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Abstract 
The electrode/polymer interfaces in polymer light-emitting diodes (PLEDs) are important in 
determining device performance and stability. This research project focuses on gaining a 
better understanding of the role of the anode/polymer interface. 

At first the influence of the UV -ozone treatment on the performance of the PLEDs has been 
studied and related to surface properties of the ITO-anode as determined by contact angles 
measurements and Low Energy Ion Scattering (LEIS). A procedure for fabrication of high 
quality PLEDs of reproducible performance and uniform brightness has been developed, 
which is a crucial condition for studying the device physics in a controlled way. It is found 
that the UV -ozone treatment increases the surface energy and re moves (C-containing) 
contamination, resulting in a significantly enhanced brightness, efficiency, stability and 
reproducibility compared to untreated PLEDs. 

Secondly a study of the hole-injection process into PLEDs has been initiated by incorporating 
a well-defined insulating layer of tunable thickness between the anode and the polymer. Self
assembly of a monolayer of alkanethiol from solution is used as an approach for establishing 
such a layer. An Au-substrate has been developed for this purpose and PLEDs based on this 
substrate have been shown to yield adequately stabie and reproducible performance. It is 
found that using ethanol as a solvent significantly deteriorates device performance, which can 
be related to the influence of contamination and/or to a decreased workfunction of the anode; 
toluene is demonstrated to be an appropriate solvent. 
Self-assembled monolayers (SAMs) of alkanethiol have been made on differently pre-treated 
substrates and both the substrates and the SAMs have been characterized using X-ray 
Photoelectron Spectroscopy (XPS) and LEIS. The UV-ozone treatment is found to increase 
the 0 con centration on the Au, resulting in 0 bound alkanethiol molecules on the UV -ozone 
treated substrate. 
PLEDs have been made in which these alkanethiol layers are incorporated and the 
performance has been studied by electrical characterization and visual inspection. Non
uniform brightness and highly irreproducible performance are obtained, probably related to 
low quality SAMs that may be caused by the 0 on the Au, the influence of (Na and H20) 
contamination and/or an improper Au-substrate. So far no clear relationship has been found 
between the thickness of the insulating layer and PLED performance. 
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Chapter 1 Introduetion 
Most polymers are historically known tobestrong insulators, however, in 1977 Chaing et al. 
[1] discovered semiconducting properties in a conjugated polymer. Since then a large number 
of research projects have been carried out to investigate and change the properties of many 
kinds of conducting polymers. In 1990 Burroughes et al. [2) coincidentally found the 
emission of green light from a poly (phenylene vinylene) (PPV) polymer layer sandwiched 
between two electrades on which a voltage was applied. This electroluminesence was 
immediately recognized to result from the radiative recombination of an electron and a hole 
that were injected into the polymer layer from the electrodes. In order to obtain balance 
between electron and hole-injection, the electrades should have different workfunctions 
which inevitably leads to some kind of current rectification and that's why these devices are 
generally called polymer light emitting diodes (PLEDs). 

The current interest in these PLEDs arises from their high potential for industrial applications 
as large area or patterned light sourees e.g. backlights for displays or fully pixilated color 
monitors. Organic LEDs offer several advantages over other technologies e.g. operating 
voltages as low as 4 V, uniformemission in all directions (unlike liquid crystal displays) and 
an extremely thin, planar and in principle flexible structure of low weight. Nowadays the 
speetral emission can be chosen across the entire visible spectrum [3]. 
Technological requirements that still have to be met include improved luminous efficiency 
and operating lifetime; besides this more fundamental issues need to be resolved as the 
physical principles that underlie device functioning have not been fully understood yet. 

Among other issues it is generally recognized that the electrode/polymer interfaces play an 
important but poorly understood role in determining both performance and stability of the 
devices [2, 4, 5]. This research project will focus on studying the anode/polymer interface. 
PLEDs will be made using a recently developed, controlled set-up consisting of a glovebox, 
an ultraviolet ozone (UV-ozone) pre-treatment chamber and an evaporation chamber at 
ultrahigh vacuum (see chapter 3). The basic structure of the PLEDs is made up of a glass 
support, coated with a transparent anode of indium-tin-oxide (ITO), onto which a PPV 
polymer layer is spincoated and a calcium catbode is evaporated. 

The purpose of this project can be split into two related parts. At first the influence of the UV
ozone pre-treatment on the electroluminescent properties of the PLEDs will be studied and 
related to changes in the surface properties of the ITO-anode as determined by contact angle 
experiments and Low Energy Ion Scattering (LEIS). Several studies have dealt with the effect 
of surface treatment on the properties of ITO and performance of organic LEDs [6-17]. It is 
generally recognized that the cleanliness of the ITO surface is an important factor governing 
the performance of the devices and application of a UV -ozone treatment is known to have 
beneficia! effects on PLED performance [6-9]. However, the exact relationship between the 
properties of the ITO and the way in which they act on PLED performance bas not been fully 
understood yet. 
To the authors best knowledge LEIS bas not been applied previously to examine the atomie 
surface composition of ITO. The superior surface sensitivity of this technique compared to the 
commonly used X-ray Photoelectron Spectroscopy (see chapter 4), may shed a light on the 
role of atomie surface composition in PLED performance. Besides this the optima! pre
treatment procedure depends on factors like ITO morphology, the used polymer and 
ex perimental conditions. Hence investigating the influence of the UV -ozone treatment at the 
experimental conditions, used in this research project, will contribute to understanding how 
the new set-up can be used for fabrication of high quality PLEDs of reproducible 
performance. This is a crudal condition for being able to study the physics of PLEDs. 

1 



The second approach to study the anode/polymer interface in this project will be by 
investigating the influence of incorporating an additional interlayer between the anode and the 
emissive polymer. It is well-known that the PLED propertiescan be significantly enhanced by 
using multilayered structures [4, 18-20]. Most previous studies have focussed on using 
relatively thick (several 100 Á) hole or electron transport layers [4, 18]; besides this the effect 
of incorporating an ultra thin (on the order of 10 Á) insulating, semiconducting or conducting 
layer between the electrode and the polymer bas been studied, although most studies focussed 
on interfaciallayers formed at the catbode interface [5, 19, 21-25]. 
In this study the anode/polymer interface is modified by using a well-defined, ultra thin, 
insulating layer of tunable thickness. Self-assembly of alkanethiol from salution is employed 
as a tool to develop such a layer. This technique is in principle easy to perfarm and can be 
applied in-situ (in the glovebox). Self-assembled monolayers (SAMs) of alkanethiol have 
been studied extensively and it has been established that well-defined, densely packed and 
ordered structures develop on metal or semiconductor surfaces like Au, Ag, In, Sn or GaAs. 
The layer is thin enough to transport electrans yet thick enough to farm an inert and stabie 
layer even in air. However, since ITO is a metal-oxide it remains to beseen whether a SAM 
of alkanethiol can develop on this substrate. Evaporation of a thin, semi-transparent Ag or Au 
layer may be required to realize such a layer; this can be done in the UHV chamber of the set
up. For establishing a well-defined layer at the anode surface a good understanding of the 
UV -ozone treatment is important. An appropriate UV -ozone treatment can be used to remave 
an adventitious layer of organic contamination from the anode surface thus obtaining a clean 
substrate, suitable for developing a well-defined organic layer. 

One of the main motivations for incorporating a SAM of alkanethiol between the anode and 
the polymer is to gain more insight in the role of the hole-injection processin PLEDs. SAMs 
can provide an ideal system for disentangling the fundamental events in interfacial charge 
transfer. The insulating alkanethiol molecules will farm a physical harrier for hole-injection 
of well-defined thickness, which can be tuned by changing the length of the saturated alkyl 
chain of the molecules. The layers will be characterized by using XPS and LEIS techniques. 
Besides obtaining a better understanding of the physics of PLEDs, also an enhancement of 
device performance may he realized. Nowadays, it is quite commonly accepted that holes are 
the majority charge carriers in ITO/PPV/Ca devices [26], since hole-mobility in PPV is 
considerably larger than electron mobility. In this case an optimization of device efficiency 
may he attainable by cantrolling the interlayer thickness thus reducing hole-injection and 
achieving a better balance between electron and hole-injection. The long-term stability of the 
devices may be improved and leakage currents may be suppressed, due to an enhanced 
acthesion or stability of the anode/polymer interface [ 19]. 
SAMs of alkanethiol have been used previously for studying hole-injection into PPV [22]. It 
was concluded from this study that electrans are the majority charge carriers in PPV devices 
and device efficiency is limited by hole-injection. Investigating whether this result can be 
reproduced is an additional motivation for this study. To the authors best knowledge a 
combined characterization of the SAMs of alkanethiol and their influence on PLED 
performance bas not been reported before. 
Finally the development of a SAM of alkanethiol on the anode surface can be a first step 
towards using more complex molecules (containing e.g. conductive or functional groups) and 
building up complete polymer layers by successive absorption of polymer segments from 
salution [20]. 

The structure of the report is as follows. At first a description of the relevant processes in 
PLEDs will he given. In chapter 3 the experimental set-up and procedures used for fabrication 
and characterization of PLEDs will he described, foliowed by a brief introduetion into the 
used surface analysis techniques, LEIS and XPS, in chapter 4. Chapter 5 deals with the 
influence of the UV -ozone treatment and the modification of the anode/polymer interface by 
SAMs of alkanethiol will be discussed in chapter 6. Finally the results will be summarized, 
conclusions will be drawn and recommendations will be made. 
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Chapter 2 
Polymer Light Emitting Diodes 
2.1 Principle of operation 

The basic structure of a polymer light emitting diode (PLED) is shown in Fig. 2.1. It consists 
of a thin (of the order of 100 nm) layer of conjugated polymer that is sandwiched between 
two electrodes, the anode and the cathode. These layers are deposited on a substrate . 

.k' cover 
,.--- catbode 

.,_-polymer 

~===1--------~---J--------_l~~--anode 

substrate 

emitted light 

Figure 2.1: Schematic representation of a polymer light emitting diode. 

The basic principle of operation can be described as a sequence of four steps. First, by 
applying a sufficiently high voltage on the electrades electrans will be injected from the 
catbode and holes will be injected from the anode into the polymer. Second, these charge 
carriers move under the influence of the applied field towards each other. Subsequently the 
electrans and holes combine to farm an excited state called an exiton and finally these 
excitons may decay under the emission of a photon. At least one of the electrades must be 
transparent so the emitted light can leave the device. Usually indium-tin oxide (ITO) is 
applied as an anode, which is a transparent (semi)conductor, along with a glass-substrate. To 
proteet the catbode and polymer from oxidation a capping material can be deposited on the 
structure or the device can be encapsulated. 
In the following sections the several steps in the process will be explained into further detail. 
Although the injection of charges is conceptually the first step, the next section will be 
focussed on the structure and conduction mechanisms of electraluminescent polymers. The 
recombination of charge carriers resulting in the emission of light will be described in section 
2.3. Subsequently the injection of charges from the electrades into the polymer will be 
discussed. Finally the incorporation of a thin layer at the anode/polymer interface will be 
treated. 

2.2 Semiconducting polymers 

2.2.1 Structure of conducting polymers 

A polymer is a macromolecule that consists of a chain of many identical molecular units 
called monomers. The number of rnanamers in a polymer chain is called the degree of 
polymerization, typically 102-106

. Most polymers are strong isolators, however, 
semiconducting propertiescan be found in (doped) conjugated polymers. 
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Figure 2.2: a) Example of a conjugated polymer: polyacetylene; n denotes the degree of 
polymerization. b) Molecular structure of OC1Cw-PPV. Two side groups have 
been grafled to the polymer backbone to realize solubility in organic solvents. 

A conjugated polymer is a system of altemating covalent single and double honds between 
the (carbon) atoms along the backbone of the chain as shown in Fig. 2.2. The single honds are 
so-called cr-honds, made up by the overlap of electronic orbitals that have cylindrical 
symmetry around the bonding axis. The electrons of the single honds are strongly localized in 
between two atoms thus constituting the stabie and rigid backbone of the polymer. The double 
bounds are 1t-bonds, that are formed by the overlap of two neighboring p orbitals. A 1t-bond 
establishes a de-localized electron density that facilitates the transport of charge carriers along 
the chain, resulting in semiconducting properties. In order to establish local charge neutrality 
the ions move to regions of higher electron density i.e. into the double bond. This relaxation 
of the chain is called a Peierls distortion and results in the formation of an energy gap [27, 
vol. 2, p. 15]. 
A schematic picture of the energetic structure of a semiconducting polymer is shown in Fig. 
2.3, in which several important properties are defined. The vacuum level is the energy of an 
electron at rest at a point sufficiently far outside the surface that the interaction of the electron 
with the surface may be neglected (i.e. more than 100 Á from the surface). The vacuum level 
is commonly set at E=O eV. The highest occupied molecular orbital or HOMO is the least 
energetically favorable electronic state that is occupied in the ground state. The 1t-bond is 
energetically less favorable than the cr-bond so the HOMO will be a 1t-orbital. The energy 
difference between the vacuum level and the HOMO is called the ionization or oxidation 
potential /. The lowest unoccupied molecular orbital (LUMO) is the first allowed electronk 
state that can be occupied and is also a 1t-orbital. The position of the LUMO with respect to 
the vacuum level is the electron affinity X· Like inorganic semiconductors an energy gap Eg 
exists in which no electronk states are allowed. The magnitude of energy gap is given by the 
difference of the ionization potential and the electron affinity: Eg=I-x. 

-r--------r---- vacuum level 
energy .4 ~. • • ~~electron 

wmsahon 
potential I affinity X 

-+-----r-~...L-~---LUMO 

energy gap Eg 

...J~rt__ ___ ,.Lr ____ HOMO 

----1·~ x 

Figure 2.3: Energetic structure of a semiconducting polymer. LUMO denotes lowest 
unoccupied molecular orbital and HOMO is highest occupied molecular orbital. 

The HOMO and LUMO are commonly considered as the edges of the valenee band 
respectively the conduction band of the polymer, however, this concept that bas been adopted 
from inorganic semiconductor physics and should be treated with caution. The electronk 
interaction between the molecules constituting the lattice in organic solids is weak compared 
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to the interaction in inorganic solids. This implies that the valenee and conduction bands are 
narrow (typically 10-100 me V [28]). In fact the concept of a band of completely de-localized 
electronic states has limited validity in organic semiconductor physics and the HOMO and 
LUMO are constituted rather of a set of energetically dispersed localized states. 

Poly (phenylene vinylene) or PPV and its derivatives are conjugated polymers that are widely 
used as active layers in PLEDs, owing totheir high yield of luminescence [29] and their ease 
of processing. By grafting an alkyl side group to the phenylene group, PPV can be made 
soluble in organic solvents such as toluene. The molecular structure of the PPV -derivative 
that is used in this research project is poly (dialkoxy-p-phenylene vinylene), more commonly 
named OC1C10-PPV, and shown in Fig. 2.2b. 

2.2.2 Hopping conduction of charge carriers 

When a positive charge, or hole, is added to the HOMO (corresponding to removing an 
electron from the 7t-bond), this hole will polarize the electrans and nuclei in its vicinity, 
producing a lattice distortion. Accordingly the bond lengtbs of the C atoms will alter and the 
energy of the remaining 7t-electron will be increased so it occupies a level within the gap. The 
combination of the hole and the induced polarization of the lattice is an electronically excited 
state that is called a positive polaron i.e. a quasi-partiele consisting of an excess charge and its 
associated polarization field. Similarly a negative polaron can be formed by adding an 
electrontoa 7t-orbital in the LUMO. Other types of charged and uncharged excited states are 
possible e.g. solitons (conjugational defects) or bi-polarons. In fact polarons can be treated as 
a pair of a soliton and an anti-soliton. However, it is commonly believed [27, vol. 2, p. 21] 
that polarons are the localized and charged states that are able to move along the chain, hence 
these other states will not be discussed here. 

In a polymer film an ideal 3D periodic lattice like in common inorganic semiconductors is 
absent. Also the defect density (e.g. kinks, bends, torsion or conjugational defects) in a 
polymer is much higher than in inorganic semiconductors, not only on the level of a collection 
of ebains but also within a chain. This disorder complicates a microscopie treatment of the 
conduction and standard band models of conduction are no longer valid. At first the mean free 
path of the charge carriers becomes of the order of the lattice spacing, so the wave functions 
become localized (i.e. decay exponentially with distance). Secondly the structural disorder of 
the polymer implies a disorder in energy as well. Accordingly the conduction of charges over 
distances much larger than the typical size of the ordered domains, requires tunneling through 
the tail of the wave function and excitation by a disordered potential harrier. For the latter 
process in principle an energy kBT is available that can be withdrawn from the interaction with 
the lattice (phonons) [30]. The presence of an electric field facilitates the jump by reducing 
the effective height of the energy harrier. At each jump the charge carriers will have to 
optimize between the height of the energy harrier and the distance of the jump. 

·············· 

············································· 

R 
Figure 2.4: Schematic picture of Variabie-Range Hopping between two states separated bath 

in position R and energy E. 

This type of conduction of charge carriers is called Variabie-Range Hopping [30] and is 
schematically shown in Fig. 2.4. The theory of Variabie-Range Hopping was originally 
developed for descrihing inorganic non-crystalline solids, but can be applied successfully to 
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conducting polymers as well. Hopping conduction occurs along the chain (intra-chain 
hopping) and between different polymer ebains (inter-chain hopping). The relative 
importance of inter-chain hopping sequences in relation to intra-chain hopping is a central 
issue in the description. The experimentally observed conductivity is determined by the worst 
conducting parts and depends on the dimensionality of the hopping process, on temperature 
and on the electric field. A number of detailed modifications have been proposed for the 
specific case of conducting polymers [31], however, a description of these theories is beyond 
the scope of this report. 

2.2.3 Space Charge Limited Current (SCLC) 

As will be discussed in section 2.4, an energy harrier for the injection of charges exists at the 
electrode. Depending on the magnitude of this energy harrier, the current through the PLED 
can be either injection limited or transport limited, i.e. limited by its own space charge. In this 
section the case of the transport-limited current is considered; the injection-limited currents 
will be treated insection 2.4. Space charge limit currents (SCLCs) occur when at least one of 
the electrades is able to supply more charge carriers per unit time than the sample can 
transport. This electrode is called an Ohmic electrode and the electric field F at the injecting 
contact vanishes. The SCLC is the maximum current a sample can sustain at a given electric 
field (unless the exit electrode can supply sufficient opposite charge carriers to compensate 
for the intemal space charge) without vialating Poisson's law. 

An important parameter when consiclering the current flow in the polymer is the mobility J.l, 
defined as the magnitude of the charge carrier drift velocity v per unit electric field F: 

J1 = lvl/ F. (2.1) 

A PLED can treated as a one-dimensional system in which the current density j is constant 
tbraughout the polymer film. Using the definition of the mobility (Eq. (2.1)) the current 
density can be written as [32, p. 185] 

j(x) = eJ.l(n(x)F(x)- ksT dn(x) )=constant, 
e dx 

(2.2) 

in which e is the elementary charge, n is the density of free charge carriers and T denotes the 
temperature. The first term in this equation represents drift of charge carriers under the 
influence of the electric field and the second term is the current density due to diffusion. In 
general the diffusion part of the current can be neglected since the applied voltage is much 
larger than kBT/e. 

In order to study SCLCs in PLEDs, contributions both from electrans and holes to the current 
density have to be taken into account. It is useful to first consider devices in which only one 
type of charge carrier is present. Por instanee a hole-only device can be made by sandwiching 
a PPV layer between an ITO and a gold electrode. Both electrades have high workfunctions, 
camparabie to the ionization potential of the PPV. Therefore the harrier for hole-injection is 
small whereas the harrier for electron-injection is large and the current will be dominated by 
holes. Similarly an electron-only device can be made by sandwiching a PPV layer between 
two calcium electrodes. 

The dependenee of the maximum current density on the electric field for such a single carrier 
device can be calculated by solving the one-dimensional Poisson's equation 

dF ee0 - = n(x)e, (2.3) 
dx 

tagether with Eq. (2.2). Here t:o is the dielectric permittivity and eis the dielectric constant. 
When diffusion is neglected and in the absence of trapping states and thermal free carriers 
(knT<<Eg), Child's law for SCL currents in solids is obtained [32, p. 44] 
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in which V is the magnitude of voltage applied on the polymer layer of thickness d: 
d 

V= f F(x)dx . (2.5) 
0 

Blom et al. [26] studied SCLCs in OC1Cw-PPV PLEDs by making hole-only and electron
only devices. They found that fortheir hole-only (ITO-PPV-Au) devices, Child's law (Eq. 
(2.4)) described well the current-voltage characteristics using a hole mobility of J.l=f..lt,=5x10· 
11 m2Ns. At high fields (>3x105 V/cm) the current density j gradually exceeds the value 
expected fram Child's law which could be explained by assuming a temperature- and field
dependent hole mobility [33] 

J.lh (F,T) oe exp(-~)exp(y..jF), (2.6) 
k 8 T 

in which yis a temperature dependent coefficient and L1 is an activation energy. 
For electron-only devices, however, Child's law could not be used to interpret the current
voltage dependenee and it was suggested [26] that charge carrier trapping is of major 
importance. Charges that are trapped in energetically favorable states in the polymer 
(resulting e.g. from impurities) will contribute to the space charge but not to the current. In a 
disordered structure like a polymer a continuous distribution of trap-level energies is 
expected. The experimental results can often be described by assurning an exponential 
distribution of traps for which the current-voltage dependenee can be solved analytically: 

nt(E)=~exp(E-Ec ), (2.7) 
ksTt ksTt 

in which n1(E) is the number of traps per unit volume and unit energy interval, N1 denotes the 
total trap density, Ec is the energy of the relevant transport level of the charge carriers 
(HOMO or LUMO) and T1 is a characteristic trap temperature. The SCL current then becomes 
[32, P- 72]: 

._ N t:t:o _+_ -- (2 8) 
( 

l )
1
(21 1 )I+ I VI+ I 

1 - cJ.le Nte(l + 1) l + 1 d 21+1 ' · 

in which Ne is the density of transport states and l=T IT. The characteristic trap temperature 
can be calculated from the slope of the log(j) versus log( V) plot. 
The current-voltage characteristics of the electron only (Ca-PPV-Ca) devices made by Blom 
et al. could be described well by this equation using a characteristic trap temperature of 
T1=1500 K, which indicates that the electrans in PPV are severely trapped1

• Accordingly the 
current-voltage dependenee for electrans in OC1C10-PPV was found to be much stronger 
(joe 0) than for holes (joe V2

, see Eq. (2.4)). The magnitude of the electron current was much 
smaller than the hole current, especially at low fields (e.g. 4x105 V/cm) where the difference 
amounted to three orders of magnitude. 

In a double carrier device, such as a PLED, both electrans and holes contribute to the current. 
Besides space charges, a field dependent mobility and electron trapping, two addition 
phenomena need to be taken into account namely recombination and charge neutralization. 
The recombination rate can be assumed to be proportional to the product of electron and hole 
density. Due to charge neutralization in a PLED the total charge may far exceed the net 
charge and the current density can be much larger than the current density in a single carrier 
device. The current-voltage dependenee in this complex case can only be solved numerically 
by solving Poisson's equation (Eq. (2.3)) tagether with Eq. (2.2) and an equation that relates 
the number of trapped charges to the number of free charges. The double carrier devices 

1 However, recent measurements of the temperature dependenee of the current in electron only devices have cast 
doubt on the suggestion that traps cause the low mobility of electrans in PPV. 
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(ITO-PPV -Ca) made by Blom et al. displayed a current-voltage behavior that was comparable 
to the hole-only devices; the magnitude of the current density was higher but of equal order. lt 
was concluded that holes are the dominant charge carriers in PPV. 

2.3 Emission of light 

Up till now the conduction of charge carriers, the polarons, in a polymer has been treated. In 
this section the generation of light will be discussed, which results when a positive and a 
negative polaron are brought together. A localized neutral excited state will develop called an 
exciton. Since both charges carry a spin lh, spin-coupling will occur so a singlet (S) or triplet 
(T) excitons will be formed. When the exciton decays the energy of the excited state is 
released by theemission of a pboton or it can be transfer to the system (quenching). Only the 
singlet exciton can decay radiatively, since quanturn mechanica} selection rules deterrnine that 
an optica} T1-S0 transition is forbidden. Triplet excitons will thus transfer energy at so-called 
quenching sites. This fact immediately gives an upper limit for the intemal quanturn 
efficiency 7Jo: 

number of photons created 
25

m 
1J = < -;o. 

Q number of electron - hole pairs inserted 
(2.9) 

If, however, triplet excitons can be converted into singlet excitons this theoretica} value could 
be higher. In practice the intemal quanturn efficiency will rather be much lower, caused by 
unequal electron and hole-injection rates and the non-radiative decay of singlet excitons. A 
very efficiency way of exciton quenching, called Förster energy-transfer, occurs in the 
neighborhood (e.g. within 10 nm) of the metal electrodes [34]. Besides this the exciton may 
also react with impurities in the polymer. 
The extemal quanturn efficiency of a PLED is defined as the number of photons actually 
emitted per electron-hole pair inserted and will usually be significantly lower than the intemal 
quanturn efficiency due to reflection and absorption of photons within the device. According 
to [35] about 20% of the produced photons will actually leave the device, since the major part 
of the light will be intemally reflected and absorbed within the device. This value can be 
increased on by applying proper anti-reflection coating. 

