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ABSTRACT 

The present dissertation compiles three aspects of my PH.D. work on 

OLED device design, fabrication and characterization. The first chapter is a 

review of the concepts and theories describing the mechanisms of organic 

electroluminescence. The second chapter makes use of these concepts to 

articulate some basic principles for the design of efficient and stable OLEDs. The 

third chapter describes the main characterization and sample preparation 

techniques used along this dissertation. Chapter IV describes the processing of 

efficient organic electroluminescent EL devices with ITOVTPDNAIQaNMg.Ag 

structures . The screen printing technique of a hole transport polymeric blend 

was used in an unusual mode to render thin films in the order of 60-80 nm. EL 

devices were then fabricated on top of these sp films to provide ~ 0.9% quantum 

efficiencies, comparable to spin coating with the same structures. Various 

polymenTPD and solvent combinations were studied to find the paste with the 

best Theological properties. The same technique was also used to deposit a 

patterned MEH-PPV film. Chapter V describes my research work on the wetting 

of TPD on ITO substrates. The wetting was monitored by following its surface 

morphology evolution as a function of temperature. The effect of these surface 

changes was then correlated to the l-V-L characteristics of devices made with 

these TPD films. The surface roughness was measured with tapping AFM 
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showed island formation at temperatures as low as 50-60 °C. I Also investigated 

the effect of the purity of materials like AIQ3 on the device EL performance, as 

described in Chapter VI. In order to improve the purity of these environmentally 

degradable complexes a new in situ purification technique was developed with 

excellent enhancement of the EL cell properties. The in situ purification process 

was then used to purify/deposit organic dyes with improved film formation and EL 

characteristics. 
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Chapter I. 

Mechanisms of Organic Electroluminescence 

1.1. Introduction 

Electroluminescence (EL) from organic light emitting diodes (OLEDs) is 

the result of excited states decaying radiatively after the recombination of 

charges injected from two electrodes into the organic layers between them. The 

electroluminescence can then be seen as a consequence of the following 

mechanisms: i) charge injection at the organic/electrode interfaces: ii) charge 

transport into the emission zone; iii) formation of excited states and iv) relaxation 

of the excited states through radiative and/or non radiative channels. This 
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chapter aims to present an overview of the main theories and models describing 

each of the above mechanisms. 

1.2. Injection 

The history of the study of charge injection from a metal to an insulator 

can be traced back to the Richardson-Dushman equation^^ which was first 

applied to thermionic emission from a metal cathode into vacuum and later 

modified by Bethe, Schottky and others^ for charge injection at the interface 

between a crystalline, inorganic semiconductor and a metal. The calculation is 

based on the assumption that electrons in the semiconductor are freely 

propagating in the conduction band of the semiconductor with a thermal 

distribution of kinetic energies. There are two contributions to the current, flowing 

from the semiconductor to the metal and vice versa. At zero voltage they are 

equal and opposite: the net current is zero. Later work^ extended the eariy 

formalism to include diffusive contributions to the current, but still within the 

framework of electron velocities and mean-free-paths. 

Organic materials used for OLEDs, polymers or low molecular weight 

glasses, have a behavior similar to a semiconductor or, rather, to insulators. Most 

t 

The result known as the Richardson-Dushman equation, asserts that if In (j/T^) is 
plotted against l/keT, the resulting curve will be a straight line with a negative 
slope equal to the work function. The configuration of course, assumes that 
space charge can be minimized. 
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of the formalism developed for charge injection in semiconductor theories can not 

be applied directly to organic solids. However, much of the semiconductor theory 

has been used as the starting point on modeling charge injection transport and 

recombination in organic materials. 

The primary reason that classical semiconductor theory does not apply is 

the fact that these materials do not have conduction bands or valence bands. 

Alq3, for instance, is amorphous, a molecular glass, where transport takes place 

by electrons hopping between molecules. As the electrons hop, a change in the 

electronic conformation of the molecule on which they sit occurs to create a 

polaron state, as discussed by Burrows et al." In PPV and other conducting 

polymers, the fact that there are only discrete levels (no bands) results from the 

characteristically short conjugation lengths, estimated as 6-8 monomers on the 

average. Thus, a conducting polymer appears to be a set of separate linear 

molecules between which the electrons hop.^ 

The first problem to overcome in OLED is the charge injection into the 

organic layers. This takes place as electrons enter by tunneling into the polaron 

levels.® In an OLED, for efficiency reasons, we would like to have perfect charge 

injection at the electrodes/organic interfaces, that is, ohmic contacts. An 

electrode is called ohmic when it serves as an inexhaustible carrier reservoir. 

Most practical OLED configurations do not satisfy this condition. 
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In practice, however, we have not found a clear criterion to distinguish 

between electrode limited and space charge limited current flow has not been 

found. The crucial parameters being the energy barrier for injection from an 

electrode into the dielectric and the charge carrier mobility, p. An appropriate 

model for this phenomenon requires a formalism to describe charge carrier 

injection across the interface of the metal and the dielectric. The long-range 

nature of the coulombic potential in media with low dielectric constant represents 

a serious obstacle against rigorous analytical treatments. Therefore, most 

formalisms generally use a combination of analytical and numerical simulations. 

Recent Monte Cario simulations in combination with analytic theory, for 

instance, have indicated that the probability for injection from the Fermi level of a 

metal into a random hopping system, such as a molecular glass or a conjugated 

polymer composed of individual segments, resembles a Richardson-Schottky 

(RS) process^. Experimental results, however, showed larger values of the RS 

coefficient than the ones predicted by this formalism. That treatment includes, 

per se, the backflow of initially injected carriers as well as tunneling. Since 

simulation can only yield the probability of injection per injection attempt as a 

function of electric field and temperature, one has to compare it to experiment in 
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order to establish a quantitative assessment and to determine the prefactor 

current, j. 

Space Charge Limited (SCL) Injection 

In practice, an electrode can only be ohmic if the injection barrier is small 

enough to ensure that no field assisted barrier lowering is required to supply 

more carriers per unit time that can be transported through the organic layer. 

When this condition is fulfilled, the injected unipolar current is said to be space 

charge limited (SCL). In the absence of trapping and if the charge carrier 

mobility, |j, is field independent, the unipolar SCL current is described by Child's 

law,^ 

j I d  

and the stationary concentration of charge carriers is (3/2)CV/e = 3/2 tJF, where e 

Is the organic dielectric constant, to the organic dielectric permitivity, F the 

electric field and d the sample thickness. Under these conditions, a current must 

never exceed j®^*- unless there was space charge compensation due to bipolar 

injection. Note that ideal SCL behavior is bound to the condition of vanishing 

electric field at the injection electrode, i.e., F(.v = 0) = f;, =0. Therefore, the 

* In this process, current injection into a semiconductor is allowed by lowering of 
the image charge potential by the extemal field, then the effective energy barrier 
becomes field dependent. Tunneling is disregarded. 
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unipolar SCL current at arbitrary field must exceed the injection current, jinj(O), 

extrapolated to Fo. To include the effect of charge trapping we have 

O 

where Q = n,-/n, is the free nt to trapped nt charge concentration ratio. In 

general, deviations of Child's law can occur when either the mobility or the 

trapping depend on the electric field. In that case the SCL has more complicated 

dependence on F. 

Trapped-Charge-Limited (TCL) Injection 

Characteristic spread in energy distribution arises from the disorder in 

molecular glasses and polymers. This results from the different distances and 

orientation among molecules or chains, defects or impurities. Concomitantly, the 

charge traps are distributed in energy, and hence, they will be filled from bottom 

to top as F increases. Thus, the quasi Fermi level will shift towards the transport 

band and 0 will also become a function of F. This might be described by an 

exponential distribution, but is usually described by a Gaussian to incorporate the 

molecule's crystal disorder into a variance a and standard deviation 6I-J2 For 

many different types of disordered materials, such as AIQ3 and TPD, including 

materials that have additional or extrinsic levels overiapping the polaron levels, it 

has been found that® 



21 

//=//„ exp 

with 

const 

const 

(^>1.5 

^<1.5 

where po is the low field mobility, const=2.9x10 '* (cmA/)'^^, and a is a constant for 

a given sample. The distribution in energy of the hopping sites is a function of the 

electric field intensity F. The electric field assists electrons in overcoming 

potential barriers due to energy differences between sites. The value of o 

increase with the molecule's crystal disorder or level spread. For AIQ3, the 

calculations of Kepler et al.® led to a = 1.24 x 10"^ (cmA/)^'^ and po = 5.4 x 10~^° 

cm^/V s. Later measurements of Chen and Liu^° lead to a = 3.76 x 10"^ (cm/V)''^ 

and Mo = 1-86 x 10"^ cm^A/ s for Alq3. The latter samples were clearly less 

disordered. 

An exception to the above would be the case in which the additional 

levels, presumably due to a defect or impurity, were separated by several or 

more from the main group of levels. In that case the current would be activated, 

i.e., depend exponentially on the energy difference between the hopping levels 

and the deep levels.^' This situation clearty does not apply to the AIQ3 and PPV. 
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For this case, the current is said to be trapped charge limited (TCL) and takes the 

form 

with a trapped charge concentration nt. equals to 

«,(£) = (N, IkTf- )exp(-£/^7'c) 

where Nett is the effective density of transport states, l = kT^./kT, k is the 

Boltzmann's constant, T the absolute temperature, and Nt the trap 

concentration.'^ typical values for moderately disordered molecular crystals are 

kTc = 0.1.-.0.2 eV, rendering. 

We should remember here that this formalism has been applied to molecular 

crystals and assumes unipolar transport and field independent mobilities, and 

neither AIQ3 nor PPV derivatives can be described in that fashion. 

There are cases of ideal SCL current flow obeying Child's law, implying 

weak, if any, field dependence of p. They pertain to alkoxy-substituted PPV2 and 

a polystyrene copolymer carrying trifluoromethyl substituted quaterphenyl 

substituents18 transporting either hole and electrons injected from indium tin 

oxide (ITO) and Ca, respectively. The relative hole and electron mobility values 

are 5x10"^ cm^A/ s and 8x10"® cm^/V s, respectively. The required critical values 

for F = 10® V/cm are 0.26 and 0.37 eV, respectively. This is in accordance with 
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the expected barriers based on the work functions of ITO (4.8 eV) and Ca (2.7 

eV) and the energies of the highest occupied molecular orbital (HOMO) and 

LUMO levels determined by cyclic voltammetry. The results are also in 

accordance with the conclusion of Campbell et al. indicating the hole currents in 

MEH-PPV (po = 1.7x10"^ cm^/V s) are space charge limited at <0.4 eV.^^ 

Fowler Nordheim tunneling 

Another classical approach to describe current injection Into a 

semiconductor is in terms of the Fowler-Nordheim (FN) tunneling theory. This 

treatment considers tunneling through a barrier into continuum states 

disregarding tunneling of hot electrons. This approach works well in inorganic 

semiconductors because it assumes that electrons will travel across the interface 

with no loss of energy due to scattering, yet in organic materials considerable 

scattering occurs at each lattice site. Supporters of the FN theory (Parker, 

1994)^'* have used tunneling through a triangular barrier to obtain a current 

density behavior described by 

, I \ 
jps F- exp^ 

where meft is the effective mass of the tunneling carrier, and H is the injection 

barrier. The experimental results showed a reasonably good correlation of 

ln(J/F^) vs. 1/F. The most important support for the applicability of this theory is 

the temperature independence on the injection current (Vestweber 1995)^®. 
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However, at lower fields, deviations from Fowler-Nordheim are usually noted, 

and the current becomes temperature activated, suggesting that at lower fields 

thermionic emission prevails. Caution is advised, however, concerning the 

identification of a certain injection mechanism based only upon the shape of the 

field dependent current density. 

