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ABSTRACT 

Organic light-emitting devices (OLEDs) are traditionally patterned either through 

vacuum deposition masks or by UV lithographs. However, such patterning routes are 

relatively expensive, time consuming, and geometry limited. On the other hand, 

developments in the use of Inkjet printing as a tool to pattern a given electrode promise a 

low cost, maskless, and non-contact approach to generate a myriad of patterns. In this 

dissertation, I will present our exploratory works in ink-jet printing techniques, to pattern 

conductive polymers for use as electrodes with predefined shapes and controlled 

conductivity. Our work have been extended to explore printing with multiple inks, which 

mix and/or react with each other, for the developments of Inkjet combinatorial techniques 

and for the use in making artificial muscles. Many factors including surface tension of 

the printed solution, substrate surface properties, and drying conditions have a direct 

effect on the final quality and performance of the organic based devices. Issues related to 

device fabrication on flexible substrates will be discussed and the results of tested devices 

are shown. 
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INTRODUCTION 

Organic light-emitting devices (OLEDs) preset a subject of interest to many 

researches due to their promising attributes for applications in flat panel displays. The 

ease of fabrication, wide-viewing angle, wide range of colors, and mechanical flexibility 

are some of the attractive features of such devices. The flexible nature of OLEDs allows 

for new applications to emerge, such as wearable optoelectronics and roll-up displays. 

OLEDs are traditionally patterned via either vacuum deposition masks or UV 

lithographs. However, for roll-to-roll based processing, such vacuum patterning methods 

are relatively expensive, time consuming, and offer a limited scope of pattern shape and 

dimension. Alternative techniques for OLED patterning include inkjet printing,'^ 

s c r e e n  p r i n t i n g , c o l d  w e l d i n g , m i c r o c o n t a c t  p r i n t i n g , ^ " ^  g r a v u r e  p r i n t i n g , a n d  

dry-lift off.'^'"'^ Most of these alternate patterning methods have only gained interest over 
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the last few years and are still immature. As with conventional printing methods, each 

has particular advantages and disadvantages. 

However, all of these techniques require a physical entity through which a given 

pattern is transferred to the underlying substrate. This entity (i.e. stencil for screen 

printing) must be changed when a new pattern is needed. Moreover, although these 

techniques are not lithographically based, they rely on contacting the substrate during the 

printing process, which may be undesirable in some cases. Fortunately, inkjet printing is 

a maskless, non-contact printing technique suitable for the roll-to-roll high throughput 

fabrication of OLEDs. 

Inkjet printing has been used to deposit a variety of materials including ceramics, 

metals, organic semiconductors, and biopolymers.^'^^ In the development of OLEDs, 

i n k j e t  p r i n t i n g  h a s  b e e n  u s e d  t o  d e p o s i t  p o l y m e r  l a y e r s  o n  t o p  o f  a  g i v e n  a n o d e , o r  t o  

print PEDOT-PSS (poly(3,4-ethylenedioxy)-thiophene-poly(styrene sulfonate)) and/or 

electroluminescent polymers in a pixel array on a circuit that is prepattemed using 

polyimide banks.In this study, we developed inkjet printing as a tool to pattern a 

given electrode. This promises a low cost, maskless, and non-contact approach to 

generate potentially delicate features in a virtually limitless selection of patterns. 

In Chapter 1, the brief fundamentals of OLED operation, device structure, and the 

electrical and chemical properties of organic semiconductors and electroluminescent 

materials are reviewed. Chapter 2 provides a brief overview of conventional deposition 

methods and recent developments of few alternative techniques for OLED patterning. 

Chapter 3 reviews inkjet printing technology and recent development of novel 
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applications of printing and patterning a variety of materials and fabricated devices. 

Many factors including surface tension of the printed solution, substrate surface 

properties, and drying conditions have a direct effect on the final quality and performance 

of the organic based devices. I will also describe a technique for the direct deposition of 

PEDOT-PSS conductive polymer and discuss the control over such parameters as 

thickness and surface morphology. 

In Chapter 4, I demonstrate a method of ink-jet printing to pattern an already-

deposited conductive polymer PEDOT-PSS film, yielding electrodes with predefined 

shapes and controlled conductivity for use in OLEDs. By managing the conductivity 

modification of PEDOT-PSS properly, we were able to convert digital-photographs into 

electroluminescence images through an extremely simple procedure. 

Recently, combinatorial and spread techniques^have lead to several breakthroughs 

in screening, optimizing and discovering new materials.^'^^ OLED development can 

benefit greatly from combinatorial and spread techniques. In Chapter 5, I discuss the 

methods of combinatorial techniques using a sliding-shutter mechanism driven by a 

computer-controlled robotic arm, which was used to deposit various layers with a 

vacuum deposition system. In Chapter 6, I will discuss the use of combinatorial Inkjet 

techniques, in order to modify the sheet resistivity of a conducting polymer film for 

OLED fabrication and optimization. With this approach, a library of electrodes with 

various sheet resistivity can be made in few seconds, which is otherwise difficult to 

achieve with traditional fabrication methods. 
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Furthermore, a particular interest of our work has been to explore printing with 

multiple inks which react with each other, or with an underlying film. One example of 

this, described in appendix A, is the successive printing of a water-soluble amine 

followed by a water-soluble epoxy, to form a crosslinked layer, which swells in the 

presence of water and has a promise in artificial muscles applications. 
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CHAPTER 1: 

ORGANIC LIGHT EMITTING DEVICES AND 

MATERIALS 

1.1 INTRODUCTION 

Organic light-emitting devices (OLEDs) preset a subject of interest to many 

researchers and industries due to their promising attributes for applications in flat panel 

displays. The ease of fabrication, wide-viewing angle, wide range of colors, and 

mechanical flexibility are some of the attractive features of such devices. The flexible 

nature of OLEDs allows for new applications to emerge, such as wearable 

optoelectronics and roll-up displays. OLEDs were first introduced in 1987 by Tang and 

Van Slyke^'^^ (Eastman Kodak) with efficient electroluminescence in a double-layer thin 

film device, which was based on sublimed small molecules. Within three years, 

Burroughes et. developed conjugated polymer-based LEDs, based on a single 

active organic semiconductor layer. Since then, great advancements have been made, 

most prominently in the improvement of the full-color capability, luminance efficiency. 
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and device lifetime. Significant progress in the reliability of OLEDs, especially the 

operational lifetime, has been made since the late 1980s. Since this time, OLEDs with an 

estimated operational lifetime of 35,000 hr have been reported, with a starting brightness 

of 200 cd m"^. In fact, reports of more than 40,000 hr of continuous OLED operation 

have appeared recently.'^^^' An acceptable lifetime for portable displays is currently 

around 10,000 - 15,000 hr at 100 - 150 cd m"^. Over the past few years, OLEDs have 

begun to make the transition from the laboratory to the market place. It is now possible 

to buy devices such as car stereos, cell phones, and digital cameras^^^^ where the display 

is based on OLEDs. Great efforts are being directed to the creation of larger displays, 

and prototypes of 13 and 17 in. displays have recently been demonstrated. However, 

despite all the advances made thus far, there is still much room for improvement, 

especially in the areas of material selection, device optimization, and lifetime. 

1.2 DEVICE STRUCTURE AND OPERATION 

1.2.1 Fluorescent OLEDs 

The typical OLED structure consists of 

two thin organic layers sandwiched between 

two electrodes. One organic layer is the hole 

transport layer (HTL), which is designed to 

transport holes injected from the anode. The Figure 1.1. Schematic image of 

the two layer OLED. 
other layer is the electron transport layer (ETL), 

iL l lODl  

1 1 1  

which is responsible for the transport of electrons injected from the cathode, as shown in 
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Figure 1.1. The light-emitting layer is the electroluminescent material, which emits 

photons that produce the visible light and is often the same as the ETL in two layer based 

OLEDs. 

Upon application of an external voltage, holes are injected from the anode into the 

highest occupied molecular orbital (HOMO) of the HTL, and electrons are injected from 

the cathode into the lowest unoccupied molecular orbital (LUMO) of the ETL. The 

injected holes and electrons are driven towards the oppositely charged electrode, under 

the influence of the electric field. The capture of oppositely charged carriers 

(recombination) occurs by their Coulombic attraction on a molecular site in the emitting 

layer (or on a part of the polymer chain), which could be the HTL or the ETL, and form 
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Figure 1.2. Energy level diagram of the two-layer OLED. 
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excited molecules (excitons). Fluorescent light output is generated via radiative decay of 

excitons. Figure 1.2 shows an example of an energy level diagram for a two-layer 

OLED, using common electrodes, such as ITO, magnesium, and the electron and hole 

transport materials, Alqs (Tris-(8-hydroxyquinoline) aluminum) and a-NPB (N,N'-

Bis(naphthalen-l-yl)-N,N'-bis(phenyl)benzidine), respectively. In this case, the HOMO 

of the HTL lies only slightly above that of the ETL, therefore holes can be injected into 

the ETL readily. The electron injection from the ETL to the HTL is hindered because of 

the larger offset between the LUMO of the ETL and the HTL. This little energy gap 

creates an injection barrier and confine electrons to the ETL. The low hole mobility in 

the ETL results in accumulation of holes near the HTL-ETL interface and enhances the 

chance of the electron-hole collision capture for the formation of excitons. To enhance 

the adhesion between subsequent thin film layers and better match energy levels at the 

inorganic-organic and/or metal-organic interface, a hole injection and/or the electron 

injection layer are often incorporated. 

Now, let us turn our attention to the fluorescent efficiencies of OLEDs. The 

extemal quantum efficiency (riext) is defined as the ratio of the number of photons 

collected in the forward direction to the number of charges injected in the device. Four 

main parameters determine the rjext, and are described as: 1) the probability that 

oppositely charged carriers encounter each other and form an exciton (y), 2) the 

probability of formation of a singlet excitons (rji), 3) the probability of radiative 

transition occurring from the singlet exciton (r|2), and 4) the light extraction from the 
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device (ris). A schematic diagram of electroluminescence process is described in Figure 

1.3. 

hole electron 

emission 

triplet exciton singlet exciton 

hole-electron pair 

thermal 
deactivation 

radiationless 
deactivation 

13 

external 
emission 

internal 
reflection loss 

fluorescence 

Figure 1.3. Schematic diagram of electro-luminescence process for fluorescent based 
OLEDs.f^^l 

a) b) c) 

ground state (So) ®*cited first excited 
singlet state (Si) triplet state (Ti) 

Figure 1.4. Schematics of the spin configuration of excitons; 
a )  the ground state (So), b) the first excited singlet state (Si), and 
c)  the  f i r s t  exc i ted  t r ip le t  s t a te  (T j ) .  
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When free charge carriers meet and form a bound pair, different energetic 

arrangements are possible. The exciton can exist as either a spin paired (singlet) or 

unpaired (triplet) configuration and 

S  =  l  
tt S 

U n ) - | 4 t »  
V2 

V symmetric states 
TRIPLETS' 

antisymmetric state 
'SINGLETS' 

Figure 1.5. Combination of two Fermions. 
Wavefunction S describes the spin state of 
the excited electron. 

these spin-configurations must be 

conserved during the relaxation 

S -0 process (Figure 1.4). Due to the Pauli 

exclusion principle, triplet excitons 

are generally forbidden to radiatively 

decay into their ground states. They 

stay at their excited states for a relatively long time (> 10"^ seconds), then most of them 

are relaxed through thermal processes. On the other hand, excited singlets can conserve 

spin pairing during relaxation to the ground state, and do so rapidly (10"^ to 10"^ seconds) 

while radiating a photon. The excited states are the consequence of the pairing of 

Fermion particles with spin ± Vi. From all four possible combinations (Figure 1.5), only 

one state, S  =-^( results in a total spin S  =  0  (antisymmetric singlet state) 

and three other combinations form 5=1 (symmetric triplet state), where wavefunction S  

describes the spin state of the exciton. Singlet and triplet excitons are created statistically 

in a ratio of 1 to 3, respectively. Thus, three quarters of the formed excitons can relax 

through nonradiative decay. A singlet exciton may also return to the ground state 

through nonradiative processes, such as exciton quenching (reabsorption of emitted 
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photon), intersystem crossing (spin state change), or exciton-exciton annihilation 

(collisions and subsequent dissociations of excitons). 

Light output from the device is generally limited to 20 - 40 % of generated light 

and can be improved by modifying the device structure and the refractive indices of 

composed layers. Taking into consideration all these effects, the maximum external 

quantum efficiencies would be only few percents. 

1.2.2 Phosphorescent OLEDs 

Since the quantum efficiency of fluorescence-based devices is fundamentally 

limited by the high probability of creating non-radiative triplet states, an attractive path to 

enhance the quantum efficiency is to make use of these triplets. Although the relaxation 

of the triplet to the ground state {So) is 

forbidden by the conservation of the spin 

symmetry, in some cases, phosphorescence 

can be achieved; i.e., by a strong spin-orbit 

coupling, which mixes singlet and triplet 

exciton states. It is well known that the 

organometallic phosphors with a heavy 

metal atom, which typically are complexes 

non-radiative 
decay 

intersystem 
crossing (lOps) 

S i '  

elcited is 
fluorescence 
(1-10ns),i^ 

Ti 

phosptiorescence 
(>1CX)ns) 

of Os, Ru, Pd, Pt, Ir, or Au, significantly Schematics of pathways for 
singlet decay as well as triplet excitation 

enhances the spin-orbit coupling,^^"*^ which decay. 

is proportional to the atomic number of the metal atom. Through spin-orbit coupling, the 
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excited singlet state (S i )  and the first triplet state (T i ) ,  which is frequently a metal-ligand 

charge-transfer triplet state (Figure 1.6), are mixed. This means that the triplet state 

obtains an additional singlet character and vice versa. In organometallic complexes, 

s t rong  in te r sys tem cross ing  (>  99%)  f rom the  exc i ted  s ing le t  (S i )  to  the  exc i ted  t r ip le t  (T i ,  

T2,...) is frequently observed and both singlet and triplet states produce phosphorescent 

emission. In order to achieve efficient device performance, the phosphorescent lifetime 

must be short (<100|j,s). 

1.2.3 Energy transfer in OLEDs 

Electroluminescent efficiency can be considerably improved with the use of a 

doped emitter layer, where a highly fluorescent dye or a phosphorescent dopant is 

<F6rster Energy Transfer> 

Donor (host) Acceptor 
(dopant) 

Donor (host) Acceptor 
(dopant) 

<Dexter Energy Transfer> 

Donor (host) Acceptor 
(dopant) 

Donor (host) 
Acceptor 
(dopant) 

Figure 1.7. Schematics of spin configuration of the nonradiative 
energy transfer; Forster energy transfer and Dexter energy transfer. 
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introduced as a more efficient emission center in a host matrix. In cases, introducing 

such dopants, excitation energy transfer plays an important role. 

In OLEDs, incorporating such dopant emission centers, there are two dominant 

energy transfer mechanisms (Forster energy transfer and Dexter energy transfer (Figure 

1.7)). Forster energy transfer involves a dipole-dipole coupling of the transition dipole 

moments between the excited host (donor) and the dopant's (acceptor) ground state. As 

the excited donor relaxes, its energy is transferred to the ground state of the dopant 

molecule and transfer it to the excited state via strong Coulombic interaction. This 

transfer occurs in less than 10"^ seconds. The dipole-dipole interaction can be quite 

strong over a large distance, allowing an efficient energy transfer over distances up to 

100 A. However, a triplet-triplet energy transfer is forbidden by the Pauli exclusion 

principle, which means both the donor and the acceptor must be singlets. Moreover, 

there must be overlap between the emission spectrum of the host and the absorption band 

of the dopant. 

Dexter energy transfer involves an electron-exchange interaction between the host 

exciton and the dopant. Due to its exchange-based nature, it is a short-range process 

where excitons diffuse to neighboring molecules, from host to dopant sites, via 

intermolecular electron exchange. Hence, an overlap of the wavefunctions of host and 

dopant is necessary for the energy transfer. In this case, the diffusion length is very short 

(less than 10 A). Dexter energy transfer permits both singlet-singlet and triplet-triplet 

transfer. 
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Triplet emission from a phosphorescent dopant can take place via tree possible 

energy transfer mechanisms: i) energy transfer from the host's singlet exciton by Forster 

transfer followed by fast intersystem crossing, and relaxation of the triplet state ii) energy 

transfer from the host's triplet and/or singlet exciton by Dexter transfer, and relaxation of 

the triplet state, and iii) electron-hole capture at the phosphorescent dopantJ^^'^^^ 
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1.3 MATERIALS USED IN OLED 

Gigantic efforts liave yielded great progress in the development of small molecular 

based organic^^^'^^'^^^ and polymeric^^^'^®' electroluminescent materials. These two classes 

of materials have similar physical properties, and devices made from both exhibit 

comparable operational characteristics. However, thin-film formation processes, 

purification, and patterning methods for the two classes of materials are quite different. 

Small molecular based organic films are generally grown by the thermal evaporation in a 

high vacuum environment, while polymer films are formed by spin- or dip-coating of 

solutions. 

1.3.1 n-electron molecular system 

71 bond- 2 p  delocalized 7t orbitals 
7t orbitals ^ H 

Ji 1 
H I M  L M  H  „  

c C j) 120° H 

H f > :c—-a 

~ , - H f 
a-bond- sp^ H2C=CH2 a-bond- sp^ 

a) ethylene b) benzene CgHg 

Figure 1.8. Schematical images of the molecular orbitals for 
ethylene and benzene. Benzene contains two doughnut-shaped n 
electron clouds. 

Molecules with multiple bonds containing sections of alternating single and 

double carbon-carbon bonds are known as conjugated molecules. One of the most well 

known conjugated small-molecules is benzene. As shown in Figure 1.8, each carbon is a 
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2 bonded to one hydrogen and two neighboring carbon atoms and constitutes SP 

hybridization. The Ji-electrons in conjugated systems are delocalized in doughnut shaped 

electron clouds and are less tightly bound to the carbon nuclei than a-electrons. 

Accordingly, less energy is required to perturb the system into an excited state. Thus, 

such molecules, which contain a number of conjugated repeat units, are prominently 

featured in OLEDs. In conjugated molecules, the wavelength of luminescence from the 

7t-7t* transition depends on the energy gap (= hv) between those excited states (LUMO) 

and the molecular ground level (HOMO) and this gap can be chemically tuned during 

synthesis. A wide variety of materials, which efficiently produce electroluminescence 

throughout the visible spectrum, have been reported. 

1.3.2 n-n conjugated polymer system 

In conjugated polymers, the delocalization of n electrons over polymer chains is 

not homogeneous. As described in Figure 1.9(a), if we considered that the 

polyacethylene chains were not dimerized and all bond lengths were same, its valence 

band would be half-filled and therefore a one-dimensional metallic system would be 

exhibited. However, this is in violation of Peierls instability. Thus, the unpaired p-

electrons in the one-dimensional radical structure must bond in pairs, and form 

alternating single a- and double TZ- bonds. Since double bonds are shorter than single 

bonds, this bond alternation creates a distorted geometry. It produces a dimerized unit in 

a conjugated polymer chain and develops an energy gap (Eg) in the electronic density of 

states (Peierls transition. Figure 1.9).^^''^^^ Thus, conjugated polymers are often referred 
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as organic semiconductors. The electrical energy gap is relatively small in the range of 

1.5-3 eV, thus such conjugated polymers can absorb (or emits) light in the visible 

region. 

Conjugated polymers can be divided into two groups: those having degenerate 

ground states, such as polyacetylene and those having non-degenerate ground states, such 

as nearly all other conjugated polymers, (a degenerate state is defined as an entity 

possessing two or more quantum states with a same energy.) The main difference 

a) b) 

2o 
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semiconducting alternating system 
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Figure 1.9. The formation of a gap in the electronic density of states due to the 
alternating double bond structure of polyacetylene. The symbol E denotes the 
energy and a represents the lattice parameter of one-dimensional unit cell. 

between these two types of conjugated polymers are the nature of their charged carries. 

On a ^ra«5-polyacetylene chain (Figure 1.10), the single and double bonds alternation 

order yields energetically equivalent structures {EA = EB). On the other hand, in poly(p-
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phenylene) chain, a similar bond alternation affects overall energy of the polymer chain 

by forming a quinoid structure of significantly higher energy. This difference causes 

these polymers to possess qualitatively different electronic structures. 

aromatic 

quinoid 

Ea Eb Earomatic Equjnoid 

Figure 1.10. Polyacetylene (left) and poly(/7-phenylene) (right). These 
compounds are prototypes for polymers with degenerate and non-
degenerate ground states, respectively. The symbol E denotes the 
energy. 

Unlike in inorganic semiconductors, charge carriers in conjugated polymer 

(Figure 1.11(a)) are generated by a large distortion of the local bond structure. The bond-

alternation defect (the electronic excitation) is referred as a radical anion/cation or a 

polaron,^^*'^"^^ which carries both spin and charge (Figure 1.11(b)). Since these polarons 

are very localized charge carriers, they twist polymer chains along as they move. Thus, 

the associated energy levels are split off the conduction and the valence band (Figure 

1.11(c)) and this makes polarons less mobile than regular charge carriers (lower the 

conductivity). A polaron's movement is described as a thermally activated hopping. 