The color of the emitted light depends on the energy of the singlet exciton, which is 
approximately given by the energy gap of the polymer (about 3 eV for PPV), but needs to be 
corrected for spin-coupling, the Coulomb-interaction between the charges (±-0.5 e V) and the 
lattice relaxation (±-0.1 to -0.3 e V) [36]. A spectrum of emitted colors results which is shown 
in Appendix A for the used PPV derivative. 
A useful measure for the brightness of a PLED is the luminanee L, which describes the 
luminous intensity per unit of PLED surface perpendicular to the viewing direction, and is 
given by [37, p. 11]: 

(2.10) 

In this equation cfJv denotes the luminous flux i.e. the power emitted by the PLED taking into 
account the response of the human eye to different colors; 8 is the angle between the viewing 
direction and the surface normal and ro is the solid angle. The unit of luminanee is candela per 
square meter. The emission of the surface of a PLED is generally accepted to be uniform in 
all directions [38]. This is called a Lambertian surface and the luminanee of such a surface is 
independent of the viewing angle. 
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2.4 Injection of charge carriers 

2.4.1 The electrode-polymer interface 

In the previous sections the conduction and recombination mechanisms of charge carriers in a 
polymer have been described. Light emission results from the recombination of two charge 
carriers of opposite charge. This section will focus on how these charge carriers can be 
supplied from the both electrodes. 

In Fig. 2.5 a schematic representation of the anode-polymer-eatbode contact is given. In this 
model the polymer is treated like an isolator of very low intrinsic charge concentration [39]. 
The workfunctions of the anode ll>anode and the catbode ll>cathode are indicated in Fig. 2.5a as 
well as the harriers for hole and electron-injection. The workfunction of the uniform surface 
of a metal is defined as the difference in potential energy of an electron between the vacuum 
level and the Ferrni level Ep, which is the electrochemical potential of the electrans in the 
metal. The energy harrier ll>s,h for holes can be approximated by the difference in 
workfunction ll>anode of the anode and the oxidation potential I of the polymer; for electrans an 
estimation for the energy harrier ll>s,e is the difference between the workfunction ll>cathode of the 
catbode and the electron affinity X· 

vacuum ---r---, 

level 

vacuum level 

(b) 

I 

HOMO 

(a) 

(c) 

Figure 2.5: Schematic representation of the energetic situation in the PLED. 
a) No interaction between anode, polymer and cathode. b) Contact is established 
resulting in the formation of a build-in voltage VBI due to the equilibration of the 
Fermi levels. c) A voltage V> VBI is applied and injection of charge carriers 
through the harriers can take place. 

Upon contactinga semiconductor with metallic electrodes, the Ferrni levels on both sides of 
either contact will equilibrate (see Fig. 2.5b) if sufficient charge flow across the polymer layer 
is possible. Salaneck et al. argued that charge exchange occurs through pinholes in the 
polymer film [39]. This results in the development of a build-in voltage VBI in reverse bias 
direction. As discussed before the band model of charge conduction in semiconductors is only 
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limited applicable to polymers. Accordingly also the energetic situation in a metal-polymer
metal contact cannot be described completely accurately by the equilibration of a Fermi level. 
In a more rigarous model the interaction between the anode surface atoms and the single 
polymer ebains is considered. 
Moreover the actual energetic situation is more complex than assumed in Fig. 2.5. A dipale 
layer can be formed at the interfaces due to e.g. charge transfer across the interface, 
redistribution of the electron cloud, interfacial chemica! reaction and other types of 
rearrangement of electronic charge [40]. The dipale layers cause shifts in the vacuum level 
that reduce the effective build-in voltage. Besides this band bending2 may occur at the 
interfaces or chemical interaction between the polymer ebains and metal atoms can results in 
the formation of electronk surface states within the energy gap [ 41]. 

In order to optimize charge carrier injection the energy harriers should be minimized so the 
workfunctions of the electrades have to match the position of the LUMO and HOMO as 
closely as possible. The electron affinity of PPV amounts to about 2.6 e V and the oxidation 
potentialis about 5.0 eV. Calcium, which has a workfunction about 2.9 eV, is commonly used 
as the electron-injection material and will also be used in this research project. A high 
workfunction anode material is needed for hole-injection into the polymer; Indium Tin Oxide 
(ITO) is widely used for this purpose, having a workfunction of about 4.7 eV. ITO is a n-type 
semiconductor, which bas a band gap larger than 3.0 eV. It is transparent in the visible region 
and displays a high electrical conductivity (up to 103 Slem), which unique combination is the 
reason for the popularity of ITO as an electrode for solar cells, liquid crystal displays and 
PLEDs. ITO is generally considered as a heavily doped and degeneraten-type indium oxide 
with bath Sn dopants and 0 vacancies contributing to its conduction [ 42]. 
The exact magnitude of the injection harriers in a PLED cannot be determined easily. Factors 
like the formation of dipales at the interfaces influence the position of the energy levels with 
respect to each other, but also the workfunction depends on factors like the crystalline surface, 
surface treatment and contamination. For ITO e.g. workfunctions ranging between 4.0 e V and 
4.8 eV have been measured depending on the treatment of the surface [13]. 

Upon application of an electric field the energy levels in the polymer will tilt as shown in Fig. 
2.5c. When the applied voltage exceeds the build-in voltage charge injection can occur 
through the energy harriers. As mentioned befare the current through the PLED can be either 
injection limited or space charge limited, which depends on the magnitude of the energy 
harrier. The latter case bas already been treated in section 2.2.3, the farmer case will be 
treated below. 
Several rnadeis have been developed to model charge carrier injection into dielectrics at high 
fields. The two text hook rnadeis are the Fowler Nordheim (FN) model for tunneling injection 
and the Richardson-Schottky (RS) model of thermionic emission [43]. Bath rnadeis have been 
developed within the context of inorganic semiconductor physics and assume the existence of 
an energy band. A model developed by Arkhipov et al. [ 44] takes into account the energetic 
and local disorder of the polymer as well as the hopping type of conduction. In the next 
sections these models will be discussed briefly along with their applicability towards 
descrihing the current-voltage characteristics in PLEDs. 

2 Band bending is presumed to be negligible since the intrinsic charge concentration is very low in conjugated 
polymers [T20]. 
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2.4.2 The Richardson-Schottky (RS) model of thermionic emission 

The RS model treats the injection of charges into a dielectric at high fields as a thermally 
activated processin which a charge is injected if it bas a thermal energy k8T sufficient to cross 
the maximum of the potential harrier at the interface as show in Fig. 2.6. 

-r---------------------------.--- vacuum 

cPanode 

y 

I 

level 

HOMO 
(with field F) 

........ · .... ~cPB HOMO 
···················· ·······"!························································································· (F=O) 

~------,_~---------------------. x 

Figure 2.6: Thermionic injection of holes into the HOMO. The height of the harrier is 
lowered by ~cP8 due to the Schottky effect. 

When an extemal electric fieldFis applied, the HOMO is tilted by a factor eFx (dotted line). 
Because the anode is a conducting surface the Coulomb potential caused by the image charge 
at position -x needs to be taken into consideration. Setting the potential of the vacuum level 
to zero, the total potential U(x) now becomes 

ez 
U(x)=-l+eFx+ , (2.11) 

167têe0x 

This potential bas a minimum at position Xrn that is ~cPs higher than the potential of the 
HOMO at zero field: 

I!. <PB = p,fii witlt p = ~ e' . 
47tëe0 

(2.12) 

The energy harrier that needs to be overcome by the hole is thus lowered, an effect called the 
Schottky-Effect. The current density j can now be calculated to he 

. ATz (· cf>s + p..Jii J 1 = exp , 
k8 T 

in which A is the Richardson constant 

A= 4neme.ffk~ 
h3 

(2.13) 

(2.14) 

with meff the effective mass of the hole and h is Planck's constant. The electric field in a 
PLED is typically of the order of 105 V/cm causing alowering of the harrier of the order of 
~tl>s=0.1 eV. 
The main assumption of the RS-model is that a charge carrier with sufficient thermal energy 
to cross the potential maximum, will be injected into the dielectric without any energy losses 
caused by inelastic scattering of the carrier. Since the mean free path of the charge carriers in 
organic semiconductors is of the order of the intermolecular distance, this assumption is at 
most only limited valid. Moreover the neglect of tunneling can be probiernatie specifically at 
high fields and low temperatures. Despite these shortcomings the RS-model bas been applied 
successfully to model current-voltage characteristics and charge carrier injection into PLEDs 
[45]. 
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2.4.3 The Fowler Nordheim (FN) model for tunneling injection 

Thermally assisted charge carrier injection according to the RS-model becomes improbable at 
low temperatures and at large energy harriers. In this case quantum-mechanical tunneling of 
charges through the energy harrier is a more probable process. The Fowler Nordheim (FN) 
model invokes tunneling of charges from the electrode through a harrier into unbound 
continuurn states. In order to calculate the current-field characteristics, the probability for 
tunneling is integrated over the energy (Fermi-Dirac) distribution of the charges. This 
probability depends strongly on the shape of the energy harrier that can be taken triangular 
when the image charge potential is neglected. The current density that results from this 
calculation (at T=O K) is 

J=BF exp- , . 2 r4~2meffcf>~12 J 
31ieF 

(2.15) 

in which B is a temperature independent constant and li =hl2n. 

The shortcomings of the FN-model, when applied to PLEDs, are a.o. the assumptions of a 
triangular energy harrier and a continuurn of unbound states in which the charges can tunnel 
as well as the neglect of thermal energy of the charges. Despite these deficiencies the FN
model has been used successfully for instanee to model electron and hole-injection in MEH
PPV PLEDs, to yield reasonable values for the harrier heights and to account for the 
temperature-independent current-voltage characteristics at high fields (>5x105 V/cm) [46-48]. 
However, quantitatively at these fields the predicted FN-currents exceed the experimentally 
observed currents by several orders of magnitude. Furthermore, at low fields the tunneling 
model was found not to be applicable to model the current-voltage characteristics of a PLED, 
which has been attributed a.o. to the contribution of thermionic emission to the current [ 46]. 

2.4.4 The Arkhipov-model 

Whereas the RS-model and the FN-model have been developed for inorganic semiconductors 
(and thus assume the existence of an energy band), the Arkhipov-model [44] was developed 
especially for organic semiconductors and takes into account the hopping of charges in a 
random medium. Like the both other models the Arkhipov-model assumes that currents are 
injection limited, i.e. space charge effects are neglected. 

The model considers an energetically as well as positionally random hopping system in 
contact with a metallic electrode. The energy distribution of the localized states in the 
polymer is assumed to be Gaussian g(E) of varianee a and centered about E=O. The difference 
between the Fermi level of the electrode and this center of states is <Ps at zero field. The total 
potential fora charge carrier is equal to the RS-potential (see Eq. 2.11) increased by the site 
energy E. The average distance between two sites (e.g. the segmentsof a conjugated polymer) 
is denoted a. 

The injection is described as a succession of two events. The initia! event is the thermally and 
field assisted injection of a carrier from the Fermi level of the electrode into a localized state 
located at a distance x0~a from the interface. This processis foliowed by a diffusive random 
walk among the localized sites during which the charge carrier either returns to the electrode 
(and recombines with its image charge) or overcomes the image charge potential and is 
collected by the extemal electric field. 
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Based on these ideas Arkhipov et al. calculated numerically the dependenee of the current 
density on parameters like the electric field, temperature and the distribution of states. The 
predictions of the model have been found to compare well with several experimental 
observations both in functional dependenee as well as in absolute values of various 
parameters. 

2.5 Incorporation of a thin insulating layer between the anode and 
the polymer 

2.5.1 Introduetion 

In the previous sections basic PLED functioning has been treated including some models for 
charge injection. Here some effects on PLED performance will be discussed, that may occur 
when modifying this basic structure by incorporating a thin, insulating layer between the 
anode and the polymer. In chapter 6 more details about the choice of the layer materialand 
the experimental conditions will be discussed. 

2.5.2 Possible consequences for PLED performance 

Incorporation of an ideal insulating layer at the anode/polymer interface will raise a physical 
harrier for hole-injection. Charge transfer across the insulating layer is expected to involve 
tunneling [ 49] as the layer contains no electronic states that are available for conduction. 
By studying the performance (current density, brightness and efficiency) of the PLED as a 
function of the layer thickness, insight in device physics can be obtained. For example it may 
be possible to determine whether the current in the PLED is dominated by holes or electrans 
and which processes limit device efficiency. Another interesting way of studying the 
influence of an insulating harrier is to develop hole-only devices (e.g. by using two Au 
electrodes) in which an insulating layer is incorporated at one of the electrode interfaces. 
Differences in the shape of the current-voltage dependenee (e.g. the onset and magnitude of 
the current density) when applying a positive, respectively a negative bias, may reveal 
information about the effect of the insulating harrier on the current density in the device. 

In the previous sections (i.e. 2.2 and 2.4) several models have been discussed that can be used 
for interpreting the current-voltage characteristics of PLEDs. The SCLC model proposed by 
Blom et al. seems to describe well the most important features in PLED performance. It is 
reasonable to assume that the basic (ITO/OC1C10-PPV/Ca) PLEDs, made in this research 
project, are comparable with the double carrier devices made by Blom et al., since the used 
polymer and electrode materials are the same (the polymer is even supplied from the same 
source), although some of the processing conditions (e.g. the use of a glovebox and UHV 
system) may be different. For this reason it will be assumed that the current density is space 
charge limited and is dominated by holes, when interpreting the results obtained with PLEDs 
that have this basic structure (see chapter 5). 
For sufficiently thin insulating layers the influence on hole-injection may be small and the 
current can still be limited by transport (space charge). However, when a sufficiently large 
insulating harrier is raised, the hole-current will become injection limited, which will 
probably reveal oneself as a marked change in the current-voltage characteristics [19]. In this 
case an optimization of device efficiency may be attainable by controlling the interlayer 
thickness thus reducing hole-injection and achieving a better balance between electron and 
hole-injection. To gain a good understanding of the nature of the changes in current-voltage 
dependence, it is required to develop a model for PLED performance, taking into account the 
influence of the alkanethiol interlayer on charge carrier injection. Such models have been 
used previously to understand the influence of insulating layers at the polymerieatbode 
interface [5]. This research project, however, will focus on developing an insulating layer of 
adequate quality as this is a crucial condition for a controlled study of the physics of the 
device using a insulating interlayer. 
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To the best knowledge of the authors, a controlled study of the hole-injection process by 
incorporating a SAMs of alkanethiol between the anode and the polymer bas been carried out 
once before by Scott et al. [22]. Using MEH-PPV as the emissive polymer layer, Au as an 
anode and Ca as a catbode material, they found that the lower the harrier for hole-injection the 
higher the device efficiency, from which it was concluded that electroos are the majority 
charge carriers in PPV devices and device efficiency is limited by hole-injection. 
Bliznyuk et al. [23] used electrostatically assembied Si02 nanoparticles to modify the anode 
in ITO/MEH-PPV/Ca-PLEDs. It was found that the charge nanoparticles surface can induce a 
dipole moment across the electrode interface, which promotes hole-injection. The efficiency 
was doubled by incorporating the interlayer, which was related to an enhanced balance 
between hole and electron injection. Like Scott et al. they concluded that hole-injection limits 
device efficiency. 
Ho et al. [19], however, used a Silyl coupling layer together with an insulating polymer to 
develop an insulating layer using the samedevice structure. It was demonstrated that a 10-20 
Á interlayer significantly alters charge injection, that holes are the majority charge carrier and 
that device efficiency can be improved by a factor 5 without causing a significant increase in 
driving voltage. 
Clearly the issue of the dominant charge carrier in (MEH)-PPV bas not been fully resolved 
yet. Investigating whether either one of these results can be reproduced is an additional 
motivation for this study. 

It should be mentioned that additional hole-injection studies have been carried out by 
interposing a Si02 or CuPc layer between an ITO anode and a NPB hole-transport layer [24, 
25]. However, these studies will not be discussed bere, since these oligomer based LEDs are 
more difficult to compare with the PLEDs used in this research project. 
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Chapter 3 
Experimental set-up 
3.1 Introduetion 

In this chapter the experimental set-up and procedures are described that are used for 
fabrication and characterizing PLEDs. During the course of this research project some partsof 
the experimental set-up have been gradually developed e.g. the possibility of electrical 
characterization of PLEDs in the glovebox has been added and nowadays this characterization 
can be carried out using a computer system. A part of the work during this research project 
consisted of investigating how to use this new set-up for fabrication of reproducible PLEDs of 
high performance. 

At first the experimental set-up will be discussed as it is used in its present state. 
Subsequently the general production procedure for a set of PLEDs will be described and 
finally the electrical characterization of the produced devices will be discussed. 

3.2 Experimental set-up 

The ex perimental set -up that is used for fabrication and characterization of PLEDs is shown 
in Fig. 3.1. 

UHV 
j-V -light charnber 

sluice 
glovebox with N2 atmosphere characterisation 

spincoater 

~ 

evaparators 

Figure 3.1: Schematic representation ofthe experimentalset-up usedfor PLED production. 

PLEDs are known to be highly sensitive to the environmental conditions during the 
production process [ 50, 51]. Especially the polymer and the polymer/electrode interfaces can 
degrade upon exposure to e.g. H20, 0 2 or light of short wavelength [51-53]. To rninirnize 
possible influences of these conditions the majority of the fabrication process is carried out in 
a controlled environment consisting of a glovebox, an ultraviolet ozone (UV-ozone) pre
treatment chamber and an evaporation chamber at ultrahigh vacuum (UHV, pressure below 
10"8 mbar) 0 

The UV-ozone chamber contains a 15x15 cm mercury grid lamp that ernits a continuous 
spectrum of UV radiation. Two lines in the spectrum are of specific importance for the 
process of UV -ozone cleaning: the 185 nm and 254 nm lines. The typical intensity of the 254 
nm radiation at a distance of 2.5 cm from lamp is about 10 mW/cm2

; the intensity at 185 nm 
is unknown but is expected to be around 1 mW/cm2

. 

The UV -ozone treatment is useful to remove contarnination like hydrocarbons from the 
surface of the substrates. During the treatment the chamber is filled with air at room 
temperature. The light at 185 nm will cause the oxygen to convert into ozone (03), whereas 
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the 254 nm radiation will dissociated the ozone molecules resulting in the creating of atomie 
oxygen and free radicals. In this way a highly reactive atmosphere consisting of UV radiation, 
atomie oxygen, ozone and other free radicals is formed. The molecules which form the 
contamination can be excited, ionized and converted into volatile molecules such as CO, C02 
and H20. 
To gain more understanding about the way the reactive atmosphere interacts with 
hydrocarbons on the treated surface, experiments have been done by Moon et al. [54] in 
which a well-defined layer of hydrocarbons was exposed to an ultraviolet-ozone jet. It could 
be concluded that the ozone molecules react with the unsaturated C-C honds, but not with 
saturated C-C honds. The latter do react with oxygen radicals generated by the dissociation of 
ozone molecules under UV radiation. Excitation of the molecules, absorbed on the surface, by 
UV radiation was found be of minor importance. 
The cleaning rate drops exponentially with the distance between the surface of the sample and 
the mercury lamp. In all experiments this distance was 3-5 mm. After the UV-ozone 
treatment, the chamber can be evacuated and vented with nitrogen, so that the samples can be 
transferred to the glovebox without being exposed to air. 

The glovebox atmosphere consists of dry nitrogen with less than 1 ppm oxygen and moisture 
obtained by using a copper catalyst. An active carbon filter removes organic solvents from the 
atmosphere that e.g. result from spincoating the polymer layer from solution. The pressure in 
the glovebox is usually slightly above (1-3 mbar) atmospheric pressure and the nitrogen is at 
room temperature. The front window of the glovebox is covered with a foil that shields the 
polymer from light of short wavelength. The polymer layers are spincoated in the glovebox 
from solution using a programmabie spincoater (see section 3.2.4). 

The samples can be introduced via a transfer chamber (base pressure of 8* 10-8 mbar) into the 
UHV chamber (base pressure 2*10-9 mbar) without being exposed to air. Six samplescan be 
placed in a sampleholder, so six devices can be fabricated at the same time under identical 
conditions. In the UHV chamber three effusion cells are installed from which three different 
metals can be deposited by vapor deposition (evaporation). Two cells are commercially 
available effusion cells Model ABN 125 L from Riber and contain calcium and aluminum, 
respectively; the third cell is self-built and used for the evaporation of gold or silver. 
The metal layers are deposited by thermal evaporation from crucibles, which are resistively 
heated up till a temperature at which a vapor pressure of about 1 o-3 mbar is reached. The 
evaporated metal particles will travel along straight lines, since in UHV the mean free path of 
the particles is large compared to the dimensions of the chamber. A fraction of the metal 
particles reaches the sample and a mask is used to deterrnine the area on which the particles 
can actually deposit. The deposition rate depends on the vapor pressure, the sticking factor 
and geometry. 
The thickness of the deposited metallayer is deterrnined with a quartz crystal monitor, which 
was calibrated with Rutherford Back Scattering (RBS). The partial pressures of rest gases in 
the UHV chamber are measured with a residual gas analyzer from Leybold. The detection 
limit of this mass spectrometer is -10-9 mbar. 

Facilities for carrying out an electrical (jVL) characterization of the samples are present both 
in the glovebox and in the UHV chamber. In order to be able to apply a voltage across the 
PLED, contact must be made with both electrodes. The contact with the ITO electrode is 
made when the sample is inserted in the sampleholder as is shown in Fig. 3.2. The frame of 
the sampleholder also serves as a mask for depositing the calcium electrode (and the 
aluminum capping layer). The contact with this latter electrode is achieved by bringing a 
small copper pin into contact with the electrode. Since the copper pin can penetrate the 
aluminum, calcium and PPV layers, a short between the ITO and the calcium electrode can 
result. To prevent this, a part of the ITO layer is removed at the place where the contact with 
the calcium electrode will be established (see Fig. 3.2). 

16 



glass 
sample ITO 

PPV 

sampleholder 

frame 

Figure 3.2: Schematic picture of a sample and its position in the sampleholder. When the 
sample is inserted, the PPV layer wil! be peiforated hence contact with the ITO 
electrode is made. The dimensions in this picture bear no proportion to reality. 

The radiant flux emitted by a PLED is measured using a calibrated BURR-BROWN OPT301 
Integrated Photodiode. The output voltage of the photodiodes which is proportional to the 
collected radiant power, is amplified using a log-amplifier. This voltage is converted into a 
luminanee by taking into account geometry and the difference between the emission spectrum 
of the PPV, the speetral response of the photodiodes and the speetral response of the human 
eye. 

Besides electrical characterization of the PLEDs also surface analysis of samples can he done. 
Por this purpose the samples can be transpotled from the glovebox under dry nitrogen 
atmosphere to different set-ups. Por analysis of the anode surface Low Energy Ion Scattering 
(LEIS) and X-ray Photoelectron Spectroscopy (XPS) are applied as will be discussed in 
chapter 4. 

3.3 General production procedure for PLEDs 

3.3.1 Standard PLED 

In this section a description will be given of the general procedure that is used to produce a set 
of PLEDs. Samples that are produced according to this standard procedure will be used as a 
reference to other PLEDs, made in this research project, for which one or more parameters in 
the standard procedure have been changed. The structure of the standard LED is shown in 
Fig. 3.3 and the various steps in the standard production process are discussed in detail in the 
next sections. 

Figure 3.3: Definition ofthe structure ofthe standard PLED. 
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3.3.2 Preparation of the substrates 

The substrates that are used in this project are made from polisbed 356 x 356 x 1.1 mm sheets 
of glass, supplied by Merck, Darmstadt, Germany. On the sheet a thin (>20 nm) SiOz 
impurity harrier layer as well as a fully oxidized 100 nm thick ITO coating have been 
deposited by Merck. The resistance of the ITO surface is about 30 .Q/0. 
The sheets are cut into 38 x 38 mm pieces and parts of the ITO layer are removed by an 
etching process that consists of the following steps: 
• by spincoating a photo resist is put on the ITO; 
• the photo resist is dried and stabilized in an oven (5 min. at 90°C); 
• a mask is used to partially expose to samples to UV light (14 sec.); 
• the photo resist that was exposed to UV light is dissolved by immersing the samples in a 

developing solvent (50 sec.); 
• the samples are rinsed with distilled water and dried in an oven (10 min. at 90°C); 
• an etching acid is used to remave ITO from the samples. The acid consists of 48% HCl, 

4% HN03 and 48% distilled water and is heated at a hotplate to 50°C. The samples are 
immersed in the acid for 3 min .. The ITO will be removed at places where the photo resist 
was removed, whereas it will proteet the ITO at other places; 

• again the samples are rinsed with distilled water and dried; 
• finally the photo resist is removed in an ultrasonic bath of acetone (about 10 sec.). 