1.3. Charge Transport 

In organic electroluminescent devices the transport properties of the 

materials as well as the layering structure greatly determine their efficiency. 

Charge transport varies greatly according to the crystalline structure, conjugation 

length, and doping level. In TT-bonded or conjugated polymers, for instance, the 

conductivity spans over a very wide range (<10'^^ to -10^ ohm"^ cm"^) depending 

on doping. The charge transfer may take place by several means: 

i) Delocalized transport, as coherent transfer in a conduction band, which for 

organic solids is likely to be narrow, i.e., comparable to the thermal energy 

kT. 

ii) By quantum mechanical tunneling through, not hopping over, the potential 

barrier; the transition takes place between exactly matching energy levels 

on either side of the barrier. 

iii) Localized transport, as thermally assisted hopping over the potential 

barrier separating two neighboring molecules, or ionic, sites. The hopping 



frequency v betwenn the two sites has the form; v = . Where AE is 

the energy difference between the two sites and vo is the phonon 

frequency. Here, there are many but short distance hops. 

Semi-localized transport, by long or variable range hopping, or 

percolation, meaning non-coherent charge transfer between non adjacent 

molecular or ionic sites. Instead of sharp band edges, here we find tails of 

localized states caused by the potential energy fluctuations due to the 

structural disorder characterizing amorphous systems, such as in AIQ3. 

Chemical impurities in these material add a disorder of composition which 

could make these tails to overlap. Within the tails, prevails a transport 

mechanism that is akin to Brownian motion. That is, a Markovian process 

with an intermediate mobility between that of a delocalized electron wave 

propagating within an energy band and thermally assisted hopping. This 

could partially explain the poorly conducting properties of AIQ3. In this 

case, y = w e . Where R is the separation between the 

sites, Vo represents a phonon frequency, and P is determined by the decay 

rate of the way function with distance. Thus, ^ is usually characteristic of 

the disorder introduced by chemical impurities. Note that high 

temperatures will result in the carrier to do many hops over very small 

distances (phonon assisted hopping), while at low temperatures, it will do 

very few hops but over relatively large distance (variable range hopping). 
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v) By energy transfer resulting from exciton dissociation at the carrier exit 

electrode so as to yield again a free carrier. 

Attempts to resolve the band vs. hopping conduction controversy have 

focused on modeling the temperature and electric field dependence on charge 

transport, typically measured by time-of-flight methods. Most of these efforts 

have been concentrated on random moleculariy doped polymers. The results 

suggest that polaronic charge transfer in the presence of structural disorder can, 

at least qualitatively, explain conduction in these materials. Crystalline 

naphtalene also shows low temperature mobility consistent with disordered 

polaronic transport. 

1.4. Bimolecular Recombination 

Brightness (B) and EL quantum efficiency (rieO are some of the most 

important estimators of the performance of an OLED cell. According to 

Kalinowsky, 1997,^® these parameters are ruled by the interaction between the 

transit time (it) and recombination time (Tree) of an injected charge concentration 

ne from the organic/electrode interfaces. The probability of recombination is 

determined by 

p rrc ^ ̂ rec | 

l + r„,/r, ' 
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with 

r, =dl{nF) 

Charge carrier recombination in an OLED is regarded as a bimolecular 

chemical reaction.In a bimolecular recombination, the rate is proportional to the 

product of the electron and hole molecular concentrations. Charge carriers 

migrate from one electrode to the other, as they move they can i) bimolecularly 

recombine; ii) get trapped (monomolecular recombination) after their transit time 

Tt has elapsed or finally iii) reach the other electrode 

In small molecules or low molecular solids where the intermolecular 

distance is much shorter than the radius rc of the coulombic capture sphere, 

charge transport occurs through preferential hopping to the neighborest sites. For 

these molecules, charge carrier recombination is generally diffusion controlled 

and therefore Langevin formalism can be applied.^® In the Langevin regime we 

have bimolecular type of recombination, that is, minority charges (electrons) 

recombine at a rate ne/irec that is proportional to the product of lx)th electron and 

hole concentrations, ne and nh, 

I — or = — 

where y is the bimolecular rate constant. Thus, 

r . .  n V' 
pr = ' 

l + jU.FI{}n,d) 

u F 

J 
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Taking into account that in a trap free system the total current depends mostly on 

the majority carrier density nn via 

j = jh =eii^n^F or "/. = 

Now, considering that in the Langevin theory the average electron-hole 

pair that approach each other within a distance where their Coulombic binding 

energy exceeds kT will ultimately recombine. The demarcation distance is known 

as the Coulomb raxlms = e-/AjteenkT. At room temperature and for typical 

values of the dielectric constant (e = 3.5), the Coulomb radius 

becomesr^. = \6nm, which is -10 times larger than an intermolecular distance. 

Therefore, the assumption of diffusive transport holds, namely that the mean-

hopping distance of the carrier is shorter than the Coulomb capture distance. The 

carriers' diffusion length D obeys Einstein's relation eD = fikT. Considering that 

rc is much larger than the carriers' diffusion mean distance, we can arrive to 

/ = — 

and hence 

S-I 

esr 

jd 

Since for most organic materials then, 1 + ///,, => I 
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J , e£e,,fi,F-Id Q 1^ •SCL \  

9 j 

-I 

J J 

yf'-»y,then pT =-^ 
J e 

and hence, the recombination efficiency given by the number of minority carriers 

that recombine per unit time ar\6 unit area divided by the total number of 

carriers j injected per unit time and unit area 

„ - pTJ^ - j' 

To guarantee that all charge carriers injected into an OLED recombine, 

both anode and cathode must be able to sustain hole and electron injection 

currents no less than j®^"- each, bearing in mind, though, that the actual cell 

current could exceed j®^"- because of space charge compensation. In order to 

meet the above condition of optimum OLED performance, one should, therefore, 

assess its injection efficiency by separately testing the ohmicity of anode and 

cathode of a device by using appropriate, i.e., non injecting exit contacts. 

1.5. Excited States 

Injection of opposite charges into a molecular compound generally results 

in recombination and excited states formation processes. The excited states can 

be either of singlet or triplet character. These may relax following different paths. 
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Singlet and triplet states present differences on their relaxation mechanisms. 

When allowed, a singlet could directly relax to the ground state with 

fluorescence, a triplet decays to the ground state with phosphorescence. On the 

other side, both singlet and triplet states can decay non-radiatively, transfer its 

energy to another molecule of the same (host) or different species (guest, 

dopants), or undergo intemal conversion or intersystem crossing to a different 

spin state. 

Most organic molecules with Tr-electrons have transitions with high 

oscillator strengths. In a crystal, these transitions give rise to a broadening of the 

exciton bands with energies determined mainly by lattice sums of the dipole-

dipole interactions. Due to these dipole-dipole interactions the excited singlets 

become highly interacting with lattice and thus considerable energy transfer 

processes are usually observed over distances of the order of 100 A. Triplet 

states have a much weaker interaction with the lattice and energy transfer can 

occur at even larger distances, this also allows them a far longer lifetime. 

Exciton formation 

An exciton is a mobile non-conducting excited state, in other words, an 

energy packet forming a quasi-particle obeying Bose-Einstein statistics: a t)0S0n. 

Depending on the existence and strength of phonon-exciton interactions, the 

excitons motion may be described either in terms of a coherent propagation 
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within an energy band or else in terms of a hopping model, i.e., by transition 

between more or less localized states. In organic crystals,^ where the range of 

the coulombic potential is much larger than the intermolecular spacing the Mott-

Wannier formalism can be used to describe exciton formation. 

We regard electrons at the localized LUMO level and holes at the 

localized HOMO level as particles which interact through a Coulomb electrostatic 

potential screened by the dielectric constant e associated with the organic 

material. This can be reduced to the Hydrogen atom problem, with the electronic 

charge replaced by e^/e. The energy Eex = -kT of the bound state will be lower 

than the energy of the non-interacting electron and hole. Thus, there will be 

bound states, the lowest of which extends over a Bohr radius given by the 

exciton characteristic length re* = e^M-rreeokT. 

We have to bear in mind that this model rest on the assumption that rex is 

much greater than the crystal lattice constants. This model applies very well to 

semiconductor type of materials where the energy gaps are small and tend to 

have small effective masses and large dielectric constants. In small molecules or 

low molecular solids this condition is approximately satisfied since the 

^ We should remember here that most candidate materials for OLED are not 
grown, and we don't want them to be, in the crystal form. Thus, most of the 
semicondutor theories are used in this context only as a reference since more 
appropiate models are yet to be developed. 
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intermolecular distance is much shorter than the radius Tc of the coulombic 

capture sphere. The delocalized exciton described by this model is known as the 

Mott-Wannler exciton. A Frenkel exciton is the opposite to the Mott-Wannier's. In 

the Frenkel case, which is based on a single excited ionic level, the electron and 

hole are sharply localized on the atomic scale. 

The situation is different in a conjugated polymer like PPV. In this case the 

electronic building blocks are conjugated, i.e., covalently bonded, segments 10 

nm long and comprising several repeat units. This implies that i) the length of the 

segment may exceed ro, ii) motion of charges forming an e-h pair is highly 

anisotropic, and iii) the concept of diffusive escape on a chain becomes 

inapplicable (Donovan 1981).^° The quantum yield of e-h dissociation ridis 

Increases strongly at higher electric fields while the temperature dependence is 

weak if not negligible (Moses 1998).^^ The prototypical example of that 

phenomenon appears to be a ladder-type poly-phenylene (MeLPPP) in which 

covalent binding leads to exceptionally weak structural disordei (Barth 1998).^ 

The yield ranges from 10"® to 10'^ depending on F and photon energy while 

virtually no temperature dependence is observed. 

The coincidence between the onset of optical absorption and 

photoconductivity in conjugated polymers has been taken as evidence for the 

identity of optical and electrical gap in the sense of semiconductor theory 
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(Pakbaz 1994).^^ However, there is abundant evidence for the primary optical 

excitations being neutral excitations rather than unbound polaron pairs (Bassler 

1997).^'* Both results have been reconciled by associating the photocurrent 

generated by "band gap" light to an extrinsic process (Chandross, 1994).^^ The 

work of Chandross et al on a derivative of polyphenylenevinylene (MEH-PPV) 

supported this hypothesis, as did recent photoconductivity work on an oligomeric 

model compound of PPV (Earth 1997).^® 

Radiative Decay 

After an exciton has been created, the excited states may or may not be 

allowed to decay radiatively. In organic fluorescent dyes only the state of the 

singlet excited states are populated, which concomitantly decays radiatively with 

the same quantum yield as in photoluminescence. The triplet excitons are lost in 

nonradiative transitions or even photochemical side reactions that can be 

potentially harmful for the device stability. According to simple spin statistics the 

ratio of singlet to triplet states should be 1:3.'* Assuming each state has the same 

probability to occur, this will lead to an upper limit of internal quantum efficiency 

The excited states are the result of the pairing of fermion particles with spin ±1/2. 

From all four possible combinations only one final state [^(|Ti)-|it^)i results 

In a total spin S=0 (known as the symmetric singlet state). The resting three 
combinations result in S=1 (known as the antisymmetric triplet states). 
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of 25% in fluorescent materials. Due to device losses, such as absorption at the 

electrodes, waveguiding of the light out through the substrate edges, only 20 % 

of the emitted light is coupled out. From these results a simplistic upper limit for 

the external quantum efficiency will be « 5 %. 