When two polarons with the same electric charge meet each other, they can form a pair, 

called dianion/dication or a bipolaron. Because the local lattice distortion associated with 

the two charges is stronger than in the case of a single polaron, the electric energy levels 

of the bipolarons appear further away from the band edges (close to the Fermi level). 
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Only in polymers with degenerate ground states can excited states further lower 

energy through dissociation of a negative/positive bipolaron into two independent 

anion/cation. This process generates a new electronic energy within the band gap (Figure 

1.11(d)). These anions/cations are spinless and are called free radicals or solitons. A 

soliton can move more freely over the polymer chain than a polaron/bipolaron can, and 

consequently enhances the chain's conductivity. 

The mechanism of electroluminescence in conjugated polymers"^^^^ is very similar 

to the one in small moleculer based organic materials. As electrons and holes are injected 

into the conjugated polymer, positive and negative polarons are generated. When a 

positive polaron meets a negative polaron along of the polymer chain, a polaron-polaron 

pair is formed (recombination of polaron) and generate a singlet and/or triplet exciton. 

The pairs have a lifetime of the range of 10'^ to 10"^ seconds. 
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Figure 1.11. Electronic energy levels of a) polyenes, b) polarons, c) bipolarons, and d) 
solitons on a polyacetylene chainP"^^ 
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1.3.3 Conductive polymer system 

^ 7i-bonds 

Figure 1.12. Schematic images of the delocalized ;i-electron bonding along the 
conjugated polymer chain (polythiophene). 

Conjugated polymers (Figure 1.12) are not very conductive in their pure form. In 

order to obtain a conducting state, charge carriers have to be introduced via chemical 

doping, to form new energy levels in the band gap of the conjugated polymer, as shown 

in Figure 1.13. The conductivities of doped conjugated polymers are increased by many 

orders of magnitude higher than their undoped counterparts. P-doping is achieved by the 

oxidation of materials (removal of electrons from the valence band) either by 

electrochemical methods during the synthesis or immersing a polymer in the oxidant 

solution. A^-doped polymers are obtained by the reduction of the materials (donation of 

electrons to the conduction band), however, this is more difficult to achieve and reduced 

materials are less stable than their oxidized states. 

Figure 1.13. Band model representation of charge carrier 
generation by chemical doping. CB = conduction band, VB 
= valence band. « and p represent new electron states 
within the band gap.^^'^ 
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As previously mentioned, the mobility of charge carriers is enhanced by the 

formation of the delocalized valence and conduction wavefunctions, which is related to 

the Ti bonding (HOMO) and ;r* 

antibonding orbitals (LUMO). 

Since the first metallic polyacetylene poly(p-phenylene) poly(phenylene vinylene) 

/V 

conductivities in conjugated 

polymers, "doped" (with AsFs, poiythiophene 

' r \  fVNH--

s n 
N n 

\=/ 

J 

polypyrrole polyaniline 

Br2,12, or HCIO4) polyacetylene, Figure 1.14 Chemical structures of polyacetylene, 
poly(p-phenylene), poly(phenylene vinylene), 

emerged in 1977, the poiythiophene, polypyrrole, and polyaniline. 

development of electrically conductive polymers has been quite rapid. In 1979, doped 

poly(p-phenylene) (PPP)^^^^ was demonstrated as a base structure for the conducting 

polyaromatic-based polymers. The chemical structures of some of the most essential n 

conjugated polymers, such as poly(phenylene vinylene) (PPV), poiythiophene, 

polypyrrole, and polyaniline are shown in Figure 1.14. Among these, PPV and 

poiythiophene are considered to be more environmentally stable than others and therefore 

be more useful for solution processing from a variety of organic solvents. For example, 

as one of the first electroluminescenct conjugated polymers, ppv^'^^ was utilized in a 

single layer OLED, which emitted green-yellow light. By adding either electron-

withdrawing or electron-donating side chains, the energy bandgap (emission color), 

ionization potential, and solubility of polymers can be easily modified. Generally, 

electron-donating groups shift luminescence to the lower energy (red-shift) and electron-

accepting groups shift it to higher energy (blue-shift). 
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The stability of conductive polymers is one of the most critical issues for 

technical applications. Polypyrrole, polythiophene, and their derivatives have shown 

more stable conductivities than polyacetylene, at room temperature or higher 

temperatures. The origin of this stability is the stabilizing effect of positive charges by 

nitrogen or sulfur in the polymer's rings. Incorporating more substituents can stabilize 

positive charges in the doped polymers and by finding the best orientation of the 

unsaturated backbone of these polymers, steric effects can be reduced to a minimum. 

Bayer AG researchers developed a polythiophene-based conjugated polymer, 

poly(3,4-ethylenedioxythiophene), doped with water soluble poly(styrene sulfonate) 

(PEDOT-PSS, Figure which has been commercially available as Baytron® P 

series. PEDOT-PSS is electro-chemically stable and moderately transparent with a high 

electrical conductivity (ca. 10 S cm"') and 

(5.0 eV). PEDOT-PSS has been widely 

demonstrated as a hole injection layer^'''" Figure 1.15. The molecular structure of 
PEDOT-P S S; poly(3,4-ethylenedioxy)-

or an anode^'^^ ''^^ in OLEDs. thiophene-poly(styrene sulfonate). 

It should be noted that by using polymer-based materials, the device fabrication 

can be simplified by using solution processing techniques. Such techniques encompass 

not only spin-coating, but also printing methods, such as screen printing^^'^^ or Inkjet 

printing.^'"^^ In addition, by using polymer solution based processes, it is possible to 

mask most of surface defects or the inhomogeneity of the ITO anode surface. 

a high charge mobility. The work 

function of PEDOT-PSS is relatively high 
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1.3.4 Conducting polymer -PEDOT-PSS 

PEDOT-PSS were first synthesized in the late 1980s, and become one of the most 

successful conjugated polymers^"^'' to be developed and studied. PEDOT has been 

prepared by standard oxidative chemical or electrochemical polymerization 

methods.PEDOT, itself, is found to be highly conductive (400-600 S cm''),^""^ 

highly transparent,'^'^''' electrochemically stable,^^''' and thermally stable (up to 230 

in thin, oxidized films (doped with PFe", BF4", or CF3SO3"). Unfortunately, the 

processability of PEDOT is very poor because it is an insoluble polymer. This drawback 

can be overcome by polymerizing it in combination with a water-soluble polyelectrolyte, 

PSS.^^^' The resulting PEDOT-PSS is dark blue, electro-chemically stable in its p-doped 

form, moderately transparent with high electrical conductivity (1 - 10 S cm"'),'^^' and has 

excellent film forming properties. PEDOT-PSS has found considerable attention within 

several industrial and laboratory applications in areas from biology to engineering,^^"*' 

including antistatic coatings in photographic films (Agfa),'^^^' electrochromic 

displays,'^®'^^"^^' organic transistors,organic RC filter circuits,^^^' organic sensor-

transistor,^^"*' all-polymer capacitors,'^^' a hole injection layer'"*^'"*^' or anode'"*^'"*^' of 

OLEDs, and a hole-collecting layer in organic photovoltaic devices. 

Although a small amount of doping (oxidizing or reducing) of the PEDOT 

enhances its conductivity, this addition of PSS significantly reduces the conductivity of 

PEDOT, since PSS over-oxidizes PEDOT (one third of the monomer units) and acts 

partially as an insulator.'"*'' In the PEDOT-PSS dispersion (i.e. 0.5 wt% of PEDOT doped 

with 0.8 wt% of PSS in Baytron® P), polymer chains are most likely found in a random 
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coil conformation, and then form a grain-like structure film when coated on a substrate. 

PEDOT and PSS species are within the grains surrounded by an insulating PSS-rich 

'shell', which has been known to be on the order of ~30 A thick.'^^^^ 

Since conjugated polymers are generally polycrystalline materials, the bulk 

conductivity is decided by charge transport properties along the polymer chain, from one 

chain to another chain and across domain boundaries. This usually creates a strong 

dependence between the conductivity and the morphology of the polymer film. Recent 

studies have shown that the conductivity of PEDOT-PSS films is considerably increased 

by adding high-boiling liquid additives, such as glycerol,^"'^'"*^'^®'^'' sorbitol,and N-

methyl-pyrolidone (NMP)'^^' (Figure 1.16) during the solution processing, followed by a 

heat treatment. This improvement is due to the morphological changes of the PEDOT-

PSS induced by the addition of 

the solvent. Since it is oh 

common to produce polymer 5p^-^290°C 

films by spin-coating, films are 
Figure 1.16. Molecular structures of glycerol, 

formed with a random coil sorbitol, and N-methylpyrrolidone. 

conformation with a large degree of disorder. It should be noted that the film 

morphology and chemical and physical structure can be strongly influenced by a variety 

of post-deposition treatments, such as heat treatments.Furthermore, Jonsson et. 

recently suggested that the ratio of PEDOT to PSS in the surface region of the film 

was increased by a factor of 2 to 3, when the dispersion was processed with the mixture 

of high boiling solvents. This would indicate that some of the excess PSS was removed 

OH OH 

HoVr°" 
OH OH 

sorbitol N-methylpyrrolidone 
b.p. = 295 °C b.p. = 202 °C 
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from the surface of PEDOT-PSS grains during the film forming process, enhancing a 

cormection between the cormectivity of the conducting domains in the film, thus 

increasing conductivity through the film. 

1.3.5 Hole injection layer 

To enhance carrier injection at the anode-HTL interface, a hole-injection layer 

with optimized HOMO levels is often introduced. For ^ 

example, a thin layer (10 - 15 nm) of copper ^u-n n 
N .N 

phthalocyanine (CuPC, Figure 1.17)^^^^ is most 

(7 
commonly used. This CuPC layer significantly improves 

CuPC 
the injection efficiency and operation stability due to the 

• • • . ^ T.x , Trr.^ Figure 1.17. Molecular 
lower ionization potential (4.7 eV) than ITO (4.8 - 5.2 structure of CuPC 

eV). Moreover, it can also help in smoothing the ITO surface, and assist in better film 

growth of the HTL. 

Polyaniline (PANI)^^^'^^^ or PEDOT-PSS^"^^""*^^ has also been demonstrated as a 

hole injection layer, increasing the device stability. In addition, these layers reduce 

oxidation of the polymer/organic layers which is caused by oxygen diffusion from the 

ITO anode. One of the greatest concerns of using PEDOT on the surface of the ITO 

anode is its acid nature (i.e. pH = 1-2, Baytron® To overcome this potential 

problem, Bayer AG formulated several PEDOT-PSS dispersions with different particle 

sizes, ratios of PEDOT-PSS, and electrical resistivity.^^^^ These dispersions are 

commercially sold under the label of Baytron® P AI4083^^^' and Baytron® P CH 8000. 
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TPD {Tg=63 X) 

1.3.6 Hole transport layer 

Among the layers in OLEDs, the hole-transport layer generally has the lowest 

glass transition temperature because these /=\ 

layers are generally formed from amine class 

materials, which are /r/-arylamine with a bi-

phenyl center core (Figure 1.18). In some 

situations, such as the thermal deposition of a 

cathode, an encapsulation process, or a mobile or 

vehicle application, where it is necessary to apply a-NPB 98 °C) 

a relatively high temperature (more than 85 "C), a Figure 1.18. Molecular 

structures of HTL materials: 
low Tgcauses interdiffusion between the HTL and jpj) ̂ nd a-NPB. 

the ETL, leading to an increasing driving voltage. 

Thus, when designing HTL materials, maintaining a 

high Tg value is critical. For example, the 

conventional HTL, N',N'-bis(3-methylphenyl)-N',N' 

diphenyl-benzidine (TPD), which is a benzidine with Figure 1.19. Molecular 
structure of PVK. 

less bulky w-methylphenyl moieties, has a relatively 

low Tg value of 63 °C. To obtain a better thermal stability of the HTL, N,N'-di-

(naphthalene-l-yl)-N,N'-diphenyl-benzidine (a-NPB), which has a bulkyl naphthly 

moiety, has been developed and is more preferably employed. The Tg value of a-NPB 

(98 °C) is considerably higher than that of TPD, since the naphthyl moiety provides a 

more rigid structure by hindering the rotational motion of naphthyl groups around N-C 

CH-CHs^^ 
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bonds. As a polymer HTL material, poly(N-vinylcarbazole) (PVK, Figure 1.19) has been 

most widely employed (Tg = 210 °C). 

1.3.7 Electron transport layer 

Although many new and improved ETL materials have been discovered,the 

most commonly used electron-transport material is still tris(8-hydroxyquinolinato) 

aluminum'^'^ (Alq3, Figure 1.20), which 

emits in the green with a broad 

emission peak at 530 nm. Alqa is a 

chelate metal complex, and is 

thermally stable {Tg =174 °C). It is 

also morphologically stable to be 

evaporated into a thin film form, and 

its synthesis and purification are 

relatively easy. Thermally sublimed 

Alqs films have a microcrystalline 

structure with an average grain size smaller than 500 Structural modifications of 

Alqs have been attempted to improve its quantum efficiency, thermal stability, and thin 

film morphology. Recent developments of these materials are reviewed elsewhere. 

NC^ ^CN 

DCJTB DMQA 

rubrene Alqa 

Figure 1.20. Molecular structures of 
fluorescent dopant and ETL materials; 
DCJTB, DMQA, rubrene, and Alqs. 
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1.3.8 Dopant materials 

By suitable selecting the dopant and host materials, as well as optimizing the 

doping concentration, OLEDs with both enhanced device efficiency and operational 

stability can be fabricated. When incorporating fluorescent doping, the dopant material 

must be more fluorescent than its host to obtain more efficient emission than by using the 

host materials alone. 

Alqa is an excellent host material,and numerous organic fluorescent molecules 

have been successfully used as dopants, such as coumarin and DCM (4-

(dicyanomethylene)-2-methyl-6-(julolidin-4-yl-vinyl)-4H-pyran)) based materials. 

Various colors can be readily obtained by incorporating a small percentage of a 

fluorescent dopant. For example, N,N'-dimethyl-quinacridone (DMQA, green),^^^^ 4-

(dicyanomethylene)-2-^butyl-6-( 1,1,7,7-tetramethyljulolidyl-9-ethyl)-^//-pyran (DCJTB, 

red), or rubrene (yellow), as shown in Figure 1.20. 

It has recently been shown that, lanthanide europium (Eu) complexes, or other 

heavy metal containing complexes are efficient triplet emission materials. Europium 

complexes shows very efficient, pure red Eu^^ ion emission,with a relatively long 

lifetime of the Eu^^ excited state (~350 |is). Another example of successful triplet 

emitting dopant is 2,3,7,8,12,13,17,18-octaethyl-12//,237/-porphine platinum(II) (PtOEP, 

red emitter. Figure 1.21).^^'^ The addition of platinum to the porphine ring reduces the 

life time (91 |j,s) of excited triplet states and allows singlet-triplet state mixing to provide 

a radiative relaxation pathway for triplet states by strong spin-orbit coupling. By doping 

PtOEP into 4,4'-A^,A'^'-dicarbazole-biphenyl (CBP), a peak rjext as high as 5.6% was 



51 

o b t a i n e d B y  a d j u s t i n g  t h e  c h a r g e  i n j e c t i o n ,  a  p e a k  r i e x t  c l o s e  t o  9 %  c a n  b e  o b t a i n e d  

using PtOEP as wellJ^^^ A drawback of these phosphorescent materials is their relatively 

long phosphorescent lifetime (about 50 -350 i4,s). This tends to result in triplet-triplet 

annihilation at high currents and a red-shift in light output due to a difference in lifetime 

between its fluorescence and phosphorescent emission. A shorter phosphorescent 

lifetime (~4 |a,s) has been observed in the red phosphor, 6w(2-(2'-benzo[4,5-

-3' 
a]thenyl)pyridinato-N, C ) iridium(acetylacetonate) [btp2lr(acac)]. This shorter lifetime 

causes devices to exhibit a significant 

improvement in rjext at high currents as 

compared to other red phosphors 

A short triplet lifetime and a 

peak r|ext of 8 % was reported with a 

green electrophosphorescent material, 

fac tris(2-phenylpyridine) iridium 

[Ir(ppy)3] doped into a CBP hostJ^^^ 

With further optimization of materials 

and device structures, the peak rjext of 

Figure 1.21. Molecular structure of 
Ir(ppy)3 based devices has been Eurpium complex [Eu(DBM)3(phen)], 

Eu(DBM)3(Phen) PtOEP 

lr{ppy)3 btp2lr(acac)3 

improved to nearly 
PtOEP, Ir(ppy)3, and btp2lr(acac). 
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1.3.9. Electrodes: anodes and cathodes 

At least one of the electrodes must be optically transparent to allow light to exit 

the device towards the viewer. By far the most commonly used transparent electrode 

material (anode) is indium tin oxide (ITO). ITO has a relatively high work function with 

high transparency in the visible regime, as well as an acceptable electrical conductivity 

(10 - 270 Q/sq.). It can be deposited on glass, silicon, and flexible plastic substrates. 

ITO substrates should be carefully prepared since any contaminant deposits or defects 

from the substrate handling or cleaning will result in poor device performances. The 

work function of ITO is strongly influenced by surface treatments, such as an oxygen 

plasma or UV ozone, which enhances hole injection, device efficiency, and device 

reliability, while reducing the q q 

\ \ / necessary driving voltage. By an ^ oH ^ / O* 
I IV • 'II I IV 

. , . . , O-Sn-0 • 0—Sn-OH O-Sn-0 
oxidative treatment, a negatively J  J  J  

 ̂ •' 

charged oxygen rich surface of 

Figure 1.22. Oxygen plasma treatment of ITO. 
ITO induces an interfacial dipole, qh groups are first sputtered away by the 

high energy O atoms. The resulting Sn"' sites 
increasing electrical conductivity immediately react with O atoms from the 

plasma, forming the Sn^^ -O •species.'^^^^ 
and raising the work function by 

as much as 0.5eV (Figure 1.22).^^^^ However, for some special cases, such as flexible 

display applications, ITO is found to develop cracks upon repeated flexing, thus losing 

conductivity. To avoid these problems, polymeric anodes, such as polyaniline^^^^ or 

PEDOT-PSS,^'*^''^^^ have been used as alternate materials, despite possessing a higher 

surface resistivity (280-2000 Q/sq.) than that of ITO. 
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Many metals have been used as a cathode. The choice of the metal cathode and 

its composition has a significant effect on device performance and stability. In general, 

organic materials have a higher hole than electron mobility. Along with other factors, the 

high hole mobility, and large electron injection barrier leads to an unbalanced electron 

and hole charge density in the recombination zone at the ETL-HTL interface. This 

unbalance has a negative effect on the device external quantum efficiency. 

One way to enhance the external quantum efficiency is to increase the number of 

injected electrons. This can be achieved by decreasing the barrier height between the 

work function of the metal cathode and the LUMO of the ETL. OLEDs can have 

cathodes based on metals (or alloys) with relatively low work functions such as 

magnesium (OMg = 3.7 eV), calcium (Oca = 2.8 eV), aluminum (<DAI = 4.2 eV), an Mg -

Ag alloy (C»Mg:Ag = 3.7 eV), or a Li — A1 alloy (Ouiai — 3.4 eV). However, very low work 

function metals, such as Li and Ca themselves exhibit a high chemical reactivity with 

organic mediums and atmosphere. This chemical reactivity leads to the oxidation of the 

cathode Thus, a small amount of Ag is commonly co-evaporated with Mg to 

improve the sticking coefficient and the chemical stability of the overall cathode. Other 

efficient electron-injecting cathode structures such as LiF/Al bilayers^'^®"^'^ and mixed 

layers of alkali halide and metal or alkali halide and organic material^have been 

demonstrated. OLEDs using such cathode structures show higher external quantum 

efficiency arid light output (at a given voltage) than similar devices with cathodes based 

on aluminum (OAI = 4.2 eV), copper (Ocu = 4.7 eV), or silver (Ojvig = 4.3 eV). 
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1.4 ENCAPSULATION OF OLEDs 

Most of the organic materials and metals used in OLEDs are very sensitive to 

oxygen and humidity. The exposure of unencapsulated OLEDs to oxygen and water, 

readily presents in ambient atmosphere, leads to oxidation and delamination of the metal 

cathode as well as degradation of the organic layers. If operation in atmospheric 

conditions is desired, a high quality encapsulation is required, otherwise conventional 

OLEDs exhibit a very short lifetime. 

For OLEDs fabricated on glass substrates, hermetic encapsulations using a glass 

or metal lid have been extensively performed.'^'®^^ These lids are attached to the display 

in an inert atmosphere using a bead of UV-cured epoxy resin. Residual water, which is 

trapped in the package during the sealing process or water which has diffused through the 

epoxy seal, can be absorbed by a desiccant such as CaO, which is installed between the 

active device and lid. However, when this encapsulation method is employed in OLEDs, 

the thickness of the encapsulated structure is greater than the active device itself In order 

to achieve thin, lightweight and flexible OLED displays, alternative encapsulation 

methods must be developed. 

The development of a long-lived flexible OLED display on a plastic substrate is 

challenging, since typical plastic materials are extremely permeable to both water and 

oxygen (water vapor permeation rate = 10 -10"' g m"^ day"' at 25 °C). For the 

development of long-lived OLEDs, a moisture barrier, which transmits water less than 

10"^ g m"^ day"' is necessary. Moreover, this moisture barrier must be present on both the 

top and under side of the display area.^'®"*^ 
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Burrows et. al. has estabUshed a thin lightweight encapsulation method using 

alternating pairs of AI2O3 and polyacrylate layers (Batrix^'^)J'®'^""^^^ In this method, 

acrylic monomer is flash evaporated onto the display followed by UV curing to yield a 

highly cross-linked polyacrylate film. AI2O3 is deposited via reactive plasma sputtering. 