The 38 x 38 mm pieces are now cut into 9.8 x 9.8 x 1.1 mm substrates (see Fig. 3.4) that will 
be used for making PLEDs. 

3mm 
~ ITO removed 

L.:1J 7.8mm 

9.8mm 

Figure 3.4: Glass-substrate with ITO coating that is used in PLED fabrication. A part of the 
ITO is removed by an etching process to prevent a short between cathode and 
anode when contact is made with the PLED. 

3.3.3 Cleaning the substrates 

The 9.8 x 9.8 mm glass/ITO-substrates are cleanedinultra pure acetone (Uvasol from Merck) 
and subsequently in ultra pure 2-propanol (Secsolv from Merck) each for at least 5 minutes in 
an ultrasonic bath. Aftereach treatment the samples are dried using a beam of dry N2. 

This wet cleaning step is foliowed by a UV -a zone treatment. The UV -a zone lamp is 
preheated befare u sage for at least 45 min .. After preheatment the eh amber is evacuated and 
vented with air. The samples are put on a brass plate 3-5 mm below the lamp with the ITO
side facing the lamp; the chamber is closed and the UV lamp is switched on for 20 min. After 
this treatment, the samples are transferred to the glovebox without being exposed to air. To 
ensure that the dry nitrogen atmosphere of the glovebox is nat poliuted by the gases in the 
UV -ozone chamber, the chamber is evacuated and vented with nitrogen from the glovebox for 
three times. 

3.3.4 Spincoating the PPV 

Spincoating is a technique that is widely used for depositing uniform polymer layers on flat 
substrates. In this technique a polymer is dispensed from salution on a substrate foliowed by 
the application of a rapid angular velocity to the sample. Radial convection and the 
evaporation of the solvent will result in a thin solid layer of uniform composition and 
thickness. Obviously a polymer needs to be soluble in order to be able to process the polymer 
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by spincoating. The PPV derivative that is used in this research has been made soluble by 
grafting alkyl side groups to the chain (see Fig. 2.2). 

The PPV layer is spincoated in the glovebox from a 0.71 weight % toluene (Lichrosolv, 
obtained from Merck) solution. It will heseen insection 5.3 that it is crucial to store the battle 
containing the salution in a freezer (about -30°C), whenever the salution is nat used, to 
prevent the PPV from degradation in the glovebox. A 50 ml PPV -toluene salution is made 
which is divided among 10 ml bottles, so only a small amounts of salution have to he taken 
out of the freezer and still a lot of experiments can he done using the same solution. 

Befare the battle is taken from the glovebox into the outside environment, it is wrapped in 
airtight foil and in aJuminurn foil to proteet the salution against influences from air and light. 
Befare processing the salution is taken into the glovebox again. The mixture needs to he 
heated for at least an hourat a hotplate (50±5°C) to obtain a homogeneaus salution of right 
viscosity. During heating the salution is constantly stirred by a magnetic PTFE coated stirring 
bar that is inserted in the PPV battle in combination with a magnetic stirring system at a speed 
of 300 rounds per minute (rpm). 
The PPV is taken from the battle and dispensed on the cleaned substrate using a pipette. 
Directly after applying the polymer, the Photo Resist Spinner (model 4000 from Electronk 
Micro Systems) is engaged. This device will drive the sample at a rotational speed deterrnined 
by the used program. The program is made up of three stages each one consisting of an 
acceleration (ar deceleration) period Aandaspin period T at constant angular velocity w. The 
program used for spincoating the samples in this research project always consists of the 
following parameters: A1=50 units, T1=2 sec., WI=100 rpm, A2=10 units, T2=4 sec., A3=20 
units, T3=50 sec. and w3=200 rpm. The angular velocity of the second stage, w2, is chosen 
such that the layer thickness of the polymer is about 130 nmasis shown in Appendix B. The 
thickness of the polymer layer is measured using an alpha stepper 100 Tencor. If a thickness 
of 130 nm cannot he achieved within the range of 1350<w2<3000 rpm a few ml of toluene are 
added to the salution to lower viscosity or a new salution is made. 

' 

After spincoating six samples are inserted into the sampleholder as shown in Fig. 3.2; the 
sampleholder is inserted from the glovebox into the transfer chamber without contact with air 
and the transfer chamber is evacuated. When the pressure in the transfer chamber is below 
6xl0-7 mbar, the sampleholder is taken to the UHV chamber where deposition of the catbode 
takes place. 

3.3.5 Deposition of the catbode 

The calcium catbode and aJuminurn proteetion layers are deposited by vapor deposition 
( evaporation) from effusion cells in the UHV chamber. At first the calcium catbode is 
evaporated onto the PPV. The crucible of the calcium effusion cell is heated until a 
temperature of 510°C is reached; next the shutter of the effusion cell is opened resulting in a 
deposition rate of about 3Á/s as monitored using the quartz crystal monitor. The typical 
pressure during evaporation amounts to about 5* 10-7 mbar. The partial pressures of rest gases 
in the UHV chamber are measured using the residual gas analyzer. The concentrations of 
water and oxygen are always below the detection limit of about 1 o-9 mbar; some nitrogen gas 
(of the order of 10-9 mbar) is detectable right after taking the samples from the transfer 
chamber into the UHV chamber and the partial pressure of the hydragen gas is typically of the 
order of 10-7 mbar. When the calcium layer reaches a thickness of 80 nm the shutter is closed 
and the resistive heating of the crucible is stopped. 
Finally the fabrication of the PLEDs is finished by evaporation of the aluminum capping 
layer. The crucible that contains aJuminurn is brought toa temperature of 1150°C after which 
the shutter is opened resulting in an evaporation rate of about lÁ/s. The .pressure in the 
chamber during evaporation rises slowly typically from about 3x10-7 to 7x10- . The shutter is 
closed at a thickness of the aJuminurn layer of 50 nm. 
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3.4 Electrical characterization of the PLEDs 

Completed PLEDs can be characterized by measuring the current density j and brightness L 
against applied bias voltage V, called a jVL-characterization. This can be done both in the 
glovebox and in the UHV chamber. Contact is made with the electrades of the PLED as was 
described insection 3.1. 

The jVL-measurements can be carried out both manually and by a computer program, which 
ensures that the measurement is done in a reproducible way. In a typical jVL-characterization 
first a positive voltage is applied across the electrodes; startingat zero voltage the bias voltage 
is increased by steps of 0.125 V to 6 V. Next a negative voltage is applied and raised from 
zero to 3 V. Each measurement of the current density and the luminescence is done after a 
delay of four seconds, in which the PLED can stabilize. The measurement values are 
normalized on the active area of the PLED, which is deterrnined by using a caliper and 
usually amounts toabout 22 mm2

• 

The performance of the PLEDs during operation can be deterrnined in a life test. In this test a 
constant bias voltage is applied to the PLED and the current density and luminescence are 
monitored as a function of time. The interval between two measurements can be set. In a 
typical life test a bias voltage of 4 V is applied during 16 hours and the values are 
measurement interval is one minute. 
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Chapter 4 
Surface Analysis Techniques 

4.1 Low Energy Ion Scattering (LEIS) 

4.1.1 LEIS principles 

In Low Energy Ion Scattering (LEIS) the single outermost atomie layer of a sample is 
examined using a beam of inert gas ions. Besides surface analysis, also compositional depth 
profiling is possible by using the primary ion beam for sputtering. In this section the LEIS 
principles will be discussed briefly; the interpretation of the LEIS spectra will be the subject 
of the next section. 

In LEIS a mono-energetic (0.1-10 keV) beam of inert gasionsis incident on a sample. The 
ions will collide with target atoms in the sample; most of the ions will penetrate the sample 
and will be stopped, but a small fraction of the primary ions will be backscattered and can be 
collected in an energy-sensitive ion detector. Since the final energy of the backscattered 
particles depends on the masses of the target atom, the masses of atoms in the sample can be 
determined. 
By solving the equations of conservation of energy and momenturn for a single elastic 
collision, the following relationship between the primary energy, Eh and the final energy, Ef, 
of the incidentionsis obtained [55] 

E -[cos@+~R2 
-sin

2
8 Y E . hR 1 f - 1 + R ) i' Wlt > (4.1) 

in which e is the scattering angle and R is the ratio between the mass of the target atom and 
the mass of incident ion. Backscattering of the primary ion will only occur if the incident ion 
is lighter than the target atom (R> 1 ). 
As was mentioned before, LEIS is only sensitive to the outmost atomie layer. The reason for 
this is the high neutralization probability for inert gas ions (of the order of 99.9% per 
collision). This ensures that virtually all ions that penetrated beyond the first atomie layer are 
neutralized. Since only backscattered ions are detected, virtually all signal will arise from 
particles scattered from the outermost atomie layer. 
Besides surface analysis, also compositional depth profiling is possible with LEIS by using 
the primary ion beam for sputtering (removing atoms from the surface ). In this research 
project a 4 or 5 ke V Ar beam is used for sputtering. The total Ar dose is a measure of the 
depth in the sample, however, direct conversion of the Ar dose into a depth scale is 
complicated by effects such as surface roughness or preferential sputtering. This latter effect 
is very common in oxides, since 0 atoms are often preferentially removed in comparison to 
the metal atoms. As a rough rule of thumb: a dose of 1015 Ar atoms per cm2 corresponds to the 
removal of one monolayer. 

4.1.2 Interpretation of LEIS spectra 

LEIS measurements are generally performed using He, Ne or Ar ions. The final energy Ef of 
the elastically backscattered ions, calculated using Eq. (4.1) with e=145°, is given in Tab. 4.1 
for some target elements present in the samples that will be studied. This energy indicates the 
onset of the corresponding peak in the LEIS spectrum. lt can be seen from this table that for 
detection of light elements like C or 0 only He can be used. Ar is more suitable for separating 
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the peaks of heavier elements like In, Sn or Au in a LEIS spectrum, since the energy 
difference between the peaks is much larger than in case of He. 

Table 4.1: Energies of He and Ar ions backscattered elastically from varwus target 
elements. 

Element Mass Er(eV) Er(eV) Er(eV) Er(eV) Er(eV) 
(g/mol) 3 keV 3He 4 keV 3He 3 keV 4He 4keV Ar 5 keV Ar 

c 12 1184 1577 847 - -
0 16 1503 2004 1183 - -
s 32 2132 2841 1899 - -
Cr 52 2429 3238 2266 92 115 
Ag 108 2712 3615 2622 967 1209 
In 115 2728 3638 2643 1063 1329 
Sn 119 2737 3649 2655 1115 1396 
Au 197 2838 3784 2786 1892 2334 

An example of a LEIS spectrum of ITO, obtained with 5 ke V Ar i ons, is shown in Fig. 4.1. 
The peak signa! is made up of ions backscattered both from In and Sn surface atoms. The 
onset energies of these elements are indicated in the figure; the maximum of the peak 
corresponding to the element is located at the low energy si de of this on set. 
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Figure 4.1 Example of a LEIS spectrum (upper spectrum) of 20 min. UV-ozone treated ITO 
obtained with 5 keV Ar ions aftera sputter dose of6xld3 ions/cm2

• Both In and 
Sn surface concentrations contribute to the peak. The onset energies of these 
elements are indicated; the peak maximum is located at the low energy side of 
the ons et. The background signa/ is subtracted using a polynomial fit ( dotted 
fine) resulting in the spectrum that is shown below. 

Peak broadening results both from inelastic binary collisions and elastic effects such as a 
spread in detector acceptance angle or the presence of isotopes. To remove noise from the 
LEIS signa! the average of each measurement point with each of its neighbors can be taken 
(smoothing). The background signa! is caused by an effect called reionization. In this case 
primary ions are first scattered and neutralized within the sample, but the particles are 
reionized upon leaving the sample. The signa! of an element is determined by subtracting the 
background signa! and calculating the peak area that corresponds to the element. 
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4.2 X-ray Photoelectron Spectroscopy (XPS) 

4.2.1 XPS principles 

X-ray Photoelectron Spectroscopy (XPS) is widely used for analysis of the first atomie layers 
of a sample. In XPS a beam of X-rays is incident on a sample; the X-rays will penetrate deep 
into the sample and will eject electroos from core or valenee atomie orbitals of binding energy 
Eb (this process is called the photoelectric effect). The kinetic energy Ek of the removed 
electron is: 

(4.2) 
in which hv is the energy of the photon. 
The binding energy of the electron is characteristic for an element as well as for its chemical 
state. By measuring the kinetic energy of the emitted electron, the binding energy of the 
photoelectron can be calculated and thus the atomie composition of the sample as well as the 
chemical environment of the atoms can be deterrnined. However, chemical shifts are typically 
in the range of 0-3 eV, so fora deterrnination of the chemical state a high energy resolution 
(e.g. <1 eV) is required. The resolution of XPS expressed as the width of a photoemission 
peak at half maximum is determined by the line width of the X-ray source, the broadening 
due to the analyzer and the naturalline width of the level. 

The binding energy of the electroos is calculated from the peak in the XPS spectrum. Only 
electroos that escape from the sample without energy loss, will contribute to the peaks in the 
XPS spectra. The photoelectrons used in XPS have kinetic energies in the range of 0.4-1.2 
keV. The mean free path ll forthese electroos is about 1-2 nm, so the typical prohing depth 
for XPS is 3-6 nm. Since the mean free path is a function of the energy of the photoelectrons, 
also the prohing depth depends on the binding energy of the peak. 

4.2.2 Interpretation of XPS spectra 

In an XPS spectrum the number of detected photoelectrons is plotted against the binding 
energy (Eb= hv- Ek) of the atomie orbital. In Fig. 4.2 an XPS spectrum of an ITO-sample is 
given. The peaks in the spectra correspond to atomie orbitals of elements in the sample as 
indicated in this figure. The binding energies are listed in Tab. 4.2 for some strong peaks of 
the elements in the studied samples. 

Table 4.2: Approximate binding energies of electrons in atomie orbitals of the used 
elements according to [ 56]. Due to the chemica[ environment of the element the 
binding energy can shift a few eV. 

Element Orb i tal Eb (eV) Element Orb i tal Eb (eV) 
ca ls 284.6 Sn 3dsn 485 
0 ls 531 3d3/2 493 
Sb 2p3/2 163 Au 4fm 84 
In 3dst2 444 4fsn 88 

3d3/2 452 4dsn 336 
3p312 665 4d3/2 354 

Cr 2p3/2 573 4p3/2 547 
2pl/2 582 4Pll2 643 a . 

m fully saturated hydrocarbons 0 e.g. m unbound alkanethwl 
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Figure 4.2: An example of an XPS-spectrum measured on ITO. 

The background signal is caused by photoelectrons that have lost energy in inelastic loss 
processes. Additional (non-XPS) peaks in the spectra may occur e.g. due to Auger processes 
or a non-monochromatic X-ray source. In order to remove the contribution of the inelastic 
scattered electroos to the peak, a linear background subtraction is performed. The intensities 
of the photoelectron lines can now be deterrnined by calculating the peak area, which is 
subsequently calibrated upon the peak sensitivity factor S for the used XPS apparatus. By 
comparing these calibrated peak areas with each other a measure3 for the atomie composition 
of the surface region can be obtained. 

In this research project a Mg Ka X-ray souree is used that ernits 1253.6 eV photons. The 
photons are perpendicular incident on the sample. Photoelectrons that escape the sample at an 
angle around 45° are collected by the detector. All measurements are carried out using a pass 
energy of the electron energy analyzer of 10 eV and a step size of 0.37 eV. The full survey 
scan (O<Es<lOOO eV) is always recorded using a dwell time of 0.4 sec. per point; to the 
enhanced the statistics a prolonged dwell time is used when recording specific peaks of 
interest (e.g. 4 sec. for the region of the S(2p) doublet). The energy of the photoelectrons is 
calibrated upon the omnipresent C(ls) peak i.e. the binding energy of the C(ls) 
photoelectrons equals 284.6 eV. In doing so it is assumed that the C signal originates from 
saturated hydrocarbons ebains 

3 By calculating the ratios of the elements not exact surface coverage percentages are obtained, but a weighted 
average of the first atomie layers; deeper situated atomie layers contribute exponentially less to the peak area. 
Since the prohing depth depends on the binding energy of the peak, one should preferably compare closely 
separated peaks. 
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4.2.3 Detennination of organic layer thickness 

A determination of the effective layer thickness of the established SAM of alkanethiol is 
important, since the thickness determines the width of the tunneling harrier that needs to be 
overcome for hole-injection. In principle XPS measurements can be used for this purpose as 
was demonstrated previously [57, 58]. 
When a SAM of alkanethiol is established on e.g. an Au-substrate, the intensity of an Au peak 
SAu in the XPS spectrum will decrease as a function of the thickness dsAM of the layer: 

SAu = s1u exp(-dsAM I A) (4.3), 

in which s1u is the signal of the Au peak at zero layer thickness and A denotes the mean free 

path of the photoelectrons in the alkanethiollayer. The attenuation of the Au signal can thus 
be used as a measure for the layer thickness. 
For calculating the layer thickness in this way the absolute Au peak intensity of a clean Au
sample must be compared with the Au signal from an Au-sample on which an SAM of 
alkanethiol is established. It is found, however, that for the XPS measurements carried out 
during this research project, it is generally not allowed to compare the absolute peak area of 
two measurements of different samples. During an XPS measurement of a sample the XPS 
souree is stabie and it is possible to reproducibly measure survey spectra and specific regions 
of interest. Exchanging the sample is also possible without significant changes in the 
background signal or peak-background ratio. The distance between the XPS souree and the 
sample is acts upon the total signal but this distance can be accurately tumed so this influence 
is below 10%. If, however, the souree has been switched off between two measurements (e.g. 
for doing a LEIS measurement), the backgroundsignaland peak-background ratio in the XPS 
measurement is often found to be completely different. Consequently the thickness of the 
alkanethiollayer could not be derived from the XPS analysis carried out during this research 
project and only the elementary peak ratios areas between different samples will be 
considered. 

4.3 Atomie Force Microscopy (AFM) 

Atomie Force Microscopy (AFM) relies on the principle that all matter repels other matter 
when the separation distance is small enough. The force of repulsion rises dramatically with 
very small changes in separation distance. In AFM a tip, attached to the end of a cantilever, 
moves across the sample and is deflected according to the peak heights at the sample surface. 
The deflections of the tip are monitored by measuring the reflections of a laser beam that is 
focused on the tip. These reflections reveal information about a.o. the vertical height of the 
surface, hardness, friction and magnetic or electric forces. 
In this research project AFM will be used only for determining topographical information of 
the surface. From this data the surface roughness can be calculated. A common measure for 
the roughness is the RMS (root mean square) roughness, which is defined as the root mean 
square of height deviations Z with respect to the mean data plane: 

2 2 2 2 
ZI +Z2 +Z3 + ... +ZN 

N 
(4.4) 

For obtaining the topographical information of the sample surfaces in this research projected , 
the AFM apparatus is used in tapping mode. In this mode the cantilever is oscillated near its 
resonant frequency as it is scanned over the sample surface. The oscillating tip is brought 
closer to the sample surface until it begins to lightly touch, or "tap" the surface. This contact 
with the surface causes the oscillation amplitude to be reduced, which is detected by the laser 
system and is used to identify and measure surface features. 
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Chapter 5 
lnfluence of UV-ozone treatment 
5.1 Introduetion 

This chapter deals with the influence of the UV -ozone treatment on the ITO-substrates. 
Changes in the characteristics of the PLEDs will be discussed first and will subsequently be 
related to some important changes in the properties of the ITO surface as measured by contact 
angle experiments and LEIS measurements. 

Several studies have dealt with the effect of chemica! and physical treatment on the surface 
properties of ITO and the electroluminescent properties of organic LEDs [ 6-17]. It is 
generally recognized that the cleanliness of the ITO surface is an important factor goveming 
the performance of the devices. Consequently many cleaning methods such as mechanica! 
rubbing, ultrasonication in various solvents, chemica! washing and etching (e.g. aquaregia), 
oxygen, argon or hydrogen plasma treatment and UV -ozone treatment have been applied to 
ITO. Especially the oxygen plasma [10-15] and the UV-ozone treatments [6-9] are known to 
be beneficia! for PLED performance. 
The observed changes in LED performance are contributed a.o. to differences in 
workfunction, roughness, atomie surface composition and amount of organic contamination, 
but the exact relationship between these factors and the way in which they influence the 
PLED performance has not been fully understood yet. Comparison of the results obtained by 
different groups is complicated. Due to a large variety of ITO preparation and deposition 
processes, the physical properties of the surface differ from sample to sample so similar 
cleaning methods can yield different results. Moreover the optima! treatment procedure may 
depend on the used polymer and electrode materialsas wellas the experimental conditions. 
Hence it is important to understand the influence of the UV -ozone treatment in the particular 
experimental set-up used in this research project, since the appropriate cleaning procedure 
will depend on factors like geometry and UV-power. 

To the authors best knowledge LEIS bas notbeen applied previously to examine the atomie 
surface composition of ITO. The extreme sensitivity of this technique for the outermost 
atomie surface, may shed a light on the role of atomie surface composition in PLED 
performance. Besides this easy to perform contact angle measurements give quick access to 
information regarding the cleanliness of the UV -ozone treated ITO surface. 

In the first section the influence of the UV -ozone treatment on the PLEDs is considered. The 
jVL-characteristics of the PLEDs are discussed and the absolute values of the current density 
and brightness are compared. The reproducibility of the results tums out to be connected to 
PPV degradation, which will be the subject of the following section. 
Subsequently the influence of the UV -ozone treatment on some important surface properties 
will be discussed. At first the cleanliness of the UV -ozone treated surface is investigated by 
contact angle measurements and secondly the atomie composition of the surface as measured 
with LEIS is discussed. Finally the results will be discussed and conclusions will be drawn. 
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5.2 Influence of the UV -ozone treatment on PLEDs 

Before the PLEDs of different UV -ozone treatment time are compared, it is useful to start 
with consictering the jVL-characteristic of a standard PLED as shown in Fig. 5.1. As 
discussed previously (in section 3.3.1) the structure of such a standard PLED is ITO/PPV/Ca 
and a UV -ozone treatment time of 20 min. is applied. Detailed experimental information 
about the device and the jVL-measurements are given in sections 3.3 and 3.4. 
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Figure 5.1: jVL-characteristic for the standard type of PLED. The structure of such a 
standard PLED is JTO/PPV/Ca and a UV-ozone treatment time of 20 min. is 
used. The jVL-measurement is carried out in the UHV chamber. The solid line 
represents a power law fit to the data points of current A for V>3 V; for clarity 
the fine has been displaced vertically. The constant value of current A around 0 
V, is without physical meaning, but merely results from a cut off by the log
amplifier of the detector system. 

Note that both the current density j and the brightness L are depicted on a log-scale. The error 
made in measuring a data point is smaller than the size of the marker (5% ). The active area of 
the PLED is determined using a caliper to he 22 mm2 ±5%. 
First consicter curve A. The current density starts to increase rapidly at a bias voltage of about 
1.2 V, called the onset voltage for current Vonset-i· The onset for light emission, Vonset-L, is about 
2.0 V. At bias voltages above 3 V the current-voltage dependenee can he fit by a power law: 
j-V', in which a is a parameter that can he determined from the slope of j against V on a 
double-logarithmic scale. This slope parameter has no direct physical meaning but provides a 
useful way of comparing the shape of different jVL-curves. Typical values for a vary between 
4.3 and 5.8. 
The efficiency of the PLED can he expressedinunits of candela per ampere; typical values 
are 57 Cd/ A at bias voltages above 3 V. This corresponds to an extemal quanturn efficiency 
of about 1%, which is equal to the quanturn efficiency found by Blom et al. [26] for 
ITO/OC1 Cw-PPV /Ca-PLEDs. 
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At reverse bias no current is expected in the PLED since no charge carriers can be injected. 
However, in many cases a small (e.g. <10-1 mA/cm2

) current-density is measured. This 
current will be referred to as "leakage current". Leakage currents can occur both at positive 
and at negative bias. High leakage current at positive bias can cause difficulties in accurately 
determining Vonset-i· Insome cases the leakage current is symmetrical about 0 V as is shown in 
Fig. 5.1, curve B. This current-density grows approximately linear with the bias voltage. In 
otber cases unstable and not reproducible leakage currents are measured like is the case for 
current A at negative bias. When the jVL-measurement is repeated generally no changes are 
observed in the current density and brightness values, however, leakage currents often change 
randomly and can appear or disappear with every measurement. It is presumed that leakage 
currents are caused by e.g. extrinsic effects like chemica! or physical imperfections at the 
electrode/polymer interface [19] or dust particles in the PPV [59], so these currents will be 
left out of consideration in the rest of this research project. 

The influence of changing the UV -ozone treatment time tuv on the properties of PLEDs was 
investigated in the following way. Three sets of six PLEDs are made on three different days 
using the same bottie of PPV solution. The treatment time is changed between 0 min. (no 
treatment) and 40 min. and in every set two PLEDs are treated equally long: set A: 0, 20 and 
40 min; set B: 0, 10 and 20 min and set C: 0, 5 and 10 min. Aftera set bas been made jVL
measurements are done both in the UHV and in the glovebox. The results are discussed 
below. 