This drawback of fluorescent dyes has triggered efforts to use rare earth 

ions such as Eu^' or Tb^' coordinated to organic ligands, as emitter centers. 

These phosphorescent materials have two major advantages over fluorescent 

dyes: triplet excited states are allowed to decay radiatively and posses pure color 

light emission. In phosporescent materials the organic ligand acts as a sensitizer 

for the otherwise pooriy absorbing rare earth ion. As a result of the close 

presence of the rare earth metal, ion intercrossing is effective in the compounds 

in which the ligand triplet state is populated. From there, the energy is efficiently 

transfered to the f levels of the lanthanide ion. Since phosphorescent materials 

allow triplet radiative decay, the 5% upper limit does not further apply, and hence 

internal QE of 100% should thus be possible. Various groups have reported 

external QE in excess of 5% on green emitters based on Iridium complexes 

[Baldo 1999],^^ [Tsutsui 1999f® and red emissive center based on Eu complexes 

[Jabbour].^® 
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Quenching 

After the exciton is created it can decay radiatively or non radiatively 

through a number of light quenching mechanisms. The quenching mechanism 

are suspected to be due to high electric fields, metal quenching, and aggregates 

quenching. 

Exciton dissociation due to the high electric fields -10® V/cm has been 

reported in OLEDs. Stamper and coworkers reported as much as 60% electric 

field-induced luminescence quenching in thin films made from AIQa.^ They 

attributed the dependence of luminescence quenching on electric field, to field-

assisted hopping separation of charges in localized excited states. Polar 

impurities can generate strong enough localized electric fields to dissociate an 

exciton. 

Metal-induced luminescence quenching of organic films is a serious 

problem for OLED devices.^^ Various mechanisms have been proposed, 

including metallic clustering, band bending at the metal/organic interface, and 

metal diffusion into organic films. Metal diffusion into polymer and organic 

materials has been reported by many groups and is shown to be strongly related 

to the reactivity of metals with the polymer and organic materials.^^'^"^ It is 

generally observed that less reactive metals diffuse much faster in polymer and 

organic materials. Recently, Probst and Haight found that diffusion of Ga into Alq 
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films can occur at room temperature, whereas Ca, a more reactive metal, only 

forms interface states and shows no diffusion into Alq.^ 

The importance of doble layer EL heterostructures is that the electron-hole 

recombination zone can be confined to the interface regions of organic layers. 

Thus, excitons generated in the recombination process avoid quenching at the 

distant metal injecting contacts as happens in single component EL systems 

(Kalinowski 1994).^ Due to the carrier barriers at the organic-organic interface, in 

the TPD/Alqa structure, the recombination zone is located on the Alqa side, 

making Alqa the major emitting layer and reducing quenching at the electrodes. 

By molecular agregatlon or concentration quenching of a triplet molecule 

by a singlet ground state molecule of the same kind, resulting in the formation of 

a triplet excimer (excited dimer). From measurements of photoluminescence of 

films of a soluble phenylenevinylene polymer it has been estimated that the 

quantum yield for excimer formation is as high as 50% for this system. 

1.6. Summary 

In this chapter the intent is to provide an overview of the present theories 

explaining the phenomena of organic electroluminescence. As explicitly 

mentioned, all of these models have shown partial success in the description of 

the behavior of electroluminescent cells. Some of them have shown great 
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capability to fit experimental to predicted data, but lack of solid fundamental basis 

supporting their assumptions. Nevertheless, in the next chapter some of these 

concepts will be used to describe and understand the physical principles 

underlying some of the most efficient and stable EL devices reported in the 

literature so far. 
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Chapter II. 

Design of Efficient OLEDs 

11.1. Introduction 

In this chapter I will highlight some of the requirements set by the 

American National Standards Institute regarding brightness and color-coding in 

visual display technology. Brief discussion of the methods used to enhance 

OLEDs performance will also be presented, mainly (a) the use of LiF and Li 

along with aluminum cathode, and (b) the use of highly fluorescent molecular 

dopants to enhance device light output, stability and quantum efficiency. 
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11.2. Brightness and Color Requirements 

One of the most important applications for OLEDs is in the field of flat 

panel displays, which is expected to surpass a 20 billion market in 2010. It is 

therefore important to point out the optical and electrical requirements necessary 

for OLEDs to make it successfully in this area. The American National Standards 

Institute (ANSI) in collaboration with the Human Factors Society (HPS) 

developed in 1982 the standards to govern the design of visual display 

technologies (VDT). The standard ANSI/HFS 100-1998 was approved on 

February 1988. By 1989 many companies and the Department of Defense were 

already working to include this standard in their organization.^ The 90 pages 

standard has set multiple provisions for the luminance compliance of displays. 

For a given display, either the character or its background, whichever is of 

greater luminance, shall be able to achieve a luminance of at least 35 cd/m^. 

However, a value in the range of 35-100 cd/m^ is recommended because it is the 

range where variations in luminance do not appreciably increases (or decreases) 

our eye's ability to perceive a character. Therefore, unless other image 

requirements are established there is no known reason to specify a greater 

value. 

The ANSI/HFS standard also provides references for legibility as a 

function of contrast, as well as a definition of the maximum and minimum 
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luminance as measured with a micro photometer. In flat panel displays based on 

OLEDs, light is emitted from an ultra thin multilayer structure having a highly 

reflecting cathode as a background. The high reflectance (R) of the pixel's 

cathode could be problematic in the sense that it also allows for ambient 

Illuminance to be reflected as well. Moreover, light emitted from adjacent 

pixels will also be reflected as well leading to color contamination problems, 

which results in images with inaccurate color mixing. For OLEDs pixels in their 

off state, the luminance is The pixel-to-pixel discrimination ratio D is 

given by 

D = l+^^>5 
RE. 

In this case, assuming a luminance level L of 100 cd/m^, Ea=500 lux= and 

R~80%, the minimum brightness required to comply with the ANSI standards will 

be > 200 cd/m^ (Forrest 1998).^® 

Depending upon the driving display scheme, the brightness minimum can 

be much higher than mentioned above. For example, in a simple passive 

addressing approach each display row is powered for a maximum time of 1/N, 

where N is the number of display rows. Thus for a 1000-line display with an 

average brightness of 100 cd/m^ the individual elements must operate at a 

brightness 1000 times greater to compensate for the 999 pixels off. That is, each 

ANSI establishes an illuminance of Ea = 500 lux (1lux=1lm/m^) 
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pixel must produce 100,000 cd/m^. While such brightness is achievable, lifetime 

will be seriously reduced. Adopting active matrix display, instead, might alleviate 

the lifetime problem. In this case, each pixel on the display has its own driver. 

Unless the electronics in passive matrix display advances to the point where less 

brightness is demanded from a single pixel to achieve a given average 

brightness, the most successful scenario for OLEDs to be used in high definition 

displays is to use active matrix schemes. By doing so, the minimum brightness 

of -200 cd/m^ corresponding to the ANSI standard could be easily achieved 

without compromising lifetime issues. 

in addition to pixel-to-pixel discrimination ratio, the ANSI standard 

recommends that all colors in a set differ from one another by a minimum of 40 

color difference units, in CIE L'u'v* space. This color-coding is used for 

discrimination between items of displayed information or to make particular items 

conspicuous. This requirement sets important restriction on the emitter's color 

purity that needs to be considered in the fabrication of full color OLEDs display. 

11.3. Cathode Design Considerations 

The brightness and efficiency of OLEDs depend on the proper balance of 

the density of electrons and holes in the emission layer, so that effective charge 

injection into the organic materials and acceptable charge mobilities are critical 

for optimum device performance. For the hole-injecting contact, indium tin oxide 
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(ITO) is often used because of its transparency and high work function (4.5 eV) . 

On the other hand, an efficient electron-injecting contact is usually a low-work-

function material such as magnesium, calcium, or lithium. However, these 

metals are reactive and/or have poor adhesion to some organic materials that 

are used in OLEOs fabrication. To circumvent these problems, these materials 

are typically alloyed with metals such as aluminum or silver. For example, a Ag: 

Mg alloy cathode is more stable and resistant to corrosion in air than Mg 

cathode. 

60nm 

60 nm 

ITO 

Glass 

1.2 

......: w 
"E 0.8 
cu 
::J 
a 

I I I I I I I I 

Mg-cathode 

~TT 
-

T 

~ 

~ 0.4 -w T A1-cathode 
o T ••••• 

~ ~· ~T •••• 
Oo r- ~., • ....._ ••• ~~ -

. I I I I 

2 4 6 8 10 12 14 16 

Bias Voltage (V) 

Figure 1 Typical device structure configuration with either an aluminum or a 
magnesium cathode (left) and effect of using a low work function magnesium 
cathode rather than the higer workfuntion aluminum cathode. 

AI is a well-known contact material in silicon integrated circuits and 

exhibits good corrosion resistance, whereas its high work function precludes the 

application of AI to low voltage OLEOs. However, since work function is a surface 

rather than a volume property, it has been shown that a stable metal such as 
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aluminum can be efficiently used as a cathode providing that its surface 

electronic properties have been optimized. 

A number of research groups40
'
41

'
42 have reported the use of an ultra-thin 

LiF intermediate "layer" between an aluminum cathode and the organic layer. In 

this case, the presence of the thin alkali halide LiF layer at the organic AI 

interface significantly enhances electron injection and reduces the operational 

voltage of the device. This bilayer cathode is also more stable when compared to 

Mg0.9Ag0.1, and is ideally suited for silicon-based micro display fabrication. The 

figure below shows the effect of the LiF layer on a typical OLEO structure. 
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Figure 2 Typical device structure with the hole injection layer LiF inserted 
between an aluminum or a magnesium cathode (left) and difference in external 
quantum efficiency (0/ophotons/electrons) for both AI and Mg cathodes. 

It is noteworthy, as depicted in the figure above, that the cathode having 

the combined structure of AI and thin LiF layers is effective in raising the 

quantum efficiency of the EL emission. So far, the increase of the quantum 
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efficiency has been attributed to the improved balance between the number of 

electrons and holes. 

The increased electron injection rate leads to a shift of the light-emitting 

zone to a region close to the organic/organic interface, away from the quenching 

effects of the metallic cathode. This shift was concluded to be one of the reasons 

for the improvement of emission efficiency owing to the favorable interference 

effect of light in the device. Hung et al. explained that the LiF layer acts as an 

insulator and assists the tunneling injection of electrons from Al to Alq."^ 

However, experiments done by Jabbour et al."*^ show that device performance 

can be enhanced when a thickness equivalent to submonolayer of LiF is 

deposited on Alq before the Al cathode deposition. This result, and others below, 

suggest that the enhanced electron injection is not due to tunneling, but rather 

other effects that need to be unveiled. 

Since the work function is determined by the surface properties, only a 

small amount of LiF, if it is effective in lowering the work function of Al, is enough 

to improve the device performance. When the LiF is thicker, the device 

operational voltage is higher. However, the peak quantum efficiency is the same. 

These results indicate that only few angstroms of LiF are needed to optimize 

device performance. This finding is consistent with the decrease of the effective 
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work function wfien LiF is deposited on freshly cleaned Al substrate.'^ The figure 

below describes this effect. 
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Figure 3 Effect of LiF thicknesses on aluminum's work function and external 
quantum efficiency (% photons / electron) of EL cells. The LiF thicknesses were: 
0 A (•), 8 A (•), 12 A (o), and 22 A (•). 