By repeating this process, one may deposit multiple alternating layers. Inorganic oxide 

layers prevent the diffusion of oxygen and water, while the polymer layers prevent the 

crack propagations in the inorganic oxide layers. This organic-inorganic multilayer 

barrier coating demonstrated a water vapor permeation rate of 2 x 10"^ g m'^ day"'.'^"'^^ 

In addition, Yamashita et. al. reported an encapsulation method involving a thin 

parylene (poly-p-xylene and/or poly-2-chloro-p-xylene) film deposited via thermal 

chemical vapor deposition, which exhibited a water vapor permeation rate of 9 x 10"' g 

m"^ day"\^'®^^ Kwon et. al. developed a technique using a triple layer of high density 

polyethylene (HDPE) and aluminum-lithium alloy (HDPE/Al-Li/HDPE).^"^^^ As a wet 

encapsulation process, Kim et. al. suggested the formation of a photopolymerized 

polyacrylate barrier layer on top of the OLED by spin-coating the material over the active 

device area.^'°^^ This barrier showed a water vapor permeation rate of 39 g m"^ day"'. 

Although each method demonstrated an extended operation lifetime, these thin 

film encapsulation techniques have not yet been fully optimized for either barrier 

properties or mechanical flexibility. Further improvement of the encapsulation and 

moisture permeability of the substrate will be the most critical issue regarding the 

realization of flexible OLED displays in the market. 
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1.5 SUMMARY 

The selection of device structure, along with choice of electrodes, and 

electroluminescence materials are keys to obtaining a better OLED performance. In last 

15 years, remarkable improvements have been demonstrated and numerous novel organic 

and polymeric materials have been developed. In this chapter, brief basic fundamentals 

of OLED operation, device structure, and electrical and chemical properties of materials 

were discussed. 
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CHAPTER 2: 

FABRICATION AND PATTERNING OF OLEDS: 

WHY PRINTING? 

2.1 INTRODUCTION 

OLEDs are traditionally patterned via either vacuum deposition masks or UV 

lithographs. However, for roll-to-roll based processing, such vacuum patterning methods 

are relatively expensive, time consuming, and offer a limited scope of pattern shape and 

dimension. This chapter provides a brief overview of conventional deposition methods 

and recent developments in few alternative techniques for OLED patterning, including: 

s c r e e n  p r i n t i n g , c o l d  w e l d i n g , ^ ^ " ^ ® ^  m i c r o c o n t a c t  p r i n t i n g , ^ ' ' '  g r a v u r e  p r i n t i n g , a n d  

dry-lift off Most of these alternate patterning methods have only gained interest over 

last five years and these fields are still very immature. As with conventional printing 

methods, each has particular advantages and disadvantages and each might find its place 

in a technology of organic electronics. 
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2.2 PATTERNING OF ANODES 

2.2.1. UVlithography 

UV lithography (or photolithography) is widely used for the patterning of 

inorganic semiconductor devices on a micron or sub-micron scale. It is a multi-step 

process involving, as in the case for patterning ITO electrodes, 1) spin-coating 

photoresisit, 2) pre-bake, 3) UV exposure, 4) photoresisit development, 5) hard bake, 6) 

ITO etching by strong acids, and 7) photoresist removal. Pre-pattemed, masks are 

needed to define features on the ITO surface. This technology can be also applied to 

pattern conjugated polymers.^'Since this method is time consuming, geometry limited, 

and makes use of costly masks, many efforts have been made to develop alternate 

patterning methods. 

2.2.2 Soft lithography 

As a soft lithographic method for the fabrication and manufacture of 

nanostructures, microcontact printing (|j,CP) was first demonstrated on a gold substrate by 

the group of Whitesides in 1993.'^'" "^^ ^CP has been established as a high-quality 

deposition method for self-assembled monolayers (SAMs) in predetermined patterns. 

The printing is based on the mechanical transferring of surface-reactive reagents from an 

elastomeric stamp to a substrate. Submicron scale resolution can be achieved.^"^^ By 

using soft elastomeric PDMS (poly(dimethylsiloxane)) materials for the stamp, the 

damage to the substrate surface, where the stamp made contact, can be minimized. The 

application of this ^iCP technique in OLED fabrication has not been well developed 
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because metal oxide surface, such as ITO, are poorly reactive, and it has been very 

difficult to achieve dense chemisorptive bonding with the ITO surface. 

Recently, Koide et. al.'"^ demonstrated the hot microcontact patterning of a thin 

insulating layer (ca. 12 A) of «-decosyltrichlorosilane (DTS) on ITO by heating the 

substrate, thus increasing the reaction temperature to 50 - 80 "C. They were able to print 

features on a 1 ^m length scale. In addition, other soft lithographic methods, such as the 

lift-up and micromolding in capillaries (MIMIC) have been studied to print a n-

conjugated polymer, such as PEDOT-PSS^''"^^ onto ITO and Au or amine-containing 

ppytl 15,116] on the modified Au surface. With further developments, these simple 

procedures should allow nanoscale patterning on the variety of substrates. 

2.2.3 Imprint lithography 

Nanoimprint lithography was first proposed in 1995.'"^^ It is based on a process 

of pressing a hard mold onto a thin thermoplastic polymer film on a substrate, which 

creates a pattern by deforming the physical shape of the polymer film. The imprinting 

process is achieved under a low pressure and at a temperature slightly higher than the Tg 

of the underlying polymer film. In OLED structure, imprinting technology was first 

applied to pattern submicron grating structures directly in electroluminescent 

materials.^' 

Cheng et. al. developed an OLED pixel fabriction method based on imprint 

lithography technology.^'The pixel pattern on the mold was fabricated on a silicon 

oxide layer, which was patterned by photolithography followed by reactive ion etching. 
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The pixel array pattern was directly imprinted on an insulating polymer layer, which is 

coated on top of ITO-coated glass. OLEDs were fabricated after the spin-coating of 

electroluminescent polymer and cathode deposition. With this technique, OLED pixels 

on the order of several microns have been successfully demonstrated. Since the imprint 

technique has already demonstrated an accurate patterning of sub-10 nm structures,^'^®^ 

this high resolution capability might be extended to fabricate nanoscale OLED structures. 

2.2.4. Gravure printing 

Gravure printing is one of the most well-established large scale printing methods 

and is commonly used for printing newspapers, books, etc. By transferring ink to paper 

or plastic substrate from the pre-

pattemed cylinder, high-speed, roll-to-

roll printing, at a speed much greater 

than ICQ meters per minute can be 

achieved. Patterns in the gravure 

cylinder are generally produced by 

engraving with a diamond-shaped 

head or by chemical etching using 

Figure 2.1. Printed PANI-based structure 
photolithography. Often, the cylinder fabricated by a Polot scale gravure machine 

(VTT, Finland)^'^^ 
is coated with a chromium layer to 

improve surface durability. 
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Recently, Makela et. alJ'^ '^^ (VTT, Finland in 2003) reported the successful 

patterns of polyaniline based materials on a paper substrate using gravure printing (Figure 

2.1). The conducting lines were successfully patterned down to a width of 60 |i,m, and 

having a penetration depth of 1-5 |.im. Along with more specialization or detailed 

substrate preparation, such as physical or chemical treatments which could reduce the 

surface roughness or the porosity of paper, gravure printing may prove to be a key 

method in the realization of low cost manufacturing of the large-area paper-based 

optoelectronics devices. 
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2.3. NON-SOLUTION BASED PROCESS (DRY) 

2.3.1. Shadow mask patterning 

cooled substrate 

source 

shutter 

high vacuum 
(10®-10-^ torr) 

/ C crystal 
monitor 

Figure 2.2. (left) The photograph of the vacuum chamber (University of Arizona) 
and (right) the schematic image of vacuum thermal evaporation. 

Among all of thin film deposition techniques, vacuum thermal evaporation 

method provides the most reproducible and highest quality film for OLEDs fabrication. 

During the vacuum thermal deposition, as the temperature of the source rises, the vapor 

pressure of the material increases yielding a specific evaporation rate (Figure 2.2). The 

evaporant condenses onto the cooled substrate, as well as all over the chamber's interior 

walls. The evaporation rate is monitored by an oscillating quarts crystal. The chamber 

has to be evacuated to about 10'^ torr to avoid the interaction between the evaporant and 

atomospheric gas. At this pressure, the mean free path of gas molecules can be estimated 

as 6.64 m (at 7.5 xlO"^ torr),^'^'^ which is on the same order as the vacutim chamber 

dimension (Figure 2.2), thus, on the average, vaporized molecules can travel without 

colliding with any atmospheric gas molecules. Metal shadow masks are fabricated by 
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machining techniques or a chemical etching procedure, both of which are costly 

processes, especially when features are in tens of microns. Patterns are prevalent at 

positions locating on the substrate where the source is not directly visible through the 

mask. To avoid direct contact between the metal mask and the substrate surface, the 

mask is generally designed to provide an air gap between them. This air gap gives rise to 

pattern features, slightly larger than the mask opening due to the lateral diffusion and 

oblique patterning. Thus specially designed masks are often used with angled apertures 

to avoid this effect. 

2.3.2, Dry lift-off 

Dry lift-off is a method for patterning organic layers by applying a pre-pattemed 

elastomeric membrane (PDMS) mask directly on the substrate during the vacuum 

sublimation. PDMS membranes are fabricated from pre-pattemed silicon substrates. The 

patteming is usually done using photoresist patterning techniques, providing features in 

the 3-100 i^m range. Once removed from the patterned silicon mold, a PDMS membrane 

can be placed directly on the ITO anode and the HTL (TPD) is thermally evaporated 

through the membrane. The PDMS membrane is then peeled away before depositing 

subsequent layers. By using this technique, high quality patteming, as small as 50 jxm 

has been achieved by Duffy et. al.^'"^^ The fabrication cost of these PDMS masks is much 

less than that of metal shadow masks. The use of these membrane is not without 

drawbacks. The PDMS membrane must be wholly attached to the substrate surface 

during the patteming, thus can only be used when depositing a patterned form onto a 
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clean solid surface. Another concern is that the distortion of the membrane could result 

in less reliable transfer of pattern to the substrate surface. 

2.3.3. Cold welding 

Similar to contact printing or stamping processes, cold welding is a room 

temperature metal patterning method. Here, the metal is transferred from the pre-

pattemed stamp to the substrate surface (or metal is lifted off the substrate surface), 

which is designed to be more adhesive than the transferring strip. Upon application of a 

high pressure between a stamp and substrate, the metal can be selectively transferred (ca. 

lOOGpa)^^^ or a metallic bond may be formed between the printed metal and the substrate 

surface (ca. 150 MPa).^^^ Since a relatively high pressure is required on the active device 

region, the application of cold-welding for organic based devices, which possess a 

vertical geometry, was thought to be problematic. However, Kim et. al.^^' (Princeton 

University) showed that by using a rigid Si stamp, cold welding could be successfully 

carried out in fabricating an Au cathode on top of an organic thin film transistor or an 

organic solar cell surface. Soon after Kim's initial demonstrations, it was shown by using 

a soft, elastomeric PDMS stamp, the required pressure for the cold-welding was 

significantly reduced (180 kPa). An array of efficient electrophosphorescent OLEDs was 

fabricated.^^®^ In this structure, unpattemed LiF/Al (15nm) was deposited as a buffer 

layer on the top of organic layers. A pre-pattemed elastomeric stamp with a metal layer 

(Au, 100 nm thick) was prepared and a metal was transferred onto the buffer layer of the 

substrate. Later, Ar sputter-etching removed the unpattemed LiF/Al region. Electric 
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properties of devices fabricated in this manner were comparable to the thermally 

patterned OLEDs through the shadow mask. Thus, 200 i^m diameter of LiF/Al/Au 

cathodes with 1 ^im pattern edge resolution have been realized. A higher resolution is 

still expected by employing the different type of materials as a stamp, such as hybrid or 

composite geometry. 

2.3.4. Soft contact lamination 

Soft contact lamination (ScL) is a recently developed technique by the Rogers 

group.'^'^^^ ScL is a purely additive printing technique, which transfers metal films from 

the raised regions of a elastomeric stamp onto various surfaces with nanometer 

resolution. This metal transfer procedure is reversible and can be operated at ambient 

conditions.t^^^'^^l 

When the PDMS elastomeric stamp coated with a thin Au/Ti film (a small amount 

of Ti was used as an adhesion promoter) is brought together with an electroluminescent 

layer, van del Waals interactions pull them into intimate contact to complete the 

device.^'^^^ These layers are held together only by van der Waals forces, which are weak 

enough to allow the layers to be reversibly peeled apart without any visual damage. In 

addition, OLEDs formed by ScL exhibit improved quantum efficiency compared to 

conventional devices produced by direct evaporation. This feature may result because 

ScL avoids the in-diffusion of the metal into the organic layer, which occurs during metal 

evaporation. By combining with soft lithography techniques, ScL can be expected to 

provide patterned OLEDs with feature sizes into the nanometer regime. 
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2.4. SOLUTION BASED PROCESS (WET) 

2.4.1. Spin-coating 

Spin-coating is the most popular method to form polymeric films for OLEDs. 

The process is very simple. Immediately after loading an excess amount of solution onto 

the substrate, the substrate is rotated at a high speed (generally 800 - 2500 rpm) and the 

fluid solution is spread by the centrifugal force. Using this deposition method, it is 

possible to fabricate very thin and homogeneous films in a matter of few minutes. 

Although it is a convenient method, only a very small amount of the polymer in the 

solution, remains as the final film (more than 99% of the solution is spun off). This 

technique carmot be used on flexible substrates without special care, and cannot be used 

on roll-to-roll based substrates. These drawbacks increase the fabrication cost and hinder 

large-scale applications of spin-coating. 

It should be noted that most of the solutions utilized in OLED fabrication are 

based on conjugated polymers, which have their own unique morphology. Recent reports 

proved that these polymer morphologies (including aggregation) have a pronounced 

effect on device optical and electrical properties.Conjugated polymer morphology 

can be greatly influenced by the processing conditions, such as organic solvents, spin-

coating speeds, solute concentrations, and drying conditions. 
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2.4.2. Screen printing 

Screen printing is a well-known, solution-based, patterning technique, where the 

solution is squeezed through the 

particularly designed mesh openings of 

the screen. Since materials are deposited 

only where desired, screen printing can 
Figure 2.3. Photoluminescent images of 

minimize a great amount of waste. MEH-PPV polymer logos that were 
printed using the SP technique by Pardo 

Furthermore, it allows relatively high- et. al.^^^^ (University of Arizona) 

speed pattering over a large area with a resolution below 75 |a,m. Fabricating thin films 

for use in OLEDs, using screen printing, was first demonstrated by Pardo et. al.^^'^ in 

2000 (Figure 2.3). To control film thickness and film uniformity, the most important 

parameters are the concentration of the solution, the mesh count of the screen, and the 

distance between the screen and substrate.Recent report shows that screen printing 

allows deposition of ultrathin organic layers of less than 15 nm with high uniformity 

(RMS surface roughness <1.5 nm).'^^^ This simple and inexpensive technique provides a 

great potential for low cost and high-throughput fabrication of OLEDs, especially in such 

applications, signs, lights, and low-information content displays. 

2.4.3. Bar-coating/Blade coating 

The bar-coating process is similar to the doctor blade coating.Where doctor 

blade coating uses a blade hanging slightly above the substrate, the coating bar consists 

of a core steel bar with wires wrapped around to give more control during film formation. 
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The coating bar is placed near the edge of the substrate, with a sufficient amount of 

solution wetting the substrate. Continuous films are formed by moving either the bar (or 

the substrate) over the sample area. The gap between the bar and the substrate plays a 

dominant role in determining the thickness of the film. Physical properties of the ink, 

such as surface tension, and viscosity, along with drying environment, have a great 

influence on the film uniformity. For large area, thin film coating, the bar-coating 

process of conjugated polymers (PEDOT-PSS and MEH-PPV) were demonstrated by 

Ouyang et. al.^'^'^ with high uniformity and over thickness ranges from 30-80 nm. 

2.5. SUMMARY 

This chapter reviewed some of the conventional deposition techniques and recent 

developments of several alternative methods for patterning OLEDs. However, all of 

these techniques require a physical entity through which a given pattern is transferred to 

the underlying substrate. This entity (e.g. stencil for screen printing) must be changed 

when a new pattern is needed. Moreover, these techniques require a physical contact 

between the pattern-transfer entity (mask, stencil, etc.) or coating tool (screen). This 

might not be a desirable option for several applications. Fortunately, inkjet printing is a 

maskless, non-contact printing technique suitable not only for rigid substrates but also 

roll-to-roll high throughput fabrication of OLEDs.Our developments in the use of 

inkjet printing as a tool to pattern a given electrode, promises a low cost, maskless, and 

non-contact approach that can generate potentially delicate and different pattern on a 
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given substrate. In the following chapter, the processing parameters of such a technique 

will be presented and examples of patterned OLED will be shown. 
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CHAPTER 3: 

INKJET PRINTING: 

INKJET PRINTING OF PEDOT-PSS 

3.1 INTRODUCTION 

Inkjet printing is a familiar method for printing ink on absorbent paper. Inkjet 

technology has the advantages of being simple, high throughputs, and fast. A desktop 

computer can control the delivery of picoliter volume of liquids in precise patterns. 

Therefore, inkjet printing does not consume significant amount of material as is the case 

with spin-coating. It promises a low cost, maskless, and non-contact approach to 

generate potentially varying patterns on a given delicate substrate. 

In recent years, inkjet printing has been used in a variety of fields including ceramics, 

metals, organic semiconductors, and biopolymers.^'^^ For applications in OLEDs 

(organic light emitting devices), inkjet printing has been used to deposit a patterned 

polymer layer on the top of a given anode,'^'"^^ or to deposit the PEDOT-PSS 



71 

(polyethylenedioxythiophene- polystyrenesulfonate) and/or electroluminescent polymers 

a s  a  p i x e l  a r r a y  o n  a  c i r c u i t ,  w h i c h  w a s  p r e - p a t t e m e d  v i a  p h o t o l i t h o g r a p h y M a n y  

companies including Cambridge Display Technology (CDT), Seiko-Epson,^'^^^ and 

Toshiba have demonstrated display prototypes deposited using inkjet, ranging in size 

from several to 17 inches. This chapter reviews inkjet printing technology (Section 3.2) 

and recent strategies and efforts for applications to assemble materials and devices using 

inkjet printing (Section 3.3). In Section 3.4,1 describe the direct deposition of PEDOT-

PSS conductive polymer and discuss the methods of thickness control and surface 

morphology of polymer lines and films via inkjet printing. The printed conductive 

polymer was used as an OLED anode. 

3.2 INKJET PRINTING TECHNOLOGY 

3.2.1 History of inkjet technologies 

Basically, the inkjet printing technology is divided into two categories, continuous 

inkjet and drop-on-demand inkjet. In 1878, the concept of jetting liquids was originally 

proposed by Lord Rayleigh.^'^^^ However, the realization of inkjet devices did not 

emerge until the 1960s - 1970s. In the early 1960's, Sweet of Stanford University 

d e v e l o p e d  t h e  p r i n c i p l e  m e c h a n i s m  o f  t h e  c o n t i n u o u s  i n k j e t  p r i n t i n g  p r o c e s s . I n  a  

continuous inkjet system, a stream of ink is ejected continuously from a nozzle, then 

breaks up into a series of droplets. In the late 1970s, IBM launched a project to apply 

continuous inkjet technology to computer printers'^'^^^ and the first inkjet printer, IBM 
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4640 was commercialized. Currently, continuous Inkjet printing is mainly used for 

applications such as industrial labeling and marking on cans, packages and address labels. 

Drop-on-demand inkjet methods emerged in the late 1970s. A drop-on-demand 

device ejects ink droplets individually only when required. Two main methods of drop 

formation, piezoelectric inkjet and thermal inkjet are used. Piezoelectric inkjet ejects a 

droplet by a pressure wave created by the deformation of the piezoelectric crystal. In 

1979, Canon patented an evaporative bubble system, where ink drops are ejected by 

using a small resistive heater to form a vapor bubble in the ink {bubble jet)^^^^ Shortly 

thereafter, Hewlett-Packard independently invented a similar inkjet technology and 

named it thermal inkjet (or Thinkjet)^^^^ Thermal inkjet printers first emerged on the 

market in 1982 by Canon. Shortly afterwards, in 1984, Hewlett Packard introduced their 

first generation thermal inkjet printers.'^'^^^ 

The improvements in performances (i.e. reliability, resolution and speed) and lower 

printer prices of the latest inkjet printers are significant. For instance, the resolution of 

the first model of Hewlett Packard inkjet printer was only 96 dots per inch (dpi). 

