yang and Heeger 1994) or poly(3,4-ethyIene dioxythiophene) (Kim, 

Granstrom et al. 1998). These treatments increase the effective work-function of the 

anode, increase the adhesion of the organic layers to the ITO, and planarize the rough 

ITO surface. 
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Spin-casting of films 

Spin-casting is an inexpensive technique for fabricating organic films from 

polymers in solution (Gu, Bullwinkel et al. 1996). Smooth, uniform films with a 

thickness ranging from a few nanometers to several micrometers can be produced by 

simply dropping the polymer solution onto a substrate which is then rapidly rotated. 

Typical concentrations of the solution range from 5 to 40 mg/mL, and typical spin rates 

range from 500 to 400 rpm. The thickness of the film is approximately proportional to 

the concentration of the solution and proportional to the inverse of the rotation rate. 

The quality and coverage of the resulting film is strongly influenced by the 

cleanliness of the substrate. The above cleaning procedure for the ITO results in high 

quality films. Plasma cleaning is particularly effective at improving the wetting 

properties of the substrate surface. The boiling point of the solvent is also an important 

parameter in the film quality. Low boiling point solvents tend to evaporate too quickly 

during the spinning process and yield very rugged polymer surfaces. High boiling point 

solvents are difficult to remove from the polymer film after it has been cast. The ideal 

boiling point of the solvent is in the range of 80 "C to 130 "C. Solvents that yielded good 

fihn quality for many materials are dichloroethane, chlorobenzene, and xylene. 

Removal of solvent remaining in the film after it has been cast can be 

problematic. For low boiling point solvents, it is usually adequate to place the film in 

vacuum for several hours to dry the film. For high boiling point solvents, placing the 

fihn in a vacuum oven or on a hot plate may be required. However, this heating may 

influence the morphology of the film 
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Thermal deposition of films 

Films of small-molecule materials are fabricated primarily by thermal deposition 

(George 1992; Ohring 1992; Smith 1995). The material, in powder form, is placed inside 

an aluminum oxide crucible which is wrapped with tungsten heater wire. Under vacuum, 

the material is heated to above its melting or sublimation point, and liberated molecules 

are deposited on the first cold surface that they encounter. The mean free path of the 

molecules is determined by the pressure (O'Hanlon 1980), which is typically less than 

10"® Torr. 

One advantage of thermal deposition is that there is no solvent to be removed 

from the film as in spin-casting. One disadvantage is that many materials do not form an 

amorphous phase upon deposition but instead are polycrystalline. Charge transport is 

disrupted by grain boundaries in polycrystalline materials, and they cannot be used as 

fihns for devices. Also, small-molecule materials generally have a lower glass transition 

temperature (Tg) than polymers (Naito and Miura 1993). Better thermal stability may be 

an important parameter for the long term stability of an OLED. 

To obtain high quality fihns with uniform coverage, it is best to start with a 

material that has been thoroughly out-gassed. Any out-gassing from the material during 

deposition will increase the pressure in the vacuum chamber and reduce the mean free 

path of the molecules. Also, it is necessary to bring the crucible to thermal equilibrium 

and stabiUze the deposition rate prior to opening the shutter which covers the samples. 

The rate of deposition and the thickness of the films is monitored in situ with a quartz 

crystal oscillator which has a mass dependent resonant frequency. With this device, it is 

possible to control the deposition thickness to the angstrom level. Obtaining a uniform 

film thickness can be problematic with thermal deposition, since the heated crucible is a 



123 

point source. More uniform film coverage can be obtained by increasing the source-to-

sample distance and by rotating the sample. 

Other parameters that may affect the film quality and morphology are the 

temperature of the sample substrate and the rate of deposition. Studies of TPD 

morphology have shown that larger aggregates are formed as the ITO substrate 

temperatiure is increased or the rate of deposition is decrease (Yase, Yoshida et al. 1996). 

Studies of the morphology of PPV oligomers have shown that a higher substrate 

temperature yields a more crystalline fibn and a reduced OLED efficiency (Joswick, 

Campbell et al. 1996). For our studies with TPD and Alqs, the ITO substrates were fixed 

to a room-temperatiure copper block during thermal deposition. A rate of 1 - 3 A/s 

yielded good fihn quality and device performance. 