In Fig. 5.2 the jVL-characteristic of a PLED without UV-ozone treatment is shown. This 
figure can he compared with the 20 min. UV-ozone treated PLED shown in Fig. 5.1. Just like 
in case of the latter PLED, Vanset-i and Vanset L are 1.2 V and 2.0 V respectively. Moreover the 
current-voltage dependenee for V>3 V becomes linear on a double-logarithmic scale and the 
slope parameter a is within the samerange (4.8-5.8). In fact it is found that the shape of the 
jVL-curve of all PLEDs with the three sets, UV -ozone treated or not, is approximately the 
same i.e. Vonset-i' Vanset-L and a are independent of tuv. Hence it is possible to compare the 
absolute values of current density and brightness at a fixed bias. 
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Figure 5.2: jVL-characteristic of a PLED without UV-ozone treatment. The measurement is 
done in the UHV chamber. 
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The absolute values of current density, brightness and efficiency as a function of UV -ozone 
treatment time are shown in Fig. 5.3. Note that the a linear-scale is used in this figure whereas 
a log-scale was used in Fig. 5.1. All values are measured in the UHV chamber at a bias of 5 
V. A data point denotes an average value of PLEDs with equal tuv- The difference between 
this average value and the value of a single PLED is up to 20% for current density and 
brightness and up to 10% for efficiency. This maximum difference can he seen as a measure 
for the reproducibility of the results. For untreated PLEDs the range of measured values is 
much larger: PLEDs with up to 80% higher or 40% lower than average current density are 
found and brightness and efficiency differ about 30% from the average value. 

Taking into account these error bars in Fig. 5.3, a clear difference can he seen between 
PLEDs withor without UV-ozone treatment. The current density, brightness and efficiency of 
the UV -ozone treated PLEDs is comparable and independent of treatment time at least within 
the range 5 rnin.~tuv~O min. The average values for untreated PLEDs are significantly lower 
than the average values for UV -ozone treated PLEDs. The current density is a factor 4.4 
lower, the brightness a factor 8, so the untreated PLEDs are about half as efficient as treated 
PLEDs. 

Visual inspeetion of the PLEDs during operation reveals that UV-ozone treated PLEDs ernit 
light uniforrnly, whereas theemission of the untreated PLEDs is generally less uniform. 
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Figure 5.3: lnjluence of the UV-ozone treatment time on current density, brightness and 
efficiency. Values are averages of PLEDs measured in the UHV at 5 V bias. 
Error bars are shownfor single point only. 

After a set of PLEDs has been measured in the UHV chamber, the set is taken into the 
glovebox and the jVL-characteristics are measured again. Although the jVL-characteristics 
have the same shape (Vonset-i, Vonset-L and a), the absolute values of j and L are significantly 
different in the glovebox. The current density j has decreased by a factor 1.8-2.8 and the 
brightness L by a factor 1.8-2.3. The efficiency is constant or has increased a bit (20% at 
most). The average decay factor is similar for all UV-ozone treated PLEDs and slightly (10%) 
higher for untreated PLEDs. The time between taking the sampleholder out of the UHV 
chamber and the end of the first measurement of a PLED in the glovebox amounts to only a 
few minutes, so the decrease in performance is virtually instantaneous. 

The characteristics of the PLEDs during operation are monitored by perforrning a life test at 4 
V bias. In Fig. 5.4 the current density and brightness of two standard PLEDs are shown 
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against the time of operation. One life test is applied to a PLED in the UHV chamber (so 
before it was taken to the glovebox) and the other one is carried out in the glovebox. In both 
cases current density and brightness decrease at relatively constant efficiency, but a clear 
difference can be seen between the life test done in the UHV chamber and in the glovebox: 
the performance of the PLED in the UHV chamber decreases more rapidly within the first 
hours. After about eight hours of operation the decay rate of both PLEDs becomes 
comparable; within the second half of the life test the decay rate is approximately constant at 
2% per hour. The typical deterioration of a standard PLED in the glovebox duringa life test at 
4 V bias is about 30% in 13 hour. 
To investigate the long term operating stability of a standard PLEDs, a 250 hour life test at 4 
V is done using a PLED in the UHV chamber. After this period the PLED still operates and 
displays a uniform brightness; the current density and brightness are 16% respectively 10% of 
the initial value. The decay rate is found to decrease gradually with operation time and is 
about 0.4% per hour in the last part of the life test. 
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Figure 5.4: Current density and brightness during operation of a standard PLED at a 
constant bias of 4 V. One life test is done in the UHV chamber and one in the 
glovebox. 

When a set of PLEDs is taken into the glovebox for the first time, the performance of the 
PLEDs decreases. After this fast initial decay, the samples are more stable. The long term 
stability of the PLEDs during storage in the glovebox, is determined by measuring jVL
characteristics one week and half a year after the PLEDs were made. During the major part of 
the latter period the oxygen and water concentrations were below 1 ppm, however, during 
regeneration up to 30 ppm 0 2 may have been present in the glovebox forabout a day. 
Both current density and brightness of the UV -ozone treated PLEDs have decreased about 
10% in the first week. The untreated PLEDs are less stabie in the first week; the current 
density bas decreased about 17% and the brightness is only a third of the initial value. The 
difference in stability becomes even more evident after six months. While the current density 
of the UV -ozone treated PLEDs has remained relatively stabie with a 15-30% decrease and 
the brightness is about half the initial value, the current density of the untreated PLEDs is a 
factor 6 lower and only a small fraction (1-7%) of the initial brightness is left. Moreover the 
treated PLEDs still emit light uniformly whereas the untreated samples display a completely 
irregular brightness. 
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5.3 Reproducibility of the results and PPV degradation 

As mentioned before the current density and brightness of a single set of UV -ozone treated 
PLEDs are subject to 20% fluctuations about the average value. These fluctuations are larger 
than the measurement error of about 10%, which may he caused by small viscosity 
differences in the PPV salution leading to different PPV thickness. 
However, much larger differences can he encountered in camparing two different sets, if not 
certain precautionary measures are taken. An important parameter in this respect tumed out to 
he the time that the bottie of OC1C10-PPV salution has been on the hotplate. In Fig. 5.5 the 
current density, brightness and efficiency of equivalent (UV -ozone treated) PLEDs are plotted 
against the time that the PPV bottie was on the hotplate. The same bottie of PPV salution was 
used for all sets; the bottie is put into the freezer (see section 3.3.4 for details) immediately 
after the set was spincoated. A single point in this figure denotes the average value of all 
samples in the particular set. For clarity only the 20% error bars for the brightness values are 
shown. All values are normalized on the values in the first set. 
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Figure 5.5: Degradation ofthe OC1Cw-PPV solution with time on hotplate. For clarity only 
error bars for brightness values are shown. Between the data points at 8 and 19 
hours, the PPV solution is used three times forspincoating a different type of 
samples (not shown). 

It can heseen from Fig. 5.5 that the current density, brightness and efficiency values decrease 
with the time that the PPV salution is on the hotplate. lt is found that the salution does not 
deteriorate significantly during the storage in the freezer. 
The degradation and stability of conductive polymers is treated in [27, vol. 3, p. 795]. A large 
variety of degradation mechanisms and many of those result in the loss of conjugation and 
accordingly conductivity of the polymer. Elevated temperatures are known to accelerate the 
speed of chemica! reactions. Besides chemica! reactions the viscosity of the salution may 
have changed due to the evaporation of toluene when the salution was used for spincoating. A 
significant change in PPV layer thickness is not observed, but changes smaller than 5 nm 
cannot he measured using the a-stepper. 

In order to obtain reproducible values and to he able to compare different types or sets of 
PLEDs, some steps can he taken. First the time that the PPV salution is on the hotplate should 
he minimized, since the PPV is found to degrade on the hotplate. Whenever the bottie is not 
used, it should he stored in a freezer. The best PLED performance can probably he achieved 
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by using a freshly prepared solution every time. In this project the solution will be used up to 
three times, since in this case the performance is still within the error bars. Second 
comparisons between different types of PLEDs should preferably be done within a single set. 
Third to compare between different sets it is useful to make at least one standard sample in 
each set. Fourth to minimize differences cause by the fact that the PLED can changes due to 
the measurement itself, the jVL-characterization should always be done in the same way, 
preferably by a computer. 
Following this procedure the performance of UV -ozone treated PLEDs of two different sets 
can be reproduced within a range of 20% about the average value. By comparing the values 
for the standard PLED in each set, it is possible to teil whether the different sets can he 
compared or not. 

5.4 W etting of UV -ozone treated ITO surfaces 

In order to re late the influence of the UV -ozone treatment on PLED performance to changes 
in the physical properties of the interface, contact angle experiments are done and the surface 
is characterized by LEIS. The contact angle experiments are described in this section, whereas 
the results of the LEIS measurements will he discussed in the following section. 

A measure of the surface energy is the degree to which the 
surface is wetted by a liquid: the wettability. A drop of 
water will wet a surface if the surface energy is high 
enough; the surface is then called hydrophilic. The contact 
angle, which is defined as the angle between the flat 
surface and the surface of the drop, will be low. The 
contact angle will be large on surfaces with sufficiently 
low surface energy; these surfaces are called hydrophobic. 

Figure 5.6: Definition of the 
contact angle {3. 

The wetting of UV -ozone treated ITO-samples by distilled water is stuclied in the following 
way. Ultrasonically cleanedITO-samples are treated in the UV-ozone chamber fora time tuv. 
After this treatment the samples were taken into the glovebox. Subsequently the samples are 
taken into air and after a time t AIR a drop of distilled water is dispensed on the surface from a 
pipette. The degree of spreading of the drop is stuclied by eye. No exact measurement of the 
contact angle is done, since detailed contact angle measurements of differently treated ITO 
surfaces have been performed before [ 6, 10, 17] and only a quick indication of the surface 
cleanliness is desired. Both the UV -ozone treatment time tuv and the time that the treated 
sample was exposed to air fAIR are changed. 

The results of the measurements are given in Tab. 5.1. Low spreading of the water (contact 
angles 60±10°) results for untreated ITO-samples. The UV-ozone treatment improves the 
wettability of the surface significantly: complete wetting of the 1x1cm samples results for 
treatment times larger than 5 min. Exposure to air reduces the wettability of the UV -ozone 
treated surface again. After two minutes in air the drops does not spread completely anymore. 
An UV -ozone treated sample that is exposed to air for a longer time exhibits even less 
wetting. The wettability is not influenced by the exposure of the treated surface to the 
glovebox atmosphere for one hour. A small decrease in wetting is found for a UV -ozone 
treated sample that was leftin the glovebox fora day. 

Table 5.1: Wetting of JTO-substrates by distilled water for different UV-ozone treatment 
times tuv and time of exposure to air tAIR· 

tuv=O min. tuv=2.5 min. tuv=5 min. tuv= 10 min. tuv=20 min. 
fAIR=Ü min. -- + ++ ++ ++ 
fAIR=1 min. -- 0 + + + 
fAJR=2 min. -- - 0 0 0 
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The increase of surface energy can be related to the remaval of organic contamination [6, 11]. 
Hydrocarbons are suspected to be a main souree of contamination on ITO-substrates. If the 
ITO surface is contaminated the wettability will be low since organics are known to have low 
surface energies. The decrease in contact angle with UV -ozone treatment time indicates that 
the amount of organic contamination reduces with UV -ozone treatment time. lt may also be 
possible that some of the residual organic contamination becomes more hydrophilic after UV
ozone exposure. The results are consistent with the more details contact angle experiments on 
UV-ozone treated ITO done by S. So et al. [6]. 
Within the nitrogen atmosphere of the glovebox the wettability of the ITO surface remains 
high for several hours, which is sufficient for spincoating a set of samples. In air, however, 
the surface energy of the sample decreases within a few minutes due to the absorption of 
hydrocarbons from the air. This illustrates the importance of directly linking the UV -ozone 
treatment chamber to the glovebox. 

5.5 LEIS measurements on UV -ozone treated ITO 

The atomie composition of the UV-ozone treated ITO surface is measured with LEIS. 
Directly after treatment the samples are taken into the glovebox and brought totheLEIS set
up by use of a suite case filled with nitrogen from the glovebox. The time between the end of 
the UV -ozone treatment and the introduetion into the UHV chamber of the LEIS set-up 
typically amounts to 40 min.. In total five ITO-samples are measured with UV -ozone 
treatment times 0, 10, 20, 30 and 40 min. At first the C and 0 surface intensities are estimated 
from the corresponding peaks intheLEIS spectrum (Fig. 5.7) measured using 3 keV 3He ions. 
The In and Sn peaks in the spectrum obtained with He cannot be separated as can be seen in 
this figure. 
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Figure 5.7: 3 keV 3He spectra of ITO with 40 min. UV-ozone treatment. The upper spectrum 
is measured before Ar sputtering while the lower spectrum is measured after an 
Ar dose of 7xl015 ions/cm2

• The peak areas are calculated after subtracting the 
background signa! using a polynomial fit (dotted lines). The spectrum after 
background subtraction is shown at the bottorn and a clear 0 peak is visible. 

The In and Sn surface concentrations can be determined using 5 keV Ar ions. An example of 
the spectrum that is obtained has been already shown in chapter 4 (Fig. 4.1). Again the peak 
areas are calculated after subtracting the background signal using a polynomial fit. The 
resulting spectrum is shown in Fig. 5.8. The contribution of In and Sn to the peak are 
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calculated by fitting the ITO spectrum using as a linear combination of the reference spectra 
obtained from LEIS measurements of In-oxide and Sn-oxide. 
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Figure 5.8: In-Sn peak obtainedfrom a 5 keV Ar spectrum after background subtraction. The 
sample is UV-ozone treated for JO min and the spectrum is taken after an Ar 
sputter dose of 6x/013 ions/cm2

• The contribution of In and Sn to the peak are 
calculated by fitting the spectrum using the reference signals. 

In Fig. 5.9 the 0 and C peak intensities are shown for the five ITO-samples of different UV
ozone treatment time. The intensity of the C peak decreases with UV -ozone treatment time. 
The C concentration of the 20, 30 and 40 min. treated samples, if any, is below detection 
limit. The 0 concentration tends to increase with treatment time. This can be related to the 
removal of contamination from the surface (C contamination or hydroxyl groups) which 
shielded the 0, or to the absorption of 0 on the ITO during the UV -ozone treatment. 
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Figure 5.9: 0 and C peak intensity of ITO-samples with different UV-ozone treatment time. 
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from the 3He spectra. 
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In Fig. 5.10 the In and Sn concentrations are shown for the samples with different UV-ozone 
treatment time. The In and Sn signal have been obtained by using the In- and Sn-oxide signals 
(at zero sputter dose) as a reference. The In, respectively Sn, peak in the reference samples are 
much lower than after some sputtering, which indicates that these reference samples are nat 
clean and hence the absolute surface coverage of In and Sn cannot be determined. However, 
the effect of the UV -ozone treatment on the ITO can be seen from Fig. 5.10. 
It results from Fig. 5.10a that bath In and Sn signals at the ITO surface tend to increase with 
UV -ozone treatment time, while the In-oxide/Sn-oxide ratio remains approximately the same. 
This indicates that the UV -ozone treatment removes contamination (hydrocarbons or 
hydroxyl groups) from the surface. The UV-ozone treatment only effects the outermost 
surface since already at an Ar sputter dose of 6x1014 ions/cm2 the In and Sn signals become 
independent of treatment time, as can beseen from Fig. 5.10b. 
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Figure 5.10: In and Sn concentration of JTO-samples with different UV- ozone treatment time. 
a) First Ar dose. b) At a total Ar dose of 6xl014 ions/cm2

• 

For the used ITO-samples an In-oxide/Sn-oxide ratio of about 9 is reported by the supplier. 
The surface of the ITO-samples thus contains a -16 times higher Sn-oxide concentration than 
bulk ITO. The Sn enrichment can be seen more clearly in a depth profile of the ITO-samples 
which is made by Ar sputtering. In Fig. 5.11 the In and Sn signals are shown as a function of 
the Ar dose. As a reference the pure In- and Sn-oxide signals at about the same sputter dose 
are used. In this way possible effects of preferential 0 sputtering and shielding are minimized. 
The error in the first point may be large due to the fact that these reference samples at low 
(1013 ions/cm2

) sputter dose are not clean. Especially at high (1016 ions/cm2
) sputter dose 

roughness or disorder, induced by the ion beam, can effect the determination atomie 
composition of the ITO surface, so the error at high dose is large as well. Presently attempts 
are made to quantify the Sn enrichment of the surface, using clean reference samples. The 
measurements described in this research project will only be used to look for trends in the 
data. 
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Figure 5.11: Sputter profile of the In and Sn concentration for the ITO-sample with tuv=40 
min .. Note that the Ar sputter dose is depicted on a logarithmic scale. 

It can be seen from Fig. 5.11 that both In and Sn signals start to increase with higher dose, but 
the Sn intensity remains constant after a dose of 2xl014 ions/cm2

, whereas the In intensity 
keeps on growing. Accordingly the In-oxide/Sn-oxide ratio increases with depth as well. At 
the highest Ar dose a sputter equilibrium may have been established, but it is also possible 
that the In-oxide/Sn-oxide ratio keeps on growing for higher Ar dose. A Sn-enrichment bas 
been reported previously in Sn-doped In-oxide films [42] using XPS measurements. To the 
authors best knowledge noLEIS measurements of the Sn-enrichment at the outermost surface 
have been done previously. 
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The 0 and C concentration as a function of depth are estimated from a 3He spectrum 
measured after a certain sputter Ar dose. The resulting sputter profile is shown in Fig. 5.12. 
The C peak remains below detection limit and the 0 peak is relatively constant. 

In condusion from the LEIS measurement it can be seen that the UV -ozone treatment reduces 
the amount of C containing contamination from the ITO surface, while 0 may be adsorbed on 
the surface. This is consistent with the observed increase of the In and Sn signal and the 
increase in surface energy found in the wetting experiments. The In-oxide/Sn-oxide ratio is 
unaffected by the UV -ozone treatment and the ITO surface appears to be highly Sn-enriched. 

5.6 Discussion and conclusions 

In this section the results of the measurements will be discussed starting with the jVL
characteristics of the standard PLEDs. Subsequently the influence of the UV -ozone treatment 
on the PLEDs will be discussed and related to the results of the wetting and LEIS 
measurements. Finally the decrease in PLED performance, when the samples are taken into 
the glovebox for the first time, is considered into further detail. 

An interesting point is the difference between the onset for current (1.2 V) and the onset for 
light emission (2.0 V). One might suggest that this difference is caused by unequal injection 
harriers for electrans and holes. At bias voltages between 1.2 and 2.0 V the device would be a 
single carrier device so no light emission is possible. However, even when both charge 
carriers are present in the device, the brightness would be well below the detection limit of the 
photodiodes4 so this condusion cannot be drawn from these data. 

The shape of the current-voltage dependenee in a PLED contains information about the 
physics of the device. As discussed in section 2.5 it is expected that the space charge limited 
current (SCLC) model proposed by Blom et al. (section 2.2.3) can be used to describe the 
current-voltage characteristics of the PLEDs made in this chapter. Analytica! expressions 
exist for the current-voltage dependenee in single carrier devices, but no such expression is 
available for double carrier devices and the current-voltage dependenee can only be solved 
numerically. Developing a physical model for fitting the current-voltage characteristics is 
rather complex and has nat been done during this research project. In order to investigate 
whether the current in standard PLEDs made in this research project is SCL, the shape of the 
current-voltage characteristics has been compared to the characteristics of the PLEDs made 
by Blom et al. It is found that the shape matches well. The magnitude of the current density of 
the standard PLEDs is about a factor 5 higher than the current density in Blom's devices, 
which is probably related to different experimental conditions during the fabrication of the 
devices. Hence it is reasanabie to assume that the current density in the standard PLEDs is 
limited by space charge effects. 
It is found that the current-voltage dependenee of the PLEDs in this project can be fit by a 
power law: j-V' at bias voltages above 3 V. In a physical model the applied voltage needs to 
be corrected for the build-in voltage, caused by the difference in workfunctions of the anode 
and catbode (see section 2.4.1.). An estimation for the build-involtage in the PLEDs is Vonset-i· 
When the applied voltage is corrected for this build-in voltage, the dependenee cannot be fit 
anymore by a power law in the entire measurement range of 0-6 V. For this reason applying a 
power-law fit, without compensating for the build-in voltage, is used to campare the shape of 
the current-voltage dependenee for different PLEDs. The slope parameter a has no direct 
physical meaning, but merely provides a useful way of camparing the shape of different jVL
curves. During this research only the slope parameter and the absolute values of the current 
density, brightness and efficiency have been used to campare different PLEDs. At the present 
time it is intended to start using such a model, based on SCLCs in double carrier devices, in 

4 In calculating the possible brightness below 2 V it is assumed that the PLED efficiency is comparable to the 
efficiency at higher bias voltages. 
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order to enhance the understanding of nature of the current-voltage dependency in the PLEDs 
made. 

The wetting experiments and the LEIS measurements demonstrate that the UV -ozone 
treatment increases the surface energy of the ITO, removes (C-containing) contamination, 
while 0 may be added. Moreover the In/Sn ratio is left unaffected and the ITO surface is 
always highly Sn enriched. Next the influence of the UV -ozone treatment on the PLEDs will 
be discussed and if possible related tothese conclusions. 

No difference is found between PLEDs, within the investigated range of UV-ozone treatment 
times 5 min.::;;tuv::;;40 min, so it is possible to distinguish only between treated and untreated 
PLEDs. Evidently the influence of the UV -ozone treatment on the PLEDs bas saturated 
within the first five min. of treatment, which is consistent with the observations made in the 
wetting experiments. The general trend, seen in the LEIS measurement of the 0, C, In and Sn 
concentration, can be related to the enhanced PLED performance. However, it should be 
mentioned that the C and 0 concentrations of the 10 min. treated sample have not changed 
significantly yet compared to the untreated sample, while the performance of the 5 and 10 
min. UV -ozone treated PLEDs is comparable to the PLEDs of longer treatment time. This 
may indicate that the change in C and 0 concentration are not the key factors that act on the 
performance of the PLEDs, but since the deviation from the trend occurs only for the 10 min. 
sample it seems reasonable to leave this single measurement point out of consideration. To 
ensure that this assumption is valid, the LEIS measurement of this sample must be repeated. 

An enhanced PLED performance is found when a UV -ozone treatment is applied. Before 
discussing possible reasons for this, some important results and interpretations, publisbed in 
literature, are discussed. In most previous studies, dealing with the effect of surface treatment 
on ITO, the workfunction is considered to be the most important factor affecting PLED 
performance [7-9, 11] by changing hole-injection. Several authors have interpreted their 
results by focussing on the variation of the 0 concentration [8, 9, 13]. By applying several 
types of plasma treatment an increased amount of 0 could be related to a higher 
workfunction. Treatment of the surface by a hydrogen [9, 13] or an argon [11, 12, 17] plasma 
does remove surface contamination but also reduces the amount of 0 resulting in a lower 
workfunction. Oxygen plasma and UV -ozone treatment are commonly found to remove 
contamination [6-8, 10, 11, 13, 14] accompanied by absorption of 0 on the surface in some 
cases [9, 14]. K Sugiyama et al. [7] applied a UV-ozone treatment to ITO which increased the 
workfunction by removing contamination while leaving the 0 concentration unaffected. 
Besides this the In/Sn ratio may influence the workfunction [7, 11]. 
In this study the UV-ozone treatment is found to increase the surface energy, remove C and 
add 0 to the surface without changing the In/Sn ratio significantly. These results are in 
qualitative agreement with previous studies on the influence of UV -ozone treatment [6-9]. 
Although the workfunction of the treated surface bas not been measured, it can be concluded 
from previous studies that the workfunction of the UV -ozone treated ITO-samples will 
probably be higher than the workfunction of the untreated samples. The influence of the UV
ozone treatment on the PLEDs in this research project will be discussed in the following. 

Although the shape of the jVL-characteristics of UV -ozone treated and untreated PLEDs is 
comparable, a clear difference is found when camparing the absolute values of current, 
brightness and efficiency at a fixed bias. These three parameters all increase significantly 
when a UV -ozone treatment is applied. Several factors may be related to this observation to a 
certain extent. 
At first a better hole-injection may have been established. Hydrocarbons present at the ITO 
surface can constitute a harrier for hole-injection that is removed by UV-ozone treatment. 
Moreover the workfunction of the ITO will probably have increased as discussed before. 
Assuming that holes are the dominant charge carriers in the device, an enhanced hole
injection would lead to an increased current density but not to an increase in efficiency. 
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According to the model of the SCLC, the current in a PLED is limited by transport and 
recombination in the bulk of the polymer (see section 2.2.3). However, it is found in this 
research project that the current density of the UV -ozone treated PLEDs is more than a factor 
4 higher than the average current density in the untreated PLEDs. Unless the UV -ozone 
treatment causes a physical change to the transport properties of the polymer, this implies that 
the ITO/PPV contact in the untreated devices is not Ohmic and the injection process limits the 
current. The constant shape of the jVL-characteristics suggests that a transition from an 
injection limited current to a SCLC has not occurred. 
Secoud the contact at the ITO/polymer interface may have become better due to the increased 
surface energy and the removal of contamination. As aresult the active area of the PLED (on 
a microscopie scale) may be increased yielding a higher current and brightness at constant 
efficiency. In order to fully account for the increased current density the active area should 
have increased by a factor 4. 
Third the UV-ozone treatment has removed contamination (e.g. water, hydroxyl groups or 
hydrocarbons) that migrates into the PPV and has a negative influence on the properties of the 
PPV andlor the catbode interface [60-62]. For example trapping sites for minority charge 
carriers or exciton queuehing sites can be formed within the PPV or even a deteriorated 
electron-injection may result when contamination reacts at the PPV /Ca interface. In all these 
cases the UV-ozone treatment will cause an improverneut of current density, brightness and 
efficiency. Assuming that holes are the dominant charge carriers for the PLEDs in this 
research project, only this latter of the three factors mentioned can account for the measured 
enhancement of the efficiency. 