However in 2003, resolutions range from of 1,200 dpi to 4,800 dpi, which is made 

possible by minimum amounts of discharged ink (2 pL). Faster printing can be achieved 

by increasing frequency of droplet ejections (to obtain a laser-compatible throughput, it 

should be faster than 8kHz)^''^^^ and the number of nozzles on a printhead. Due to the 

recent development of microelectromechanical systems, frequencies higher than 50 kHz 

and high nozzle densities of nearly 200 nozzles per inch have been achieved. The price 

range of inkjet printers was around $1,000 - $6,000 in the early 1980s, and in the present 
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day, it is around $25 - $1,000^''^^^ The drop-on-demand method is more active in the 

market and laboratory applications. For further information, of Inkjet printing 

technology, see a review by 

3.2.2 Continuous Inkjet technologies 

In continuous inkjet technology, a stream of conductive ink is ejected at very high 

pressure (15-35 xlO^ Pa) through a small orifice 

of the drop generator. By applying a pressure 

waVe pattern, the ink stream is broken up into a 

series of uniform sized and spaced droplets 

(Figure 3.1).^'''^^ This phenomenon was 

explained as the Rayleigh instability}^^^^ a 

reduction in surface energy transforms a 

cylindrical liquid stream into an equal volume Figure 3.1. Drop formation in 
the continuous inkjet system.*^'"^^^ 

of spherical particles. The drop formation is 

regulated by a mechanical oscillation within the nozzle cavity at a fixed ultrasonic 

frequency. After formation, the stream of droplets passes through an electrostatic field 

formed between a pair of high voltage deflection plates. An electric charge individually 

deflects a droplet from the stream into a gutter for recirculation or directly to the substrate 

(binary-deflection. Figure 3.2). In recent applications, multiple droplets are deflected to 

the substrate at different magnitudes to the desired location on the substrate (multiple-

deflection, Figure 3.3). 
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Figure 3.2. Continuous ink-jet: A binary-deflection system. 
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Figure 3.3. Continuous inkjet: A multiple-deflection systemJ''*^^ 

Continuous inkjet offers much faster droplet generation rates than drop-on-

demand inkjet. This is because in the continuous inkjet system, the Rayleigh instability is 

used to form droplets, while drop-on-demand systems require a capillary action to refill 

the cavity. Thus, continuous inkjet allows for drop formation rates of up to 1 MHz, while 

drop-on-demand systems have limited droplet rates of 10-50 kHz. However, for 

continuous inkjet printing, the ink must be an electrically conductive fluid, which creates 

the possibility of contamination during the recirculation process. 
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3.2.3 Drop on demand inkjet technologies 

3.2.3.1 Thermal inkjet technologies 

Thin^flfm hsatar [fBsistor] 

SUMFSltSWh 
CtranslstEir 
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flow ; 

Print head 

n 
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Figure 3.4. Schematic image of thermal print headsJ''^^^ 
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Figure 3.5. Cross section of an inkjet nozzleJ'^^^ 

The basic print head structure for thermal inkjet printers is shown in Figure 

3.4 A print head consists of a thin film resistor surrounded by a polymer ink channel 

aligned closely to the nozzle (Figure Figure 3.6 illustrates the mechanism of 

droplet formation in the thermal inkjet system. When the heat (300-340 °C) is applied to 
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the tantalum-aluminum based thin film resistor due to a current pulse of less than a few 

micro seconds/*'^'^'^'^^^ a small bubble nucleates around the heater plate. Since the heating 

is so fast (1,000,000 °C/s, referred to as superheating), the heat transfer is limited to 

about 0.1 (Figure 3.6, step 1). A superheated bubble instantaneously acts like a 

pressure generator (approximately 10^ MPa) and forces ink out through the nozzle at 

approximately 50 km/hr.'^''^^^ (Figure 3.6, step 2) Once all the heat applied in ink is 

dispatched, the bubble collapses and the ink chamber is refilled by a capillary action in 

less than 100 usee (Figure 3.6, step 3). The jetted droplet is followed by a tail, so the 

driving pulse (waveform) must be designed to minimize the tail length. Otherwise it 

turns to form uncontrollable randomly sprayed droplets known as satellite. 

print head 
nozzle 

heating resistor 

STEP1 

firing chamber 

STEP 2 

? 

STEP 3 

Figure 3.6. Droplet formation mechanism of thermal Inkjet. 

A number of theoretical studies on the mechanism of the hydrodynamical 

processes occurring in the ink reservoir and at the nozzle plate have been demonstrated 

elsewhere. 
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In thermal Inkjet heads, there is a concern about degradation as the ink is boiled to 

expel the drop. However, the heating time is only a few microseconds and limited 

amount of heat is transferred to the ejected droplets. Even temperature sensitive 

materials, such as enzymes, and bacteria^'^^^ can be delivered successfully by 

thermal Inkjet printing. Since high heat is continuously applied to the small resistor, the 

printheads of the thermal Inkjet printer have a shorter lifetime than that of piezoelectric 

printers. 

charge ^ 
piezo electric crystal 

droplet 

cavity 

3.2.3.2 Piezoelectric inkjet technology 

A piezoelectric print head expels ink droplets from the nozzle by a pressure wave 

created by the piezocrystal deformation in 

response to an applied voltage (Figure 3.7). The 

ink chamber refills via capillary action through 

the inlet. The pressure generated by 

piezoelectric inkjet is typically in the range of 
Figure 3.7. Droplet formation 

100-500 kPa. Depending on the position of mechanism of piezo inkjet. 

piezoceramics and a diaphragm (vibrating membrane) at the printhead, the piezoceramics 

deformation mode is changed, the technology can be classified into four main types; 

squeeze mode, bend mode, push mode, and shear mode (Figure 3.8).^'"^^'^^^^ In both the 

bend and push mode designs, a thin diaphragm is attached to a piezoelectric crystal at one 

wall of the reservoir. 
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Figure 3.8. Basic map of piezoelectric drop-on-demand Inkjet technologiesJ'^^^ 

Piezoelectric Inkjet have some advantages over thermal inkjet technology. Since drop 

formation is directed by tiny fluctuations in the piezocrystal, drop volume, velocity and 

jetting force can be more precisely controlled; therefore consistent droplets without 

satellites or misting (undesirable fine drops of a liquid) can be formed. Also, faster head 

firing speeds are possible because no cooling time is necessary during the droplet 

formation. Finally, the piezoelectric printhead is designed to be permanent. 

Piezoelectric inkjet is widely employed for jetting organic electronic materials in 

manufacturing flat-panel displays. In piezoelectric printheads, where the drive voltage is 

high, there may be a problem if the ink is electrically conductive. 
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3.3 DESIGN ASPECTS OF INKJET PRINTING 

3.3.1 Ink formulation 

To formulate inks suitable for the Inkjet dispensing process, the physical 

properties of the fluid must be well regulated for the consistent formation of drops for a 

given electric pulse. If using a commercial printhead (i.e., HP, Lexmark, Canon, or 

Epson), the viscosity of inks should be comparable to water and this surface tension 

should limit wetting of the faceplate around the outside of the nozzle (preferably more 

than 35 mN 

The range of the ink viscosity should 

be 4-20 mPa s. The ink viscosity must be 

low enough to allow the ink channel to be 

refilled in about 100 |xs but must be high 

enough to avoid the formation of satellites 

during the printing process.^'^"*^ When a 

droplet impacts a hydrophilic surface, it 

spreads on the substrate to cover a larger 

area. A high surface energy gives us a small 

footprint and a poor wetting on the 

substrate. If one wants to achieve full area coverage (a layer formation), it is necessary to 

add surfactants, which increases the wetting by lowering the surface tension (Figure 3.9). 

high surface 
tension liquid 

' surface energy substrate 

Partial Wetting 

low surface 
tension liquid 

low surface energy substrate 

Complete Wetting 

Figure 3.9. Schematic images of 
the droplets: (above) where high 
surface tension liquid is deposited 
and (below) where low surface 
tension liquid was deposited. 
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The ink must be in a solvent that does not attack the cartridge, either through dissolution 

with organic components or a corrosion of metal parts. 

Figure 3.10 illustrates an exploded view of a typical thermal inkjet cartridge.^''^'^ 

It consists of a plastic body, plastic cap, flex circuit, printhead, and foam sponge that 

contains ink. A foam sponge is installed to control the print cartridge's backpressure, 

which increases as ink is used and results in reducing the drop volume. 

During the jetting process, nozzles of the printhead often clog. This is due to the 

presence of particles (or aggregation) in the ink or possibly the fast evaporation of ink on 

the nozzle plate, which tends to dry up non-volatile ingredients of the ink. They form 

crystalline crusts in the orifice and cause crooked jetting or nozzle clogging. Therefore, 

in an ink formulation, it is common to add a humectant (substance added to maintain 

moisture),^^^^^ such as a water-soluble, high boiling point liquid, e.g., glycerol or ethylene 

glycol. On the other hands, the fast drying of the printing ink on the substrate is 

necessary to obtain a finer feature, since the fast evaporation minimizes the liquid 

Flex Circuit 

Foam Sponge (with ink) 

Printhead 

Plastic Cap 

Plastic Body 

Figure 3.10. Exploded view of the inkjet cartridge. 
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spreading on the surface. The conflicting nature of those requirements make obtaining all 

these objectives very difficult. Optimizing the ink chemistry is the key issue of ink 

jetting materials, which in many cases still relies on empirical experiences and trials. 

To perform inkjet printing, materials have to be in the liquid form. Therefore, in 

order to use inkjet to print insoluble materials (metal and ceramics), it is necessary to 

disperse the required materials as fine particles suspended in a suitable solution. In fact, 

currently, inks of commercial inkjet printers generally contain color pigments in the size 

range of 100 - 400 nm rather than colorants dissolved in an ink solution. The dispersion 

of particles must be extremely good to avoid sedimentation and aggregation. To achieve 

stable pigment ink, polymeric or colloidal binders^'^®^ or additives'^'are often added. 

The sonication of ink is well known method for reducing the sedimentation rate.^'^^ '^"^ 

3.3.2 Resolution 

The resolution of inkjet printing is normally in the range of 70-100 jxm. The drop 

size of commercial inkjet printers is decreasing in order to attain higher resolution 

(droplet volumes are 2-40 picoliters). Printing on a hard substrate is quite different 

from printing onto absorbent paper but there has been little detailed study of the wetting 

and drying process. 

The shape, thickness, and surface morphology of droplets and layers are greatly 

influenced by surface energy of the substrate ink and the condition of the solvent 

evaporation. The evaporation can be controlled by changing the temperature, pressure, or 

relative humidity of the deposition and drying environment. 
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Uniformity has become a particular concern in Inkjet printing of electronic 

displays. Generally, a circular drop on the solid surface evaporates from the edges and 

flows outward. This capillary flow tends to carry most of the dispersed materials to the 

edge, a phenomenon known as the coffee ring effect.^'^'^ This leads to a highly non

uniform thickness profile of a dried droplet with a thick ring around the edge of the drop. 

This process has been analyzed for larger drops and is attributed to a higher evaporation 

rate at the contact line of a pinned drop compared to the center of the drop surface.^'^' '^^^ 

This capillary flow rate can be modified by the solute concentration and 

molecular weight, surface tension and viscosity of the liquid. A higher solute 

concentration tends to push edges of droplets more outwards. If the inter-particle 

interactions are not sufficiently larger than particle-substrate interactions, particles cannot 

freely diffuse across the substrate and may segregate on the substrate surface, thus 

becoming immobilized.A high viscosity solvent may prevent droplets to allow 

motion across the substrate caused by the capillary flow. For non-circular droplets, 

including a line of liquid, deposition behavior can be more complicated. The line may 

break up into separate drops or into liquid bulges, depending on the boundary conditions 

of the moving contact line (edge of the droplet), printing speed, and frequency of the 

jetted droplet.^'^^^ A discussion of these questions has recently been published.'^'^^'^^^ 

Heating the substrate on the hot plate during Inkjet printing is the simplest way to 

obtain fast solvent evaporation. By heating the substrate near or over the boiling point of 

the printing solvent, the liquid in the droplet can be flash-evaporated on contact and 

providing a finer resolution than one in printed at room temperature. However, it should 
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be noted that by applying higher temperature on the substrate also increases the risk of 

the orifice clogging at the printheads. Fundamental studies to obtain a constant width and 

shape of printed droplet, lines and areas on the solid substrate are not fully developed. 

Recently, in order to place drops in precise locations, a surface energy pattern has 

been defined on the glass substrates before processing Inkjet printing (surface-energy 

assisted inkjet).^'^^ '^'^''^^''^®^ Using photolithographic process, the hydrophilic glass 

substrate were patterned by polyimid (hydrophobic polymer). Since surface energy is the 

dominant force on spreading liquid on the substrate, a hydrophobic bank efficiently 

prevents a drop from spreading out beyond the confined areas of hydrophilic surface. 

Fine feature sizes of several microns to submicron have been successfully demonstrated. 

3.3.3 Recent Inkjet printing of materials and devices 

Many different niaterials have been successfully printed. They were mostly single 

materials based and layer/dot printed as a part of the device that was otherwise formed by 

spin coating and evaporation. Efforts to Inkjet print materials have been reviewed 

recently by Calvert. 

The inkjet process has been studied in some detail in the context of printing ceramic 

powders^'^'^ to make alumina,zirconia,^'^'^ '^^''^"^ titania,''®^^ barium strontium 

titantate,'^'^'' functionally graded materials (e.g. zirconia/alumina),'^'^^^ sol-gel 

ceramics,^'ferroelectric thin film,^'^'^^ magnetic nanoparticles,'^'^^^ diamond 

nanoparticles,''^®^ Y2O3 nanoparticles,'^'^^^ (Figure 3.11) and superconducting oxides. 

(followed by the high temperature sintering process (300-800 °C)). The main ingenuities 
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of inkjetting ceramic powder have been achieving low viscosity and well dispersed 

particle ink, while maintaining a high particle 

concentration in order to build high-density 

printed materials. Nowadays, arranging the 

mixture of solution with a wax and surfactant, 

suspensions comprising up to 45 vol% of 

ceramic particles can be deposited by inkjet 

printingJ^^^^ By printing thousands of layers, an 
Figure 3.11. Inkjet printed 

array of pillars with submilimeter height was YaOsnanoparticlesJ^^^^ 
(University of Arizona) 

formed by using piezoelectric ceramic powder 

(PZT) or lead zirconate titanate mateiralsJ'^^"'^^^ 

Some approaches have been made to inkjet print metal lines. One approach is to print 

palladium salt followed by metallization through electroless plating methods. 

Second approach is to print an organometallic liquid (e.g. silver,copper,^'^^' and 

gold^'^^^), followed by the metallization by applying a high temperature (200-300 °C). 

Third approach is to use metal colloids or metal nanoparticles, such as gold,^^*^"^ 

silver^^®''^®^^ and cobalt,^^®'^ followed by a sintering process (> 300 °C). However, the 

required temperatures for these metal conversion process are too high for most of active 

materials and substrates. Therefore, attaining high-conductivity metal electrodes for 

optics and electronics have is challenging. Recently, the sintering temperature was 

reduced down to 150 - 200 °C by modifying the structure of organometallic compound 
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precursor (i.e. by shortening the alkane chain length of thiol-based gold nanocrystals^^"^' 

or using copper hexanoate compound. 

For biomedical applications, inkjet printing was first used for immobilizing active 

enzyme membranes to create biosensors.It has been expanded to operate for the 

microdeposition of proteinj^''^^ cell,^^"^'^'^^ and bacterial colony'^'^^^ for 

the development of microarray-based bioanalytical assays,which is used in clinical 

diagnosis to evaluate drug candidates. Oligonucleotides have been synthesized by 

selectively depositing four types of nucleotides through different print heads. 

Dielectric layers and organic compounds, including photoresists,^^^^^ self-assembled 

monolayers,^^^^^ semiconducting polymer (MEH-PPV)^^^"^^ and organic nanoparticles^^^^' 

have been patterned by inkjet with the resolution range of 100 |j.m. Many organic 

compounds have also been demonstrated to fabricate organic based optoelectronic 

devices using inkjet printing, including organic/polymeric LEDs,^'"^^ 

microelectromechanical structures and devices with conducting polymer-based electronic 

parts; organic thin film transistors,'^'^^'^^^"^^^^ organic RC (resistor-capacitor) filter 

circuits'^^^®^ and all-polymer capacitors. It has also been used to fabricate arrays of 

refractive microlenses supported by sol-gel techniques^^^^^ or using UV-curable optical 

epoxies.^^^^^ 
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3.4. DIRECT PRINTING OF PEDOT-PSS 

3.4.1 Introduction 

In building multilayer structures by Inkjet printing, there are a number of 

concerns. First, one wants to be able to 

print individual dots, lines and areas. 

Second, one wants to be able to make 

thick layers by repetitive printing 

(Figure 3.12). One can build layers of 

different materials without them mixing 

or with mixing. Also, it may be 
Figure 3.12. Examples of inkjet 

necessary to wash away reaction by- printable features. 

products at intermediate stages without destroying the devices. When inkjet printing onto 

transparencies, it is normal to use pre-coated substrates with an absorbing polymer layer 

to prevent the ink coalescing into bigger drops. However, in making devices, we would 

like to be able to print onto uncoated glass or plastic and then overprint further layers of 

material. For this we need some understanding of how droplets will interact on the 

surface. 

For device applications, we do not want to print only dots, but also lines and areas 

with good connectivity. These present particular problems because ink on a surface will 

likely bead up due to surface tension. Since it is desirable to use flexible organic 

substrates for organic devices, it is also important to achieve good adhesion and material 

properties without high temperature steps. 

overprinted lines side-by-side lines 

line side-by-side layer 

convex layer concave layer 
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This additive inkjet method is more flexible than any other methods, it can be 

done on any surface, but there are possible problems: i) we may not be able to get the 

smoothness necessary for good organic electrophotonics devices, ii) we may not get a 

conductivity as high as with spun-on films, and iii) we may not be able to get a film 

thickness variation (gray scale) like we can with spun-on and other subtractive methods. 

In section 3.4.2,1 demonstrates our capability to print individual lines and areas of 

PEDOT-PSS by inkjet printing. By controlling the ink formulation, drying condition, 

and the number of overprinting and line spacing, we were able to print the layers with 

desired thickness and unique morphology, which result in increasing the surface area of 

electrodes. By using these experiences, in section 3.4.3, I describe the approach for 

printing PEDOT-PSS solution, using a slightly modified Hewlett Packard inkjet printer. 

This technique was applied to the printing of anode in OLED. In order to enhance a 

conductivity of PEDOT-PSS film, we added a high boiling point liquid, glycerol, into the 

PEDOT-PSS aqueous dispersion. Due to the large difference of boiling points between 

glycerol and water, surface morphology of printed film was greatly influenced by the 

drying process and affected to the final quality of fabricated OLEDs. In addition, sheet 

resistivity of printed PEDOT-PSS film was controlled by changing the thickness of films, 

which was programmed by the gray scale of graphic software. 
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3.4.2 Overprinting of PEDOT-PSS lines 

3.4.2.1 Experimental Procedure 

A dilute aqueous suspension of conductive polymer (Baytron® P, approximately 

1.3% by weight), PEDOT-PSS was purchased from Bayer (Newton, MA). 

Ethyleneglycol was purchased from Mallinckrodt (Paris, KY). Glycerol and Triton® X-

100 (polyoxyethylene(lO) isooctylphenyl ether) were purchased from Aldrich 

(Milwaukee, WI). 1.0 fxm polyethersulfone membrane syringe filters were purchased 

from Whatman (Clifton, NJ). All materials were used as received. Thermal inkjet heads 

were kindly donated by Hewlett Packard. 

There are many commercially available customized instrumentations for inkjet 

printing, especially designed for the laboratory or industrial uses.^^'^^ However, utilizing 

an ordinary desktop inkjet printer is still low cost and especially convenient for initial 

experiments and explorations in the laboratory. We have experimented with two types of 

modified commercial inkjet printers: piezoelectric and thermal inkjet system. Since it is 

difficult to avoid clogging and dripping of nozzles with both piezo and thermal 

printheads, especially for our peculiar needs of printing multiple liquids, we have found 

that a thermal system is more rugged and simpler. In addition, thermal printheads are 

designed to be disposable along with the nozzles. 
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Our studies have been carried out using refilled Hewlett Packard thermal Inkjet 

heads mounted in an x-y-z 

stage (Asymtek, Carlsbad, 

CA), as shown in Figure 3.13. 

Electric pulses were applied to 

one of the nozzles in order to 

form single drops. Pulse 

amplitude, pulse width, and 

pulse frequency affect drop 

formation, while the printhead 

moves over the substrate. The 

printing speed depends on the speed of the x-y stage and the frequency of the Inkjet 

pulse. A typical experimental head speed is in the range of 0.1 - 1.0 cm/s and the ink jet 

frequency is 20 - 200 Hz. 

In the PEDOT-PSS dispersion, 5-20 vol% of ethylene glycol or glycerol was 

added as a humectant to prevent the drying of the ink at the nozzle, while triton® X-100 

was added as a surfactant to enhance the wettability of PEDOT-PSS ink. A mixed ink 

solution was filtered through 1.0 p,m polyethersulfone membrane syringe filters. The 

conductivity was measured by the four-point method. Thickness profiles were measured 

by the Alfa-Step 500 profilometer (Tencor, San Jose, CA). The surface profiles and the 

root-mean-square (RMS) surface roughness values of printed PEDOT-PSS lines were 

measured by an atomic force microscope (AFM) (Nanoscope, Digital Instruments, Santa 

Figure 3.13. Photograph of our Inkjet printing 
system. (University of Arizona) 
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Barbara, CA) in 'contact mode' at the scale of 5.0 x 5.0 |im. The Inkjet printed PEDOT-

PSS surface was observed by JSM-6400 scanning electron microscope (JEOL, Peabody, 

MA) 

3.4.2.2 Results 

Figure 3.14 demonstrates examples of printed 

dots and lines using this system with a black ink (HP 

20). In this study, lines of PEDOT-PSS were printed 

onto glass slides as a sequence of dots spared to form a 

line. 