The current-voltage properties of devices with an AI/LiF cathode show the 

same behavior as those with an Mg:Ag cathode except that the curves shift 

toward lower voltages, suggesting that the electron injection from AI/LiF is also 

due to Schottky emission.'*® Based on this model, the lowered operational voltage 

indicates that the work function of the AI/LiF electrode is lower than those of 

Mg/Ag and Al. The lowering of the work function is probably due to alloying of Al 

with LiF at an atomic level at the interface, similar to Haskal et al.'*® experiments, 

which established the formation of Al-Li alloy upon the deposition of alternating 

layers of Al and Li. 
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The AI/LiF cathode is not the only way AI can be used in an OLEO to 

obtain an efficient electron injection. Jabbour and coworkers reported improved 

EL performance can be achieved by doping the AI cathode with either LiF or 

CsF47 as compared with double layer cathodes. The composite cathodes 

consisted of 1-3°/o CsF or LiF doped AI, the device structures were as follows: a) 

ITO/TPO (60 nm)/Aiq3 (60 nm)/AI (11 0 nm); b) ITO/TPO (60nm)/Aiq3 (60nm)/Mg 

(11 0 nm); c) ITO/TPO (60 nm)/Aiq3 (60nm)/AI-CsF (50 nm)/AI (60 nm); and d) 

ITO/TPO (60nm)/Aiq3 (60 nm)/AI-LiF (50 nm)/AI (60 nm). The results are 

tabulated below. 

Table 1 Comparative performance of AI-LiF and AI-CsF composite cathodes in 
OLEO performance. 

I 
Cathode1 Al1 Mg ll..iF/AI, AILL.iF AI-CsF j 

composite composite , 
- - I 

Driving voltage (V) 12.6 9.6 9.6 5.9 6.7 

Efficiency ( cd/ A) 0.6 3.6 3.6 3.7 4.6 

Power eff. (lm/W) 0.15 1.2 1.2 2 2.3 

Ext. Quant. Eff. (0/o) 0.2 1.1 1 1.1 1.5 

The OLEOs device performance based on AI cathode can also be 

improved by using a thin layer of organic-LiF or organic-CsF. 47 This method of 

improving device performance was also demonstrated by Kido et al. 48 but this 
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time they doped a thin layer of Alq with highly reactive metals such as Li, Sr, and 

Sm. In this case, the device structure consisted of glass/ ITO/ arylamine/ Alq/ 

Alq.metal/ Al. Only the devices made with Li-doped Alq layer showed luminance 

enhancement, from 3400 to over 30 000 cd/m^ for undoped and Li-doped 

cathodes respectively. Kido explains the improvement as arising from the 

generation of radical anions of Alq serving as intrinsic electron carriers, which 

result in low barrier height for electron injection and high electron conductivity of 

the Li-doped Alq layer. 

The effects of Li on Alq were further elucidated by inspecting the EL 

characteristics of devices where the thickness of the Li-doped layer was varied 

but keeping the total thickness constant. When the thickness of the Li-doped 

layer is increased from 50 to 600 A, the current density at 9 Volts increased from 

110 mA/cm^ to 360 mA/cm^. Moreover, the luminance at the same voltage did 

not Increase accordingly, and hence the device efficiency dropped from 3.9 to 2.9 

cd/A, which was thought to be due to the quenching of PL by the Li doping to Alq. 

Kido concluded this report disregarding the importance of the cathode's 

selection on the EL efficiency as long as Li could be in contact with the Alqa 

layer. However, such strong assertion was not supported with any data showing 

independency of EL efficiency for devices made with different cathodes. On the 



48 

other hand, various groups have shown the importance of cathode selection on 

OLEDs performance. 

11.4. Doping of EL cells 

In addition to using LiF or Li to increase device performance, the usage of 

organic dyes as dopants in both the electron transport/emitting or hole transport 

layers has been shown to be a very effective mean in improving device efficiency 

and lifetime of molecular OLEDs. Some of the reasons behind the use of 

molecular dopants are: (a) their high photoluminescence quantum yields, and (b) 

increasing device stability by impeding crystallization of the host material and 

thus prolonging device shelf lifetime. 

The use of these dyes require controlled doping levels at concentration 

between 0.5-5% by weight. Higher dopant concentrations seem to result in 

dopant aggregation, which leads to self-quenching of luminescence, and 

therefore decrease in device efficiency. 

Quinacridone derivatives, which are highly fluorescent pigments, are often 

used as dopants to enhance the efficiency in green OLEDs. Like the 

phthalocyanine pigments, quinacridone derivatives are also known to be stable 

under ambient environment, light and temperature. Another very interesting and 

popular organic dye is 5,6,11,12-tetraphenylnapthacene (rubrene)."*® Zhi-lin et al 
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used rubrene as a dopant in the hole-transport layer TPD of a double-layered 

structure OLED.^ The use of rubrene changed the region of light emission, 

increased the luminescence efficiency by more than 50% and improved their 

device stability tenfold. 

The overall effect of dopants, such as quinacridone, and rubrene in 

OLEDs performance and stability has been nicely illustrated by Sano and 

coworkers, a group of researchers at Sanyo Electric Co, Ltd, Osaka, Japan. 

Two mechanisms of the EL enhancement in doped OLEDs have been proposed 

to date.^^-^ One is the excitation energy transfer from the host to the guest 

molecules. The other is the charge recombination on the guest molecules. In a 

general sense, the choice of mechanism depends on the dopant-host electrical 

characteristics. 

The Sanyo group has carried out extensive studies in host-dopant 

systems in organic electroluminescent (EL) devices. When an appropriate host-

guest combination was found, significant improvements were observed. Their 

BeBq2-based green EL cells, for instance, once doped with 2,3-quinacridone 

shown a maximum efficiency of 18.1 Im/W and peak luminance of 122 000 cd/m^. 

A yellow EL cell doped with rubrene showed similar improvement with a 

maximum efficiency of 14.4 Im/W and a half-decay time of 25 000 h from 130 

cd/m^. Likewise, peryiene was doped into 1AZM-Hex, an azomethine-zinc 
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complex, to produce very bright blue emission of up to 10,000 cd/m2 at 9 volts 

and 1.9 lm/W at 100 cd/m2
. 

On the other side, the sharp red electroluminescence coming from an Eu-

(TTA)3 (ph en) doped EL cell, with the same blue host material 1 AZM-Hex, 

showed a weak host-guest energy transfer process which resulted in poor 

performance with only 140 cd/m2 at 23 volts. Sana and coworkers concluded 

their report suggesting an ideal energy scheme and molecular design for a guest 

emitter as shown in the figure below. 
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Figure 4 Proposed Energy band diagram for stable OLEOs (left) and ideal 
molecular structure (right) 
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11.5. Summary 

The most successful paths to increase the external quantum efficiency of 

these devices consist of: i) enhancement of the electron injection mechanism, 

and ii) increasing the rate of radiative decay. The electron injection has been 

enhanced by lowering the energy barrier at the cathode/electron-transport-layer 

by a mechanism not yet clarified. As mentioned in this chapter before, some 

groups believe the enhancement is associated to changes in the AIQ3 electronic 

configuration upon insertion of a Li, or LiF layer nearyby. While others have 

shown evidence of a change in the work function of the cathode surface. 

Since charge injection is obviously an interface phenomena, the observed 

improvement of these EL cells shall be explained through changes in either or 

both the electron-transport-materiars surface and the cathode's surface 

electronic configuration. It is clear to me that LiF affects the cathode surface 

strong enough to explain the lowering of the energy barrier at its interface with 

AIQ3. Moreover, unless conclusive data showing changes in the LUMO level of 

AIQ3 after LiF deposition is presented, Kido's theory will lack the required 

exoerimental support. We have not yet elucidated the mechanism of electronic 

interaction between AIQa and LiF, therefore, the reported fact that LiF quenches 

the light emission of AIQ3 can not be extrapolated to changes in its LUMO level. 
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As we move forward in enhancing electron injection and transport in these 

devices, we might arrive to the point that hole injection will becomes the limiting 

factor to further enhance the external quantum efficiency. But at this point the 

present structures are in more need of a morphologically stable hole transport 

material even at the expense of having lower hole mobilities. The hole transport 

structure, whether single, double layer or mixed, has to be chosen also to reduce 

its energy barrier for hole injection at its interface with the anode, to decrease 

operational voltages and concomitantly to increase the power efficiency. 

Lowering the energy barrier for hole injection could also be achieved by using 

alternatives to ITO cathodes. 

Thus, for the current materials in use, stability could be improved by 

having a more stable hole-transport-material and by reducing the amount of 

needed power, via doping and energy barriers lowering at both electrodes. 

Enhancing the external quantum efficiency could be done by: i) further increase 

of electron injection and transport, as well as ii) engineering EL structures with 

more confined electron-hole recombination zones, ii) preventing excitons 

migration, and iii) using more stable phosphorescent materials, etc. 

At this point, commercialization of OLEDs structures aims more towards 

the development of more stable devices rather than more efficient devices, 

though; lifetime is intimately related to the power efficiency to certain extent. In 
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the next chapter I will describe the fabrication of these EL cells and the 

characterization techniques I utilized in my experiments as described in the 

chapters IV, V, and VI. 
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Chapter ill. 

Fabrication and Characterization of OLEDs 

111.1. Introduction 

in this chapter I review both i) OLED device fabrication and ii) the main analytical 

techniques I was delightfully forced to understand and/or operate in order to 

characterize my samples. A complete description of our set up to characterize 

the l-V-L behavior of our samples is included. 

Ili.2. Device Fabrication 

Fig. 1 (see Chapter II) shows a typical device structure used in most of my 

experiments. ITO coated glass with 20 n/sq, purchased from Donnelly Applied 

Films Corporation, was cut into 2.54 x 2.54 cm^ pieces and then ultrasonically 

cleaned in a bath of acetone, isopropanol, and methanol sequentially. A 120 nm 

SiO stripe was deposited to allow device testing without short circuiting. The 

substrates were cleaned again with the atXDve described process and then air 
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plasma ashed to remove any residual organic contaminant and to allow further 

enhancement of ITO work function. 

Thin film deposition 

To deposit the organic materials, the Spin Coating technique was used 

when depositing polymer or polymer blends, otherwise, for small molecules. 

Physical Vapor Deposition was employed. 

The substrates are loaded into a 4" dia substrate holder. When needed, 

the temperature of the AIQ3 source was monitored with a K-type thermocouple 

wire cemented to the Boron Nitride (BN) crucible. The holder was loaded into a 

vacuum chamber capable of sustaining a pressure of 10 ® Torr during deposition. 

111.3. Device Characterization 

l-V-L characterization^'* 

For the electroluminescence characterization, We first measure the optical 

power by a calibrated silicon photodiode, and then convert it to number of 

photons per second for a specific wavelength. The ratio of the number of photons 

per second to current density defines the external quantum efficiency. Another 

important parameter to evaluate device efficiency is the rate of optical power out 

of the device (lumens) per injected electrical power (watts). The power efficiency 
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or lumens/wat along with the lifetime of a device determine the device's 

candidacy for commercialization. 

The 1-V-L set up is depicted in the figure below. The source-detector 

system was calibrated with a precalibrated light source. The field of view (FOV) 

of the detector was underfilled according with manufacurer's specifications for 

our configuration. Since OLEOs are usually considered lambertian sources (i.e., 

source radiance is angular invariant), the angle between source and the optical 

axis of the detector was considered unimportant in our calculations. 