Not only the absolute values of the UV -ozone treated PLEDs differ from the untreated 
PLEDs, but also the reproducibility of these values. The untreated PLEDs are found to be 
much less reproducible than the UV -ozone treated PLEDs, which is probably related to 
adventitious contamination present at the ITO surface. 
UV-ozone treated PLEDs were also found to be significantly more stabie than untreated 
PLEDs when stored in the glovebox. For both type of samples the current density and 
efficiency decreases with time in glovebox, but after half a year the UV -ozone treated PLEDs 
have deteriorated only as much as the untreated PLEDs have in the first week. Moreover after 
half a year the untreated samples display a completely irregular brightness. 
This difference between treated and untreated samples may be related to a better adhesion at 
the ITO/polymer interface resulting in an increased stability of this interface. An alternative 
possibility is that the UV -ozone treatment removes contamination that gradually deteriorates 
the PPV andlor the catbode interface. With respect to this it can be suggested that the UV
ozone treatment removes (a part of) the hydroxyl groups at the ITO surface that may form 
water thus deteriorating the device performance. The strong decrease in efficiency indicates 
that exciton queuehing increases or minority charges are hindered e.g. by the formation of 
trapping sites. 

In perforrning the experiments with the UV -ozone treated PLEDs an interesting ob servation is 
made, which is not related to the UV -ozone treatment, but is still interesting. A significant 
decrease (by factor 1.8-2.8) in current and brightness is found when a set of PLEDs is taken 
into the glovebox for the first time. A possible difference caused by a calibration difference 
between the measurement units in the glovebox and the UHV chamber is checked for and can 
be excluded. After this initia! decrease in performance the PLEDs are stabie and 
measurements in the glovebox and the UHV chamber yield equal results. 
The influence of differences between the UHV and glovebox environment has been 
investigated. Switching on a bright, white light souree in the UHV chamber is found to be of 
no influence on the PLEDs. Also a possible reaction of the rest gases in the glovebox with the 
Ca or Ca/PPV interface has been studied as well, but this influence of such a possible reaction 
can be excluded since the same decay factor is found for devices with an Al or an Au cathode. 
Recently experiments have been carried out which demonstrate that the effect is related to 
temperature differences of the PLEDs. During evaporation of the Ca and Allayers the sample 
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(as well as the sampleholder) will be heated by the thermal radiation from the evaporators, 
which results in an enhanced performance of the PLEDs, when the samples are characterize 
after evaporation in the UHV chamber. The mobility of the charge carriers is a strong function 
of temperature as can be seen from Eq. (2.6). Recently measurements of the sample 
temperature have become possible and it is found that the temperature of the sample after 
evaporation is typically 20°C higher than in the glovebox. This results in a factor 2 enhanced 
charge carrier mobility and hence current density, as can be estimated from Eq. (2.6) and Eq. 
(2.2), which is in excellent agreement with the observed difference between the current 
density in the glovebox and the UHV chamber. 
The temperature of the sample in the UHV chamber deercases slowly by radiation and heat 
conduction via the transfer rod. The slow cooling in the UHV chamber can also be seen from 
the difference between the life test performed in the glovebox and in the UHV chamber (Fig. 
5.4). The decreasein current and brightness of the PLED in the UHV results both from the 
life test itself and temperature decrease. Evidently only after about eight hours the 
temperature of the sample bas decreased to room temperature, since from this point the decay 
rate becomes approximately equal to the decay rate of the PLED in the glovebox. When a set 
of samples is taken into the glovebox for the fiTst time, the samples are efficiency cooled by 
N2 flow when the transfer chamber is vented. 
Hence it is important to account for the exact temperature of the samples when measuring 
after evaporation in the UHV chamber, since this will affect the measured device 
performance. The first electdeal characterization of the PLEDs, made in this research project, 
is always done one hour after Al evaporation, so it is expected that the temperature of the 
different sets is about equal. 
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Chapter 6 
Modification of the anode/polymer 
interface by SAMs of alkanethiol 
6.1 Introduetion 

In the previous chapter it has been found that the UV-ozone treatment removes (organic) 
contamination from the anode surface. This adventitious and undefined layer of 
contamination deteriorates the performance, stability and reproducibility of untreated PLEDs 
by affecting charge transport (hole-injection) at the interface and/or negatively acting on the 
properties of the PPV. Although the UV -ozone treatment can be used to remove this 
contamination from the anode surface, little is known about the chemistry (e.g. acthesion or 
interfacial reactions) of the contact between a metallic (ITO) anode and a polymer in a PLED 
[63]. Moreover the high workfunction of UV-ozone treated ITO is not stabie [9]. By 
incorporation of an interlayer with a well-known interaction with the anode surface, the 
chemica} and physical properties of the interface may become more stabie and well-defined. 
In this chapter it is intended to modify the anode/polymer interface by using a well-defined, 
ultra thin, insulating layer of tunable thickness. One of the main motivations for this study is 
to gain more insight in the role of the hole-injection process in PLEDs. In section 2.5 some of 
the possible consequences for PLED performance have already been discussed. 

In principle various techniques are available for establishing thin layers including self
assembly, Langmuir-Blodgett, spincoating and evaporation. Spincoating, however, is not 
suitable for obtaining layer thicknesses of the order of a few nm, the most interesting range 
for modifying hole-injection by insulating layers (see next section). Growth using the 
Langmuir-Blodgett technique can be used but is limited to molecules with apolar head and a 
polar tail. Self-assembly was judged as most promising for obtaining a suitable layer. This 
technique can be conducted both from the gas phase (by evaporation) or the liquid phase; 
absorption from salution is preferred in this research project since this, in principle easy to 
perform, technique can be applied in situ (in the glovebox). Self-assembly of alkanethiol 
molecules is considered to be an interesting possibility for developing insulating monolayers 
as these layers have been studied extensively and it has been established that well-defined and 
ordered structures are formed on various metal surfaces as will be discussed in the next 
section. The strong chemica} bond between S head group and the metal ensures a high 
stability of the layer e.g. in ambient environment. Evaporation of a thin, semi-transparent Ag 
or Au layer may be required to realize such a strong chemica} bond, since ITO is a metal
oxide and accordingly alkanethiol molecules may not adhere to the ITO surface. In the 
present literature no development of self-assembled monolayers (SAMs) of alkanethiol on 
metal-oxides have been reported, although a successful realization of such layers on oxidized 
Ag and Au surfaces has been reported [64, 65]. 

As mentioned previously self-assembly of alkanethiols has been employed previously for 
studying hole-injection into PPV [22]. It was concluded from this study that electrans are the 
majority charge carriers in PPV devices and device efficiency is limited by hole-injection. 
However, in the previous chapter it bas been discussed that the current in the PLED made in 
this research project is probably space charge limited, so investigating whether this result can 
be reproduced is an additional motivation for this study. To the authors best knowledge a 
combined characterization of the SAMs of alkanethiol and their influence on PLED 
performance (as intended in this project) basnotbeen reported before. 
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6.2 Self-assembled monolayers of alkanethiol (SAMs) 

SAMs are molecular assemblies that are formed spontaneously by immersion of an 
appropriate surface into a diluted salution of an appropriate molecule in a solvent. In 1983 
Nuzzo and Allara [66] described the formation of organic layers by spontaneous adsorption 
from salution for the first time. In their study an Au substrate was immersed for a few minutes 
in a salution of alkanedisulfides in hexane, acetone and ethanol. 

Alkanethiols are among the most commonly used molecules for establishing SAMs. The 
molecular formula of these molecules is CH3(CH2)n.1SH, in which n denotes the number of C 
atoms in the molecule. The thiol-groups (HS-group) will form a covalent chemica! bond with 
metal surfaces like Au, Ag, In, or Sn. Possible reactions at e.g. an Au surface include: 

2 CH3 (CH2)n.1SH + 2 Au -7 2 CH3 (CH2)n.JS.Au+Au + H2 

2 CH3 (CH2)n.ISH + 2 Au+ 0 -7 2 CH3 (CH2)n.JS.Au+Au + H20 

(6.1a) 

(6.1b) 

In both cases the hydragen atom will be separated from the alkanethiol molecule and 
hydragen gas or water (in the presents of oxygen) will be produced. 

Alkanethiol molecules on Au(lll) surfaces form densely packed crystalline-like assemblies 
with fully extended alkyl chains. The S head groups of the molecules bind to the Au(lll) 
surface in a structure commensurate with the Au(lll) structure as is shown in Fig. 6.1a. For 
this particular surface the nearest-neighbor distance between the S atoms will be 0.5 nm, 
corresponding toa surface density of 4.6 1014 molecules per cm2 [67]. 

s s 
Au 

(a) (b) 
Figure 6.1: Schematic representation of a SAM of alkanethiol on an Au(lll) substrate. 

a) Alkanethiol coverage scheme. Small circles represent Au suiface atoms and 
the larger dark ones chemisorbed thiol head groups of alkanethiol molecules. 
b) Due to Van der Waals interactions the alkyl chains will orient themselves 
parallel to each other at an angle a with respect to the suiface normal. This 
angle is such that the average distance between the chains equals the Van der 
Waals equilibrium distance Rvdw· 

On the one hand the interaction between the alkanethiol and the surface yields a strong 
chemica! bond of the molecule on the surface, on the other hand the lateral Van der Waals 
interactions between the alkyl ebains will give cause to the formation of an ordered 
monolayer. When the distance between the absorbed S atoms is larger than the Van der Waals 
equilibrium distance RvdW> the alkyl ebains will be oriented at an angle a with respect to the 
surface normal in such a way that the average distance between the C atoms equals Rvdw as 
shown in Fig. 6.lb. At an Au(lll) surface this angle a is about 30°. 
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In a perfect crystalline monolayer all possible absorption places are occupied and all ebains 
have the same orientation. The typical size of a defect-free domain in an alkanethiol 
monolayer on Au is about 10 nm for alkanethiol containing more than about 10 C atoms per 
chain. For shorter molecules this size will he smaller [68]. If the packing density is 
sufficiently high and the defect density is sufficiently low, charge transfer will have to occur 
across the insulating layer, which is expected to involve tunneling [49] as the saturated alkyl 
ebains contain no electronic states that are available for conduction. For SAMs of alkanethiol 
on Au(111) the thickness dof the layer is given by [66] 

d=(4Á+(n-1)·1.27 Á)·cos(30°), (6.1) 

in which the first term is the contribution of the S and the CH3-group. The harrier thickness is 
thus proportional to the number of C atoms n in the alkyl chain and charge transfer is known 
to fall exponentially with distance with a decay constant of 1 Á [49]. Accordingly the most 
interesting range is expected to he the first few nm and in this research project SAMs of 
butanethiol (BT, n=4), octanethiol (OT, n=8) and dodecanethiol (DDT, n=12) will he used. 
Besides for raising a tunable harrier for hole-injection, the alkanethiol PLED mayalso display 
an improved long term stability [ 19, 25], since the co valent chemica! bond of the thiol group 
with the anode is strong and the adhesion between the polymer and the alkyl tails will be 
similar to the (Van der Waals) interaction between the polymer chains. The possible 
stabilization of the interface may also lead to a suppression of randornly occurring leakage 
currents [19], as these currents are though to be dominated by extrinsic effects such as 
physical or chemica! imperfections at the polymer/electrode interfaces. 

Successful SAMs of alkanethiol from solution have been achieved a.o. by Sondag-Huethorst 
[67] and Heinz [57]. The experimental parameters used for establishing the layers in this 
project are derived from the procedures used in these studies. Sondag-Huethorst used 5 cm2 

Au(111) substrates, prepared by evaporation of a 100 nm Au layer onto a freshly cleaved 
mica sheet at 250 °C. A UV-ozone treatment was applied to clean the surface, after which the 
substrates were immediately immersed into a glass Petri dish filled with 8 cm3 of a diluted 
(3.5 mM) dodecanethiol solution at room temperature. After an absorption time of t minutes 
the samples were removed and carefully rinsed with 2-propanol and hexane to remove non
chemically bound alkanethiol molecules. Methanol was used as a solventand the immersion 
time was changed between 3 hours and a few days, which did not result in significant changes 
in quality of the monolayers. M. Buck [69] found that the formation of a SAM of alkanethiol 
typically takes place within the first minutes after immersion. 
Heinz made SAMs of alkanethiol by immersing Au or Ag-substrates in a 1-10 mM 
alkanethiol solution at room temperature. Pure (>99.8%) ethanol was used as a solvent. The 
substrates were prepared by repetitive sputtering (using 1016 1 keV Ar ions/cm2

) and heating 
(2-3 min. at 450°C). The clean substrate was taken from the UHV chamber and exposed to air 
for a few minutes before immersion into the solution, during which period a closed layer of 
hydrocarbon contamination absorbed onto the surface. However, the strong chemica! 
interaction between the alkanethiol molecule and the substrate will cause this weakly bound 
contamination to be superserled [58]. After taking the samples from the solution, the samples 
were rinsed in pure ethanol. 

In order to come closer to incorporation of a well-defined SAM of alkanethiol in PLEDs 
many measurements were done, considerations played a part, assumptions neerled to he made 
and possibilities were checked. In the remained of this chapter this process will he discussed, 
not in a completely chronological way, but rather in a more conceptual way. At first the 
development of a proper substrate will he discussed. Subsequently the PLEDs with SAMs of 
alkanethiol will be made and electrical characterization will he done to investigate the 
influence of the layer on PLED performance. In section 6.5 the substrate and monolayers will 
he analyzed using XPS and LEIS. Finally the results of these measurements will he discussed 
and, if possible, the performance of the alkanethiol PLEDs will he related to the thickness of 
the alkanethiollayer. 
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6.3 Development of a proper substrate 

6.3.1 Introduetion 

For a controlled modification of the hole-injection process, the anode surface needs to satisfy 
two requirements. At first it must he possible to make well-functioning PLEDs of 
reproducible performance based on the substrate. In practice this means that in particular a 
low onset voltage (e.g.< 4 V) for brightness is desired, since high bias voltages (e.g. >10 V) 
aften result in device failure through the formation of shorts. Besides this a uniform light 
emission and stabie current-voltage characteristics (low leakage current) are preferred. The 
performance of PLEDs that satisfy these requirements will he qualified as "good". 
Secondly a stabie and uniform SAM of high packing density and low defect density must he 
able to he developed on this substrate. In the following sections the process of making a 
substrate satisfying bath requirements will he discussed. 

6.3.2 SAM of alkanethiol on ITO 

In order to test a possible formation of a SAM of alkanethiol on ITO the following experiment 
is carried out. The ITO-sample is cleaned, using the procedure described in section 3.3.3, in 
an ultrasonic bath of acetone and subsequently 2-propanol, foliowed by a 20-min. UV -ozone 
treatment. Directly after this treatment the sample is brought into the glovebox and immersed 
in glass Petri-dish that contains a freshly prepared 2 mM octanethiol salution in toluene. The 
sample is taken from this salution after an absorption time of 20 hours. To remave 
physisorbed alkanethiol the sample is first dried in a beam of dry N2, subsequently rinsed 
thoroughly in a dishof toluene and finally dried again. 

To investigate the possible presence of a SAM of alkanethiol, the sample is taken from the 
glovebox to the XPS apparatus in nitrogen atmosphere using a suite case. In Fig. 6.2 the XPS 
spectrum of the sample is given. 
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Figure 6.2: XPS spectrum of ITO that has been immersed in a OT-solution. 
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The S(2p) region shown in the inset is measured using a long dweil time (8 sec) to obtain 
enhanced counting statistics. Two low intensity S peaks can be distinguished although the 
signa! to noise ratio is poor. On the basis of these measurements the calibrated peak areas are 
calculated as shown in Tab. 6.1. 

The amount of S present in the surface region is very low as can be seen from this table. Only 
0.2±0.1% of the total peak area can be contributed to S. As can be estimated from Eq. (4.3) 
and will be seen later in section 6.5, the S signal is expected to be at least a factor 10 higher 
for a SAM of alkanethiol, which clearly indicates that no such layer bas been established. 
Hence it is reasanabie to assume that alkanethiol molecules do not sufficiently adhere to ITO 
surfaces although it cannot be excluded that a SAM of alkanethiol can be formed at different 
ex perimental conditions (e.g. by using a langer absorption time or when surface 0 is partially 
removed by heating the ITO [70]), but no such further attempts have been made and ITO is 
regarded to be an unsuitable substrate for realizing a well-defined SAM of alkanethiol5

• 

Table 6.1: Chemica[ composition ofthe surface region of ITO that has been immersed in a 
OT-solution as estimated with XPS 

6.3.3 Thin layers of Ag on ITO-substrates 

Well-ordered SAM of alkanethiol are known to develop on surfaces of various metals like Ag 
and Au. In the UHV chamber a metal surface can be realized by evaporation of metal atoms 
from the evaporators. However, since metals are in principle non-transparent, the metallayer 
should be sufficiently thin. Initially it was intended to evaparate only a single monolayer of 
metal atoms onto a transparentand conductive substrate (ITO). Ag was already present in one 
of the evaparators in the UHV chamber, so a thin layer of Ag could be readily evaporated. 

Thin (1-5 nm) layers6 of Ag are evaporated on standardly cleaned (see section 3.3.3) ITO
substrates at a rate of about 2 Á/min .. After evaporation the samples are taken back into the 
glovebox. PLEDs containing a thin layer of Ag at the anode are made, using these substrates, 
by proceeding the PLED production processin the standard way as described insection 3.3.4. 
The jVL-characteristic of a PLED which contains a 3 nm Ag layer on the anode is given in 
Fig. 6.3. lt ean be eoncluded from this figure that the brightness of the PLED is reduced 
dramatically compared to the standard PLED (Fig. 5.1) and that the onset for light emission 
shifts to higher voltages. The onset for current bas not been changed significantly, but the 
absolute value of the eurrent density bas decreased three orders of magnitude. These 
observations are made for all PLEDs in which an Ag layer was incorporated independently of 
the layer thickness ranging between 1 and 4 nm. The absolute values of current density and 
brightness of the various PLEDs are not very reproducible; in many cases high leakage 
currents are encountered and overlaad results at high (> 10 V) driving voltages. 

The transparency of the thin Ag layer for the speetral emission of the PLEDs is estimated by 
measuring the transmission of an ITO-Ag-substrate in the following way. A standard PLED 
( see sec ti on 3. 3.1) is used as a souree of light and the luminanee of this PLED at 5 V is 
measured in the glovebox. Subsequently an ITO-Ag-substrate is placed between the PLED 
and the pbotodiade and the luminanee is determined again. As expected the transmission of 
the ITO-Ag-sample is found to decrease with layer thickness (see Appendix C). 

5 It has been demonstratcd that it is possible to realize a SAM of insulating molecules on ITO by using sylil
coupling group [T23]. 

6 Since the evaporated Ag atoms do not surely form a closed layer of uniform thickness within this 1-5 nm range, 
the designation "layer thickness" may be regarded indistinct. Within this context the layer thickness merely 
denotes a measure for the amount of material that has been evaporated as indicated by the quartz crystal monitor. 
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Figure 6.3: jVL-characteristic of PLED containing a 3 nm layer of Ag between the ITO and 
the PPV. The measurement is done in the glovebox. 

The thickest (4 nm) Ag layer transmits about two third of the incident light, so the reduction 
of the PLED brightness by several orders of magnitude cannot be related to the transparency 
of the Ag layer. 
B y looking at the emitting surface it can be seen that at low dri ving voltages ( <1 0 V) only 
partsof the active area that are not covered by Ag emit lighe. At bias voltages above 15 V-20 
V the rest of the PLED area starts to emit light uniformly. These high driving voltages results 
in a high current density in the small ITO strip, which ultimately causes the failure of the 
PLED. A new mask is designed that is big enough to cover the whole ITO surface and which 
can be used in the next experiments. 

To investigate whether the Ag layer on ITO has formed a closed Ag surface LEIS 
measurements are performed using 4 ke V Ar i ons. The spectra are recorded using a pass 
energy of 1.8 keV. In Fig. 6.4 the spectra of an IT0+3.3 nm Ag-sample can be compared with 
an ITO-sample. It can be seen clearly that no significant amount of In or Sn is present in the 
outermost atomie surface layer of the ITO/Ag-sample. Hence evaporating a 3.3 nm Ag layer 
on ITO results in the formation of a closed surface of Ag atoms. 

Both the reduction of the current density and the increased onset for light emission in the Ag 
PLEDs indicate that the injection of holes into the polymer is significantly reduced. A larger 
harrier for hole-injection is expected when Ag is used insteadof ITO, since the workfunction 
of Ag is about 0.5 eV lower than the workfunction of ITO. Evidently already evaporating 1 
nm of Ag onto ITO changes the properties of the ITO surface in such a way that the hole
injection process is reduced significantly. Besides this the reduced hole-injection may also be 
caused by a worsened adhesion of the PPV layer to the Ag layer compared to ITO, although 
this is considered unlikely. The PLED performance is insufficiently stabie and reproducible to 
allow for a controlled modification of the hole-injection process by a SAM of alkanethiol, so 
the evaporation of Ag layers onto ITO is considered to be an unsuitable option for realizing 
the goal of this research project. A thin Ag layer on ITO is, however, a good option, when the 
HOMO of the polymer matches the workfunction of Ag, since a 3.3 nm Ag layer is closed 
and the transparency of such a layer is high (> 7 5%). 

7 These uncovered parts exist because for the evaporation of Ag the same mask (see Fig. E2) is used as for 
evaporating Ca and Al. Because of the different orientation of the evaporators towards the sample, smal! strips of 
ITO are not covered by the Ag layer, but will be covered by PPV and Ca. 
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Figure 6.4: LEIS spectra of ITO and ITO/Ag obtained using 4 keV Ar ions. The onset of 
possible peaks related to Ag, In and Sn peaks are indicated. The spectrum of the 
/TG-sample is obtained aftera total Ar dose of 4xl013 ions/cm2

. For clarity the 
spectra ofthe /TOl Ag-sample have been displaced vertically; the total Ar dose of 
these spectra is lxl014 (low dose) respectively lxl015 ions/cm2 (high dose). 

6.3.4 Thin layers of Au on ITO or glass-substrates 

Since the workfunction of Au is comparable or higher than ITO is expected that evaporating 
thin layers of Au yield high performance PLEDs and PLEDs based on Au-anodes have been 
demonstrated before [22]. Moreover well-ordered SAM of alkanethiol are known to develop 
on Au surfaces as discussed insection 6.2. 
In this section it is investigated how to make a suitable Au-substrate for realization of such a 
layer in a PLED. Some important parameters that will be studied are the influence of the 
thickness of the Au layer and the substrate on which the Au is evaporated. The Au layer 
should be thick enough to form a closed surface of low roughness, while the layer should be 
thin enough to remaio (semi)transparent. None of the Au substrates developed bere will be 
mono-crystalline Au(lll ), like generally used in previous studies, however, it is expected that 
a high quality SAM of alkanethiol is developed on poly-crystalline Au surfaces as well [71]. 

An Au layer can be evaporated in-situ in the UHV chamber of the set-up. For this reasou the 
crucible containing Ag is exchanged with a crucible that contains Au. Thin layers of Au are 
evaporated on standardly cleaned (see section 3.3.3) ITO-substrates at a rate of about 2 Á/min 
through a mask that ensures that Au is evaporated on the whole ITO area. After evaporation 
the Au the samples are taken back into the glovebox and the PLED fabrication process is 
continued in the standard way as described in section 3.3.4. The jVL-characteristics of a 
PLED which contains a 2 nm Au layer on the anode is given in Fig. 6.5. 

Just as in case of the Ag-PLEDs it can be concluded that the brightness of the PLED is 
reduced dramatically compared to the standard PLED (Fig. 5.1) and the onset for light 
emission shifts to higher voltages. In total 15 PLEDs are made containing Au layers within 
the range 3 À-4 nm. The onset for light emission increases with the layer thickness from 
about 5 V for the 3 A Au layers toabout 10 V for the 3.7 nm Au layers. High leakage currents 
make a determination of the onset for current impossible. The current density bas decreased 
two orders of magnitude and overlaad result in many cases at high (> 10 V) driving voltages. 
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Figure 6.5: jVL-characteristic of a PLED with a 2 nm Au layer between the ITO and the 
PPV. Both measurements in the UHV chamber and in the glovebox are shown. 