A suspension of PEDOT-PSS was designed to 

assure the stable jetting and stable printed lines and was 

printed onto glass slides as a sequence of dots to form a 

line (Figure 3.15). To avoid the coffee ring effects on 

the printed lines and layers, the liquid in PEDOT-PSS 

inks were evaporated very slowly. In Figure 3.16, 

profilometer results show sequential printing over a single line (i.e. overprinting) gives a 

line width of about 150 |j,m that does not change as 30 layers are printed. Individual dots 

are in the range of 50 - 100 |j,m. The greater width of the lines may be due to fluctuation 

in droplet placement. About 120 nm of material is added for each layer. Conductivities 

were measured in the range of 1 - 5 S cm"', which gives a resistance of about 10 kQ cm 

for a line of 2 |j,m thickness. As shown in figure 3.15(e), lines were printed side-by-side 

Inkjet drops printed onto a transparency 

Inkjet drops printed onto a transparency 

Figure 3.14. Optical 
images of Inkjet printed 
dots and a line. 
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in order to produce a conducting area. Profile measurements are shown in Figure 3.17 

for lines printed with an offset or spacing of 50 and 100 jim. In the latter case, we can 

obtain a flat area of 700 |a,m wide and 2 ^ j 
d) 

M/ 
jam. In Figure 3.18, additional lines are 

printed sequentially on top of the side- b ) 

by-side lines changing the surface ^ ^ ^ 

profile. Line spacing was adjusted to 

300 um (from the center to center). ^ ^ • r-
Figure 3.15. Schematic images or over 

T.. • i J 1- c J rnn printed lines and layers, a) side view of 
Five over-printed lines formed a 600 ^ . ... ,, . / . ^ . 

printed lines, b) side view of the thinner 
J , ^ layer, c) side view of thicker layer, d) top 

nm thick bimodal surface and then a j x . • c 
view of printed lines, and e) top view of the 

flat layer was formed after 10 over- layer structure. 

printed lines. AFM in 'contact mode' and SEM were used to image the surface and 

morphology of the 10 over-printed PEDOT-PSS surfaces are shown in Figure 3.19 and 

Figure 3.20. AFM and SEM images show a grain-like structure of PEDOT-PSS with a 

relatively uniform surface. The root-mean-square (RMS) roughness of the surface is 15.8 

nm. 
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Figure 3.16. Profiles of a single Inkjet printed PEDOT line increasing from 2 to 30 
layers. Each layer is about 100 nm thick. 

5000 

1000 J 

single line 

50 um offsets 

100 um offsets 

3500 

3000 

250J 

2000 

1500 

too 

-200 0 400 600 800 -400 200 

width (um) 

Figure 3.17. Multiple side-by-side PEDOT-PSS lines printed to form a layer. 
Additional 10 lines printed adjacent line to form a single line with a) 4.5|xm (high 
peak), b) 2(xm (flat profile), and c) compared to 10 overprinted lines (small peak). 
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10 overprinted 

5 over printed 

c) 1 printed 

200 400 600 

width (urn) 

800 1000 

Figure 3.18. PEDOT-PSS lines printed side-by-side to form a layer. Each line is 
printed with 300 |xm separation, a) 10 lines overprinted each offset and form 900 nm 
layer b) 5 lines overprinted each offset and form 600 nm combined lines, c) single 
line printed and form 100 nm thick lines. 

a) 

b) 

RMS = 15.8 nm 

Figure 3.19. AFM image of 10 over
printed PEDOT-PSS lines (5.0 x 5.0 jim) 

O S C  S K V  

Figure 3.20. SEM micrographs of 10 
over-printed PEDOT-PSS lines, widths 
are ISOjam and 1.2|xm thickness. Scale 
bars is a) 100|a,m and b) lum. 
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3.4.2.3 Discussion 

Control of the surface morphology of lines can be done easily using modifying 

number of overprinted layers. Such an approach might be useful not only in OLEDs, but 

also in organic solar cells since it can provide a larger surface area electrode and active 

layers. 

3.4.3 Inkjet printing and patterning of layers - PEDOT-PSS-

3.4.3.1 Experimental procedure 

This study has been carried out using a modified Hewlett Packard (HP) thermal 

desktop inkjet printer (Figure 

3.21). Glass substrates were 

fixed to the transparency sheet 

with kapton tape, and the sheets 

were inserted into the printer. 

The HP driver software was 

used to select the printing 

positions. A pattern was pigm-e 3.21. Photograph of our modified inkjet 

printer. (University of Arizona). 
designed using Microsoft 

PowerPoint software. 

A diluted PEDOT-PSS solution was formed, consisting of 86 vol% of Baytron P, 

4.5 vol% of glycerol, 0.045 vol% of triton X-100, and 9.5 vol% of water. Glycerol was 

added to enhance the conductivity of formed films. OLED materials (Figure 3.22), 
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N',N'-bis(3-methylphenyl)-N',N' diphenylbenzidine (TPD), polycarbonate (PC), 

rubrene, and chloroform were purchased from Aldrich (Milwaukee, WI). Tris-(8-

hydroxy-quinoline)-aluminum (Alqs) was purchased from H. W. Sands (Jupiter, FL). 

Magnesium and silver were purchased from Kurt J. Lesker (Carlton, PA). All of 

'J 
materials were used as received. Glass substrates were cut into 2.54 x 2.54 inches and 

sonicated in acetone, isopropanol, and methanol baths, respectively. As a final step, the 

substrates were cleaned in an oxygen plasma treatment. 

rubrene 

Figure 3.22. The molecular structures of TPD, rubrene, and Alqs 

The light absorption values of printed PEDOT-PSS films were measured using 

Cary 5G UV-VIS-NIR spectrophotometer (Varian). Surface morphologies were 

measured by Wyko NT-2000 interferometer (Vecco). The conductivity of film was 

measured by the four-point method. The thickness profiles were measured by Alfa-Step 

500 profilometer. Testing of the electroluminescence characteristics of the OLEDs were 

carried out under the nitrogen environment to minimize moisture and oxygen effects on 

device performances. A calibrated silicon photodiode was used to measure the power 

emitted in the forward direction. Voltage biasing was done in the forward mode with the 
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anode connected to the positive and the cathode to the negative terminal of the power 

supply. 

The film morphology and chemical and physical structure can be strongly 

influenced by a variety of deposition method^'^^^ or post-deposition treatment, such as 

heat treatment.After printing, substrates were immediately placed onto the hot plate 

with different temperatures, at 25, 50, 90, 110 °C, respectively, for two hours at the 

atmospheric condition. Since we would like to apply this approach to flexible organic 

substrates (i.e., paper or plastic), the maximum temperature was kept to about 110 °C. 

Surface morphology of films was measured by the optical interferogram (Wyko) of 60 

^m X 45.5 |im area. For comparison, formulated ink was spin-coated on a glass substrate 

with the same thickness as an Inkjet layer. Formed layers had same thickness of 220 nm 

and sheet resistivity of 1680-2000 Q/sq. In addition, pristine PEDOT-PSS dispersion 

(Baytron® P) was spin-coated on the glass substrates. 

The thickness of the Inkjet 

printing films was controlled 2212I tiS: luminosity (L) darl<ness (%) 

#1 0 100 

through the HSL (hue, saturation, HHi #2 10 96 
WKKM #3 20 92 

luminosity) function using the #4 30 88 
#5 50 80 

existing PowerPoint values. The #6 70 72 

values for H, S, and L used in this 
Table 3.1. HSL values and colors used in the 

experiment are shown in Table Programming the ink-loads. S = 0 and H was 
not defined. 

3.1. Only L was allowed to 

change. Continuous conductive films were formed with different thicknesses. The 
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continuity of films was visually inspected after the PEDOT-PSS inks were printed. After 

printing, substrates were immediately placed on a hot plate at 110 °C for an hour in 

ambient atmosphere. 

To investigate the inkjet printed film performance in an OLED, some of inkjetted 

PEDOT-PSS films (dried at 110 °C in atmosphere) were 

used as the anode. On top of the inkjet printed anode, the 

HTL solution (TPD 67.6 wt%, PC 29.0 v^%, rubrene 

3.4%, 10.35mg/ml chloroform) was spin-coated at 1000 

rpm for 1 minute in a class 100 cleanroom. A 60 nm 

layer of Alqs was then thermally deposited under the high 

vacuum at the rate of 0.7 A/sec. Then, a 300 nm layer of Figure 3.23. The device 
configuration of OLED. 

Mg:Ag was thermally co-evaporated at the ratio of 10:1 

on the top of ETL (Alqs) layer (Figure 3.23). 

Alqs: 60nm 

PEDOT-PSS 
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3.4.3.2 Results 

Effects of the drying conditions 

The glycerol-doped PEDOT-PSS films dried at lower temperatures (25 °C and 50 

°C), show significantly higher surface roughness (Ra = 81.05 nm and Ra = 61.39 nm). 

Probably this is because solvent components (mainly glycerol) were migrating on film 

surfaces. Due to the fact that glycerol has high surface tension (63.40 dynes cm"'), it 

tends to bead up on the substrate surface (Figure 3.24(a) and (b)). At the higher 

temperatures (90 °C and 110 °C), glycerol evaporated and the surface roughness 

decreased (Ra = 7.72 nm and Ra = 3.89 nm). Many randomly positioned voids have been 

observed on the dried PEDOT-PSS surface. Figure 3.24(c) and (d) show the surface 

when the substrate was heated to 90 and 100 °C. The pits diameter was 2-3 jxm and the 

depth was approximately 25-35 nm. 

The spin-coated glycerol films showed smaller pits than that of the Inkjet printed 

film. The depth of voids was 15 nm with 1-2 |a,m width and roughness of 4.29 nm 

(Figure 3.24(e)) On the other hand, the spin-coated pristine PEDOT-PSS film did not 

show such voids and provides a smoother surface (Ra = 2.80 nm. Figure 3.24(f)). It is 

worth noting, however, that these drying conditions do not greatly affect the film 

thickness. 
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a) Inkjet printed & dried at 26 °C, 
Ra = 81.05 nm • 

450 

400 
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300 
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0 

c) Inkjet printed & dried at 90 °C, 
Ra = 7.72 nm 

e) Spin-coated & dried at 110 °C, 
Ra = 4.29 nm 
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-25.0 
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b) Inkjet printed & dried at 50 °C, 
Ra = 61.39 nm 

d) Inkjet printed & dried at 110 °C, 
Ra = 3.89 nm 

f) Spin-coated Baytron P 
(without glycerol) 

Ra = 2.80 nm 

20.0 

15.0 

-15.0 

16.0 

Figure 3.24. Surface topography of printed films of the PEDOT-PSS. a) inkjet printed 
and dried at 26 °C, b) inkjet printed and dried at 50 °C, and c) inkjet printed and dried 
at 90 °C, d) inkjet printed and dried at 110 °C, e)spin-coated and dried at 110 °C, and f) 
spin-coated pristine PEDOT-PSS. Each layer was dried on the hot plate in 
atmospheric condition for two hours. 
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The optical absorption 

of the film was measured at 

the visible range and the 

value of 4-10 % was obtained 

as shown in Figure 3.25. 

5 0.06 

0.02 

400 500 600 700 

wevelength (nm) 

800 

Figure 3.25. Optical absorption spectrum of printed 
PEDOT-PSS film. 

To investigate the inkjet printed film performance in an OLED, one of inkjetted 

PEDOT-PSS films (dried at 110 °C in atmosphere) was used as the anode. Figures 3.26 

(a)-(c) show the current density [mA/cm^], forward light output [cd/m^], and external 

quantum efficiency [%] versus bias voltage [V], respectively, for the device with 

PEDOT-PSS anodes deposited by inkjet printing and spin-coating. 
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Figure 3.26. a) Current density vs. bias voltage, b) 
forward light output vs. bias voltage, and c) external 
quantum efficiency vs. bias voltage. 

The thickness of spin-

coated layers were matched to 

these of Inkjet printed layers. 

The sheet resistivity of the 

Inkjet printed and spin-coated 

layers were 1850 ^l/sq and 

1680 Q/sq, respectively. 

Additionally, figures show 

results of an OLED with the 

same layer configuration 

except that ITO is used as the 

anode layer. 

At any given voltage, 

the device with the spin-coated 

layer has a higher current and 

brightness than the OLED with 

Inkjet printed layer (Figure 

3.26(a) and (b)) and this is due 

to the difference in their sheet 

resistivity. However, Figure 

3.26(c) shows that devices 

made by Inkjet printing have a 
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peak external quantum efficiency (rjext) of 1.3 %. This value is higher than that of device 

made by spin-coating, which has 0.9 % efficiency. These results show that the surface 

morphology of anode affects the rjext of OLEDs. 

By using the inkjet method, an OLED 

logo was designed on the graphical software and 

transferred onto the glass substrate of 2.54 x 2.54 

cm^ (Figure 3.27). This shows the simplicity and 

ease of such approach in fabricating light-

Figure 3.27. Photographs of emitting signs and logos. 
OLEDs with inkjet deposited 
PEDOT - PSS anode on glass 
substrates, a) inkjet patterning, 
and b) original image. 

Thickness variations 

Various patterns (Table 3.1) printed with a black ink on inkjet transparencies were 

examined with an optical microscope. (Figure 3.28) About 100 i^m diameter dots were 

randomly dispersed over the area of the printed image and the amount of dot overlap 

increased as luminosity values decreased. The average area of the ink coverage from this 

gray scale pattern greatly depends on the surface energy of the ink itself. We have 

designed the PEDOT-PSS ink with a low surface energy, in order to form a fully inter

connected film due to the surface tension properties of overlapping droplets. 
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# 1 L=0 (darkness =100%) 

# 3 L=20 (darkness =92%) 

# 5 L=50 (darkness =80%) 

# 2 L=10 (darkness =96%) 

# 4 L=30 (darkness =88%) 

# 6 L=70 (darkness =72%) 

Figure 3.28, Optical microscope image showing enlargement of dither patterns printed 
with a black ink on inkjet transparencies and shade of gray. The scale bar is 100 |a,m. 

After the PEDOT-PSS ink had dried, the film thickness, sheet resistivity and surface 

roughness were measured. As shown in Figure 3.29, a systematic decrease of film 

thickness is observed with decreasing ink load as L varies from 0 to 50. Films were 

discontinuous below L = 70. Sheet resistivities of inkjet printed films and spin coated 

films were measured using the four-point probe method and results are shown in Figure 



104 

3.30. As expected, a distinct increase in sheet resistivity is observed with decreasing film 

thickness. A change in sheet resistivity of one order of magnitude is observed as the 

thickness changes from 100 nm to 200 nm. 

Figure 3.31 shows the surface topography of inkjet printed PEDOT-PSS films with 

various L values. The surface roughness increases as the film thickness decreases (L 

increases) and is in the range of 10-20 rmi. Many randomly positioned voids have been 

observed on the surface of dried PEDOT-PSS films. The average diameter of these pits 

was 2-3 |xm and the depth was approximately 20-40 nm. 

Figure 3.32 shows the current density [mA/cm ] vs. bias voltage [V] for the 

various devices made with varying L values. As expected, a decrease in current density 

was observed with decreasing thickness (increasing L) and increasing sheet resistivity of 

the PEDOT-PSS layer. The forward light output (Figure 3.33) from the devices follows 

the current density behavior. Lower light output at a given voltage can be seen with 

decreasing thickness (increasing sheet resistivity). The peak external quantum 

efficiencies (rjext) [%] of devices containing PEDOT-PSS anodes are as high as those of 

device utilizing an ITO anode, and are roughly 1.2-1.3 % (Figure 3.34). These riext values 

remain constant or demonstrate only slight changes at higher voltages, unlike the tjext of 

ITO anode, which rapidly drops off after the peak rjext is achieved. 
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Figure 3.29. Measured film thicknesses for various luminosity 
values. L= 0-50. Film became discontinuous for L > 70 (72 % 
darkness). 
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Figure 3.30. Measured PEDOT-PSS sheet resistivity of Inkjet 
printed and spin-coated films with various thicknesses. The 
measurement was carried out in air, at room temperature, using a 
four-point-probe. 
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Figure 3.31. Surface topography of inkjet printed PEDOT-PSS films with various L 
values. All of the films were dried at 110 °C under atmospheric conditions, a) L = 
10 (96% darkness), b) L = 20, (92% darkness), c) L = 30, (88% darkness), and d) L 
= 50, (80% darkness). 
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Figure 3.32. Current density vs. bias voltage of devices having various 
PEDOT-PSS thicknesses. 
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Figure 3.33. Forward light output vs. bias voltage of devices having 
various PEDOT-PSS thicknesses. 

10 

voltage (V) 

Figure 3.34. External quantum efficiencies vs. bias voltage of devices 
having various PEDOT-PSS thicknesses. 
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3.4.3.3 Discussion 

Effects of the drying conditions 

Since the miscibility of PEDOT-PSS and glycerol is poor, as water evaporates, 

remaining glycerol floats to the PEDOT-PSS surface and leaved behind voids in the 

PEDOT-PSS layer. Smaller pits were observed as the layer thickness decreases since 

there is less total glycerol on the PEDOT-PSS surface. On the other hand, spin-coating 

uses the centrifuge force to coat layers, the drying time is much shorter than that of inkjet 

printing. It results in shortening the evaporation time gap of two solvents and decreasing 

the size of pits. 

OLED characteristic results show that the surface morphology of anode affects 

the Tjext of OLEDs. Future work should be directed toward understanding the influence of 

PEDOT-PSS film treatment has on the performance of devices. 

Thickness Variation 

It should be noted that changes in sheet resistivity with thickness are more dramatic 

for films thinner than 200 nm. The sheet resistivities of spin-coated films were slightly 

higher than that of inkjet printed films. We suspect that this is due to the difference in 

drying processes between the two fabrication techniques. In spin-coating, the film is 

significantly dried during the rotation of the substrate. This initial fast drying is even 

more apparent in thinner films, which dry even faster. On the other hand, the drying of 

inkjet printed films is much slower than that of their spin-coated counterparts and there is 
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greater freedom for a material's configuration during the drying process. This possibly 

creates a more favorable (homogeneous) distribution of PEDOT-PSS polymer chains, 

resulting in the lower sheet resistivity. 

Tjext values of inkjet printed PEDOT-PSS anode remain constant or demonstrate 

only slight changes at higher voltages, unlike the tjext of ITO anode, which rapidly drops 

off after the peak rjext is achieved. This is presumably due to the low current density of 

PEDOT-PSS anodes and the topography of their surface. However, more detailed studies 

will be necessary to unveil the precise relation between PEDOT-PSS surface morphology 

and OLED performances. 

3.4.3.4 Conclusion 

We have demonstrated that PEDOT-PSS conductive polymer can be inkjet 

printed using multiple passes to build thick lines and layers with high conductivity and 

incorporated the inkjet printing technique into the fabrication of OLED anodes. PEDOT-

PSS morphology and thickness can be greatly influenced by the processing conditions, 

additives and solute concentrations but surface roughness and conductivity of inkjetted 

films can be compatible to ones of spin-coated. 

Although this study was performed on the OLED anode only, the technique can 

be extended to the hole injection layer, hole transport layer or any other solution based 

layer in a given OLED structure, given no solvent interaction with the underlying film. 

The range of the formable thickness can be easily controlled by changing the 

concentration of solute or applying the overprinting method. 
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3.5 SUMMARY 

In this chapter, we have shown the potential of using Inkjet printing in controlling the 

morphology as well as geometry of the anode in OLEDs. 

Inkjet printing has the potential to be a versatile technology for many types of organic 

devices. As with conventional printing, we can expect different methods to be used 

depending on the required resolution and the number of parts being made. Inkjet printing 

of devices raises many questions that will pull the technology in a different direction 

from the printing of images on paper. This means that it is not yet possible to define the 

potential or the real limitations. One current limitation for exploratory work is the lack of 

a simple robust Inkjet printing system that could be used in conjunction with a wide range 

of solutions and suspensions. The printing of complete devices will need to involve 

muhiple layer formations, and interaction during such layers processing still remains 

unexplored. 
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CHAPTER 4: 

INKJET PRINTING: 

MODIFICATION OF PEDOT-PSS ANODE 

4.1 INTRODUCTION 

In this chapter, a simplified and practical method for direct patterning of conductive 

polymers to create a variety of images including gray-scale will be shown. The focus 

will be on the use of ink-jet printing to pattern pre-coated conductive polymer PEDOT-

PSS (poly(3,4-ethylenedioxy)-thiophene-poly(styrene sulfonate)) yielding electrodes with 

predefined shapes and controlled sheet resistivity for use in organic light emitting devices 

(OLEDs). Many factors including surface tension of the printed solution, substrate 

surface properties, and drying conditions have direct effects on the final quality of the 

printed film and the performance of the organic based devices. The electrical and optical 

properties of the PEDOT-PSS layer were modified via chemical interaction with an 

oxidizing agent. Since the chemical reaction between the oxidizing agent and the 
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PEDOT-PSS can be controlled by the inkload at a fixed solution concentration, we were 

able to control the rate of PEDOT-PSS oxidation by a gray scale on a given graphics 

program. By managing the sheet resistivity modification of PEDOT-PSS properly, it is 

possible to convert digital-photographs into electroluminescence images through an 

extremely simple procedure. Since this technique does not require the photolithographic 

pre-patteming or post-patterning, this work promises a simple, low cost, maskless, and 

non-contact approach to generate a specific pattern on a given substrate. The reaction 

mechanisms of this oxidation process are also discussed. 