The units used in our calculations for the luminance or .. brightness .. is the 

candela/m2
. The candela is the luminous intensity in a given direction, of a 

source that emits monochromatic radiation of frequency 540x1 012 hertz and that 

has a radiant intensity in that direction of (1 /683) watt per steradian55 
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Figure 5 Optical layout for the 1-V-L and lifetime characterization of our OLEOs 
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First, the current output from the detector was converted to the radiant 

power incident at the detector (A), given in units of Watts, by 

'ac (A)c/A 

where 5v''"(A)is the known spectral responsivity of the photodetector. To solve 

this equation for , we recall that 

(A) 

where 0^, (A) is the normalized power spectral emission of the OLED, that is 

^0^j {A)ciA = \ then the detector's current equation can be rewritten as 

'j,, =C:"]3t"UXfi^a)dA 
0 

and therefore 

— = or 0, = 

0 0 

Thus, the number of photons incident at the detector can be found by 

that is 
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j9J'^-'(/l)0^,(/l)^//l 
0 

Thus, and since the number of electrons ne being injected at the OLED is 

= JA^ I q , where J is the current density, As is the emission's area, and q is the 

electron charge, then, the external quantum efficiency /;^,can be calculated by 

 ̂ '' 
/'C JA, 

0 

One of the most important parameters to evaluate an OLED's 

performance, the power or luminous efficiency rji. the devices is defined as the 

ratio of the optical power coming out L^ A^ of the device per electrical power VI 

injected. U is the source luminance, usually given in cd/m^, or "brightness," and 

Ad is the detector's area. Thus, 

n, dm / Watts) = ^ 
VI JV 

where Q is the projected solid angle (Q = ;r, for lambertian sources). The 

luminance is a photometric variable, therefore, defined as a function of the eye's 

luminous eficacy K{k), by 

0 
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The eye can be adapted to different illumination levels, and therefore has 

different luminous efficacy depending if it has to adapt to the darkness (scotopic 

vision) or to a bright day (photopic vision). The eye response at night has 

{X) = \125lm I watt at A = 519 nm. For most applications the calibration of a 

luminous source is made in the basis of photopic vision conditions, here the eye 

has a peak response of 6121m/watt at A = 555 nm. Thus, the 

luminance is normally set in terms of the normalized photopic eye response 

phoiopic 
p^ak 

KiX), then 

or In terms 

jvU)<p^^(A)dA 

=673^ 0 

0 

the power and quantum efficiencies can finally be written as: 

/7, =673 or = _ 'jc. <7 

0 0 
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III.4. Film Evaluation 

Thickness Measurement 

For all our devices, the deposition rates for the organic materials and the 

metal cathodes were 2 and 10 A/sec, respectively, as indicated by a quartz 

vibrating thickness monitor located near the substrate holder. To ensure a fair 

comparison analysis, the distance between the source and the substrates was 

about 30 cm and the substrate holder was rotated at 18 rpm. The thickness 

monitor was calibrated using two external tools: Low Angle X-Ray Diffraction 

LAXD, and a Mechanical Profilometer. 

Crystal Oscillator Calibration by LAXD 

Among the many methods of film metrology are x-ray reflectivity at small 

incident angles LAXD,^® thickness profilometers, and crystal quartz thickness 

monitors. Most of the films analyzed in my experiments are mostly made of 

organic materials. Organic materials are "softer" (elastic moduli of a few GPa or 

lower)*^'^^ than inorganic ones, so using a profilometer to measure their 

thickness by direct contact with these films did not appear to be a reliable 

technique at first glanze. The use of x-rays as a probe to analyze our films 
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structure has the great advantage of being a non invasive technique. In this 

alternative method, the specular reflectivity of x-rays from the film surface is 

measured as a function of incident angle for small angles under a Bragg-

Brentano 6-26 configuration. LAXRD has been used also to study the structural 

degradation stages of organic electroluminescent cells.^ 

Since the index of refraction of materials for x-rays is not exactly one, x-

rays are reflected from interfaces between materials of differing electron density. 

X rays reflected from each interface interfere, giving rise to oscillations of the 

reflectivity versus angle. These oscillations are called thickness fringes or Kiessig 

fringes. The analysis of these reflection curves can be complex and involves a 

nonlinear least-squares fit which exhibits many local minima.^® 

Under special treatments, some polymeric materials like PPV can reach over 
high 30 GPa, and that could make them an ideal candidate for flexible OLEDs. 
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5 

Figure 6 LAXRD of a 60 nm thick AIQ layer deposited on a silicon substrate. The 
data was taken in a diffractometer using Cu-Ka radiation from a Rigaku UltraX 18 
kW X-ray generator. The figure shows an excellent matching of the "measured" 
thickness by a quartz crystal monitor (60nm) and the x-ray fitting data assuming 
a 61.2 nm thickness. 

For the present analysis I used a computer program60 that requires input 

of several materials and structural variables, such as absorption, refractive index 

and density to calculate the expected spectrum. The figure above shows the 

good match between the reading from the crystal quartz monitor (60nm) and the 

LAXRD fitting (61.2nm). Similar behavior was found for a TPD film. Thus, the use 

of LAXRD functioned as a calibration tool to verify the crystal monitor readings. 
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III.5. Surface Morphology 

Atomic Force Microscopy (AFM)®' 

As shown in the picture below, as the nano tip (20-60 nm) is close enough 

to the sample the atomic forces are strong enough to bend the ^100 pm long 

cantilever. The bending is monitored by a laser being reflected off the gold plated 

cantilever surface. The bending results in the laser beam reflected to a different 

direction, the beam is then usually reflected off a mirror and reaches a 

photodetector. The photodetector is able to measure the amount of light incident 

of its upper half and how much on its lower half. In the contact mode, the 

detector's differential information is is then converted into tip-sample separation 

by the apropriate mathematical relations. The tip is then locked or "engaged" to a 

desired tip-sample force. Then, a set of piezoelectric transducers under the 

substrate or on the cantilever are scanned in the X-Y plane, and a third piezo 

repositions the sample/tip to matain a constant force at the tip. The required z 

adjustments at each x-y position are then mapped to provide a topographical 

image of our samples. This mode was selected in my experiment when materials 

with hard surfaces, such as ITO or the electrodes, needed to be inspected. 
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Figure 7 Piezo-driven sample for contact mode AFM (left) and bimorph oscillating 
cantilever for tapping mode AFM (right) 

Since, organic materials are relatively soft, minimization of force 

interactions between the AFM tip and the sample surface is required for non-

destructive imaging of most polymer samples. This need was met with the 

introduction of tapping mode imaging, which allows examination without damage 

or surface alteration of a broader range of soft materials than the traditional AFM 

contact mode. Tapping of soft surfaces by the oscillating AFM tip prevents 

damage by eliminating the lateral forces that are inherent to contact mode (where 

the tip is simply dragged across the surface). Because of this gentler imaging, 

TappingMode is now the predominant technique for polymer studies. As I describe 
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in Chapter IV, the use of tapping mode AFM was needed to evaluate the surface 

topography of soft materials like TPD. 

The effect of contact mode AFM on soft materials can be seen by taking 

an Image of a small area and then reimaging in a bigger area containing the 

previous one. The first scan can be easily seen, in the case of TPD, as a square 

hole in the center of the bigger scan. One more drawback is the adhesion of TPD 

to the tip, so the tip becomes bigger than the sample's features, and the resulting 

image is the "tip's image" as it is scanned by the sample features. This image is 

identified by a recurrence of the same shape all over the micrograph. 

Tapping mode imaging overcomes some of the above described 

limitations by alternately placing the tip in contact with the surface and then lifting the 

tip off the surface to avoid dragging the tip across the surface. TappingMode 

imaging is implemented in ambient air by oscillating the cantilever assembly at or 

near the cantilever's resonant frequency using a piezoelectric crystal. The piezo 

motion causes the cantilever to oscillate with a high amplitude (the 'Iree air" 

amplitude, typically greater than 20nm) when the tip is not in contact with the 

surface. The oscillating tip is then moved toward the surface until it begins to 

lightly touch, or 'lap" the surface. 
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Wether tapping or contact mode, the understanding of the AFM 

topography information appears to be quite simple, but as for most analytical 

techniques, it is not. In my recent visits to companies working in OLEOs, I noticed 

a wrong practice of describing a sample's topography by only its RMS 

roughness. One of these companies was actually patenting a "highly smooth" 

conductive polymer with only 2 nm RMS roughness. The nanotube-like sample's 

AFM micrographs looked beautyful but they showed oscillations -20 nm of 

amplitude! The reason of this apparent discrepancy that an AFM "translates" 

roughness as high frequency oscillations, so while in the frequency domain, the 

software gets ride of the low frequencies, as the ones observed having periodical 

structures. So, RMS roughness is not enough. As in a normal statistical 

distribution we must provide at least the average roughness and its deviation. 

The AFM system I used for my experiments was a Digital Instruments 

Nanoscope Ill as the one shown in the picture here. 

Figure 8 Dl Nanoscope Ill, multi mode Scanning Probe Microscope 
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Figure 9 Frequency and amplitude changes as the tip moves closer to the 
sample in Tapping Mode AFM. 

Scanning Electron Microscopy (SEM) 

The SEM uses electrons instead of light to form an image. A beam of 

electrons is produced at the top of the microscope by heating of a metallic 

filament. The electron beam follows a vertical path through the column of the 

microscope. It makes its way through electromagnetic lenses which focus and 

direct the beam down towards the sample. Once it hits the sample, other 

electrons ( backscattered or secondary) are ejected from the sample. 

Detectors collect the secondary or backscattered electrons, and convert 

them to a signal that is sent to a viewing screen similiar to the one in an ordinary 

television, producing an image. 
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Chapter IV. 

Screen Printing of OLEDs 

IV.1. Introduction 

Screen printing has become the basic low-cost technique for the 

product ion of  th ick f i lm microelectronic  c i rcui t ry ,  solar  ce l ls ,h igh Tc 

superconducting tapes®^, electro phosphorescent devices,^^®^ microsensors,®^ 

fuel cell appplications,®® etc. Recently, two unconventional techniques both 

Screen Printing and ink jet printing have been introduced in the processing of 

chemical sensors arrays.®^ Hart et al, for instance, has succesfully fabricated 

electrochemical lactate sensors via screen- and/or ink jet printing of the required 

electrodes.®® The so obtained prototype amperometric sensors based on lactate 

oxidase exhibited small linear ranges and high stability. Electrodes retained their 

activity when stored dry; activity remained high for 244 days. 
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Ink jet has also proven to be an alternative for the patterning of organic 

electroluminescent devices.®® ®® The remarkable advantages of this technique for 

multicolor patterning of polymer EL cells has been published elsewere.®® The 

increasingly stringent demands for ultrafine printing of microelectronics has 

moved the last decade's traditional screen printing methods into more and more 

scientifically based methods. Both screen characteristics and paste rheology 

engineering have suffered tremendous improvements. Many different variables 

which were neglected before, such as materials purity, fine control of the paste 

viscosity have nowadays received considerable attention. Long neglected 

concepts such as thixotropy^ have now become the source for revolutionary new 

materials in the field of Screen Printing. 