The transparency of the thin Au layer for the speetral emission of the PPV is estimated in the 
same way as for the Ag layers (see previous section). The transmission of the 2 nm Au
sample is about 87%, so the influence of the transparency of the Au layer can be neglected in 
this case (see Appendix C for the complete results). 
To investigate whether the Au layer has formed a closed surface layer, LEIS measurements 
are carried out on a 5 nm and a 20 nm thick Au layer on ITO, using a 4 keV beam of Ar ions 
and a pass energy of 2.4 keV. In Fig. 6.6 the results are shown. 
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Figure 6.6: LEIS spectra obtained using Ar ionsof 20 nm Au (upper spectrum) and 5 nm Au 
(lower spectra) on ITO. The course of the background signa! is not smooth and 
continuous due to a measurement problem as discussed in Appendix D. 
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Due to a measurement problem the course of the background signal is not smooth and 
continuous and the intensity of some windows8 in the spectrum is too high as discussed in 
detail in Appendix D. Despite this experimental problem, it can beseen from Fig. 6.6 that the 
evaporation of 5 nm Au on ITO has not resulted in the formation of a closed layer. Already 
after a low Ar sputter dose (i.e. 2x1015 ions/cm2

, corresponding to a few monolayers) the In
Sn peak becomes clearly visible in the spectrum. Due to the measurement problem it could 
not be made certain whether the In-Sn peak is present at even lower doses. No significant 
amount of In or Sn is present in the outermost atomie surface layer of the 20 nm Au-sample 
aftera sputter dose of 5.5xl015 ions/cm2

, that is to say the 20 nm Au layer is closed. 

It will be discussed later (see section 6.6) the reduced brightness and increased onset values of 
the PLEDs with thin ( <4 nm) Au layers may be related to the fact that these thin Au layers are 
not closed. In order to obtain an Au-PLED of stabie and reproducible performance at lower 
voltages, a closed Au layer may be required, which can be realized by simply evaporating a 
thicker Au layer. As an alternative it is also possible to make use of an adhesion layer. The 
adhesion of the Au atoms to the substrate can be significantly enhanced by evaporation of a 
thin (15 Á) Cr layer. In order to realize an Au-substrate that exhibits the desired PLED 
performance both possibilities are investigated. At first the PLEDs with thicker Au layers will 
be discussed, foliowed by the PLEDs in which a Cr adhesion layer has been incorporated. 

The jVL-characteristic of a PLED with a 20 nm Au layer is shown in Fig. 6.7 in comparison 
with a standard PLED made in the same set. In contrast to the PLEDs with 3.7 nm or thinner 
Au layers (Fig. 6.5), this jVL-curve does resembie the characteristics of the standard PLED. 
The onset for current is camparabie as wellas the shape of the current-voltage characteristic. 
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Figure 6.7: jVL-characteristics of a standard PLED in comparison withaPLED containing 
a 20 nm layer of Au between the ITO and the PPV. The measurements are 
carried out in the glovebox. 

The current density in the Au-PLED is about 50% higher than in the standard PLED, whereas 
the brightness is a factor 6 lower. Accordingly the external efficiency of the Au-PLED is a 
factor 10 less, presumably caused mainly by the low transparency of the 20 nm Au layer (6% 
as estimated from Fig. C.2, Appendix C). PLEDs containing a 14 nm Au layer and a 7 nm Au 

8 The used LEIS apparatus does not record the complete energy range simultaneously, but in energy intervals 
called windows. In this specific measurement the width of a window is 80 eV. 
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layer are made as well (see e.g. Fig. E.1, Appendix E). Like the 20 nm Au-PLEDs, the jVL
characteristics of these PLEDs resembie the curve of a standard PLED. As expected the 
brightness (and hence extemal efficiency) of the PLED decreases with increasing layer 
thickness of the Au. The main condusion from the previous is that PLEDs with 7 nm or 
thicker Au layers on ITO do exhibit a low onset voltage for brightness in contrast to Au layers 
thinner than 3.7 nm; in the following the PLEDs with a Cr adhesion layer will be discussed. 

Two types of samples containing a Cr adhesion layer are made. One type consists of an ITO
substrate with a 15 À Cr layer followed by a 25 À Au layer; the second type of samples is 
based on a glass support onto which a 15 À Cr layer and a 100 À Au layer are evaporated. 
The preparation of these samples cannot be done in-situ in the UHV chamber due to a lack of 
available evaparators units, hence the samples are prepared by the workshop. In contrast to 
the samples that are evaporated in-situ, these samples are cleaned befare usage namely by a 5 
min. ultrasonic treatment in acetone and iso-propanol followed by a 20 min. UV -ozone 
treatment as described in section 3.3.3. Details about the evaporation, etching, cleaning and 
cutting procedureforthese samples are given in Appendix F. 

PLEDs based on the 25 À and the 100 À Au-substrates are made and jVL-characteristics are 
measured, examples of which are shown in Fig. 6.8. As becomes evident from this figure, the 
shape of the characteristics of these Au-PLEDs is camparabie to the standard PLED (depicted 
in Fig. 5.1). Nat only the onset for current and light but also the slope of the current-voltage 
dependenee on a logarithmic scale is similar. Caution should be taking in camparing the 
absolute values of the different PLEDs, since the PLEDs are from different sets made with 
different PPV solutions. Generally the current density and brightness of the 25 À Au and the 
standard (ITO) PLEDs are camparabie (within a 50% range), while especially the brightness 
and efficiency of the 100 À Au-PLEDs is somewhat lower. 
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Figure 6.8: jVL-characteristics of a 25 A Au-PLED and a 100 A Au-PLED, measured in the 
UHV chamber. The PLEDs arefrom different sets using different PPV solutions. 

A life test has been carried out in order to determine the operational stability of a PLED with 
a 100 À Au-anode. It was found that the decrease in current density and brightness of this 
PLED amounts toabout 16% duringa 16 hour life test at 4 V bias. 
The UV -ozone treatment of the Au-substrate does nat seem to have a large influence on the 
performance. Due to experimental drawback and time limitations the performance differences 
of UV -ozone treated and untreated PLEDs have nat been quantified yet. 
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AFM measurements are carried out in order to investigate the surface roughness (and 
morphology) of the different Au-samples. Before the roughness is determined the data is 
filtered for tiltand bow in the image using the Nanoscope software (i.e. Flatten and Plane-fit 
filters are applied). The RMS roughness value (see section 4.3) is calculated over the whole 
image area, but dust particles or other image artifacts are excluded. The AFM images are 
shown Appendix G; the RMS roughness values are summarized in the table below. 

Table 6.2: RMS roughness of different samples as determined by AFM measurements. 

Sample Image size RMS [nm] Sample Image size RMS [nm] 
ITO 1x11.lm 2.28 ITO 1x11.lm 2.75 

200x200 nm 1.56 +14 nmAu 200x200nm 1.12 

ITO 1x0.5J..tm 2.25 ITO 1x11.lm 3.21 
+3nmAu 200x200nm 1.55 + 15 Á Cr +25 Á Au 200x200nm 1.84 

ITO 1x11.lm 2.36 Glass 1x11.lm 1.07 
+7 nmAu 200x200nm 0.95 +15 Á Cr +100 Á Au 200x200nm 0.36 

1t can be seen from this table that the RMS roughness of the 3 nm Au-ITO-sample is 
comparable both to the roughness of pure ITO and the roughness of the thicker Au layers on 
ITO. The roughness of the 100 Á Au layer on the glass-substrate is significantly lower (1.07 
nm) than the roughness of the other samples. 

In condusion PLEDs have been made based on different types of Au-anodes. Evaporation of 
Au layers directly onto the ITO-substrate results in a poor PLED performance when the Au 
layer thickness is below 4 nm, whereas good PLED performance results for Au layers which 
are 7 nm or thicker9

• However, if a 15 Á Cr adhesion layer is incorporated between the ITO
substrate and the Au, a good PLED performance results for a 25 Á Au layer. Also a 100 Á 
Au-anode evaporated via a 15 Á Cr adhesion layer onto a glass-substrate gives a PLED of 
good performance. These results will be discussed into detail in section 6.6; the choice of the 
best suitable substrate will be discussed in the following. 

In principle both the Au-samples evaporated in-situ (> 7 nm) and the Au-samples containing a 
Cr adhesion layer, yield PLEDs of adequate performance to study the hole-injection process 
by a SAM of alkanethiol. It has been seen that using an ITO support is not required for 
obtaining Au-PLEDs of good performance and can even lead to not-uniform light ernission 
when the evaporated layer does not completely cover the ITO. In fact the ITO layer 
unnecessarily complicates the system and a glass-substrate is preferable. 
Theex-situ evaporated samples contain a Cr adhesion layer; a set of ten 38 x 38 mm samples 
is evaporated simultaneously, which is sufficient for performing many experiments using 
samples prepared under identical conditions. A disadvantage of using this method is the fact 
that the samples still need to be cut into 9.8 x 9.8 mm substrates for making PLEDs. The 
cutting procedure (see Appendix F) may damage the Au layer but since the PLEDs basedon 
these substrates perfarm well, it is expected that possible damage is minor. The Au surface of 
the samples should be closed for usage in the alkanethiol experiments. As will be seen in 
section 6.5, this is the case for the 100 Á Au layer on the glass-substrate (the closeness of the 
other samples has not been determined). Besides this the roughness of this sample is 
significantly lower than the roughness of the Au layers evaporated on ITO-substrates. A lower 
roughness may be favorable to the establishment of a SAM of alkanethiol of low defect 
density. Hence it is assumed that this sample offers the best perspectives for realizing the goal 
of this chapter and this sample will thus be used in the following. 

9 In this context poor performance denotes a reduction of current density more than an order of magnitude 
accompanied by an increased in onset for light ernission by several volt compared to a standard PLED. Good 
performance means that the values for current, brightness and onsets are comparable to the standard PLEDs. 

53 



6.4 PLEDs containing a SAM of alkanethiol 

In the previous section a 100 Á Au-substrate evaporated via a 15 Á Cr acthesion layer onto a 
glass support, was chosen for realizing PLEDs containing SAMs of alkanethiol. In this 
section the fabrication and characterization of these alkanethiol PLEDs will be discussed. The 
characterization of the SAM itself will be the subject of the next section. 

The following procedure is used to establish SAMs of alkanethiol on the Au-substrates. The 
substrates are cleaned in an ultrasonic bath of acetone and subsequently 2-propanol, foliowed 
by a UV -ozone treatment in order to remove contamination. Details about this procedure have 
been described in sec ti on 3 .2.3. Directly after the UV -ozone treatment the substrates are 
brought into the glovebox and immediately immersed in glass Petri-dish containing the 
alkanethiol solution. Absolute ethanol (>99.8%, obtained from Merck) is used as a solvent for 
the alkanethiol. After one night (absorption time of 16-20 hours) the sample is taken from this 
solution with a pair of tweezers. To remove physisorbed alkanethiol the sample is first dried 
in a beam of dry N2, subsequently rinsed thoroughly in a Petri-dish containing absolute 
ethanol and finally dried again. 
Subsequently PLEDs are made based on this sample. In order to separate a possible influence 
of the solvent from the influence of the alkanethiol layer on PLED performance, reference 
PLEDs are made from an Au-substrate, that has been immersed in pure ethanol (so without 
alkanethiol). It is found that already immersing the substrate in pure ethanol has a strong 
influence on device performance. In fact a possible influence of the presence of alkanethiol in 
ethanol is completely overshadowed by the influence of the ethanol itself. Hence it is 
important to study the samples that are immersed in pure ethanol, first. 
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Figure 6.9: jVL-characteristics of two 100 A Au-PLEDs from the same set. One of the 
samples has been immersed in ethanol for 16 hours. The measurements are done 
in the UHV chamber. 

In Fig. 6.9 two jVL-characteristics are shown from PLEDs based on 100 Á Au-substrates. 
One of the samples has been immersed for one night in ethanol, whereas the other has not 
been immersed into a solution. The current density and the brightness of the former are two 
orders of magnitude smaller than the values of the latter. In many cases high leakage currents 
are found. A similar decrease in performance results when the sample is merely dipped into 
the ethanol instead of being into the ethanol for a whole night. Also PLEDs based on an ITO-
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substrate, exhibit a similarly reduced current density and brightness, when the ITO is dipped 
into pure ethanol after the UV -ozone treatment. The stability of these devices during 
operation is also much less than the stability of the standard PLEDs. After a life test at 4 V the 
current density halved while the brightness decreased even a factor 4. Reeall that the typical 
deterioration of a standard PLED in the glovebox during such a life test is about 30%. 

Evidently before the effect of the SAM of alkanethiol on PLEDs can be studied, a solvent 
needs to be found that does not act upon PLED performance. An obvious candidate for this is 
ultra pure toluene (Lichrosolv, obtained from Merck), since this solvent is also used for 
dissolving PPV. Indeed no significant effect on PLED performance is found when a UV
ozone treated Au-substrate is dipped into toluene or left in toluene for one night. All 
alkanethiol molecules that are to be used (i.e. BT, OT and DDT) could be dissolved in 
toluene, so toluene is a proper solvent for usage in the following experiments. 

Based on the Au-substrate PLEDs are made with different types of alkanethiol layers 
absorbed from a toluene solution, using essentially the same procedure as discussed before. 
Within each set of six PLEDs at least two reference samples are made i.e. samples that are 
immersed in pure toluene; the other samples are thus immersed in the alkanethiol solution. 
Both jVL-characteristics are made and the emitting surface is stuclied by eye. The results will 
be discussed below. 
The shape of the jVL-characteristics of the alkanethiol PLEDs is generally comparable to the 
reference samples i.e. no significant change in onset values or current-voltage dependenee is 
found. However, the absolute values of the current density, brightness and efficiency are 
subject to fluctuations that generally occur within an order of magnitude. These values are 
summarized in Tab. G.l of Appendix H for the various sets made. Within a set of PLEDs the 
values of samples, made according to the same procedure, are generally reasonably ( <50%) 
comparable to each other. However, between different sets of PLEDs only the reference 
samples of each set campare relatively well. The values of the alkanethiol PLEDs are found to 
be highly irreproducible and hence no clear relationship between PLED performance and the 
presence of an alkanethiollayer could be established so far. 
A complicating factor in this study is the occurrence of non-uniform polymer layers when 
spin coating on Au-substrates. Whereas only in exceptional cases such non-uniform layers are 
observed when using ITO-substrates, spin coating on Au-substrates in many cases results in 
darker, greenish areasin the red PPV layer. Possibly the non-uniform PPV layers are caused 
by differences in PPV adhesion or layer thickness. The darker, greenish areas manifest 
themselves in the active area of the PLEDs as areas of less brightness as is determined 
visually; it is reasonable to assume that also the current density in these areas will be less. 

From looking at the surface of an alkanethiol PLED during operation, it can be seen that in 
most cases the PLED displays a non-uniform emission of light. Darker areas are observed 
which often contain brighter spots, not only in case of a non-uniform PPV layer but also in 
parts of the active area where the PPV layer is uniform. Only in some cases a uniform light 
emission is found. It may be suggested that these dark areas correspond to areas in which the 
presence of a SAM of alkanethiol has reduced the PLED brightness. A simple experiment is 
done to check this hypothesis, using the samples with a 25 Á Au layer evaporated via a 15 Á 
Cr layer onto ITO. Small scratches are made in the Au layer to remove the Au from the ITO 
at certain places, so no alkanethiol will attach and only an ITO-anode remains. Three samples 
are immersed in an alkanethiol salution whereas three reference samples are immersed in pure 
toluene. A set of PLEDs is made based on these substrates and the emission from the surface 
is stuclied by the eye. The alkanethiol PLEDs clearly show a superior brightness at places 
where the Au has been scratched off. The difference between the ITO and the Au parts in the 
reference PLEDs is much less eminent. This confirms the hypothesis that the darker areas 
correspond to places where the alkanethiol has attached. In order to gain insight in the 
relationship between the performance of the PLED and the presence of a SAM of alkanethiol, 
the quality of this layer is stuclied as discussed in the next section. 
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6.5 Analysis of the SAM of alkanethiol 

In this section some important properties of the SAM of alkanethiol are investigated with XPS 
and LEIS. All measurements are done using the same 1x1 cm 100 Á thick Au-samples as 
used for making the PLEDs in the previous section, with the exception of the remaval of a 
small part of the Au layer (required only in PLEDs for making contact), so the whole sample 
surface is covered with Au. Apart from this the alkanethiollayers are produced in the same 
way as for the PLEDs, described in the previous section. The samples are transported from 
the glovebox to the surface analysis set-up in a dry nitrogen atmosphere using a suite case. 

In order to obtain a clear picture of the formation of the SAM of alkanethiol layer XPS and 
LEIS measurement are carried out to examine bath the Au-substrate and the alkanethiol (BT, 
OT and DDT) layers at different surface cleaning methods i.e. ultrasonic treatment, UV -a zone 
treatment and Ar sputtering. In principle all measurements will be discussed on the basis of 
the DDT-sample as the size of a defect-free domain in this layer is expected to be the largest 
(see section 6.2). Experimental details of the XPS measurements are given in section 4.2. 

SAMs of alkanethiol on UV -ozone treated Au 

At first the XPS characterization of the DDT layer established on UV -ozone treated Au will 
be discussed as this type of layer was also incorporated in the PLEDs. In Fig. 6.10 the XPS 
spectrum of such a sample is shown. 
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Figure 6.JO:XPS spectrum of a DDT layer on UV-ozone treated Au. Peaks corresponding to 
various elements are indicated. In the ins et a magnification of the S(2p) region is 
shown, which is recorded using a dweil time of 4 sec. per point. 

The S concentration in the surface region is typically somewhat lower (up to a factor two) 
lower than the expected S concentration as estimated from Eq. (4.3), which indicates that at 
least a partial SAM of alkanethiol has established. In an XPS spectrum of an alkanethiollayer 
on a perfectly clean Au-sample, only peaks related to Au, C and S are expected. It can be seen 
from Fig. 6.10 that, besides the presence of these peaks, additional peaks are found that can be 
related to 0, Na and Cr contamination. In all measured XPS spectra of alkanethiol layers a 
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certain concentration of 0 is found, but the presence of a significant amount of Na and Cr 
differs from sample to sample, although in most cases (i.e. -80%) both the Na and the Cr 
contamination are above the detection limit. 

Intheinset of Fig. 6.10 the S(2p) region is shown for this sample. The S(2p) peak is a spin 
doublet consisting of a S(2p312) and a S(2p112) compound with a splitting of 1.2 eV [58] and an 
intensity ratio of 1:2. Evidently the S(2p) peak is to broad to be fitted by a single species so at 
least two species are required. It is found that this fact holds for all XPS spectra of alkanethiol 
layers on UV -ozone treated Au
substrates. At least two species are 
observed: the first one at lower S(2P3tz) 
binding energy EB=162.5±1 eV, denoted 
by Slow, and the second one at 
EB=168.5±1 eV, denoted by Shigh· The 
ratio between the intensity of the two 
species differs from sample to sample. 
The S(2p) peaks are more intense for 
alkanethiol of shorter alkyl chains, since 
the shielding of the S signal by the alkyl 
ebains is less. For this reason also the 
S(2p) region of BT on UV -ozone treated 
Au is considered, which is shown in Fig. 
6.11. Just as in case of the DDT at least 
two S species can be distinguished in the 
spectrum. The presence of more than two 
species cannot be excluded, but is 
considered unlikely. 
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Figure 6.ll:S(2p) region of BT on UV-ozone 
treated Au. A dweil time of 5.6 sec. 
per point is used. 

A SAM of DDT es tablisbed on a UV -ozone treated Au-substrate, bas also been examined 
with LEIS. In Fig. 6.12 the 3He LEIS spectrum this sample is given. 
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Figure 6.12:LEIS spectrum of a DDT layer on UV-ozone treatedAu obtained using 3 keV 3He 
ions. The onset energies of both the C peak and some other possible peaks are 
indicated. The Au atoms substrate are effectively shielded by the organic layer 
which results in a shift f1E of the ons et of the spectrum towards low energies. 

As expected only the C peak is clearly visible at the outermost surface of this sample. As 
discussed in section 4.1.2 the background signa! at high energy (e.g. > 1 ke V) is caused by 
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scattered He particles that penetrate into the sample, have (multiple) collisions and are 
reionized upon leaving the sample. Particles that are backscattered from the Au-substrate, 
which is covered by the organic layer, willlose an amount of energy during their trajectory in 
the layer that depends on the thickness of the layer. Hence the difference L1E= 140 e V 
between the onset of the Au peak in a spectrum of clean Au (see Fig. 6.14) and the onset of 
the background of reionized particles in Fig. 6.12 can be used as a measure for the thickness 
of the layer. G. Anderssou et al. [71] calculated that the energy lossof neutral 4He particles in 
alkanethiol films amounts to 2.3±0.2 eV/Á and 3.7±0.6 eV/Á for incidentenergiesof 1.1 keV 
and 4.1 keV respectively. The energy lossis proportional to the velocity of the particles. Since 
the velocity of the 3 ke V 3He + i ons used in this research project and the 4.1 ke V 4He neutrals 
used by Anderssou et al. is the same, the energy loss in the DDT layer can be estimated to be 
3.7±0.6 eV/Á, which results in a film thickness of 18±3 Á10

• 

Differently pre-treated substrates 

Up till now both XPS and LEIS measurements of SAMs of alkanethiol established on UV
ozone treated Au-substrates have been discussed. To gain better understanding of the 
chemical nature of the two S species observed in the XPS spectra, alkanethiollayers are made 
using different Au pre-treatment methods i.e. merely ultrasonic treatment (referred to as 
untreated), UV -ozone treatment and sputtered cleaning. Both the LEIS measurements of the 
differently treated Au substrates and the XPS measurements of the alkanethiol layers 
established on these substrates. At first the atomie composition of the outermost surface of the 
substrates will be discussed. The results of these LEIS measurements will be taken into 
account when discussing the XPS results of the different alkanethiol-samples and substrates. 

The SAM of alkanethiol in the PLEDs have been established on a UV -ozone treated Au
sample; the 3He LEIS spectrum of such a UV-ozone treated Au-sample is given in Fig. 6.13. 
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Figure 6.13:LE/S spectrum of a UV-ozone treatedAu-sample using 3 keV 3He ions. The onset 
energies of peaks corresponding to possible contamination are indicated. The 
spectrum totally below corresponds to the first He dose of 2.2x/014 ions/cm2

. The 
other spectra are obtained after light 3He sputtering i.e. 4.48x/015 ions/cm2 

(medium dose) and 9.2x/015 ions/cm2 (highest dose) respectively. 

10 1t should be mentioned that the determination of the alkanethiollayer thickness in this way has not been done 
previously and this metbod should be checked by alternative measurement methods (e.g. by using ellipsometry). 
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The UV -ozone treated Au surface is not clean; due to hydrogen shielding of the target atoms 
and neutralization of the scattered ions the signal of the first spectrum is rather low and no 
peak are visible. Light 3He sputtering is used to obtain a better signal-noise ratio by removing 
hydrogen contamination11

• Aftersome sputtering the total signal has grown and the Au peak 
has becomes visible as wellas small peaks that can be related to Cr, Na and 0 contamination. 
This peak attribution is confirmed by the XPS spectrum of this sample (see Tab. 6.3). In order 
to accurately quantify the amount of Na contamination a reference spectrum would be 
required. However, the sensitivity of Na is estimated to be an order of magnitude lower than 
for Au [72]. Using the LEIS signal of sputter cleaned Au (see below) as a reference, the Na 
concentration in the medium dose spectrum is estimated to amount to 20% of a monolayer, 
while the Au concentration is about 10% of a monolayer. 

The sputter cleaning of the Au-substrate is done using the primary 4 ke V Ar beam of the 
LEIS apparatus. After each sputter cycle a LEIS spectrum is measured after which a new 
sputter cycle is initiated. This procedure repeated until the LEIS signal in the Ar spectrum 
stops growing (i.e. the area of the Au peaks agree within 1% ), which is typically 
accomplished at an Ar dose of about 3x1015 ions/cm2

. An example of the LEIS spectra 
obtained in this procedure is given in Appendix I. When the sputtering is completed a 3He 
LEIS spectrum is taken to investigate whether contamination remains at the surface. An 
example of this spectrum is displayed in Fig. 6.14. 
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Figure 6.14: LEIS spectrum of an Au-sample clean by Ar sputtering. The spectrum is obtained 
using 3 keV 3He ions. The tail of the Au peak extending toward lower energiesis 
shown 17 times enlarged and the onset energies of peaks corresponding to 
possible contamination are indicated. 

The shape of the spectrum is characteristic of He scattering by a clean metal. In addition to 
the elastic scattering peak a background tail extending towards lower energies is observed, 
which arises from reionized He particles (see section 4.1.2). This tail is shown 17 times 
enlarged to check for the possible presence of peaks corresponding to contamination like C, 
0, Na and Cr. The amount of surface contamination, if any, is below the detection limit. From 
the noise of the spectrum this detection limit is estimated to be 2% of a monolayer for C; for 
0, Na en Cr the detection limit will be better. 