4.2 EXPERIMENTAL PROCEDURE 

PEDOT-PSS coated polyethlylene terephthalate (PET) films (Orgacon^"^ EL-350) 

and paper films were kindly donated by Agfa (Mortsel, Belgium). Sodium hypochlorite 

was purchased from Fluka (Milwaukee, WI). PEDOT-PSS (Baytron® P, approximately 

1.3% by weight) was purchased from Bayer (Newton, MA). N',N'-bis(3-methylphenyl)-

N',N' diphenyl benzidine (TPD), polycarbonate (PC), 5,6,11,12-tetraphenyl-naphthacene 

(rubrene), chloroform and potassium bromide (KBr, FT-IR grade) were purchased from 

Aldrich (Milwaukee, WI). Tris-(8-

hydroxy-quinoline)-aluminum (Alqs) 

was purchased from H. W. Sands 

(Jupiter, FL). Magnesium and silver A i rj., i i ^ ^ ^ ^ ^ ^ ® Figure 4.1. The molecular structure oi 
PEDOT-PSS: poly(3,4-ethylenedioxy)-

\ p 
fiv 

X? s 

V 
n x© n 

S03 

were purchased from Kurt J. Lesker 

(Carlton, PA). All of the materials were 

thiophene-poly(styrene sulfonate). 
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used as received. The surface profiles and the root-mean-square (RMS) surface 

roughness values of printed PEDOT-PSS lines were measured by atomic force 

microscopy (AFM) (Nanoscope, Digital Instruments, Santa Barbara, CA) in 'contact 

mode' at a scale of 5.0 x 5.0 }i,m^. The light absorption values of films were measured 

using a Gary 5G UV-VIS-NIR spectrophotometer (Varian). Fourier transform infrared 

(FT-IR) spectra of plastic based films were recorded on a JASCO FT-IR-410 infrared 

spectrometer. FT-IR spectra of dried pristine PEDOT-PSS and 'passivated'^^^"^^ materials 

were recorded using a Nicolet Magna 760 spectrometer. Dried materials (powders) were 

pressed into the KBr pellets and analyzed. In both cases, 128 scans were taken with a 

resolution of 4 cm"'. The sheet resistivity of both films were measured by a four-point 

method. 

In this study, a plastic or paper 

substrate pre-coated with a p-doped 

conductive polymer, PEDOT-PSS (Figure 

4.1), was used. The PEDOT-PSS layer is 

500 nm thick and has a sheet resistance of 

350 Q/sq. The physical dimensions of the 

PET or paper-based substrates are 11 inch 

X 8 inch, with a thickness of about 125 i^m. 

No ITO is present on these substrates and 

PEDOT-PSS was used as the anode for the 

OLEDs described below. 

Inkjet printed layer 

i} . 

conductive polymer 

4 
processing 

^ Increased resistivity/Insulated 

conductive polymer 

Figure 4.2. The schematic of the inkjet 
printing of the oxidizing agent (above) 
and the resulting feature of the patterned 
substrate (bottom). 
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The electrical and optical properties of the PEDOT-PSS layer were modified via 

chemical interaction with an oxidizing agent. The oxidizing agent, 2 wt% of sodium 

hypochlorite solution, was loaded into the inkjet cartridge. A surfactant of 0.13 wt% was 

added to this aqueous solution to enhance the wetting of ink. In this study, a slightly 

modified Lexmark Z42 color jet printer was used. The volume of each droplet is 

approximately 7 picoliter.^^^^^ The viscosity and surface tension of the solution were 

optimized for image intensity and resolution. The extent of the chemical reaction 

between the oxidizing agent and the PEDOT-PSS can be controlled through adjustment 

of the volume of sodium hypochlorite ink (oxidizing agent) dispensed and of the post-

printing processing conditions, thus leading to gray scale electrical imaging onto the 

substrate. Figure 4.2 shows a schematic of the patterning process. 

Upon ink-jet printing of the oxidizing agent on the PEDOT-PSS layer, the 

substrates were moderately (40-60 °C) heated to 
color No. luminosity (L) darkness (%) 

enhance the chemical reaction. Active | 1 #i 255 0 
I 1 #2 230 10 

hypochlorite slowly reacts with PEDOT-PSS I I #3 215 16 
r—1 #4 200 22 

and gradually passivates the printed area. To 
•• #6 140 45 

#7 125 51 
end this reaction, the printed sodium __ 

^ •• #8 110 57 

#g 50 80 
hypochlorite ink was thoroughly washed away ^^#10 0 IOC 

with de-ionized water. The substrates were 4.1. HSL values and colors 

used in the programming the ink-
then dried and the organic layers were deposited 

defined. 
thereafter. 
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Since the chemical reaction between the oxidizing agent and the PEDOT-PSS can 

be controlled by the spatial density (at a fixed solution concentration) of the inkjet 

droplets over the substrate area, it is possible to use the color functions of a given word 

processing or graphics program to command the printing process, and thus control the 

overall sheet resistivity of the PEDOT-PSS layer. The printing can be controlled through 

the HSL (hue, saturation, and luminosity) function. In this case, the 'saturation' (S), 

which controls the respective quantity of RGB (red, green, and blue) color, was held at 0. 

The 'hue' (H), which identifies the composition of the color, was also held constant. 

Only 'luminosity' (L), which dictates the darkness of the color itself, was changed over 9 

different values (these values are obtained through PowerPoint software) as shown in 

Table 4.1. 

In inkjet printing, gray-scale images 

are generated by using a dither patterns 

(Figure 4.3), where several dots are printed 

in a random placement of the designed 

patterns. 

For the OLED fabrication, the hole 

transport layer (HTL) was deposited by 

spin casting (1500 rpm, 1 minute) to a 

thickness of 55-60 imi. The HTL solution 

consisted of TPD and polycarbonate at 1 

wt% concentration in chloroform. The relative percentage of TPD and PC was 70 % and 

3 x 3  d i t h e r  m a t e r i x  

iffl 

n— 
wm 

8 2 5 

3 0 1 

4 6 7 

Figure 4.3. Example of the 3x3 
matrix dither pattern. Dots are 
printed in a random placement of 
the designed patterns. 
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30 %, respectively. The electron transport layer (ETL), Alqs (tris-(8-hydroxy-quinoline)-

aluminum) was thermally sublimed at a rate of 1.0 A/s for a thickness of 60 rmi under the 

high vacuum (10"^ - 10"^ torr). Both the HTL and the ETL cover the entire surface of the 

PEDOT-PSS electrode. A cathode of Mg and Ag was co-evaporated over the whole ETL 

in a ratio of 10 (Mg) to 1 (Ag). The thickness of the cathode was 300 nm. The devices 

were tested in a nitrogen glove box. 
patterned 

The device structure of our OLEDs is 
PEDOT/PSS 

shown in Figure 4.4. 
TPD:PC 

Alqs (60 nm) 

Mg: Ag (300 nm) 

Figure 4.4. The schematic image of the 
fabricated OLEDs where the PEDOT-
PSS was patterned by inkjet printing. 
There was no patterning carried on the 
HTL, ETL, or cathode. 
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4.3. RESULTS AND DISCUSSION 
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Figure 4.5. Measured PEDOT-PSS sheet resistivity of inkjet printed 
sheets with time (L=0, darkness 100%). The measurement was 
carried in air, at room temperature, using a four-point-probe. 

To optimized the reaction time needed for the sheet resistivity modification, the 

resulted sheet resistivity was measured along with the time. Here, after the sodium 

hypochlorite ink was jetted, the sheet resistivity at subsequent times for L = 0 (darkness 

100%) is shown in Figure 4.5. Sheet resistivities of treated PEDOT-PSS increases with 

time but the trend is not linear. The sheet resistivity rapidly increases in first ten minutes 

but for the further oxidation, about 1-2 hours reaction time is necessary. We suggest that 

the oxidizing agent and PEDOT-PSS layer first react quickly at their contact surface and 

the remaining oxidizing agent slowly diffuses into the inner regions of PEDOT-PSS and 

reacts. This diffusion can be enhanced by moderately heating. 
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As shown in Table 4.1, different amounts of sodium hypochlorite ink was jetted 

according to the selected degree of luminosity. The substrates were processed and the 

sheet resistivity was measured using a four point probe method. As shown in Figure 4.6, 

a systematic increase of sheet resistivity is observed with increasing ink load and this is 

due to the increase in passivated PEDOT-PSS area. In this case, a change in sheet 

resistivity of three orders of magnitude is observed as L varies from 255 (white, 0% 

darkness) to 0 (black, 100% darkness). 
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black 

1.E+02 
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ratio of the printed inl( (%) 
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Figure 4.6. Measured sheet resistivity for various darkness 
values. The measurement was carried in air, at room 
temperature, using a four-point-probe. 

These passivated PEDOT-PSS layers with different sheet resistivity were used as 

the OLED anodes. To investigate the inkjet patterned films characteristics in OLED, the 

rest of layers were fabricated on top of PEDOT-PSS anodes and devices were tested in 
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the nitrogen glove box. Figure 4.7 shows the current density [mA/cm ] vs. bias voltage 

[V] for the various devices made with varying L values. As expected, a decrease in 

current density was observed with increasing sheet resistivity (decreasing L) of the 

PEDOT-PSS layer. The forward light output (Figure 4.8) from the devices follows the 

current density behavior. Lower light output at a given voltage can be seen with 

increasing sheet resistivity. For example, at lOV, the light output levels were measured 

to be 160 cd/m^, 107 d/m^, 61 cd/m^, 36 cd/m^, and 24 cd/m^ for devices printed with the 

luminosity parameter L preset to 255 (0%), 230 (10%), 200 (22%), 140 (45%), and 110 

(57%), respectively. Such a variation in brightness with increased sheet resistance at a 

given voltage introduces the potential for gray scale electrical imaging thus allowing us 

to print any graphical or photographic image into an active light-emitting device. 

The peak external quantum efficiency [%] remains constant at about 0.5% (Figure 

4.9), but shifts to higher voltage with increasing sheet resistivity. Although our materials 

are not purified and the processing is not optimized, the peak value above compares well 

to the 0.7 % found in similar devices recently published by Kim et al.^"^^^ 
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22% printed 
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80% printed 

voltage (V) 

Figure 4.7. Current density vs. bias voltage of devices having various 
PEDOT-PSS sheet resistivity. 
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Figure 4.8. Forward light output vs. bias voltage for OLEDs made with 
PEDOT-PSS having various sheet resistivities. 
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Figure 4.9. External quantum efficiencies vs. bias voltage for OLEDs 
made with PEDOT-PSS having various sheet resistivities. 

The proposed chemical mechanism of passivation with this treatment of sodium 

hypochlorite ink is shown in Figure 4.10. In this reaction, hypochlorite is the oxidant and 

converts thiophene (A) in PEDOT^^^^^ to its corresponding thiophene-1-oxide (B). 

Spontaneously, thiophene-1-oxide (B) is converted to its corresponding thiophene-1,1-

dioxide (C). The thiophene-1-oxide (B) is presumed to be a reaction intermediate in 

thiophene-1,1-dioxide Finally, further oxidation of thiopene-1,1-dioxide 

causes the extrusion of SO2 from this compound and directs the attachment of hydroxyl 

groups by the nucleophilic attack of water (D). 
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(A) (B) 

Q p NaOCI 

Figure 4.10. Chemical mechanism 
hypochlorite. 

(C) (D) 

NaOCI 
> 

OH OH 

NaOCI 

Na2S04 

of the PEDOT oxidation with sodium 

In Figure 4.11, the FT-IR spectra of the treated (oxidized) PEDOT-PSS film and 

the pristine PEDOT-PSS film are compared over the range of wavenumbers from 500 to 

4000 cm"\ They are similar but exhibit minor differences in relative band intensities. In 

the treated film, the absorbance at 1343 and 1132 cm"^ results from the asymmetric and 

symmetric stretching vibration of the sulfonic (S=0) group, respectively. The 

absorbance at 1044 cm"^ is due to the symmetrical stretching vibration of the sodium 

sulphonate (SO3) group of PSS-Na.'^^^'^'^'^^ On the PEDOT-PSS film used in this study, 

inkjet printing gives fewer units of oxidant relative to EDOT units in PEDOT-PSS 

(Appendix C). We suspect that the oxidation reaction was only able to proceed to 

structure (C). 

Thus, to observe the completion of this oxidation reaction, the structure (D) was 

synthesized by mixing the excess molar amount of NaOCI aqueous solution with the 

diluted PEDOT-PSS dispersion (Baytron P). The resulted powders and dried pristine 

PEDOT-PSS powders were analyzed by the FT-IR as shown in Figure 4.12. Distinct 

differences are observed in relative band intensities. The bands due to the hydroxyl 
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group, O-H stretching and bending vibrations and C-0 stretching vibrations are found at 

3493, 1410 and 1201 cm"', respectively. The absorbance at 1616 cm"' is due to the 

stretching vibrations (C=C) of the conjugated olefine (unsaturated open-chain 

hydrocarbons). The band at 1134 cm"' results from the stretching vibrations of SO4 in the 

sulphate ion (804^").^^''''^ Finally an additional band at 974 cm"' is due to the vibrations 

of the 0-Cl group in the remaining sodium hypochlorite. 
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a) —treated PEDOT-PSS 

b) — pristine PEDOT-PSS 
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Figure 4.11. FT-IR spectra of a) inkjet treated (oxidized) PEDOT-PSS 
film and b) pristine PEDOT-PSS film on the plastic substrates. 
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b) — pristine PEDOT-PSS 
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Figure 4.12. FT-IR spectra of a) fully oxidized PEDOT-PSS structure and 
b) pristine PEDOT-PSS structure with KBr pellets. 
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Fig. 4.13. AFM images of PEDOT-PSS layers with different sets of HSL values 
( 3 x 3  

AFM in 'contact mode' was used to image the surface and highlight the 

morphological changes between the pristine PEDOT-PSS surface (0%) and the treated 

surfaces (33, 80, and 100%) as shovra in Figure 4.13. The root-mean-square (RMS) 

roughness of the surface decreased from 9.3 nm to 3.2 nm as the values of L decreased 

form 255 to 0. Although changes in PEDOT-PSS morphology was observed, the clear 

film thickness difference between conductive and non-conducting (oxidized) surfaces at 

the Inkjet printed edge was detected by any measurements with a step profilometer or 

microscopic studies. 
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Figure 4.14. Optical absorption spectra of a) treated PEDOT-PSS and b) 
pristine PEDOT-PSS. 

The UV-vis spectra of treated PEDOT-PSS and pristine PEDOT-PSS shows only 

small differences in light absorption in the visible area (Figure 4.14). Unlike the electron 

transfer reaction of the electrochromic behavior,this oxidization reaction slightly 

darkens the PEDOT-PSS layer. Since no new band is observed, this indicates that the 

treated films still contain some PEDOT structures doped with PSS.^^^^^ These results 

indicate that this inkjet patterning technique does not remove the PEDOT-PSS layer from 

the substrate, but rather, results in a change of the chemical structure leaving a smooth 

patterned surface. 

To demonstrate the fabrication of images with nonuniform light emission (e.g. gray 

scale), we printed the images of a scorpion (4 x 4.6 cm), a Tucson road map (5.7 x 6.8 
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cm), a sun (5.5 x 5.5 cm), and digits (1.5 x 4 cm), all of which are shown in Figures 4.15 

and 4.16. These devices display gray regions, patterned details, (Figure 4.15) as well as 

clearly determined black-and-white patterning (Figure 4.16). Figure 4.17 shows that the 

same technique can be applied to the paper based substrates. In this case, an image of a 

pumpkin was patterned onto the PEDOT-PSS coated paper surface. 15 nm of the alloy 

cathode (Mg:Ag = 10:1), which was semi-transparent, was used on the entire layers and 

the light was emitted through the cathode side. In all devices, rubrene was used for its 

yellowish emission. 



Figure 4.15. Photographs of gray-scale OLEDs that were patterned on 
PEDOT-PSS surface by inkjet printer on plastic substrates. Conductivities 
were modified to exhibit the contrasts. 

Figure 4.16. Photographs of OLEDs that was patterned on 
PEDOT-PSS surface by inkjet printer on plastic substrates. 
Patterned areas were insulated. 

Figure 4.17. Photograph of OLED 
that was made onto the paper 
substrates by the same procedure. 
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4.4 CONCLUSION 

In summary, we demonstrated that a commercial Inkjet printer was successfully 

implemented in the electrode patterning of the anode layer for OLEDs. The electrical 

and optical properties of the PEDOT-PSS layer were modified via chemical interaction 

with an oxidizing agent and the overall sheet resistivity of the PEDOT-PSS layer can be 

easily programmed by the graphics program. This Inkjet patterning technique does not 

remove the PEDOT-PSS layer from the substrate, but rather, results in a slight change of 

the chemical structure leaving a smoother patterned surface. However, further study is 

needed to understand the more detailed mechanism behind the change in sheet resistivity 

upon the interaction of the printed ink with the polymeric anode. 

This technique can significantly simplify the OLEDs patterning process. We 

anticipate that this technology will be a powerful tool in the fabrication of low-cost 

electronics and photonics. 
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CHAPTER 5: 

COMBINATORIAL TECHNIQUES 

FOR DEVICE OPTIMIZATION 

5.1 INTRODUCTION 

As discussed in the Chapter 1, the simplest form of efficient organic light emitting 

diodes (OLEDs) based on small molecules is shown in Figure It has been 

demonstrated that the performance of an OLED could be increased significantly if 

luminescent organic dyes were used as dopants 

(guests) during OLEDs fabricationJ^^'^^^ The 

dye dopant can be hosted by the hole transport 

layer (HTL), the electron transport layer (ETL), 

or both, and its concentration may vary from 
Figure 5.1. Schematic image of 

less than 1% to about 8%. More than two the two layer OLED. 

CATHODE 

layers can also be used to optimize device stability further. Although most OLEDs 
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have been made with separate HTL and ETL, there are other device structures that show 

e n h a n c e d  s t a b i l i t y  b y  u s i n g  a  m i x e d  l a y e r  o f  H T L  a n d  E T L  m a t e r i a l s O L E D  

performance also depends on many factors including the choice of electrodes, doping 

levels, the placement of the doped layer (or layers) in the device structure, dopant 

concentration, host - dopant compatibility, thickness of device layers, electrode material, 

interfaces between layers, and device architecture, to mention a few. With so many 

variables, it would be impossible to devise a standard rule or recipe which, when used 

a-priori in the fabrication process, would yield an optimized device with the desired 

characteristics. Moreover, photophysical and quantum calculations might guide device 

optimization. However, given a set of materials and variables involved, it is impossible 

at this time for such methods to dictate and give complete insight on how to design the 

best OLED structure. Currently, for a given new material (e.g., a dopant) and a fixed 

HTL and ETL, the usual method of device optimization relies primarily on the fabrication 

and testing of many devices, each having a different dopant concentration, until the 

optimized performance is achieved. Similarly, for a new HTL or ETL material, the 

required thickness for maximum performance is found by fabricating numerous devices, 

each having different thickness of ETL, HTL, or both. This is tedious and time 

consuming, especially if one has to vary not only the dopant material but also the host, 

the thickness of individual layers, and the device layer structure. 

Combinatorial and spread techniques have shown tremendous benefits in 

screening, optimizing and discovering new materials that would have taken much longer 

to discover otherwise.OLED development will benefit greatly from combinatorial 
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and spread techniques. Moreover, not only the device aspects of OLEDs but also the 

materials synthesis efforts w^ill benefit from such techniquesJ^"^^^ 

Recently, the combinatorial method has been implemented in OLED fabrication 

and has been shown to be a helpful method for screening materials and optimizing device 

characteristics in much shorter time period than practiced currently 

In this chapter, two examples where combinatorial and spread techniques were 

used will be given. The first demonstrates the thickness effects of the ETL on device 

properties, and the second example relates to the effects of the dopant concentration on 

device characteristics. A sliding-shutter mechanism driven by a computer-controlled 

robotic arm was used in both studies. 

5.2 ETL LAYER THICKNESS EFFECTS ON OLED PERFORMANCE 

5.2.1 Experimental Procedure 

The OLED structure for this study is shown 

in Figure 5.2. The HTL is deposited from solution 

using spin coating. In this case, the solute is a 

mixture of N,N' -bis(3-methylphenyl)- N,N' 

diphenyl benzidine (TPD), 5,6,11,12-tetrapheny-

Inaphthacene (rubrene), and polycarbonate (PC) 

dissolved in chloroform at 10 mg ml"' for a period of 

24 hr at room temperature. Figure 5.3 shows the 

chemical structure of TPD and rubrene. The 

ITO/glass 

Figure 5.2. Cross section 
of OLED made with 
various thicknesses of 
ETL, which is Alqa in 
this case. 
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thickness of the HTL is about 55 nm as measured by Alfa-Step 500 profilometer. The 

thickness of the HTL varied about 6% over a given substrate. Moreover, all the HTLs 

among the various substrates had similar thicknesses. 

The ETL is the green-light-emitting-material 8-tris-hydroxyquinoline aluminum 

(Alqs) (Figure 5.3), which was 

vacuum deposited on top of the HTL. 

A sliding-shutter mechanism driven 

by a computer-controlled robotic arm 

was used to deposit the various layers 

of Alqs. The robotic arm controlling 

the movement of the shutter was 

N Al 

rubrene 

Figure 5.3. Chemical structure of the ETL 
programmed to move m a step (TPD), and the emitter 

^ , . , , . . , . dopant rubrene. 
fashion, thus resultmg m decreasmg 

ETL thickness as a new area of substrate is exposed to the Alqs deposition source. 