IV.2. Rheology Considerations for Fine Screen Printing 

A thixotropic material has a time-dependent fluid behavior in which the 

apparent viscosity is brought to a new microstructural equilibrium by competition 

between processes of tearing apart by stress ann flow induced collision, in a 

shearing time that can last minutes. Then, when the flow ceases, Brownian 

motion is able to move the elements of the microstructure around slowly to more 

The word thixotropy combines the greeks words thixis (stirring or shaking) and 
trepo (turning or changing shape). Thixotropy refers, in a simplistic way, to 
reversible changes from a flowable fluid to a solid elastic gel. 
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favourable configurations, which statistically resembles the original structure. 

Thus, the whole process is completely reversible. The importance of this concept 

can be understood when trying two fulfill two opposite requirements for the paste 

used in screen printing. One is that the paste should flow to remove mesh marks 

and surface imperfections. On the other hand, ink should not flow excessively 

since this leads to expansion of the width lines. This could be solved ideally by a 

viscousity-controllabe paste and the manipulation of the wetting properties of the 

paste at the substrate. In a screen printing paste, the use of thixotropic materials 

implies the possibility to temporally decrease the material's viscosity as it passes 

through the screen mesh and increase it as the paste touches the substrate 

surface. Only problem, this materials property should change should in a fraction 

of a second! 

The influence of surface energies on line resolution in screen printing was 

studied by Liang et al.^^ Paste wettability on surfaces was found to decrease as 

the substrate's surface energy decreased. The reduction in wettability is 

predicted to improve the line resolution. For low surface-energy polymer 

substrates the wettability can be decreased by increasing the paste's surface-

energy. For high surface-energy substrates like ceramics, the effective means to 

improve the line resolution is to use high thixotropic pastes. 
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The wetting and dispersing agents in the paste have to be adjusted to 

meet the demands of each application, synthetic rheological additives and in 

terms of purity and morphology, tailor-made metal powders have made it 

possible to develop solvent free paste systems for metallization. The purity of 

metal powders is now typically required for the production of metal pastes is not 

at all well defined. In most cases, only the main metal content is analyzed, 

whereas the presence of trace elenments is normally neglected. But trace 

element content, in particular, can significantly influenece rheological properties 

and long term storage stability of pastes. 

The electrical (semiconducting) properties of the conductive/dielectric 

layers may be impaired, for example, by more or less unintentional doping. In the 

worst case, they can lead to unwanted chemical reactions that also impair the 

electrical properties of the products. Besides all the parameters mentioned, 

heterogenous impurities like the fine dust from produdction environment or 

contamination caused by airborne particles have to be avoidad in order for a 

metallized conductive layer to have homogeneous electrical properties. 

Depending on the specific needs of the various applications, metal powder in 

purities varying from atx>ut 99.9% to 99.9999 are now commerciallly available. 

To achieve such purities, production of course takes place in clean rooms under 

Class 10 conditions. 
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In addition to an adequate chemical purity, the morphology of metal 

powders must be in line with the rheological requirements of the pastes. 

Conventional metal powders do not usually have a suitable morphology because 

of uncontrolled agglomeration,, ireegular particle form and a wide particle size 

distribution. Powders like these are difficult to disperse and make it difficult to 

produce thin layers with consistent properties. Powders which have been 

improved for application in metal pastes show a low level of agglomeration, a 

narrow particle size distribution and a uniform crystalline ahpe and surface. 

Screen Printing is not an art 

Screen printing is no longer an art, but a complex science being 

developed with technological support of state of the arte analytical tools. 

Materials being used for ultra fine line printing of circuits are rigurously analyzed 

with more than 30 analytical methods to characterize their morphological 

properties, and stoiquiometric purity.^° Mass spectrometry, SEM imaging, and 

laser diffraction for particle size distribution analysis based on Fraunhofer 

scattering and Mie's theory of polarization intensity differential scattering (PIDS) 

Thus, fine rheological characterization of the pastes has made it possible to 

regulate the properties tha controll the printing resolution such as viscosity, 

viscoelasticity, pseudoplastic behavior, etc.For example; viscosity duimg printing 

must be able to show a rversible change by a factor of more than a 1000 within 
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fractions of a second. Thus, the pastes rheological properties can be adjsuted 

from free flowing to highly pseudoplastic. 

To create water based pastes, the rheological additives used in this 

pastes have to form a stable, three dimensional cross-linkage at the molecular 

level, whose effect is based on the controlled interaction of hydrophobic groups 

of primarily substituted polyurethane molecules with the surface of dispersed 

powders, while hydrophilic substituents form the rheological structure of the liquid 

phase. A reversible, in this case, physiscal cross-linkage of the entire metal 

powder phase is created in this way thus allowing viscosity to be adjusted as a 

function of the shearing rate.^^ 

For fine line printing, on the other hand, on low surface energy polymer 

substrates, the line resolution can be heightened by increasing the surface 

energies of the paste. If the critical surface tension of a substrate is lower than 

the surface energy of inks, good line resolution can be achieved even though low 

viscosity inks were used. The use of low viscosity inks has quite a lot of 

advantages. 
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Succesful applications of Screen Printing 

Eiectrophosphorescent Panel Displays 

Koiwa^^ and coworkers among others have reported succesful fabrication 

of electro multicolor plasma display panel by screen printing. A transparent glass 

layer was screen-printed on the filter layer to make it flat and level. Then a 

conductive phosphor layer, a mixture of phosphor and InaOa powders, was 

screen-printed on an anode electrode of vacuum-evaporated ITO. The filter layer 

improved the purity of luminous light and suppressed the reflection of outside 

lighting. The addition of a zinc-oxide powder with 0.5-wt.% AI2O3 was mixed with 

a lead glass binder and screen oil and was used as the paste. 

The fabrication process can be described as follows; i) ITO is first 

deposited onto a flexible transparent substrate, such as MYLAR®, ii) then a 

phosphor layer is screen printed on top of ITO. In this technique the screening 

masks have regions of the screen impregnated with a filler leaving open regions 

where the ink can pass through to provide an image below. The phosphor layer 

is printed using multiple screening masks as described atx)ve, with each of the 

screening masks providing a pattem which is needed to generate a phosphor 

region. Printing by this technique produces a phosphor layer having regions of 

uniform composition and will provide a well defined interface between the regions 

of different colors. By partially mixing two diferent inks a phosphor layer was 

formed which emitted light with a marbled spectra. To complete the electro 
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luminescent display device, a dielectric layer is screen printed onto the phosphor 

layer. Finally the top electrode is screen printed onto the dielectric phosphor 

layer. 

Screen Printing of ITQ 

ITO is a highly degenerate n-type semiconductor, that when phase 

optimized has low electrical resistivity of 2-4x10"^ Qcm. ITO is a wide band gap 

(3.3-4.3 eV) material which shows high transmission in the visible and near-IR 

regions of the spectrum. ITO has been used in a wide range of applications such 

as liquid crystal flat panel display and solar cell devices.^^ Because ITO films 

have shown good efficiency for hole injection into organic materials, they are the 

preferable material as the anode contact for organic light-emitting diodes 

(OLEDs).^'* Several deposition techniques have been used to grow ITO thin films 

including chemical  vapor  deposi t ion,magnetron sputter ing,evaporat ion,^® 

spray pyrolysis,^® pulsed laser deposition (PLD).®° ®^ screen printing.®^ 

ITO patterns are usually etched after film formation over the entire 

substrate. However, Photolithographical patterning of ITO by wet chemical 

etching has been a serious problem when using ITO as a transparente electrode 

for thin film devices. The cross sectional TEM investigations demonstrate that an 

ITO film has to be either amorphous or must have many vertical pores in its 

crystalline part if it is to be etchable.®^ Thus, the ITO layers exhibit a high etching 
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rate, since such films consists of very small crystallites imbedded in an 

amorphous matrix. The etching agent can easily lift off grains and diffuse in an 

uncontrolled manner. To avoid this problem, the cost therefore becomes high, 

then, ITO thick film pastes which can be printed directly have been proposed. 

However, although most of these pastes had not been used much, as their 

printability was poor, in 1996, Nakayama et al reported an ITO paste for fine line 

screen printing which is able to print at 0.2 mm pitch." 

There are two types of ITO pastes, the metal-organic type and the powder 

type. The metal-organic type, as it is advantageous for transmittance. Generally, 

metal-organic ITO pastes are produced by dissolving indium and tin alchoxicide, 

chelates, organic acid or complex in organic solvent, and the viscosity is 

enhanced by adding resin or by polymerization. 

Screen Printing Of Organic Electroluminescent Logos 

The pictures below show preliminary results of the use of the screen 

printing technique for the patterning of organic light emitting logos. A PPV 

The 0.2 mm pitch is the standard required for AC type plasma display panels [For 
a review see; Shinoda, T. "Color plasma displays" Oyo Buturi, 68, no.3: March 

1999; p.275-9.] 
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derivative was put in solution form to create a viscous paste. The paste was 

deposited through a nylon monofilament stencil fabric with 120 mesh counts per 

inch, and a thread diameter of 60 J.tm, A more complete description of the 

technique is described in the next section. 

Figure 10 Logos of an Arizona's cactus and a teddy bear printed on an ITO 
substrate. The picture shows the logo's photoluminescece under a UV light 
source. 

IV.3. Application of Screen Printing in the Fabrication of Organic Light-

Emitting Devices 

Since the pioneering work of C. Tang and S. Van Slyke84 multilayered 

OLEOs based on small molecules have advanced to the level where they could 

become the next generation devices for cost-effective, full color, flexible panel 
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displays. In the fabrication of OLEDs, the organic nnaterials are typically 

deposited by spin casting (SC)®® (polymers or polymeric blends), or physical 

vapor deposition®®'®^ (small molecules). However, in fabricating red-green-blue 

(RGB) micro-pixel OLEDs for display applications, these techniques face a 

practical patterning difficulty. Conventional printing routes, such as ink jet 

techniques®®'®® (IJT), have demonstrated their usefulness in RGB patterning of 

micro-pixel OLEDs.®° 

To the best of our knowledge, other printing techniques, such as screen-

printing (SP), have not yet been used successfully in the OLEDs fabrication 

process. SP is one of most versatile, simple, fast, cost effective coating 

techniques. It does not require expensive vacuum technology, and can be 

applied to any surface shape and size, such as windshields, eyeglasses, or inner 

surfaces, unlike SC or IJT. SP is already being used in fine patteming (less than 

60 jim) of multilayered interconnections in integrated circuits,®^ however, it is 

believed that SP is not suitable for deposition of thin films with less than 100 nm 

thickness. In this paper, we demonstrate the use of SP in deposition of a fully 

organic active layer having a thickness of several tens of nanometers and acting 

as a hole-transport layer in multilayer OLEDs. The resulting devices emit light at 

low voltage (<5V) and have an external quantum efficiency of 0.91 %. Although, 

the overall performance at a given voltage is not as good as devices having a 
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spin-coated HTL, the results are very encouraging for a prcx:ess that is in early 

development stages. 

The device and molecular structures are shown in Fig. 11 and Fig. 12, 

respectively. ITO coated glass with 30 Q /sq., purchased from Donnelly Applied 

Films Corporation, was cut into 2.54 x 2.54 cm^ pieces and then ultrasonically 

cleaned in a bath of acetone, isopropanol, and methanol respectively. A strip of 

SiOa was deposited to avoid short circuits in the device during electrical testing. 

The substrates were cleaned again with the process described above, and then 

air plasma ashed to remove any residual organic contaminant and to allow 

further enhancement of ITO work function. 