11 The atomie composition of target will also be effected by sputtering. lt is believed, however, that a low sputter 
dose will remove most of the hydrogen before sputtering of the target itself becomes too significant [A3]. 
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The nature of the two S species 

In the previous LEIS measurements of the Au-substrates have been discussed. Presently both 
the XPS characterizations of these substrates and of the different alkanethiol layers made on 
these substrates will be discussed. 

The S(2p) regions of DDT layers on 
untreated, UV -ozone treated and sputter 
cleaned Au are shown in Fig. 6.15. Again 
roughly two different peaks can be 
distinguished in this region as can be seen 
from this figure. The ratio between the 
intensity of the two species is clearly 
dependent on the pre-treatment of the Au. 
About a quarter of the total S peak area in the 
XPS spectrum of the DDT layer on UV
ozone treated Au, corresponds to Stow 12

, 

whereas for the DDT on sputtered Au hardly 
a significant amount of Shigh can be observed. 
Also the S(2p) region of the DDT layer on 
untreated Au does not show a significant 
amount of S in the Shigh bound state. 

The resolution of the used XPS apparatus is 
too low to be able to observe possible 
chemical shifts of the Au, 0 and C peaks in 
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Figure 6.15:S(2p) region of DDT layers on 
differently pre-treated Au. 

this system. Accordingly the remaioder of the results from the XPS measurements can be 
discussed by camparing the peak intensities of the elements, which are calculated from the 
peaks corresponding to these elements by applying a linear background subtraction and 
calibrating the peak area upon the atomie sensitivity factor. 
The error made in calculating the peak area depends on the intensity of the peak and typically 
amounts toabout 5% for intense Au peaks and 10% both for C(1s) and 0(1s). The peaks both 
of the S(2p312, 2p112) doublet and of the Au( 4f712, 4f512) doublet overlap; the two compounds are 
separated by first calculating the total peak area of the doublet and next dividing the total 
intensity among the compounds using a 2:1 respectively 8:6 ratio. The error in the S(2p312) 
peak area is estimated to be about 30%. As argued before insection 4.2, it is not possible to 
compare the absolute peak intensities of different samples, so only ratios between the 
elements will be considered. 

A tabular overview of the XPS measurement results is given in Tab. 6.3 and Tab. 6.4. In the 
first table the chemical composition of the surface region of the Au-substrate is given, while 
the results of the BT, OT and DDT samples at the three different substrate cleaning methods 
are summarized in the latter table. Many, in principle equal samples, have been measured, but 
only the data of a single characteristic result is given per different type of sample. The 
approximate chemical composition of the surface region is calculated from the strongest peak 
of the elementsin the XPS spectrum (i.e. Au(4f712), C(1s), S(2p312) and 0(1s)) and is given as 
a percentage of the total peak intensity of these peaks. Moreover peak area ratios between 
various elements are given. Since the prohing depth depends on the binding energy of the 
peak (see section 4.2.1), one should preferably compare closely separated peaks. For this 
reason the 0(1s) and C(1s) peaks are related to the Au(4p312) and the Au(4d512) peak 
respectively (see Fig. 6.10 for the location of these peaks). For simplicity the Cr and Na 
contamination has been omitted in Tab. 6.4. 

12 To illustrate the effect a rather extreme example is chosen for the DDT layer on UV -ozone treated Au. The two 
S species are more commonly found to be of equal intensity. 
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From Tab. 6.3 it can been seen that after Ar sputtering a significant amount of C and 0 can be 
found in the XPS spectrum, although from the 3He LEIS spectrum of a sputter cleaned Au
sample (Fig. 6.14), it was concluded that the amount of C and 0 present in the outermost 
surface is below detection limit. Hence it seems reasanabie to assume that the observed C and 
0 concentrations arise from deeper situated atomie layers and are thus incorporated in the Au
sample. For the moment this assumption will be made, but this point will be discussed more 
extensively in the next section. 

Table 6.3: Chemica/ composition of the surface region of the Au-substrate after different 
surface treatments as estimated by XP S. 

Pre-treatment [%] 0 c -- --
of substrate Au c 0 Cr Au Au 

UV -ozone ( after 3He sputtering) 35 34 29 2.5 1.1 1.00 
Ar sputtered ( after UV -ozone) 74 14 12 - 0.15 0.27 
Ar sputtered (DDT sample) 67 33 0 - 0 0.51 

In total five sputter cleaned Au-samples have been characterized. The amount of 
contamination in all 3He LEIS spectra was below the detection limit, but in the XPS spectra 
always C contamination is found and in three cases also 0 contamination. Bath the C-Au ratio 
and the 0-Au ratio differ from sample to sample i.e. 0.19<C/Au<0.51 and 0<0/Au<0.38. lt 
may be interesting to note that no 0 is found in the XPS spectra of exactly those two samples 
that are sputtered clean after they had been immersed in the alkanethiol solution. 

The XPS spectrum of UV -ozone treated sample demonstrates that besides peaks 
corresponding to Au, also Na, Cr, 0 and Care present in the surface region. This observation 
confirms that the peaks in the LEIS spectrum (Fig. 6.13) can be attributed to these elements. 
Whereas no Cr or Na is found intheLEIS and XPS spectra of the sputtered Au-samples, bath 
Cr and Na are found in the XPS spectra of the UV -ozone treated Au. Beside the presence of 
elements in the surface region also the concentration of these elements is different. Bath the 
C-Au and the 0-Au ratio of the UV -ozone treated Au are much higher than these ratios for 
the sputtered Au. 

Tab. 6.4 shows some of the results of the XPS measurements of the alkanethiol samples. 
Many factors complicate the analysis of the chemica! composition of the various samples 
from this data, including the relative large errors in the determination of (in particular the S) 
peak areas, the fact that in XPS only a weighted averaged of the composition of the surface 
region is measured and the presence of fluctuating amounts of C and 0 in different Au
samples. Forthese reasans the data in Tab. 6.4 is less useful for exact numerical camparisou 
of the chemica! composition different samples, but it will rather be used for obtaining more 
general relationships between various process parameters and the composition of the sample. 

Table 6.4: Chemica[ composition ofthe surface region ofthe studied SAMs of alkanethiol. 

solvent 
Pre-treatment [%] shigh _Q_ __ç_ __ç_ __Q:_ __Q:_ 
of substrate Au Stol c 0 Stol Au s Au s Au 

BT toluene UV-ozone 35 4.0 34 27 0.5 0.80 9 1.1 5 0.7 
toluene 

UV-ozone 
24 2.5 50 24 0.4 1.2 20 2.5 17 2.1 

OT ethanol 30 2.1 52 16 0 0.60 24 2.0 19 1.5 
toluene Ar S}J_Uttered 42 2.2 44 12 0 0.32 20 1.2 13 0.8 
toluene UV-ozone 23 1.8 60 16 0.5 0.80 33 3.3 26 2.6 

DDT toluene Ar sputtered 26 2.3 63 9 0 0.29 28 2.6 25 2.6 
toluene untreated 31 1.5 55 12 0 0.46 37 1.9 30 1.5 

C*: compensated for the amount of Cm the Au-sample. 
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The C peak in the XPS spectrum of alkanethiol-samples is made up of contributions from the 
alkanethiol, possible C containing contarnination and the C incorporated in the Au-substrate. 
From the XPS data of the sputter cleaned Au-samples this latter contribution can be estimated 
to be about 37% of the Au( 4d512) calibrated peak intensity. In order to roughly compensate for 
this amount, the C peak intensity of the alkanethiol-samples, can be reduced by this amount. 
The C*-S and C*-Au ratios in Tab. 6.4 have been calculated based on the compensated 
amount ofC. 

First note that, as expected, both the C-S and the C-Au ratio tend to increase with the length 
of the C chain of the alkanethiol molecules. The amount of 0 in the surface region can be 
related to the pre-treatment of the substrate in the same way as was observed in the XPS and 
LEIS spectra of the substrates i.e. the 0-Au ratio decreases in the order: UV -ozone treated > 
untreated >Ar sputtered. 
The ratio ShigWSiow between the intensity of the two S species is given in Tab. 6.4 for all 
different types of alkanethiol samples studies. It bas already been shown in Fig. 6.15 that the 
chemica! bond of DDT with the substrate depends on the pre-treatment of the substrate. For 
DDT on UV -ozone treated substrates at least two S species are observed, whereas for 
sputtered and untreated substrates only the species at low binding energy can be detected. It 
can be seen from this table that the same condusion holds for the BT and OT samples. An 
ex ception is the second OT sample in the table, which is based on a UV -ozone treated Au
substrate, but doesnothave aS species at the higher binding energy. For this specific sample 
the SAM of OT is absorbed from an OT solution in ethanol, while toluene is used as a solvent 
for the other samples. 

6.6 Discussions and Conclusions 

6.6.1 Introduetion 

In the previous sections a study of the hole-injection process in PLEDs by using SAMs of 
alkanethiol bas been initiated. In this section the results obtained so far will be discussed and 
recommendations for further research will be made. The process of reaching the objective will 
be divided into two interdependent parts i.e. the development of a proper substrate and the 
question of the correct experimental parameters required for establishing a SAM of the 
desired quality. 

6.6.2 Development of a proper substrate 

The suitability of many different substrates fora controlled study of the hole-injection process 
by SAMs of alkanethiol bas been investigated. As discussed previously ITO and thin layers of 
Ag on ITO have been found to be unsuitable for this purpose. As a third option evaporation of 
Au bas been used to obtain a substrate of the desired properties. However, evaporation of thin 
( < 4 nm) layers of Au directly onto the ITO-substrate results, much like in case of Ag, in an 
increased onset for brightness (5-10 V) and in a reduced current density accompanied by high 
leakage currents. For Au layers which are 7 nm or thicker it was found that the PLED 
performance resembles a standard PLED. The workfunction of a uniform surface of Au 
equals or exceeds the workfunction of ITO, so the hole-injection process for such a surface is 
expected to be comparable or better than in case of ITO, which is confirmed by the observed 
performance of the latter PLEDs. 
Apparently the performance is affected negatively by an evaporated Au layer that is too thin. 
Both the reduced current density and the increased Vonset-L indicate that the thin layer affects 
the properties of the surface in such a way that the hole-injection process is reduced 
significantly. LEIS measurements demonstrate that a 20 nm Au layer evaporated on ITO is 
closed, but evaporating a 5 nm Au layer on ITO does not yield a uniforrnly closed layer of Au 
of equal thickness, since already after sputtering a few monolayers (i.e. at an Ar dose 2x1015 

ions/cm2
) In and/or Sn are clearly present at the outermost surface. Due to a measurement 
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problem it could not be made certain whether the ITO is present at even lower doses, so it 
cannot be excluded that the Au layer has formed a closed atomie monolayer. lt is clear that 
the evaporated Au has not distributed evenly and thus islands of Au atoms must have formed, 
which may affect the electronk structure of the surface and thus hole-injection. The results 
are in accordance with previous results by L. Zhang et al. [73], who stuclied the growth of 
ultra thin Au layers on a metal oxide surface (Ti02). It was found that three-dimensional Au 
islands were formed and that even at about 40 A average Au layer thickness, 50% of the 
substrate remained uncovered. Extrinsic surface states were found, causing band bending for 
fractional monolayer coverages of Au. 
Another factor that may have acted upon the hole-injection could be the presence of 
contamination on the surface reducing the workfunction. Small amounts of impurities may 
have been present in the Au that is used for evaporation. Since the temperature required for 
evaporation of Au is rather high (1250 oe for obtaining a vapor pressure of 10-3 Torr) most of 
the possible impurities in the Au will have evaporated during the pre-heating of the Au in the 
crucible. The used evaparator unit does not contain a shutter, so the evaporating 
contamination can reach the samples as soon as they are introduced into the UHV chamber, 
which is generally done during the last part of the pre-heating phase. Evaporation of a 
sufficiently thick layer of Au will cover the contamination that is evaporated at the surface, 
while the effect of the contamination may have dominated the performance of the PLEDs in 
case of the thinnest Au layers. To investigate this possibility, an experiment can be done in 
which the samples are introduced in the UHV chamber after the pre-heating (degassing) of the 
Au is completed. 
AFM measurements of the different Au-samples have been carried out in order to investigate 
a possible influence of surface roughness (or morphology) on the performance of the PLEDs. 
The RMS roughness of the thin 3 nm Au layer on ITO-sample (2.25 nm) is found to be 
comparable both to the roughness of pure ITO (2.28 nm) and the roughness of the thicker Au 
layers (2.36 and 2.75 nm). Hence no correlation between device performance and the 
roughness of the sample is found in this case. 

In contrast to the 5 nm Au layer on ITO, the LEIS measurements of the 3.3 nm Ag on ITO
sample demonstrate that the outermost surface of the Ag-sample is closed. The evaporated Au 
atoms are much more mobile on the ITO surface than Ag atoms. The Au atoms will 
preferentially attach to other Au atoms and the relatively high mobility permits them to do so, 
i.e. Au islands will be formed. A Cr adhesion layer can be incorporated between the ITO
substrate and the Au layer in order to obtain a closed Au layer at a much smaller layer 
thickness. The mobility of the thermally evaporated Cr atoms is much less than the mobility 
of the Au atoms on the surface. Hence the Cr will form small islands on the substrate on 
which the evaporated Au atoms will attach. This results in the formation of a closed Au layer 
at a smaller layer thickness. 
It is found that PLEDs with 25 A Au layer evaporated via a 15 A Cr adhesion layer onto the 
ITO-substrate do exhibit a stable and reproducible performance at low bias voltages in 
contrast to PLEDs of similar Au thickness but without the adhesion layer. This confirrns that 
in order to obtain Au-PLEDs of stable and reproducible performance at lower voltages, a 
uniform closed Au layer is required. 

Also PLEDs based on a 100 A Au-anode evaporated via a 15 A Cr adhesion layer onto a 
glass-substrate have been made. The performance of these PLEDs is comparable to the 
performance of 25 A Au-PLEDs evaporated via 15 A Cr onto ITO and the thicker Au layers 
evaporated directly onto ITO, although caution should be taken in camparing the absolute 
values of the different PLEDs, since the PLEDs have been made in different sets using PPV 
solutions. 
The shape of the characteristics of all these Au-PLEDs is comparable to the standard (ITO) 
PLED. Generally relatively equal values for current density and brightness of the 25 A Au 
and the standard PLEDs are found (within 50%), while especially the brightness and the 
extemal efficiency of the thicker Au-PLEDs is somewhat lower. The main differences 
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between the samples are probably related to transparency differences of the Au layers. The 
transparency has been estimated by measuring the transmission of a glass-ITO-Au-substrate, 
but in a PLED the situation is somewhat different as the emitted light enters the Au layer 
directly from the polymer. However, it seems reasanabie to assume that the estimated values 
for the transmission constitute an upper limit. Besides measured differences in external 
efficiency, the internal efficiency of the Au-PLEDs may be different than of the ITO-PLEDs, 
but such a condusion could not be drawn from the measurements done in this research 
project. 

When the UV -ozone treatment is omitted from the deaning procedure of ITO-PLEDs, a 
dramatic decrease in performance resulted as was seen in the previous chapter. For PLEDs 
based on an Au-anode such a large influence of the UV -ozone treatment appeared not to be 
the case. It can be suggested that the UV -ozone treatment has little effect on the relatively 
inert Au-anode, but it will be seen in the next section that the UV -ozone treatment.effects the 
0 concentration on the surface. This suggests that the performance of the PLEDs with an Au
anode is less sensitive to the anode surface treatment than in case of ITO. Due to experimental 
drawback and time limitations the difference in performance of UV -ozone treated and 
untreated PLEDs has not been quantified yet. 
Another difference between the ITO and the Au-PLEDs remains in the operational stability. 
During a life test at 4 V applied to a 100 Á Au-PLED the current density and brightness 
decreased about 16% in 16 hour, which is about a factor 2less than standard ITO-PLEDs that 
decrease typically 30% in performance within this period (see section 5.2). The faster 
decrease in performance of the ITO-PLEDs during operation may be related to oxidation of 
the polymer with ITO as a souree of 0 [4, 74] or contamination of the polymer with In 
compounds [75]. The operational stability of the Au-PLEDs may also be related to a more 
stabie interface between the Au and the PPV. However, in order to be able to draw more solid 
condusion about the differences between PLEDs in which an Au-anode is used and the 
standard ITO-PLEDs, more measurements are required in which the different samples are 
made within a single set. 

In condusion the suitability of many different substrates for a controlled study of the hole
injection process by SAMs of alkanethiol has been investigated. ITO and thin layers of Ag on 
ITO have been found to be unsuitable for this purpose. PLEDs have been made based on thin 
Au layers evaporated on ITO and glass-substrates, with or without the usage of a Cr adhesion 
layer. As discussed before, among the studied Au-substrates the 100 Á Au layer evaporated 
via a Cr adhesion layer on a glass-substrate was considered to offer the best perspectives for 
realizing a well-defined SAM of alkanethiol. An important factor in this decision was the fact 
that a glass-substrate could be used for obtaining Au-PLEDs of adequate performance instead 
of using an ITO-substrate (which unnecessarily complicates the system). Moreover the RMS 
roughness of the 100 Á Au layer on the glass-substrate turned out to be more than a factor two 
lower than the roughness of the other samples. This latter effect may be caused by a lower 
roughness of the glass support compared to the ITO, but it is also possible that the smoothness 
of the Au surface of this sample is related to the u se of the Cr adhesion layer. 
The required properties of the substrate will be reconsidered in section 6.6.4. First the 
characterization of the SAMs of alkanethiol basedon the 100 Á Au/Cr/glass-substrate will be 
discussed as this may shed a light on the observed non uniform emission of the PLEDs in 
which such a layer is incorporated. 
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6.6.3 SAMs of alkanethiol 

The SAMs of alkanethiol and the Au-substrates have been investigated using LEIS and XPS 
techniques. The impurities found will be discussed first as they act upon the interpretation of 
the results of the SAMs of alkanethiol. 
The SAMs of alkanethiol incorporated in the PLEDs have been developed on UV -ozone 
treated Au-substrates. Both intheLEIS and XPS analysis of this substrate, Na, Cr, 0 and C 
contamination has been found. The presence of Na contamination at the outermost surface is 
probably caused by Na segregation from the glass-substrate (which contains Na20). The 
surface energy of Na (0.26 J/m2

) is much lower than the surface energy of Au (1.55 Jlm\ so 
small quantities of Na in the bulk of the glass will cause a Na enrichment of the surface, if the 
Na atoms are sufficiently mobile [76]; possibly the UV-ozone treatment simulates the surface 
segregation of the Na. After Ar sputtering of the Au-sample the concentration was below 
detection limit both intheLEIS and XPS spectrum, so Na is only significantly present at the 
outermost surface. 
Besides Na also Cr, originating from the 15 Á adhesion layer, can be observed both in the 
XPS spectrum and at the outermost surface of the Au-sample. The Cr concentration found in 
the XPS spectrum of some samples is just above the detection limit and amounts to a few 
percent at maximum. This signa! can be related to photoelectrons originating directly from the 
adhesion layer; as can be estimated from Eq. (4.3) this contribution amounts toa few percent 
of the total signa! of the surface region. The surface energy of Cr (2.40 J/m2

) is higher than 
the surface energy of Au so segregation of Cr towards the surface is considered unlikely. It is 
most probable that small pinholes in the Au layer cause the presence of Cr in the LEIS 
spectrum. Due to the relatively high sensitivity of LEIS for Cr (the element number of Cr is 
much higher than for the other types of contaminants) already a small pinholes density ( < 1%) 
can be detected. The dimensions of the pinholes may be to small to be observed by eye, but 
the width has to be larger than the thickness of the Au layer since otherwise the scattered ions 
(detected at an angle of 55° with the surface) will be neutralized upon leaving the sample. 

The LEIS spectra of the sputtered Au-samples demonstrate that the amount of C present at the 
outermost surface is below 2% of a monolayer. If, however, subsequently an XPS spectrum of 
such a sample is taken, a significant C concentration is found (typically 37% of the Au 
signa!). In principle three origins can be related to this observation. At first C containing 
contamination has absorbed from the rest gases in the chamber on the sample in the interval 
between the LEIS measurement and the XPS measurement. Since the pressure in the chamber 
is below 10·9 mbar it will takes at least an hour before a monolayer of contamination has 
absorbed, so the contribution from this effect can be neglected. It can be suggested that the C 
contamination is caused by degassing of the XPS souree when the XPS apparatus is activated. 
Directly after switching on the XPS source, the pressure in the UHV chamber rises typically 
to 10·8 mbar and subsequently drops rapidly below 10·9 mbar again. When the XPS souree is 
activated, it is not directed at the sample so this can be considered unlikely. To exclude this 
possibility a LEIS measurement can be done after the XPS analysis to check for possible 
contamination caused during the XPS analysis. Secondly the area that is cleaned by Ar 
sputtering is smaller than the area which is analyzed by XPS. The sputtered area is 8x8 mm 
and size of the XPS beam is estimated to be about 6x6 mm. Both Ar sputtering and XPS 
analysis are carried out in the center of the sample, so it is reasonable to assume this effect 
will be minor. Thirdly and finally the observed C can have been incorporated in the bulk of 
the Au layer during the evaporation. As discussed in Appendix F during evaporation the Au is 
contained in a liner of vitreous C and it is evaporated from the liquid state. The typical 
pressure during evaporation is about 2x10.5 mbar. The thermally evaporated Au layer may 
have been contaminated by C resulting possibly from the rest gases and/or from the C liner. In 
condusion it is plausible to assume that Cis incorporated in the Au layer. A relatively high C
Au ratio ( -1: 1) is found for the UV -ozone treated Au-sample, which is probably related both 
to the C incorporated in the Au and hydrocarbons absorbed on the surface reducing the high 
surface energy of the clean Au. 
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The 0 signal found in some XPS spectra of sputtered Au (up to O/Au=0.38) may point 
towards 0 incorporated in the bulk of the Au layer, as no significant amount of 0 is visible in 
the LEIS spectrum of this sample (in principle the same argument holds as for C). A small 
(few percent) of the concentration 0 signal can also be related to photoelectrons originating 
from the glass-substrate (which consists basically of Si-oxide) like discussed before for Cr. 
A much higher 0-Au ratio of -1: 1 is found in the XPS spectrum of the UV -ozone treated Au
samples both with and without alkanethiol layer, indicating that the UV -ozone treatment 
increases the amount of 0 on the surface. The presence of 0 found in the LEIS spectrum of 
the UV -ozone treated sample confirms this. Des pi te the chemica! inertia of Au, it has been 
demonstrated previously that it is possible to oxidize Au by an oxygen plasma [64] or a UV
ozone treatment [77-79]. It may, however, be possible that the Au is already partially oxidized 
before UV -ozone exposure or 0 has physisorbed on the surf ace, but it is reasonable to assume 
that a 20 min. UV -ozone treatment considerably oxidizes the Au surf ace. Wh en a SAM of 
alkanethiol is realized, the Au oxide will be encapsulated beneath the layer, which reduces the 
XPS signal of the 0 and the Au signal leaving the 0-Au ratio unaffected, as can been seen 
from the XPS data and has been found previously [64]. The 0-Au ratio of DDT established 
on untreated Au is -1:2, so about a factor 2 lower than in case of the UV -ozone treated 
samples, which confirms that the (enhanced) 0 concentration is caused by the UV-ozone 
treatment. 