The throw distance between the Alqs source and the substrate is more than 1 m. 

This, along with the proper source geometry and loading of the Alqs material, allows for 

a uniform deposition over an area of 58 cm^ with a variation in thickness uniformity of 

less than 3% over the substrate area. The Alqs was deposhed at 0.8 A s"'. 

The final step in device fabrication is the deposition of magnesium (Mg) cathode 

through a specially designed mask. The resulting devices are then transported in air and 

introduced into a nitrogen glovebox where they were tested and characterized. Although 
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numerous Alqs thicknesses have been deposited in a single experiment, we will limit our 

discussion to six of them (30,40, 50, 60, 70, and 80 nm). 

5.2.2. Results and Discussions 

Figure 5.4 shows the current density versus bias voltage. Owing to the increasing 

electric field, the current density increases with decreasing thickness, leading to an 

increase in the corresponding light output (Figure 5.5). Table 5.1 summarizes some of 

the characteristics of the devices made with the various Alqs thicknesses. The peak 

external quantum efficiency is reached for devices with Alqa thickness around 60 nm. In 

this case, the external quantum efficiency is 1.2% at an applied voltage of 10.8 V. 

The changes in spectral emission with thickness of the ETL can also be monitored 

using combinatorial and spread techniques. Figure 5.6 shows the normalized 

electroluminescence spectra taken at the peak efficiency. For the devices in this study, 

the figure indicates that the recombination zone extends significantly into the Alqs layer 

for thicknesses between 50 and 80 nm. For thicknesses of 30 and 40 nm, the emission 

zone shifts towards the rubrene-doped HTL region. However, Alqs emission is still 

observed. 

In displays, it is important that the light emission comes from the desired material 

(e.g., dopant) identifying the color of a given pixel, and not from the host or other layers 

in the device. Light emission from sources other than the dopant may lead to spectral 

contamination and in turn reduce image and display quality. Although this study was 
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done by changing the thickness of the ETL only, it can be extended to the HTL, cathode, 

or other layers in a given OLED structure. 
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Figure 5.4. Current density versus bias voltage for various OLEDs 
having different ETL thicknesses ranging from 30 to 80 nm. 
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Figure 5.5. Forward light output versus bias voltage for OLEDs with 
ETL thicknesses ranging from 30 to 80 nm. 
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Thickness 
(nm) 

Current 
density at 8 V 

(mA cm'^) 

Forward light 
output at 8 
V(cd m ̂ ) 

External 
quantum 

efficiency at 
8 V (%) 

Peak 
external 
quantum 

efficiency-

30 124 3124 0.7 
0.76 

(7.6 V) 

40 30 1303 1 
1.05 

(8.6 V) 

50 16.5 556 1 
1.1 

(9.6 V) 

60 10.8 365 1 
1.2 

(10.8 V) 

70 4.9 138 0.8 
1.07 

(11.6 V) 

80 3.3 85 0.76 
0.97 

(12.6 V) 
-The bias voltage is given in parenthesis 

Table 5.1. Characteristics of OLEDs with various Alqs thicknesses. 

30 nm Alqg -
40 nm Alqg 
50 nm Alqg 
60 nm Alqg' 
70 nm Alqg ' 
80 nm Alqg -

0.8 
—I 
LU 
-D 0.6 
(D 
N 

1 0.4 
o 
z 

Rubrene 

0.2 

0.0 

450 500 550 600 650 700 

Wavelength (nm) 

Figure 5.6. Electroluminescence spectra of various OLEDs with 
different thicknesses taken at peak efficiency. The emission spectra for 
rubrene and Alqs are also shown. 
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5.3 DOPANT EFFECTS ON OLED PERFORMANCE 

For given charge transport materials, the light output, efficiency, and lifetime of 

an OLED can be enhanced drastically by using dopants, usually with high luminescent 

efficiency. Depending on their chemical structure, dopants can be either fluorescent or 

phosphorescent. In either case, they require a host material when constructing an OLED. 

Although dopants can be highly luminescent, they can have several properties that 

preclude them from being used as pristine layers in the OLED architecture. Among the 

problematic features are the very poor charge mobility and aggregate formation, which 

leads to self-quenching and in turn lower device performance. The loading levels of the 

dopant can vary from 0.2 to 8% of the host material. Sampling the dopant concentration 

space, for a given host, can be tedious and inefficient. With traditional techniques it is 

also possible that the optimum concentration is missed. In this case, high-throughput 

techniques will be very helpful and allow a significant reduction in fabrication time. 

Here we will give an example of the fabrication of OLEDs using combinatorial 

techniques that resulted in various dopant concentrations to be made in one run. 
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5,3.1 Experimental Procedure 

The dopant is the red-light-emitting material 4-(dicyanomethylene)-2-^er^butyl-

6(l,l,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB) and an Alqs host material 

The materials used for this set of devices are shown in Figure 5.7. 

>AI 

DCJTB 

a-NPB 

Alqa 

pCi 

"N' 

CuPC 

Figure 5.7. Molecular structures of materials used for the fabrication of red OLEDs. 

A cross-sectional view of the device is shown in Figure 5.8. The phthalocyanine, 

copper complex (CuPc), A'^A'^'-di- (naphthalene-l-yl)-A';A'^'-diphenyl-benzidine (a-NPB), 

and Alqs were deposited at 0.2 - 0.3 A s"', 1 A s"\ and 0.3 - 2.5 A s"\ respectively. The 

deposition of the top Alq3 layer was maintained at 0.8 A s"'. The Mg cathode was 

deposited at 10 A s"^ The CuPc layer was used to stabilize the hole injection contact 

between the ITO and the HTL. 
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5.3.2 Results and Discussions 

Figure 5.9 shows the current density 

versus bias voltage for eight OLEDs having the 
Alqs /20 nm 

concentrations of 0.1%, 0.3%, 0.6%, 1%, 1.5%, 

2%, 2.5%, and 2.8%, respectively. The 

04Pi;/xonin 

ITO/glass 
increase in voltage is mainly due to the 

structure shown in Figure 5.8 but with DCJTB 

trapping of holes at the dopant. Having the . _ „ ^ ^ . 
^ F 6 Figure 5.8. Schematic of red-

ngni-emiiimg ui^nus usmg 
DCJTB as the light-emitting 

holes trapped at the dopant, for a given 

concentration of the dopant molecules, can lead dopant. 

to increase in quantum efficiency due to the direct recombination of electrons and holes 

on the DCJTB. 

Although Forster energy transfer from the host to the dopant is the major channel 

for DCJTB excitation, direct charge trapping on the dopant site can also yield excited 

DCJTB states. A similar observation has been reported in OLEDs with a DCM dye in an 

Alq3 host.'^^^"^ However, increasing concentration may lead to dopant aggregation and 

self-quenching which in turn lower the quantum efficiency of the OLEDs, as indicated in 

Figure 5.10. The quantum efficiency reaches a maximum for DCJTB concentration in 

the range 1.5- 2%, and then declines for higher dopant concentrations. 
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Figure 5.9. Current density versus bias voltage for OLEDs with 
different dopant concentrations. Note the increase in voltage with 
increasing dopant levels. 
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Figure 5.10. External quantum efficiency versus bias voltage for 
OLEDs with DCJTB concentrations of 1.5%, 2%, 2.5%, and 2.8%, 
respectively. 
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Figure 5.11. Dependence of spectral emission on dopant concentration. 
Notice the Alq3 emission centered around 520 nm at low DCJTB 
concentrations. 

Figure 5.11 shows the normalized emission spectra for the DCJTB concentrations 

mentioned above. As the dopant concentration increases, the emitted spectra shift to 

resemble more that of DCJTB. If the Alqs emission is subtracted out, the resulting 

spectral shape and width does not change significantly as the concentration is increased, 

but rather moves deeper into the red region. The higher dipole moment of DCJTB 

compared with that of the host molecule might explain the observed red shift. Red shift 

in emission spectra can be due to an increase in the local polarization field near a given 

DCJTB molecule as the dopant concentration is increased. This behavior has been 

observed previously for laser dye molecules, namely DCM2 (4-(Dicyanomethylene)-2-

methyl-6-(j ulolidin-4-yl-vinyl)-4H-pyran). ^ 
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5.4 CONCLUSION 

These simple examples show the potential of combinatorial and high-throughput 

techniques in the rapid fabrication and optimization of OLEDs using a desktop Inkjet 

printer. The use of combinatorial inkjet techniques to control the sheet resistivity of 

conducting polymers currently used in organic light-emitting devices and solar cells. 

With this approach a library of electrodes with various sheet resistivity can be made in a 

few seconds, which is difficult to achieve with traditional fabrication methods. 
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CHAPTER 6: 

COMBINATORIAL INKJET TECHNIQUES 

6.1 INTRODUCTION 

Since inkjet printing has an excellent capability of dispensing small volume of 

reactants, inkjet printing is well suited to carrying out high-throughput experiments. By 

taking advantage of a multi-nozzle ink delivery system, large numbers of chemically 

different materials has been synthesized in parallel. Inkjet combinatorial synthesis 

methods have been utilized to create libraries of powder phosphors, 

electrocatalysts,'^^^'^^ ferroelectric thin films,'^'^'^^ mixed oxides,^^^^^ and complex oxide 

catalyst powders^^^^^ by printing overlapping layers of materials from different solutions. 

Hughes et. al. and Butler et. al. describe a method for carrying out gene expression using 

microarrays fabricated from an inkjetted oligonucleotide synthesizer on a glass 

substrate.P"'^^^] 
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A design approaches for combinatorial cataloging of ceramics, employing an inkjet 

printer with electromagnetic mixing valves, has been suggested by the Evans 

group.'^^''^^^^ The mixing of ceramic dispersions can also take place before jetting. 

Here I show some alternative approaches to design inkjet combinatorial techniques, 

instead of using specially built inkjet printing equipment,^^'^^ we addressed an approach 

to employ desktop type inkjet printers, along with color functions [e.g. CMY (cyan, 

magenta, and yellow), HSL (hue, saturation, Luminosity), or RGB (red, green, and blue)] 

on the graphic software. In chapter 4,1 discussed the deposition of sodium hypochlorite 

ink using the HSL color function and a black cartridge to modify the sheet resistivity of a 

conducting polymer, as part of OLED fabrication and optimization. In this regard, this 

chapter addresses the strategy of mixing inks using the CMY (cyan, magenta, and 

yellow) color function and a color cartridge, in order to create the library of electrodes 

with different sheet resistivities by a single printing procedure. 

6.2 COMBINATORIAL INKJET USING CMY COLOR FUNCTION 

6.2.1 Experimental procedure 

We employed a color cartridge to dispense an 

oxidizer, which modifies the sheet resistivity of a 

pre-coated PEDOT-PSS electrode. The materials, 

used in this study, and most of the post-printing 

procedures for these PEDOT-PSS conductivity 

modifications, are described in Section 4.2. 

yellow magenta 
primitive primitive 

cyan 
primitive 

Figure 6.1. The nozzles of the 
three-color print cartridges. 
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In Inkjet printing, a visual color is created by combining three colors, cyan, magenta, 

and yellow. The color printhead has a gold-plated nickel nozzle assembly and has three 

primitives (nozzles and ink chambers), one for each of the primary colors (Figure 6.1). 

These primitives all share a common silicon thin-film substrate and circuitry. The 

amount of each color printed is controlled through the CMYK (cyan, magenta, yellow, 

and black) function. To get a clear understanding of the color dither patterning process in 

inkjet printing, color dither patterns printed with CMYK color ink (Lexmark 15M0205) 

on inkjet transparencies were examined with an optical microscope (Figure 6.2). When 

printing a gray color dither pattern through the CMYK color scheme, the same ratio of 

three colors is used regardless of the shade of gray. The total amount of ink jetted 

dictates the shade of gray obtained. For luminosity values smaller than 125, a specific 

amount of black ink is mixed with the primary colors to make a dark gray or black color. 

In this study, we used this CMY color function in a protocol for solution mixing on the 

substrate surface. 

In our first demonstration, to examine the relationship between the concentration of 

printed sodium hypochlorite ink and the sheet resistivity of oxidized PEDOT-PSS, the 

'yellow ink' (Y), containing 0.05 wt% surfactant in DI (deionized) water, and the 'cyan 

ink'(C), containing 5.6 wt% sodium hypochlorite in DI water, were printed independently 

and mixed on the substrate. The value of each color function was varied from 0 to 100 

(max = 100, these values were obtained from PowerPoint software) and 'cyan ink' 

(sodium hypochlorite ink) was always printed after the 'yellow ink' (aqueous solution 

with surfactant), in order to avoid the direct impact of 'cyan ink' onto the PEDOT-PSS, 
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which may cause a undesired direct reaction between 'cyan ink' and PEDOT-PSS surface 

before 'cyan ink' and 'yellow ink' mixes well on the substrate. Eighteen combinations, 

which we will refer to as samples, of Y and C values (these values were obtained from 

the PowerPoint software) are shown in Figure 6.3. This mixing of relative amounts of Y 

and C allows one to build a library of recipes detailing the creation of PEDOT-PSS films 

of varying resistivity. After printing, the substrates were placed on a hot plate and heated 

at 55 °C for three hours under atmospheric conditions. Excess sodium hypochlorite ink 

was washed away with DI water before measuring the sheet resistivity of PEDOT-PSS 

films with a four point probe. However, in this approach, we used a ink cartridge 

containing concentrated sodium hypochlorite. Concentrated sodium hypochlorite 

corrodes a metal part of the cartridge rapidly and deactivate the nozzles. 

In order to avoid this problem, the 'yellow ink' (Y), contained 0.05 wt% of surfactant 

in deionized water and the 'magenta ink' (M) contained more diluted sodium 

hypochlorite (2.0 wt%) in deinonized water. These solutions were used and the value of 

color function was varied from 0 to 100. Both Y and M values were changed, yielding 

18 different combinations (again, these values were obtained from PowerPoint software) 

as shown in Figure 6.4. This leads to a library describing the sheet resistivity changes 

with various concentrations by combinations of oxidizing agent and surfactant. After 

printing, printed sheets were placed onto the hot plate and heated at 55 °C for three hours 

under atmospheric conditions. Sodium hypochlorite inks were washed away with DI 

water before measuring their sheet resistivities with a four point probe. 
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0.9 mm 

E 
E 
h-

A lis •* 

# 2 L=230 (C=M=Y= 10%) #3L=215(C=M=Y=16%) 

#4 L=200 (C=M=Y= 22%) # 5 L=170 {C=M=Y= 33%) 

#6 L=140 {C=M=Y=45%) #7L=125 (C=M=Y= 51%) 

#8 L=110 (C=M=Y=57%) # 9 L=50 (C=M=Y= 80%) 

Figure 6.2. Enlargement of dither patterns printed with the mixture of three colors 
(cyan, magenta, and yellow) ink on inkjet transparencies. The scale bar is 100 ^m. 
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a) 

color 
concentration C 

H^O and 
surfactant 

1) printed yellow 
[H2O + surfactant] 

oxidizing 
agent 

2) printed cyan 
[oxydizing agent] 

surfactant. 
3) H2O and oxydizing 
agent were mixed on 
the surface and 
reacted with the 
PEDOT-PSS. 

b) 

sample number 1 2 3 4 5 e 7 8 9 

yellow function 0 50 100 100 100 100 100 100 100 

cyan function M m M 67 47 39 32 29 25 

resulted color m m • 
sample number 10 11 12 13 14 15 16 17 18 

yellow function 100 100 100 100 100 100 100 100 100 

cyan function 22 20 19 18 17 16 15 9 0 

resulted color 

Figure 6.3. a) Schematic images of the Inkjet printed color concentration 
profile using various yellow and cyan color functions and b) values and 
colors used in programming the ink-loads. Magenta was set as zero, as only 
two inks were used. 
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color 
Y concentration M 

H^O and 
surfactant 

1) printed yellow 
[HjO + surfactant] 

diluted oxidizing 
agent 

2) printed magenta 
[diluted ink] 

surfactant. 
3) HjO and oxydizing 
agent were mixed on 
the surface and 
reacted with the 
PEDOT-PSS. 

b) 

sample number 1 2 3 4 5 6 7 8 9 

yellow function 0 0 0 0 0 50 50 50 50 

magenta function 0 • m 25 5 • • 25 5 

resulted color • m • • 
sample number 10 11 12 13 14 15 16 17 18 

yellow function 50 75 75 75 75 100 100 100 100 

magenta function 0 • 25 5 0 • 25 5 0 

resulted color 

Figure 6.4 a) Schematic images of the Inkjet printed color concentration profile 
using various yellow and magenta color functions and b) values and colors used 
in programming the ink-loads. Cyan was set as zero, as only two inks were used. 
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6.2.2 Results 

Figure 6.5 shows a photograph of an Inkjet printed library (light areas do not 

appear in the figure, only 

darker areas are visible). This 

library contains samples, each 

with a different amount of 

oxidizing agent, and thus 

displays the progressive 

passivation of PEDOT-PSS 

films. These 18 variables 

(Figure 6.4 & 6.5) were inkjet 

printed in a single step and on a single substrate. After the oxidizing treatment, the 

substrate was processed as previously mentioned (Section 4.2) and the sheet resistivity 

was measured using the four point probe method. Samples #1, #2, and #3 demonstrated 

an infinite sheet resistivity (completely passivated). As shown in Figure 6.6, a systematic 

increase of sheet resistivity is observed with an increasing sodium hypochlorite ink load 

(increasing C value). In this study, a change in sheet resistivity of four orders of 

magnitude is observed as C varies from 0 to 100. In a previous study (Chapter 4), we 

observed that passivation using a 2 wt% sodium hypochlorite ink resulted in a sheet 

resistivity of approximately 10"^ ohms/sq. for L = 0 (100% darkness). In this study, a 5.6 

wt% soditim hypochlorite ink was used in the Cyan chamber and the passivated film 

showed a sheet resistivity of 10"^ ohms/sq. for C = 29-32 (around at Sample #6 and #7) 

Figure 6.5. A photograph of a inkjet printed 
library containing a various amount of oxidizing 
agent on a substrate surface. 
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was observed. We have assumed that the same amount of total ink is jetted regardless of 

the color function, and color function varies only the ratio of two inks. We can estimate 

that the 1.8 wt% of the total ink printed for C = 30, is sodium hypochlorite. 

1.E+07 

d- 1.E+06 

1.E+05 

g 1.E+04 

3 1,E+03 

1.E+02 

100 80 60 40 

cyan value 

20 

Figure 6.6. Measured sheet resistivity for various cyan (oxidizing agent) 
values. The measurement was carried in air, at room temperature, using a 
four-point-probe. 

The sheet resistivity also changes with the concentration of surfactant even when 

we employed the same amount of oxidizing agent on a given surface area. Figure 6.7 

shows that measured values of sheet resistivity for various Y (surfactant in aqueous 

solution) and M (2.0 wt% oxidizing agent) values. At M = 100 (Sample #2, #6, #11, and 

#15), sheet resistivity was infinite (completely passivated). A systematic increase of 

sheet resistivity is observed with an increasing sodium hypochlorite ink load (in creasing 

M value). Moreover, the sheet resistivity tends to increase as more surfactant is 

deposited, as it enhances the diffusion of sodium hypochlorite into the PEDOT-PSS film. 
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For example, for M = 5, as Y varies from 0 (#5), to 50 (#9), to 75 (#13), and fmallylOO 

(#17), the resultant sheet resistivities were measured to be 1850, 2940, 3740, and 3550 

ohms/sq, respectively. At M = 25, as Y varies as from 0 (#4), to 50 (#8), to 75 (#12), and 

finally 100 (#16), sheet resistivities of 36.5, 25.9, 89.8, and 227 kohms/sq. were 

measured. 

1.E+07 

I'i.E+oe 
(A 

E £ 
•Jl.E+05 i 

<S 
(/> 
</> 1.E+04 o 
o 

|l.E+03 -

0 0 0 0 0 50 50 50 50 50 75 75 75 75 100 100 100 100 yellow 
1-E+02 ^ 0 *0-^25-- 5-^mmo- ir 5" oTRo 25^ 5 o'Wo 25 5 0 magenta 

0 2 4 6 8 10 12 14 16 18 20 

sample number 

Figure 6.7. Measured sheet resistivity for various yellow (surfactant in aqueous 
solution) and magenta (oxidizing agent) values. The measurement was carried out in 
air, at room temperature, using a four-point-probe. 

6.2.3 Discussion 

A simple example of combinatorial techniques used in solution mixing was 

shown here. We can certainly apply this technique to other kinds of mixing or the 

deposition of a variety of synthetic layers. However, it should be noted that two major 

concerns face this combinatorial mixing technique when using desktop type color Inkjet 
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cartridges. The first concern involves the lateral diffusion rate of the two concurrently 

printed solutions. These solutions must be able to amply mix with each other to ensure a 

homogeneous reaction between themselves and/or the underlying film. However, due to 

the high velocity of the jetted droplets, and the small diffusion distance, proper mixing 

can be achieved. 