A 

Figure 11 Molecular structure of AIQ3 and TPD 
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Figure 12 Typal device structure 
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A nylon monofilament stencil fabric with 120 mesh counts per inch, and a 

thread diameter of 60 f.!m, was properly adjusted to its maximum tensile strength 

before plastic deformation occurred (about 4°/o of fabric elongation). The stencil 

was let to relax for 2 days before it was used. The screen was then cleaned with 

chloroform prior to printing of the organic blends on top of the ITO substrates. 

The HTL blends consisted of N-N'-diphenyi-N-N'bis(3-methylphenyl)-[1-1 '

biphenyl]-4-4' -diamine (TPD) and a polycarbonate matrix dissolved in chloroform. 

The HTL blend were stirred for 6 hours and then passed through a 0.4 1-1m filter 

during the SP process. Using SP, the HTL blend was deposited unto several 

substrates. For comparison, the same blend was also deposited on several 

substrates via spin coating (SC). The spinning speed was adjusted to yield films 

with thickness of about 60-70 nm. The substrates were left to dry for 24 hours in 

a nitrogen glove box, and then transported in air to a vacuum chamber capable 

of sustaining a pressure of 3 x 1 o-6 Torr during the evaporation of subsequent 

layers. 



81 

To ensure similar deposition conditions, the substrates with the screen-

printed and spin-coated HTL layer were placed on the same substrate holder 

rotating at 18 rpm and at 30 em from the sources. A 60 nm of the electron 

conducting and light-emitting 8-tris-hydroxyquinoline aluminum (Aiq3) was then 

deposited, followed by a 200 nm Mg:Ag cathode. A multi-substrate-patterned 

mask was used to deposit the cathode resulting in six devices per substrate, 

each device with an active area of 0.12 cm2
. The deposition rates for the organic 

materials and the Mg:Ag electrodes were 1 and 10 A! sec, respectively. For Alq3 

and Mg:Ag, the film thickness was measured in situ using a vibrating quartz 

crystal situated near the substrate holder. Organic materials were purchased 

from Aldrich and used as received without any further purification. 

Figure 13 SEM micrograph of the screen printing pattern left by a 
TPD:polycarbonate blend deposited on an ITO substrate. 
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The figure above shows a SEM micrograph of a typical screen-printed 

pattern of the HTL blend on ITO. The features (about 20(im x 200|im) appearing 

in this micrograph result from the type of screen used and the way we carried the 

SP process. Currently more work is being done on minimizing and/or avoiding 

such feature formation in the printed film. The thickness of the layer between 

these features is about 80-90 nm as indicated by a surface profilometer 

measurement. 

The electroluminescence characteristics of the OLEDs were carried out 

under nitrogen environment. A calibrated silicon photodiode was used to 

measure the power emitted in the forward direction. Here, we define the 

operating voltage as the voltage when emitted light is first detected (greater than 

5 cd/m^ due to an experimental setup limit). Voltage biasing was carried in the 

forward mode with the ITO anode connected to the positive and the Mg: Ag 

cathode to the negative terminal of the power supply, respectively. 

Figs. 14.a), .b) and .c) show the current density (mA/cm^), fonward light 

output (cd/m^) and external quantum efficiency (%) of devices having their HTL 

made with SP or SC. Upon forward bias at low voltage, the periodic features in 

the SP film did not show any light emission. However, at voltage below 5.4 V, 

light emission was visible from areas between these structures. At any given 
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voltage, devices with the SC layer allow for higher current injection, than OLEDs 

with SP layer (Fig. 14.a). 
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Figure 14 (a) Current density vs. bias voltage, (b) forward light output vs. bias 
voltage, and (c) external quantum efficiency vs. bias voltage. Spin coating of 
HTL blend (open symbols) and screen printing of HTL blend (solid symbols). 
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Although both types of devices produced visible green light characteristic 

of Alqa emission, OLEDs made with SP produced detectable light at about 5.4 V 

as compared to 4.4 V for devices made with SC. Moreover, the higher current in 

OLEDs with the SC HTL results in a higher light output than devices with the SP 

HTL (Fig. 14.b). However, Figure 14.c shows that devices made with the SP 

HTL blend have an external quantum efficiency of about 0.91 %, comparable to 

similar devices but with SC HTL blend which in this case have 0.87 % in external 

quantum efficiency. For OLEDs made with spin-coated HTL, we suspect that the 

higher current, consequently higher light output, and operational voltage are due 

to the thinner SC HTL. 

Thus, we have successfully demonstrated the incorporation of the screen-

printing technique in the fabrication process of OLEDs. Although the SP 

application in the processing of OLEDs is not yet optimized, as opposed to the 

well-established SC process in OLED fabrication, the results above clearly 

demonstrate the feasibility of SP technique in the fabrication of OLEDs. 

Systematic studies of the morphology of the screen-printed film and 

device stability are currently under investigation. Due to its simplicity, low cost, 

versatility, and applicability to almost any sort of surface, we anticipate the SP 
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technique to introduce new dimensions in the fabrication of small molecule and 

polymer based OLEDs. 

IV.4. Summary 

Screen printing is a technique for thin film deposition and patterning which 

has already proven its success in the microelectronic, solar cells, and high Tc 

superconductor industry. However, we are still far from producing efficient and 

stable EL devices with this technique, but rapid progress has been gained in our 

short experience at Prof. Peyghamabarian laboratories. The great deal of 

experience from other fields not yet assimilated by us, puts us in a very 

promising stage where we could be the pioneers in OLED processing by screen 

printing, and that experience could later be applied to other thick and thin film 

structures, such as fuel cells, organic solar cells, etc. 
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Chapter V. 

Wetting Effects in Organic EL 

V.I. Introduction 

Since the pioneering work of C. Tang and S. Van Slyke OLEDs based 

on small molecules have advanced to the level where they are now commercially 

available. Considerable efforts have been dedicated to further improve the 

performance and stability of these structures. Failure of these devices has been 

largely  at t r ibuted to  degradat ion of  the organic  mater ia ls ,e lectrode/organic  

interfaces,®® ®^ as well as morphological changes of the electrode layers.®® 

The low glass transition temperature of some common hole transport materials 

has been thought to be one of the main factors behind the thermal breakdown of 

organic electroluminescent diodes. However, several studies Indicate that low 

energy barriers for carrier injection at the various interfaces are the dominant 
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factor for device durability, 02-11 regard, Adachi and coworkers 

found no direct relationship between durability and the melting point or the glass 

transition temperature in devices made using fourteen different HTL's.®® 

We,  and recent ly  others,  have shown the format ion of  segregated TPD 

structures dur ing thermal  vacuum deposi t ion on a  heated substrate .owever ,  

direct correlation between the HTL morphology and OLEDs electroluminescent 

(EL) characteristics is still lacking. The current work addresses the effects of 

wetting properties of TPD on EL characteristics of a bilayer OLED. In this regard, 

we observed that the wetting and film morphology have a drastic effect on the 

power efficiency of the device. 

V.2. Wetting effects of TPD/ITO interface on the power efficiency of 

organic electroluminescent diodes 

Increasing the substrate temperature during the deposition of the hole 

transport layer, N,N'-bis(3-methylphenyl)-N,N'-diphenyl-[1,1'-biphenyl]-4,4'-

diamine (TPD), results in organic light-emitting devices (OLEDs) with decreasing 

power efficiency. The observed decrease in power efficiency correlates well with 

an increase in the loss of wetting between the TPD and the ITO at higher 

substrate temperature. 
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V .3. Experimental 

The organic bilayer device structure used are here is shown in Fig. 15. 

ITO (40 D/sq) coated glass, purchased from Donnelly Applied Films Corporation , 

was cut into 2.54 x 2.54 cm2 pieces and then ultrasonically cleaned in a bath of 

acetone, isopropanol, and methanol respectively. A 120 nm SiO stripe was 

deposited to allow device testing without short-circuiting. The substrates were 

cleaned again with the above-described process, then air plasma ashed to 

remove any residual organic contaminants and to allow further enhancement of 

ITO work function. The substrates were loaded in air into a holder equipped with 

a heating stage. The vacuum system used for these experiments is capable of 

sustaining a pressure of 1 o-6 Torr during deposition. 

AI s 
TPD 

ITO/Glass 

Figure 15 Typical structure of a bilayer OLEO. 

Monitoring of the substrate temperature was carried out by using a 

thermocouple wire cemented to the ITO surface. An additional substrate was 

always placed on the heating stage during the TPD deposition and then removed 

prior to Alq3 deposition. This substrate was used for the AFM inspection of the 
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TPD growth mode. To remove moisture from the ITO surface, the substrates 

were heated up to 130° C for one hour and then cooled down to the desired 

temperature prior to deposition. A 60 nm layer of TPD was deposited first 

followed by a 60 nm Alqa layer. The Mg cathode, 200 nm, was deposited using a 

patterned mask to give six devices each with an active area of 0.12 cm^. The 

deposition rates for the organic materials and the Mg electrodes were 2 and 10 

A/sec, respectively, as indicated by a vibrating quartz-crystal thickness monitor 

located near the substrate holder. The distance between the sources and the 

substrate was atwDut 30 cm. 

The morphology of the TPD films was imaged with a Nanoscope III (Digital 

Instruments) in the tapping mode, to avoid the surface modifications observed on 

the same films when using contact mode. Each tip was inspected prior and after 

scanning to avoid image artifacts. The root-mean-square (rms) roughness was 

calculated by the AFM software on the basis of the stored data as the standard 

deviation of the height z, with respect to the mean height. The absolute difference 

between the highest protrusion and the lowest depression defined the z-range. 

Various micrographs were taken on different areas of each sample to verify that 

the presented topographies were representative of the sample's morphology. 
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V .4. Results and Discussion 

Figures 16 a - c show tapping AFM images of the TPD films grown at 

different substrate temperatures, T 5 . Dramatic changes in surface morphology of 

samples grown at various temperatures could be easily seen in these images. 

The rms roughness varies from 0.8 nm, for films grown at substrate temperature 

(a) (b) 

(c) 

Figure 16 Tapping mode AFM image of TPD film deposited at: (a) room 
temperature, (b) 50oC, (c) 11 OoC. 
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of 21 °C, to about 40 nm for films grown at 110 °C. The TPD tendency to minimize 

the surface energy of the deposited layer is evident in the transition from 

elongated structures (fig. 16.b) at lower substrate temperature into round-shape 

islands (fig. 16.c) of 0.2 jam diameter at relatively higher temperature. The island 

growth mode at higher temperature is indicative of poor wetting between the TPD 

and the ITO surface, which leads to voids formation in the TPD film. 

Fig. I7.a-c display the current density, forward light output, and the 

external quantum efficiency of the OLEDs as a function of the applied DC 

voltage, respectively. During device testing, no significant leak currents were 

observed for devices having the room temperature TPD layer. However, below 4 

V leak currents led to rapid degradation of OLEDs having TPD layer deposited at 

50°C , and immediate failure of devices with TPD layer deposited at 110°C. To 

avoid this, measurements were made with bias voltage higher that 4 V. 