Device Patterning 

With an ever growing list of materials to characterize as OLED components, it is 

important to be able to test a large number of devices quickly. We found the following 

device patterning scheme to be efficient. The ITO was first cut into 1" x 1" squares and 

cleaned using the procedure given above. A 150 nm thick fihn of SiO was then deposited 

onto a 0.4" wide strip of the substrate. We foimd this SiO insulating strip necessary to 

make contact to the devices without scratching the cathode and causing short-circuits. 

The organic layers were then deposited, followed by the metal deposition. The metal 

cathode was deposited through a shadow mask to create devices with an area of 

approximately 0.1 cm^. The cathodes were deposited perpendicular to the SiO insulating 

layer such that the regions of overlap could be used to contact the devices. Figure A-1 

shows an edge-on view of a device, and Figure A-2 shows the 1" x 1" sample with 5 

devices as viewed fi*om the top. 
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Figure A-1. Edge-on view of device. 
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Figure A-2. Top view of device substrate with 5 OLEDs. 
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APPENDIX B 

CHARACTERIZATION OF OLEDS 

The parameters used in defining the performance of an OLED are the current I, 

the applied voltage V, the emission power O, and the emission spectrum From 

these quantities, several types of efficiencies can be computed, including quantum 

efficiency, power efficiency, and luminous efficiency (Gu and Forrest 1998). 

The power, or radiant flux, emitted through the front surface of a planar OLED is 

Lambertian (Greenham, Friend et al. 1994). Absolute measurement of the emission 

power is done with a calibrated silicon photodiode at a fixed distance normal to the 

device. The responsivity of a silicon photodiode is strongly wavelength dependent with a 

maximum at 800 nm. Therefore it is necessary to calculate an effective sensitivity 

averaged over the emission spectrum of the device. The emission spectrum for a typical 

device with a thickness of 100 nm does not show a dependence on viewing angle. 

However, devices with a thickness approaching the wavelength of the emitted light show 

Fabry-Perot effects. 

The quantum efficiency 7 of a device is the ratio of the rate of photons emitted to 

the rate of charges passing through the device and is given by 

O 
T] Equation B-1 

Where O is the emission power in watts, / is the current in amperes, and E is the average 

energy per photon in eV. The power efficiency rjp, which is a more relevant measure of 

the practical usefiilness of a device, is the ratio of the emission power to the consumed 

power and is given by 
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O 
r]p = Yy Equation B-2 

where V is the applied voltage in volts. 

The above calculations are in radiometric units, which are measures of true 

emission power. For display applications, photometric units are used. These are a 

measure of the human eye's response to a light source (Boyd 1983; McCluney 1994). 

The unit of photometric luminous flux is the lumen. Luminous flux Ov is calculated from 

the emission power spectrum ^/l) using 

<D, = 683 = CyO Equation B-3 

where A/ = 400 nm and /l^= 750 nm, <f){X)dX = \ ,  and V{X) is the spectral luminous 

efficiency, in lumens/watt. F(A), the CIE standard response of the human eye for light-

adapted (photopic) vision, is peaked at 555 nm and is shown in Figure B-1. Values for 

the luminous flux conversion factor C>', in lumens/watt, are shown in Table B-1 for the 

spectra of several conmion emission materials. The perceived brightness of a source is 

the luminance L, with units of cd/m^, and has the form 

O 
L = —^ Equation B-4 

K A 

where A is the area of emission for a planar source. A typical luminance for a display is 

100 cd/m . The luminous efSciency rji of a source is given by 

O 
= Equation B-5 

Since the emission from an OLED occiirs from within a layer that has a higher index of 

refraction than air, there is a significant amount of light that is waveguided out the sides 

of a planar device. The fraction of the light that is emitted out the front of the device is 
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l/(2n^), where n is the index of refraction of the emission material (Greenham, Friend et 

al. 1994). For Alqs, n = 1.7, which gives the result that 17% of the total light is emitted 

through the front of a planar device. Thus, efficiency can be defined as being either 

internal, accounting for all the light produced, or external, which only considers the light 

emitted in the forward direction. The ratio of light emitted in the forward direction can 

be enhanced by non-planar geometries (Gu, Garbuzov et al. 1997). 

400 450 500 550 600 650 700 750 

Wavelength (nm) 

Figure B-1. CIE spectral luminous efficiency for photopic vision. 

Material Emission peaic (nm) CKOm/W) 

DPVBi 473 182.4 
Alqs 524 439.6 

Quinacridone 531 564.8 
Rubrene 560 496.5 

BEH-PPV 578 491.2 

Table B-1. Luminous flux conversion factor for common emission materials. 
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