The second concern, which is harder to resolve at the moment has to do with 

using low (below 50) CMY values. This creates a scenario in which a small amount of 

one ink is concurrently printed with much larger volume of a different ink. It can be 

imagined that the small volume components is printed in a somewhat spatially isolated 

manner, while the large volume components is printed much more ovelapped manner 

(Figure 6.8). The concern is that the planar diffusion will not allow homogeneous mixing 

of the two inks, resulting in islands of reaction. This is especially of great significance 

when the planar diffusion is much slower than the chemical reaction. We are currently 

working on this challenging topic. 

a) Y = 100 C = 15 (diffuse and react) 

b) Y = 100 C = 15 (react at deposited positions) 

Figure 6.8. Schematic images of the diffusion and 
reaction processes of color combinatorial method, where 
Y=100 and M =5. a) if the chemical reaction is slow, 
solutions diffuse well before reacting and b) if the 
chemical reaction starts before the mixing is complete, 
only a small interfacial area will take part in the reaction. 
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6.3. CONCLUSION 

The strategy of mixing inks using the CMY (cyan, magenta, and yellow) color 

function and a color cartridge, in order to create the library of electrodes with different 

sheet resistivities was described and the current problems of combinatorial library design 

was addressed. With this approach a library of electrodes with various sheet resistivity 

can be made in a few seconds. The use of combinatorial inkjet techniques to control the 

sheet resistivity of conducting polymers could be used in the design of organic light-

emitting devices and solar cells, as well as in numerous applications where a desired 

value of resistivities is used which cannot be achieved using other techniques in a timing 

and cost effective manners. The examples presented in this chapter show the potential of 

combinatorial and high-throughput techniques for materials synthesis and OLED 

fabrication by using desktop type inkjet printers. 
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CHAPTER 7: 

CONCLUSION 

Inkjet printing has the potential to be a versatile technology for the fabrication of 

many types of organic devices. I have demonstrated that a commercial Inkjet printer can 

be successfully implemented in the patterning of an OLED anode. Two Inkjet anode 

patterning techniques were demonstrated, (1) using an oxidizer to modify the sheet 

resistivity of an already deposited PEDOT -PSS electrode, and (2) direct Inkjet deposition 

and thickness control of PEDOT-PSS layers. The morphology of PEDOT-PSS films can 

be greatly influenced by processing conditions, solution additives, and solute 

concentrations. Using the color functions and multi-nozzle jetting systems, a library of 

electrodes with various sheet resistivities can be made in a few seconds, which is difficult 

to achieve with traditional fabrication methods. Although this work focused on the 

development of a method to change the conductivity of PEDOT-PSS, one of the critical 
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topics remains to be answered are the details on how does this change happens and what 

are the mechanisms behind it. We are currently using UPS and neutron scattering 

techniques to aid us in this venue. 

These techniques can significantly simplify the patterning of OLEDs and lead to 

the optimization of solution based processing for these devices. We anticipate that this 

technology will be a powerful tool in the fabrication of low-cost OLED logos and low 

information content displays. 
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CHAPTER 8: 

FUTURE WORK 

8.1. DIRECT PATTERNING OF PEDOT-PSS 

Through Inkjet printing, control of the surface morphology of lines and films can 

be easily achieved using a number of modified overprinted layers. Such an approach 

might be useful not only in OLEDs, but also in organic solar cells since it can provide a 

larger surface area electrode. The film thickness and additive concentration (e.g. 

glycerol), as well as the drying temperature, time, and atmosphere (relative humidity) 

strongly affect the surface morphology and conductivity of the PEDOT-PSS films. These 

factors play a large role in the charge injection properties of the device. Future work 

should be directed toward understanding the influence of PEDOT-PSS film treatment on 

the operation of organic based optoelectronic devices. 
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In addition, by using these techniques and subsequent understanding, we can 

directly Inkjet print a conductive polymer electrode onto mechanically flexible substrates, 

including paper and textile. 

8.2. MODIFICATION OF PEDOT-PSS ANODE 

Future studies should aim to understand the details of the diffusion of oxidizing 

ink into underlying PEDOT-PSS film and the reaction between them. In order to achieve 

longer lifetimes in OLEDs containing a PEDOT-PSS anode, a practical investigation into 

device structure is required. It should be noted that PEDOT-PSS films strongly absorb 

water under atmospheric conditions. Therefore, it is ideal to carry out the entirepost-

PEDOT-PSS deposition processing under vacuum or in a nitrogen atmosphere. 

8.3. REACTION BETWEEN LAYERS - BUILDING ARTIFICIAL MUSCLE-

The preliminary results of manufacturing fine scale amine-epoxy based gels by 

Inkjet printing successive layers have been described. Further work will address the need 

for compatible and flexible electrodes, the surface modification of such electrodes 

improve adhesion with the gels, and the development of fast-acting gels that are stronger 

in tension. 

8.4. COMBINATORIAL INKJET PRINTING 

By using the proper color scheme, we can mix more than two solutions in a single 

printing step. Since the resultant layers strongly depend on a combination of the 
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diffusion and chemical reaction rates at the reactant solutions, a detailed understanding is 

necessary to model the effects of surface tension and the timing of the post-deposition 

treatment. 
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APPENDIX A 

INKJET PRINTING: 

REACTION BETWEEN LAYERS 

- BUILDING ARTIFICIAL MUSCLES -

A.1 INTRODUCTION 

A. 1.1 Inkjet printing of Multilayers 

By Inkjet printing, it is possible to deposit layers of different materials on top of 

one another. By sequentially printing layers of two reactive materials, it is possible to 

form an adherent solid film by diffusion and reaction of the materials. Gels and insoluble 

polymers can be patterned onto any surface. Conventional contact printing processes do 

not allow for two liquids to deposit in order to form a solid via chemical reaction. Inkjet 

printing allows this because the head does not touch the surface. Furthermore, a 

particular interest of our work has been expanded to explore printing with multiple inks 

that react with each other. One example of this is the successive printing of a water-
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soluble amine followed by a water-soluble epoxy, in order to form a crosslinked layer, 

which swells in the presence of water used in making artificial muscles. This appendix 

section addresses the approaches and preliminary results to form epoxy-based 

electroactive polymer gels {artificial muscle), via reaction between successive inkjet 

printed layers. 

a) fast diffusion (diffused and reacted) 

b) slow diffusion 
(formed a barrier at the interface) 

Figure A.l. Schematics of the diffusion model for printed layers. 

Depending on the reaction kinetics or the diffusion rate, the gel may form a 

uniform layer (fast diffusion) or may form a dense barrier between the two layers (slow 

diffusion). A primitive model for the reactions between printed layers is shown in Figure 

A.l. The case of one layer printed on top of another layer, two inks diffuse and then 

react (Figure A.l (a)). The fast diffusion allows forming uniform structures instead of 

forming interfacial barriers or precipitates. However, if reaction is very rapid, two layers 

will form a barrier to further reaction (Figure A.l (b)). Our process should be a fast 

diffusion process. 
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AL2 Epoxy-based electroactive artificial muscles 

Epoxy hydeogels can be easily formed into small actuators that respond to 

changes in pH and electrical stimuli. In the previous work/^®'^ we have demonstrated a 

new type of epoxy-based electroactive polymer gel to emulate the mechanical property of 

muscles. Humans can finely control their movements because they have a sophisticated 

feedback system and elasticity in the muscles for delicate touch control. Metallic 

machine systems are very forceful and fast but not suited for gentle and flexible 

manipulation like picking up an egg or petting a kitten. 

What we want as a synthetic muscle for small robotics is a material to provide a 

large, controllable and linear motion when driven electrically. Many good candidate 

ma te r i a l s ,  such  a s  ca rbon  nano tubes , ' ^^^^ ' ^^^^  conduc t ing  po lymer s , s ing l e - c rys t a l  

piezoelectric ceramics,'^^^^^ ionic metal polymer composites (IMPs),^^^^^ acrylic 

elastomers,and hydrogels^^®^'^^^^ have been studied in recent years. However, no 

materials have been successfully synthesized that have a strain, strength and speed at 

least comparable to those of the animal muscle. Among the alternatives, the materials 

that most resemble the muscle are polymeric gels. Gels are cross-linked networks of 

polymers swollen with a liquid and are unique in their softness, elasticity and capacity to 

store a fluid in the network. 

However, the response of these gels is usually slow and it is expected that the 

response time will be limited by the diffusion time of ions through the gel.^^^"*^ Since the 

time for a volume change is proportional to the square of the linear gel size,'^^^^^ rapid 

response can be achieved by using a fine scale. However, the free radical polymerization 
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methods to form these conventional hydrogels is inhibited by oxygen and so is 

hard to miniaturize. 

The polymerization of diepoxides with amines is well know as the basis for epoxy 

resins and adhesives. Depending on the choice of amine, this reaction proceeds at a 

convenient rate at room temperature or up on mild heating. The reaction is not very 

sensitive to impurities or changes in temperature or atmosphere. We have made a series 

of gels based on water-soluble aliphatic polyamines and polyetheramines reacted with 

aqueous solutions of ethlyleneglycol diglycidylether. By varying the ratio of amine to 

epoxide, the gel has varying residual amine concentrations which gives rise to strong 

swelling in acidic solutions where the amine becomes ionized as These gels can 

be driven electrically in an aqueous solution. Figure A.2 shows sub-millimeter scale 

versions of actuators that have been constructed by free-form fabrication in our group. 

The gels are mechanically strong and the response time is in agreement with that 

expected on the basis of water diffusion.Inkjet printing can form thinner layers and 

reducing the size should reduce the response time. 

Figure A.2. Polymer actuator dots fabricated by freeform fabrication. 
Dots are 100 |j,m apart. (University of Arizona) 
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A.2 EXPERIMENTAL PROCEDURE 

A.2.1 Hydrogel ink preparation 

Ethylene glycol diglycidyl ether (50%, EGDGE), fumed silica, isopropanol and 

sucrose were purchased from Aldrich (Milwaukee, WI). T-403 Jeffamine 

(polyethertriamine) were donated by the Huntsman (Salt Lake City, UT). Commercial 

EGDGE actually contains substantial amounts of the monoether, so that the actual 

amine/epoxy ratios will be higher than those given in the tables A.l and A.2, if the 

Jeffamine is itself a pure compound. Appliance touch-up epoxy fortified adhesives was 

purchased from Illinois Bronze. All materials were used as received. 

The hydrogel muscles were based on water-soluble ethyleneglycol 

diglycydylether (EGDGE) in conjunction with an amine from the T-403 Jeffamine. By 

adjusting the amine functionality, it is possible to control the number of ionizable amines 

on the final gel structure (Figure A.3). 



166 

Ethyleneglycoldiglycidilether 
(EGDGE) H 
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Figure A.3. Synthesis of amine-epoxy networks. 

To design the ink, we must consider the solution jettability as well as the 

properties of the obtained gel. Solutions were made for both materials, EGDGE and 

Jeffamine, at different concentrations. Sucrose was added into the inks to modify the 

solution viscosity, to improve jetting stability and to prevent rapid swelling and cracking 

of the gel. Sucrose was washed after polymerization. 

A2.2 Evaluation of inks 

First of all, for forming hydrogels with desirable properties, we needed to 

optimize the compositions of solutions by swelling experiments. For this evaluation, 

hydrogel structures were fabricated by extruding the mixture of solutions using a syringe 

based freeform fabrication (Figure A.2). The solutions were combined in different 

proportions as shown in Table A.l, and the two solutions were mixed well before the 
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syringe extrusion. All the mixtures tested in this study are shown in the table A.2. 

Fumed silica was added to prevent the monomer solution from flowing off the substrate 

before curing. Since the ionized amine group (-NHs^) mainly contributes to the swelling 

reaction, a large deformation can be expected for higher amine ratios in the mixture. 

Since the rapid curing of these hydrogels tends to cause cracks in their bodies, fabricated 

structures were slowly cured at room temperature overnight and then moved into an oven 

at 70 °C for three hours to complete the reaction. After gels were formed, they were 

gently immersed in water to wash away the sucrose in their structure. The evaluation was 

T-403 (g) sucrose (g) *solution (g) EGDGE (g) sucrose(g) *solution (g) 
A1 0.5 10 10 E1 0.5 10 10 
A2 0.25 10 10 E2 0.25 10 10 
A3 1 2 2 E3 1 2 2 
A4 2 2 2 E4 2 2 2 

Table A.I. Concentrations of T-403 Jeffamine (Al-4) and EGDGE (El-4) 
* solution was consists of H2O: isopropanol, and glycerol as a ratio of 10:1:1. 

epoxide amine solute conc. (%) fumed gel 
solution solution (g) (amine+epoxide) silica (g) formation 

Imusclel El 1g A1 1g 4 0.1 *(1/1) No 
Imuscle2 El 1g A1 1g 4 0.2 *(1/1) No 
Imuscle3 E2 1g A2 1g 2 0.1 *(1/1) No 
Imuscle4 E31.7g A31g 32 0.2 *(1/1) Yes 
ImuscleS E3 1.2g A4 1g 36 0.2 *(1/2) Yes 
Imuscle6 E41g A41.15g 30 0.2 *(1/4) Yes 
Imuscle? E3 1.2g A41g 36 0.1 *(1/2) Yes 
ImuscleS E3 1.2g A4 1g 36 0.05 *(1/2) No 
ImuscleS E3 0.3g A4 1g 36 0.05 *(1/2) No 

Table A.2. The mixture ratio between two and resulting gel formations. *The number 
inside the parenthesis means the molar ratio of the amine hydrogens in Jeffamine and 
epoxides in EGDGE. 
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performed by alternative immersion in acid and base solution. 

A.3 RESULTS AND DISCUSSION 

A.3.1 Evaluation of inks 

Table A.2 shows the ratio of mixtures and the resulting gel formations. A solute 

(EGDGE and T-403 amine) concentration has to be high enough to obtain a dense cross-

linking, which gives a tough structure, but has to be low enough to maintain flexibility of 

gel to swell (at least, it should not be damaged during the swelling process). Only 

mixtures of Imuscle 4-7 formed relatively strong swellable hydrogels. 

Figures A.4-A.6 shows Imuscle 4, 5 and 6 after immersing in acid solution (pH = 

2) and then moved into base solution (pH =13). A significant swelling is observed in 

acid solution. Lmuscle 6 (Figure A.6), the swollen gel has volume more than 30 % 

compared to the equilibrium gel in the base solution. This set of experiments established 

that the compositions for Imuscle 4, 5 and 6 are feasible from both the perspective of gel 

formation and response to the immersion in acid and base. This response is directly 

related to the electrical stimulus. 

Figure A.4. Photographs of Imuscle 4, a) original shape in water, b) swollen and 
curled in the acid solution (pH = 2), and c) shrank in the base solution. The scale of 
squares on the pictures is 5 x 5 mm. 
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a) b) c) 
' - ' 

Figure A.5. Photographs of Imuscle 5, a) original shape in water, b) swollen and 
curled in the acid solution (pH = 2), and c) shrank in the base solution. The scale of 
squares on the pictures is 5 x 5 mm. 

a) b) 

Figure A.6. Photographs of Imuscle 6, a) original shape in water, b) swollen and 
curled in acid solution (pH = 2), and c) shrinkage in base solution. The scale of 
squares on the pictures is 5 x 5 mm. 

A3.2 Electrical Response of 

hydrogels (preliminary results) 

It should be noted that a 

swelling of the gels is the main 

cause for detachment from the 

substrate. Since the adhesion 

between metal and polymer is 

aluminum foil 

aluminum foil 

gel 

adhesive 
layer 

poor, where the electrode metal Figure A.7. Schematic of the gel structure and of 
the electrical system set-up. 

and polymer gels contact, the 
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adhesion problem becomes truly serious. For a quick evaluation of formed gels, we have 

tested the electrical response of the gels, which were extruded on aluminum sheets coated 

with a thin adhesive layer. Figure A.7 shows the gel schematics: four lines of 

approximately 0.3 mm by 0.5 mm and 45 mm long gels. The gels were immersed in 

O.IM NaCl electrolyte solution and 7 mA current was constantly applied for different 

lengths of time (this resulted in different voltages for various gels-substrates). Figure A.8 

shows the deformation of the gel structures produced on the aluminum foil (coated with 

the epoxy fortified adhesives) by applying a voltage. Bending of the structures was 

observed at all durations of time. However, response time is significantly slow due to the 

large size of gels. 

Figure A.8. Evolution of the gel on epoxy bronze adhesive covered aluminum under a 7 
mA (1.2V) current after a) 0 min, b) 7 min, c) 13 min, d) 21 min, and e) 26 min. 

A.J.3 Inkjet printing of amine-epoxy hydrogels (preliminary results) 

In this study, solutions were Inkjet 

printed on the plane PET transparencies. 

Jeffamine solution was printed first 

followed by EGDGE. This sequence was 
Figure A.9. Schematic of the dispensing 

repeated five times to induce the better pattern of two components. 

epoxide 
amine 
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diffusion between the layers. For most epoxies, reaction times can manage from minutes 

to hours. In these cases, diffusive mixing can occur first reacting in a uniform gel 

formation. Figure A.9 shows the sequence of layers within the line structure. To 

maintain the solution mobility before the crosslinking of Jeffamine and EGDGE starts, 

the printed layers were sealed in a Petri dish ||||||||||||||||̂ |g|||||||m||m 

overnight at room temperature to delay the reaction 
Figure A.IO. Epoxy gel 

and then moved into the oven at 70 °C for two hours structure after washing. 

to complete the reaction. After the polymerization, they were gently washed with water 

to dissolve the sucrose out from the gel. Figure A.IO shows a structure after washing. 

However, the ability of swelling of these structures could not be checked due to the 

detachment of the gel from the substrates because of poor adhesion. 

A.4. CONCLUSION AND FUTURE WORK 

In this study, I showed the preliminary results of manufacturing finer scale amine-

epoxy based gels by inkjet printing successive layers, instead of syringe deposition. 

Obviously, further work will need to be addressed; the identification of flexible 

electrodes, the surface modification of electrodes to give a good adhesion to the gels, and 

development of fast-acting gels that are stronger in tension. 
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APPENDIX B 

INKJET PRINTING: 

ENLARGEMANT OF DITHER PATTERNS 

Enlargement of dither patterns printed with a black ink (Lexmark 12A1970) on 

inkjet transparencies and oxidizing solution on the PEDOT-PSS sheet were observed 

with an optical microscope (Figure B.l) and Wyko NT-2000 interferometer (Figure B.2). 

As shown in Figure B.l, the dither image appears to have multiple gray levels 

because the luminosity varies the number of dots printed and the coverage area. About 

50-100 |j,m droplets are randomly dispersed over the surface. Figure B.2 shows that this 

gray scale dither patterns can also be applied to our sodium hypochlorite ink. Since the 

average area of ink coverage from this gray scale certainly depends on the surface tension 

of the ink itself, the deposition of sodium hypochlorite ink on the PEDOT-PSS surface 

shows a slightly different manner. However, in samples #2, #3, and #4, where L value is 
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higher than 200, entity of each sodium hypochlorite droplet was clearly distinguished 

(circled region) with approximately 100 |j,m diameter and 300 nm height. Where L 

values lower than 170 (samples #5-9), most of droplets were overlapped and merged. 

The ink coverage was increased as L values were decreased. 



# 2 L=230 (darkness =10%) 

#4 L=200 (darkness =22%) 

# 3 L=215 (darkness =16%) 

*.v̂ -
.m " • * 

!».• 
# 5 L=170 (darkness =33%) 

M k  
# 6 L=140 (darkness =45%) if 7 L=125 (darkness =51%) 

# 8 L=110 (darkness =57%) # 9 L=50 (darkness =80%) 

Figure B.l. Enlargement of dither patterns printed with a black ink on inkjet 
transparencies. The scale bar is 100 }im. 



0.0 [II U 2 0.3 04 DS 06 0/ OB O.a lU 11 1.2 00 01 02 03 01 05 OB 07 00 0 9 '0 M 12 

# 2 L=230 (darkness =10%) # 3 L=215 (darkness =16%) 

I 

#4 L=200 (darkness =22%) # 5 L=170 (darkness =33%) 

# 6 L=140 (darkness =45%) # 7 L=125 (darkness =51%) 

00 01 0 2 0.3 0.4 0.6 OB 0.7 3 6 Q.S 10 1! 12 DO 0 1 0 2 0 3 01 J 6 Ob 0/ O.B US lU 1i 12 

# 8 L=110 (darkness =57%) # 9 L=50 (darkness =80%) 

Figure B.2. Enlargement of dither patterns printed with an oxidizing agent ink on 
PEDOT-PSS coated plastic, {preliminary results from Wyko interferometer) 
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APPENDIX C 

INKJET PRINTING: 

MOLAR RATIO ESTIMATION 

Figure C.l shows the topography of inkjet printed sodium hypochlorite droplets, 

which were printed as the L = 230 

(10% darkness). A few droplets with 

approximately 100 |a,m diameter are 

randomly deposited onto the PEDOT-

PSS surface. If we assume that the 

volume of a printed droplet is 7 pL, 

we can estimate that there are 

-168.0 

0.00 0,0 

244 

150 

100 

50 

0 

-50 

-100 

•= -158 

approximately 2 X10'^^ mol of sodium Figure C.l. Topological image of the dried 
droplets of printed oxidant: L = 230, 10% 

hypochlorite (Mw = 74.44) in each darkness (Wyko interferometer, 0.9 x 1.2 mm') 
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dried droplet, where the density of the sodium hypochlorite ink is dink=1.22 g/cm^. 

Moreover, under the 100 |a,m diameter region of oxidizing agent, we can estimate that 4 x 

10"'' mol of ethylenedioxy thiophene (EDOT) monomer units (Mw = 136) exist. We 

have assumed that the density of coated PEDOT-PSS is dp = 1.00 g/cm^ and the weight 

ratio of PEDOT to PSS is Although some of the printed dots will overlap with 

decreasing the luminosity value (Figure B.l and B.2), Inkjet printing results in a roughly 

5:1 ratio of oxidant to EDOT. 
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