All devices fabricated in this study show green light emission 

characteristics of Alqa- As shown in fig. 17.c, the peak external quantum 

efficiency is not affected as the substrate is heated up to 50°C during TPD 

deposition. However, in the low voltage region, devices with TPD layer 

deposited at room temperature have higher brightness level and external 

quantum efficiency than devices with the HTL grown at 50 and 110°C. The 

increase in operating voltage is the result of voids formation that lead to higher 
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resistance. In this case, the power efficiency is greatly affected. For example, 

fig. 17.a and 17.c show that for a light output level of 150 cd/m^, the operating 

voltage increases by 52% over its value at room temperature. In this case, the 

corresponding increase in current density is about 55%. This translates into a 

significant decrease in the power efficiency of the OLED, a feature not desirable 

for display applications. 
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Figure 17 Electroluminescent characteristics of the OLEDs: (a) current density, 
(b) brightness, (c) brightness (below 300 cd/m2), and (d) external quantum 
efficiency vs. voltage, respectively. 
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Compared to devices witti TPD deposited at room temperature, a 31 % 

increase (at 150 cd/m^) in operating voltage is seen for OLEDs having TPD layer 

grown at 110° C. An increase in current density is also observed for these 

OLEDs devices. In this regard, the current density measured for a brightness of 

150 cd/m^ is about 11 times larger than the case of OLEDs made with TPD layer 

deposited at room temperature. This also results in an increase in device power 

consumption. Moreover, the light emission from devices made with TPD grown 

at 110°C is not uniform, but rather spotty consistent with the grainy TPD structure 

shown in fig. 17.c. 

Preliminary accelerated lifetime tests, using a constant current mode of 6 

mA, shows a drastic failure of OLEDs having TPD HTL grown at 110°C. The 

observed failure occurs within few minutes after the application of the current. 

Also, under the same testing conditions, OLEDs with TPD layer grown at room 

temperature were found to last longer when compared to devices with TPD films 

grown at 50°C. Although, these findings indicate the importance of wetting on 

long term device stability, more work is still needed in this area. 
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V.5. Summary 

We showed how TPD films, grown at various substrate temperature, 

undergo morphological changes leading to island formation at elevated 

temperatures, which reveals poor wetting of TPD on ITO surface. The change in 

morphology of the HTL does not only affect the power efficiency of the device, 

but also its lifetime. 
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Chapter VI. 

In Situ Purification Of Organic IMateriais 

For OLED Fabrication 

VI.1. Introduction 

A simple, direct route to purify, as-deposited, materials for the fabrication 

of organic light emitting devices (OLEDs) is reported. In situ purification of AIQ3 

consistently led to devices with improved external quantum efficiencies, as 

compared with more complicated processes such as recrystallization or zone 

sublimation. The technique has essentially 100 % materials usage efficiency. 

Since the pioneering work of C. Tang and S. Van Slyke^°^ multilayered 

OLEDs based on small molecules have advanced to the level where it could 

become the next generation devices for cost-effective, full color, flexible panel 

displays. Considerable efforts have been dedicated to further improve the 
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performance and stabilization of these structures. Failure of these devices has 

b e e n  l a r g e l y  a t t r i b u t e d  t o  d e g r a d a t i o n  o f  m a t e r i a l s e l e c t r o d e / o r g a n i c  

interfaces, as well as morphological changes^ of the electrode layers 

even in inert atmospheres. 

After the introduction of tris-(8-hydroxyquinoline) aluminum (AIQ3) by Tang 

et.al. in 1982, a large number of research groups have focused their work in 

optimizing AIQa-based OLEDs. This light emitting material has attracted much 

attention because of its high fluorescence yield ((pf 32%) and high glass 

transition temperatures (Tg « 172 °C). However AIQ3 has been reported to 

degrade in the presence of moisture and oxygen even at room temperature [4]. 

This degradation mechanism has found to be detrimental to both materials 

luminescence and device structural characteristics. In this letter, we present a 

successful technique to prevent AIQ3 exposure to moisture or oxygen after 

purification. 

VI.2. Experimental 

Figs. 18 shows a typical the device structures. ITO coated glass with 20 

l/sq, purchased from Donnelly Applied Films Corporation, was cut into 2.54 x 

2.54 cm^ pieces and then ultrasonically cleaned in a bath of acetone, 

isopropanol, and methanol sequentially. A 120 nm SiO stripe was deposited to 

allow device testing without short circuiting. The substrates were cleaned again 

with the above described process and then air plasma ashed to remove any 
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residual organic contaminant and to allow further enhancement of ITO work 

function. The substrates were loaded into a 4" dia substrate holder. The 

temperature of the AIQ3 source was monitored with a K-type thermocouple wire 

cemented to the Boron Nitride (BN) crucible. The holder was loaded into a 

vacuum chamber capable of sustaining a pressure of 1 o-6 Torr during deposition. 

-

+ 

Figure 18 Typical Device Structure 

A 20 nm CuPC, 50 nm TPD and a 70 nm AIQ3 layer were sequentially 

deposited in four ITO substrates prepared under identical conditions. Mg:Ag 

cathode, 200 nm, was deposited using a patterned mask to give six devices each 

with an area of 8 mm2
. Four different samples were fabricated under the same 

conditions but using four different AIQ3. The four different sources were: i) zone 

purified Aldrich's 98°/o; b) zone purified Aldrich's 99.995°/o; c) Kodak's OLEO 

grade and d) in situ purified 98°/o pure Aldrich's AIQ3. For all devices, the 
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deposition rates for the organic materials and the Mg electrodes were 2 and 10 

A/sec, respectively, as indicated by a quartz vibrating thickness monitor located 

near the substrate holder. To ensure a fair comparison analysis, the distance 

between the source and the substrates was about 30 cm and the substrate 

holder was rotated at 18 rpm. 

For the electroluminescence characterization, the optical power was 

measured by a calibrated silicon photodiode, and then converted to number of 

photons per second for a specific wavelength. The ratio of the number of photons 

per second to current density defines the external quantum efficiency. In this 

letter we define the operating voltage as the voltage when emitted light is first 

detected, > 5 cd/m^. 

VI.3. AIQ3 preparation 

The zone purified AIQa's were prepared by gradient sublimation of the as 

received dye Aldrich #41,628-2, 98%, and of recrystallized Aldrich #44,456-1, 

99.995%. The process was made in a glass tube under a vacuum of around 5 x 

10 ® torr. The stated impurity content comes from Aldrich's data sheets giving 

only ppm levels of metallic contaminants, organic impurities are not reported. The 

temperature gradient along the tube varied lineariy from 320 °C at the AIQ3 

source to 120 °C, 20' away from the source. The purified material was collected 

from various zones, 3" long each, of the collection surface and stored for 
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analysis. There was essentially no material deposited in the first four zones. At 

zone 5 the temperature ranged from 180-200°C and contained most of the bright 

yellow AIQ3. At zone 6 the temperature ranged from 160-180°C; at zone 7 from 

140-160°C; and zone 8, which was at the end of the tube furnace, had a nominal 

temperature of 120-140°C. 

Aldrich's AIQ3 99.995°/o was purified by recrystallization prior to zone 

sublimation. All the eight zones had material deposited but only the central ones 

had enough material to allow device fabrication. Devices made from zones 4, 5 

and 6 gave similar results. No separate results are presented for the different 

zones, but only for zone 5. 

+ 

T::: 100 °C T::: 170 °C T::: 180 °C 

Figure 19 Step progression of the in situ purification and deposition of AIQ3 
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The in situ purification of AIQ3 was done by simply pouring Aldrich's 98% 

as received material in the BN crucible and then capping it with a dense layer of 

glass wool, previously cleaned and baked. Figure 19 shows the steps sequence 

of the in situ purification-deposition process. First, we outgassed the material at 

about 100 °C. Then, we increased the temperature slowly up to 170 °C and let it 

rest for 30-40 minutes. At this point green-yellow crystals started to grow in the 

central area of the glass wool top surface. Finally, a small increase in 

temperature provided enough heat to start sublimating the AIQ3 crystals and 

grow a film on our substrates. In situ purification of Aldrich's 99.995% was tested 

but it is not reported here since its much higher content of brown residues rapidly 

clogged the glass wool and the resulting devices quickly failed at low voltages. In 

contrast, Aldrich's AIQ3 98% had more metallic impurities but since they are not 

volatile as these brown residues they seemed to stay at the bottom of the 

crucible. 
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Results and Discussion 
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Figure 20 Electroluminescence characteristics of devices using i) zone purified 
Aldrich's 98°/o ( o ), ii) zone purified Aldrich's 99.995% (:), iii) Kodak's OLEO grade 
(0) and iv) in situ purified Aldrich's 98°/o (7). 



The electroluminescence characteristics of these devices are shown in 

Fig. 20. The l-V-L curves describe the average behavior of the samples made 

with different AIQ3. The results can be described as follows: 

I) Zone sublimated 98% did not have a very stable behavior, the devices 

turned on at lower voltages but devices died faster, 

ii) Recrystallized/zone sublimated 99.995% AIQ3 had average quantum 

efficiencies of 1.2 to 1.4 %. The peak light output was always above 

20,000 cd/m^, but since the current density through the device was also 

higher, the quantum efficiency did not improve significatively. 

ili) Kodak's AIQ3 had comparable behavior to the zone sublimated 99.995% 

material. These devices consumed similar current densities but the peak 

light output was smaller, around 14,000 cd/m^. After evaporation this 

material left considerably more of the brown polymeric residue than the 

other materials. These polymeric residues were often seen on the 

substrate. 

iv) In situ purification of AIQ3 provided brighter and more efficient devices, 

with an average quantum efficience of 1.6 % and as high as 1.8% and 

luminance in excess of 30,000 cd/m^. After evaporation this material left 

mainly a lighter yellow compound in addition to big pieces of a very volatile 

brown polymer and some darker dust collected at the bottom of the glass 

wool. The light yellow residue required higher temperatures to evaporate 

and normally segregates to adopt a more solid form. 
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VI.4. Summary 

In situ purification proved to be a very effective and simpler mechanism to 

prevent a variety of undesirable impurities from reaching the substrate. The 

technique was also very helpful to stop sublimable materials from spitting onto 

the substrate as the crucible is heated. For industrial applications this method will 

maximize materials usage, and for expensive newly synthesized materials that 

are made in small quantities, it could be the only possible way to purify it and 

grow a film at the same time. 
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Chapter VII. 

Future Work 

i. In situ purification of organic materials is a promising technique not only 

for OLED processing but for most sublimable materials. This purification 

process could be improved with the assistance of analytical techniques 

which use vapor phase spectrometric tools. Mass Spectrometry MS, for 

instance could be used to monitor the various compounds coming out of a 

material at different temperatures. The MS data can then be used to 

selectively evaporate a pure material from a compound. As today, the 

OLED field is growing and with it the deposition technologies around it. 

Partnerships among companies are not only focusing on materials and 

structures but also on deposition technologies. Eastman Kodak Company, 

SANYO Electric Co., Ltd. and ULVAC JAPAN, Ltd. announced a strategic 

partnership to jointly develop organic light emitting diode (OLED) flat panel 

manufacturing equipment technology.^^^ In situ purification, therefore, 

promises to become an increasingly important part in all these 

developments. 



105 

ii. Wetting of organic materials proved to severely affect power efficiency of 

OLEDs. However how important is wetting after device has been 

fabricated remains still unknown. Future work could aim to understand the 

wetting evolution as the whole device is heated. This also points to the 

need of measuring the real temperature of this microstructures. The 

construction of temperature microsensors should be done to monitor the 

temperature of this devices as they are operated. 

Screen printing can be used in OLED fabrication and patteming. With the 

development of the science and technology of screen printing, the 

development of this cheap patterning technique seems very promising. 

Much work still remains to be done on the selection of the right screen 

material, the appropriate solvent-polymer combination, and possible buffer 

layer to assist on the printing process. 

http;//www.kodak.ch/US/en/corp/investorCenter/investorsCenterHome.shtml 
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