The presence of alkanethiol molecules at Au-samples that have been immersed in an 
alkanethiol solution is confirmed by the observation of S peaks in the XPS spectrum. The 
chemica! bond of the S towards differently pre-treated Au-substrates has been investigated by 
studying the S(2p) doublet in the XPS spectrum. It is concluded that for UV-ozone treated 
Au-substrates at least two S species are required to fit the peaks, independent of the type of 
alkanethiol. The first one S1ow is found at EB=162.5±1 eV and the second one Smgh at 
EB=168.5±1 eV; the ratio S1ow1Shigh between the intensity of the two species differs from 
sample to sample but is usually around 1: 1. 
In previous XPS studies [57, 58] of alkanethiols on clean Au surfaces only one species at a 
S(2p312) binding energy EB=162.1 eV was observed, which is assigned to an Au-thiolate (Au
S-restgroup) bond. It is reasonable to assume that the observed species at lower binding 
energy S1ow corresponds to Au-thiolate bound alkanethiol, as the S(2p312) binding energy 
agrees well with the values found in previous work. Not chemically bound, intact alkanethiol 
molecules would be found at a binding energy of 163.4 eV [58], which is in principle also in 
accordance with S1ow· It is expected, however, that the amount of free alkanethiol molecules 
will be low, since the Au-samples are thoroughly rinsedinclean toluene before analysis. The 
rinsing procedure is expected to effectively remove physisorbed alkanethiol, as the total 
amount of S present at ITO surface, after essentially the same (rinsing) procedure, was an 
order of magnitude lower than the typical amount found for S1ow· 
The second S species can be related to sulphonates i.e. alkanethiol molecules bound to the 0 
on the Au surface, possibly promoted by the presence of Na. The presence of a second S 
species related to 0 on the Au has been observed previously for SAMs of alkanethiol on 0-
plasma treated Au [ 64] as well as on UV -ozone treated Au [77]. The observed binding energy 
EB=168.5±1 eV of Shigh is in good agreement with the binding energy 168.8 eV of the 
sulphonates reported on the UV -ozone treated Au in this latter study. Although only two 
species are sufficient to account for the peaks in the S(2p) region, the presence of more than 
two S species cannot be excluded. 
It is found that the chemica! bond of the alkanethiol with the substrate depends on the pre
treatment procedure of the substrate. Whereas for alkanethiol on UV -ozone treated substrates 
at least two S species are observed, on sputtered or untreated substrates only the species at 
low binding energy is significantly intense to be detected. The fact that Shigh is only observed 
on UV -ozone treated Au-substrates clearly confirms that this species is related to alkanethiol 
molecules bond to 0. Evidently for untreated and sputtered Au no significant amount of S 
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honds to 0, despite the fact that some 0 is also found in the XPS spectrum of these samples. 
The Au-0 ratio for these samples, however, is much lower; moreover no 0 was found at the 
outermost atomie layer of the sputtered sample. It can be concluded that sulphonates only 
develop significantly on Au, when the surface is pre-treated by an exposure to reactive 0 
particles. The amount of alkanethiol absorbed on the untreated Au surface seems to be 
somewhat lower than on the UV -ozone treated and sputtered samples, as can be concluded 
from the relatively low S concentration (1.5% compared to 1.8-2.3%) as wellas the relatively 
low C-Au ratio (1.5 compared to 2.6). This is probably related to the availability of more 
absorption sites on the UV-ozone treated and sputtered Au-samples [78], although it has been 
argued previously that the strong interaction between the thiol-group and the Au will displace 
contamination [57]. 
Besides the pre-treatment of the Au also the solvent, used for dissolving the alkanethiol, is 
found to be of influence on the chemica! bond between the S and the substrate. When instead 
of toluene ethanol is used, only a significant S species at the lower binding energy results, 
although the Au-substrate is UV -ozone treated. U pon immersion in the alkanethiol salution 
the Au oxide can be reduced to metallic Au by reaction with the ethanol, which is oxidized to 
acetaldehyde [80] possibly accompanied by the formation of water. The reduction of the Au 
oxide by the ethanol can be concluded from consirlering the 0-Au ratio, which is a factor 2 
lower for the OT-sample established from ethanol than for the OT-sample established from 
toluene. Previous studies have demonstrated this effect as well, e.g. Yan et al. [64] observed 
that Au-oxide is reduced by rinsing in ethanol or immersing in ethanol for 1-10 minutes. The 
fact that the S species at higher binding energy is not found in a SAM of OT on reduced Au, 
again confirms that this species is related toS bound to 0. 

From analyzing the C-S and the C-Au ratios of the alkanethiol samples in principle 
information about the molecular orientation and the layer thickness can be derived. However, 
many factors complicate such an analysis. At first the C peak in the XPS spectrum is made up 
of contributions, not only from the alkanethiol itself, but also from possible C containing 
contamination present at the Au surface and the C incorporated in the Au-substrate. As 
discussed previously (see section 6.5) it is possible to roughly compensate for this latter 
contribution; the compensated amount is denoted C* and the error in this amount is estimated 
to be about 30%. Secondly the error in the S(2p312) peak area is quite large especially for low 
intenseSpeaks for which the error can be up to 30%. Thirdly the variabie quantity of the 0 
contamination (and to a lesser extent also Na and Cr) affects the measured atomie 
composition of the surface region. Forthese reasans the errors in the C*-S and C*-Au ratio 
can be large (e.g. 50%) and hence only a qualitative analysis of the changes in these ratios 
will be done. 
As expected bath C*-S and the C*-Au tend to increase with the length of the alkyl chain. For 
a randomly mixed alkanethiollayer the C*-S ratio would simply reflect the ratio of the C and 
S atoms in the molecule (4 for BT, 8 for OT and 12 for DDT). All measured values of the C*
S ratio exceed this value and the langer the alkanethiol the larger is the difference. This is in 
accordance with a (partially) upright orientation of the alkyl ebains for which the S signal will 
be attenuated. 
Since the absolute peak intensity of the XPS measurements on different samples cannot be 
compared, the layer thickness of the alkanethiol cannot be estimated from the attenuation of 
the Au signal by the SAM of alkanethiol as has been done previously [57, 58]. The DDT layer 
thickness can, however, be estimated from the shift of the onset of the Au peak in the 3He 
LEIS spectrum of a DDT sample with respect to a clean Au-sample. In this way the 
approximate layer thickness of a DDT layer on UV -ozone treated Au is estimated to amount 
to 18±3 À, which is in agreement with the theoretica! thickness of 16 À fora DDT layer with 
30° tilted alkyl ebains as calculated using Eq. (6.1). Note that the shift of the onset of the Au 
peak does also contain a contribution from surface contamination like 0 or Na, so the 
effective layer thickness of the DDT may be somewhat lower. LEIS measurements of OT and 
BT layers have not been carried out. 
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6.6.4 PLEDs containing a SAM of alkanethiol 

In making PLEDs containing a SAM of alkanethiol absorbed from ethanol, it is found that 
already dipping a (Au or ITO) substrate in pure ethanol has a strong influence on device 
performance i.e. causes a current density and brightness reduced by two orders of magnitude 
accompanied by a strongly reduced (operational) stability. No significant effect on PLED 
performance is found when a UV -ozone treated Au-substrate is immersed in pure toluene for 
one night. 
The difference between dipping the substrate into ethanol or toluene is probably related to the 
fact that the ethanol molecule contains a hydroxyl group and the toluene is an aromatic 
molecule. The hydroxyl group can react e.g. with 0 on the UV -ozone treated substrate while 
the aromatic ring is less reactive. As discussed before Au-oxide is reduced by rinsing in 
ethanol and it may be possible that a similar reaction occurs on (UV -ozone treated) ITO. The 
reduction of the surface may lead to a decreased workfunction [13] and hence a reduced 
device performance. Moreover the reaction products, acetaldehyde and water, may have a 
negative effect the electroluminescent properties of the polymer [60-62]. 
Besides this difference in reactivity also polarity differences may be related to the different 
influence of the solvents on PLED performance. Whereas the hydroxyl group in ethanol 
renders ethanol a polar solvent in which polar contamination like e.g. water can easily 
dissolve, the aromatic toluene is a much less polar molecule. The decreased performance, 
when dipped in ethanol, may be related to the formation of a layer of contamination on the 
anode surface. Even a sub-permillage amount of contamination in the ethanol is more than 
enough to form a monolayer at the surface. Especially when the sample is lifted through the 
surface of the solvent, contamination present at this liquid surface can be drawn onto the 
sample. The presence of C containing contamination is confirmed by an XPS measurement, in 
which a UV -ozone treated ITO-sample is compared with a UV -ozone treated ITO-sample that 
was dipped in ethanol (see Appendix J). The C-In ratio of the ethanol-sample is 50% higher 
than the C-In ratio of the UV -ozone treated sample. 
The surface contamination will cancel the beneficia! effects of the UV -ozone treatment and 
subsequently leads to a decreased device performance in a similar way as discussed 
previously insection 5.6. 

PLEDs have been made with SAMs of alkanethiol absorbed from toluene, however, despite 
the fact that the toluene has no influence on device performance, irreproducible results are 
obtained when characterizing these alkanethiol PLEDs, which accordingly can only be 
ascribed to the influence of the alkanethiol in the solution. In general the shape of the jVL
characteristics of alkanethiol PLEDs is comparable to the reference samples i.e. no significant 
change in onset values or current-voltage dependenee is found. These observations suggest 
that the quality (e.g. packing or defect density) of the alkanethiol layers is not sufficiently 
good to modify the hole-injection process over the whole active area of the PLED, as a 
marked change in the current-voltage characteristics is expected for a good layer [19]. The 
absolute values of the current density, brightness and efficiency for alkanethiol PLED are 
generally somewhat lower than for the reference PLEDs, but are in most cases of the same 
order of magnitude. 
Most alkanethiol PLEDs have a non-uniform emission of light: darker areas are observed 
containing brighter spots. It is reasonable to suggest that the darker areas correspond to places 
where the alkanethiol has attached. This suggestion is confirmed by an experiment in which 
the alkanethiol molecules can only attach to certain parts of the anode surface (by partly 
removing the Au layer). 
Despite efforts to keep constant as many parameters, that may act upon PLED performance, 
as possible, so far no clear relationship has been found between the length of the alkyl chain 
and PLED performance. The current density and brightness values determined in the jVL
measurements are averaged values over the whole active area of the PLED. Since the 
performance of the PLEDs is generally non-uniform, a direct comparison of the values of the 

68 



PLEDs is impossible. The reproducibility of the results obtained so far, is too low to draw 
more profound conclusions about the influence of the SAM of alkanethiol. 
Taking into account 50% error margins and the effect of "greenish areas" in the PPV Iayer, 
the values within a single set of PLEDs are often in accordance with each other, but so far the 
values could not he reproduced in another set. This observation suggests the existence of a 
process parameter, acting on PLED performance, that is not properly controlled when making 
different sets. Some possibilities include the way of rinsing and handling samples, exact 
immersion time in the alkanethiol solution, freshness of the alkanethiol solution, cleanliness 
of the Au-substrates, conditions during the UV -ozone treatment (pre-heating time, exact 
treatment time or geometry during treatment), time between different steps in the process etc. 
Besides this random damage or contamination may have been induced on the Au-substrates 
during the cutting process carried out after evaporation (see Appendix F). To put it in other 
words, the exact experimental conditions may act upon the quality of the SAM of alkanethiol. 

Consiclering the previous it is reasonable to suggest that the non-uniform performance of the 
PLEDs is probably related to lateral differences and defects in the SAM of alkanethiol. From 
the XPS and LEIS measurements of the UV -ozone treated Au-substrates it has been 
established that the Au-substrate is oxidized. The alkanethiol can bond to this substrate in two 
different ways and the ratio between the intensity of the two species differs from sample to 
sample, which may account for the irreproducible results obtained with alkanethiol PLEDs. 
Moreover water can he formed upon reaction of the alkanethiol molecules with the oxidized 
Au (see Eq. (6.1)), which may deteriorate device performance [60-62]. Lateral differences in 
the 0 concentration or the cleanliness of the Au-substrate may he related to the non-uniform 
performance. King [77] found that using laboratory stored Au films, not subjected to proper 
cleaning steps, results in poor monolayers and that contaminants can results in poor film 
quality with defects, pinholes and related phenomena. H. Ron et al. found that their Au
substrates were only partially oxidized u pon application of UV -ozone treatment [79]. 
Depending on the pre-treatment conditions Au oxide can he either relatively stabie [77] or 
highly unstable and decompose spontaneously [64, 79] e.g. upon interaction with rest gases 
present in the N2 atmosphere of the glovebox. The low stability or lateral differences of the 
Au oxide may affect the self-assembly process and prevent the development of a high quality, 
uniform and stabie SAM of low defect density. Besides this the presence of Cr in the XPS 
spectra indicates that the Au surface contains pinholes, which will also result in pinholes in 
the alkanethiol layer. Moreover Na contamination, present at the outermost surface of the 
substrate, may affect the bond of the alkanethiol towards the substrate andlor give rise to 
pinholes in the alkanethiol layer as well. If the packing density of the monolayer is not 
sufficiently large, polymer chains may penetrate the layer and establish contact to the Au
anode thus allowing for hole-injection that is not hindered by the alkanethiol tunneling 
harrier. 

In summary a controlled modification of the anode/polymer interface in PLEDs by 
establishing a SAM of alkanethiol at the anode has been initiated. A 100 Á Au on glass
substrate has been developed for making PLEDs and SAMs of alkanethiol. The PLEDs based 
on this substrate have been shown to yield adequately stabie and reproducible performance to 
he able to study the influence of incorporation of a SAM of alkanethiol. SAMs of BT, OT and 
DDT have been made on differently pre-treated substrates and both the substrates and the 
SAMs have been characterized using XPS and LEIS techniques. The UV -ozone treatment is 
found to oxidize the Au, resulting in the formation of a second, differently bound, S species 
on the substrate. PLEDs have been made in which these alkanethiol layers are incorporated 
and the performance has been studied by jVL-characterizations and visual inspection. Highly 
irreproducible results are obtained, probably related to quality differences in the SAMs that 
may he caused by the poor stability of the SAM on the Au oxide, the influence of 
contamination or an improper Au-substrate. So far no clear relationship has been found 
between the lengthof the alkyl chain and PLED performance. 

69 



70 



Chapter 7 
Conclusions and Recommendations 
In this research project it is intended to gain a better understanding of the anode/polymer 
interface in PLEDs by modifying this interface in two ways. First by application of a UV
ozone treatment to the ITO anode. Second by incorporation of a SAM of alkanethiol between 
the anode and the polymer. In this chapter the conclusions obtained will he discussed and 
recommendations for further research will he made. 

UV -ozone treatment 

A procedure for fabrication of high quality PLEDs of reproducible performance and uniform 
brightness has been developed, which is a crucial condition for studying the device physics in 
a controlled way. The performance of the ITO/PPV/Ca/Al-PLEDs, made according to this 
procedure, has been characterized and can he reproduced within a range of 20% about the 
average value. An important parameter in this respect is the quality of the PPV solution. For 
optimal and reproducible performance a freshly prepared salution should he used or the 
salution should he stared in a freezer, since elevated temperatures are found to accelerate the 
speed of degradation of the OC1C10-PPV solution. Moreover it is important to take into 
account the temperature of the sample, when camparing PLED characteristics. During 
evaporation of the Ca and Allayers the sample will he heated by the thermal radiation from 
the evaporators, which results in an enhanced charge carrier mobility and hence PLED 
performance, when measured in the UHV chamber after evaporation. 

The influence of the UV -a zone treatment on the electraluminescent properties of the PLEDs 
has been stuclied and related to surface properties of the ITO-anode as determined by contact 
angle experiments and LEIS measurements. The contact angle measurements and LEIS 
measurements demonstrate that the UV -a zone treatment increases the surface energy of the 
ITO, removes (C-containing) contamination from the surface, while 0 may he added. 
Moreover it can he concluded from the LEIS measurements that the In/Sn ratio is left 
unaffected and that the ITO surface is always highly Sn enriched. All these results are in 
agreement with previous results that have been publisbed in literature. 

The influence of the UV -a zone treatment time on PLED performance has been investigated 
within the range 0<tuv<40 min .. Although the shape of the current-voltage dependenee of the 
PLEDs is comparable, the average values of the current density and brightness are a factor 4.4 
respectively 8 higher when a UV-ozone treatment is applied. The influence of the treatment 
on PLED performance saturates within the first 5 min., which is in qualitative agreement with 
the results of the contact angle and LEIS experiments. The enhanced performance of the 
PLEDs can he related to (a combination of) several effects. First the injection of holes may 
have been increased, due to the remaval of hydrocarbons and an increased workfunction of 
the ITO. However, this would imply that the ITO/PPV contact, at least in the untreated 
devices, is nat Ohmic. Second the (microscopie) contact between the PPV and the ITO may 
have become better due to the increased surface energy and the remaval of contamination. 
Third the UV-ozone treatment has removed contamination (e.g. water, hydroxyl groups or 
hydrocarbons) that migrate into the device and deteriorate the electraluminescent properties 
of the PPV and/or PPV /Ca interface. On the basis of previous work in literature it is 
reasanabie to assume that holes are the dominant charge carriers for the PLEDs made in this 
part of the research project, which implies that of the three factors mentioned only this latter 
factor can account for the enhanced efficiency. 
Besides the observed differences in PLED performance, also the reproducibility and stability 
of UV -ozone treated PLEDs is significantly better than for untreated devices, which is 
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probably related to the presence of adventitious contamination on the untreated ITO surface 
that cause a worsened stability of the interface or attack the PPV or PPV/Ca interface. 

It bas been established both in this research project and in previous work, that the PLEDs are 
highly sensitive to contamination like ethanol or H20 and it is expected that removal of 
contamination is the main factor in the improved performance, stability and reproducibility 
indoeed by the UV -ozone treatment. In condusion the UV -ozone treatment is found to be 
crucial for fabricating stabie and reprodoeibie PLEDs of high performance. 

SAMs of alkanethiol 

In this project a controlled study of the hole-injection process into PLEDs by incorporation of 
a SAM of alkanethiol bas been initiated. At first a substrate bas been developed that can be 
used both for making well-functioning PLEDs of reprodoeibie performance and for 
establishing SAMs of alkanethiol. It is found that (with commonly used procedures) 
alkanethiol molecules do not sufficiently adhere to an ITO-substrate to build a SAM of 
alkanethiol. Evaporation of a thin (up to 4 nm) layer of Ag or Au on an ITO-substrate led to 
PLEDs of undesirable performance i.e a dramatically reduced current density (several orders 
of magnitude) and a high onset for light emission (e.g Vonset-v8 V), probably related to a 
deteriorated hole-injection. LEIS measurements demonstrate that a 3.3 nm Ag layer on ITO is 
closed and that Au islands are formed when a thin layer of Au ( average layer thickness 5 nm) 
is evaporated onto ITO. 
A substrate consisting of a 10 nm Au layer evaporated via 15 Á Cr onto glass support bas 
been chosen for realizing PLEDs containing SAMs of alkanethiol. The PLEDs based on this 
substrate have been shown to yield adequately stabie and reprodoeibie performance to be able 
to study the influence of incorporating a SAM of alkanethiol. Much in contrast to PLEDs with 
an ITO-anode, the performance of PLEDs basedon this Au-substrate appears to be relatively 
insensitive for omitting the UV -ozone pre-treatment. Forthermore the operational stability of 
the Au-devices seems to be significantly higher than for ITO-PLEDs. During a 16 hour life 
test at 4 V the current density and brightness of a Au-PLED decreased about 16%, which is 
about a factor 2 less than for ITO-PLEDs. However, to consolidate these preliminary results 
and to better quantify the differences in performance more measurements are required in 
which the different samples are made within a single set. 

PLEDs containing a SAM of alkanethiol have been realized by immersion of a UV -ozone 
treated Au-substrate into a diluted salution of alkanethiol. It is found that the performance of 
PLEDs is deteriorated significantly (two orders of magnitude) when an ITO or Au-substrate is 
dipped in pure ethanol. Ethanol is found to rednee the oxidized Au surface, which is in 
agreement with literature. The performance changes can be related to a decreased 
workfunction of the anode or to small amounts of contamination (e.g. hydrocarbons or H20) 
either inherently dissolved in this polar solvent or resulting from the reaction between the 
surface and the ethanol. 
In contrast to ethanol, ultrapure toluene is found to have no significant effect on device 
performance and is used for establishing SAMs of BT, OT and DDT on the UV -ozone treated 
Au-anode in PLEDs. Highly irreproducible results are found when characterizing these 
alkanethiol PLEDs. In general the shape of the jVL-characteristics of the PLEDs is 
comparable to the reference samples, however, most alkanethiol PLEDs display a non
uniform brightness and the absolute valnes of the current density, brightness and efficiency 
range over a complete order of magnitude. The reproducibility of the results obtained so far is 
to low to draw conclusions about the influence of the alkanethiol layer and hence no 
relationship between the length of the alkyl chain and PLED performance could be 
es tablisbed up till now. 

The Au-substrates and the SAMs of alkanethiol and have been characterized using XPS and 
LEIS techniques. Impurities have been found both at the outermost surface and in the surface 
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region. A significant concentration of Na has been found at the outermost surface of a UV
ozone treated Au-substrate, which is probably caused by segregation from the glass-substrate. 
The presence of Cr at the outermost surface of this sample indicates that the Au layer contains 
pinholes. After Ar sputtering the contamination at the outermost atomie surface of the sample 
is below detection limited, but a significant amount of C (and sometimes also 0) is found in 
the XPS spectrum, which is probably C incorporated in the bulk of the Au layer during 
evaporation. It can he concluded that the 20 min. UV -ozone treatment adds 0 to the Au
sample, probably resulting in an Au-oxide layer, which is in agreement with literature. 
XPS spectra have been taken of SAMs of alkanethiol that were made on differently pre
treated substrates. At least two differently chemically bound S species are found in the XPS 
spectra of alkanethiollayers established on UV -ozone treated Au, whereas only the species at 
the lower binding energy is observed for alkanethiol layers on untreated or sputter cleaned 
Au-substrates. When instead of toluene, ethanol is used as a solvent for the alkanethiol, the 
UV -ozone treated Au is reduced and the S species at high binding energy is absent. These 
observations demonstrate clearly that the S species at the higher binding energy is related to 
the reaction of the alkanethiol with the 0 on the Au surface. In accordance with literature the 
S species at the lower binding energy can he assigned to alkanethiol bound to Au. 
The thickness of a DDT layer on UV -ozone treated Au has been estimated from a 3He LEIS 
measurement and is found to he in agreement with the theoretica! thickness of a DDT layer 
with 30° tilted alkyl chains. 

The non-uniform brightness and poor reproducibility of the PLEDs, in which a SAM of 
alkanethiol is incorporated, can he related to the properties of the Au-substrate and the SAM 
of alkanethiol established on this substrate. Since the alkanethiol PLEDs have been made 
using UV -ozone treated Au-substrates, water may have formed u pon reaction of the 
alkanethiol with the oxidized Au, which may have led to decreased device performance. 
Possible lateral differences in the 0 concentration as well as a possible low stability of the Au 
oxide may affect the self-assembly process and prevent the development of a high quality, 
uniform and stabie SAM of low defect density. Moreover pinholes in the Au layer of the 
substrate and the relatively high Na contamination at the outermost surface may act on the 
chemical bond of the alkanethiol towards the substrate and consequently give rise to pinholes 
in the alkanethiol layer. If the packing density of the monolayer is not sufficiently large, 
polymer ebains may penetrate the layer and establish contact to the Au-anode thus allowing 
for hole-injection that is nothindered by the alkanethiol tunneling harrier. 
It is difficult to tell from the measurements done so far, whether a SAM of alkanethiol can he 
used to enhance PLED performance and/or stability. However, using alkanethiols together 
with an Au-substrate still is considered an interesting approach to study device physics, since 
using an Au-anode yields high performance PLEDs of enhanced operational stability and it 
has been demonstrated previously that it is possible to realize a stabie and uniform SAM of 
high packing density and low defect density on an Au-substrate. 

Recommendations 

The influence of the UV -ozone treatment on the performance of ITO-PLEDs has been 
determined quantitatively, however, it has not become clear yet what causes the enhanced 
performance of the UV -ozone treated PLEDs. Measurements of physical differences in the 
properties of PPV (e.g. charge carrier mobility or chemical honds) between UV -ozone treated 
and untreated devices (e.g. by using admittance spectroscopy or Fourier Transform Infra Red 
spectroscopy ), may he useful to deterrnine whether the influence of the UV -ozone treatment is 
limited to the properties of the ITO/PPV interface or extends to the properties of the PPV. In 
order to enhance the understanding of the nature of the jVL-characteristics in the PLEDs 
made, a model can he developed that can he used to describe the current-voltage dependence. 
In principle the Sn enrichment of the ITO surface can he quantified by calibrating the LEIS 
measurements using clean In-oxide and Sn-oxide reference samples. In order to clearly 
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de termine whether 0 is absorbed on the ITO surf ace, the UV -ozone treatment can be done 
using 180, although this would be a rather costly experiment. 
It is found that the temperature of the PLED is an importance parameter acting on PLED 
performance. Both from a physical point of view and in order to enhance the reproducibility 
of the results measured in the UHV chamber, it is useful to determine the temperature 
dependenee of the PLED performance by measuring jVL-characteristics at different sample 
temperatures. 

Many possibilities can be investigated to improve the quality of SAM of alkanethiol and the 
reproducibility of PLEDs in which such a layer is incorporated. So far all alkanethiol PLEDs 
made, have been based on 20 min. UV -ozone treated Au-substrates. lt bas been found that the 
UV-ozone treatment will oxidize the Au, which results in a (possibly unstable) SAM of 
alkanethiol containing differently chemically bound alkanethiol molecules and which may 
results in the formation of water upon reaction of the thiol-group with the oxidized Au. 
To decrease the oxidation of the Au surface the UV -ozone treatment time can be reduced or 
the treatment can even be omitted, since it is probably not crucial for making PLEDs of 
reproducible performance, although contamination present on the untreated surface may 
affect the packing density of the alkanethiol [79]. The use of Ar sputtered Au-samples is 
expected to offer the best possibilities for making high quality alkanethiol layers in PLEDs, 
but sputtering a sufficiently large amount of Au-samples to make several sets of PLEDs will 
take a lot of time and effort. 
In order to enhance the reproducibility of the results it may be useful to prepared a fresh 
alkanethiol solution for every experiment and to rinse the sample using a siphon. Besides this 
it can be recommended to use somewhat longer alkanethiol molecules (e.g. octadecanthiol), 
since this will probably lead to an improved structural order in the SAM of alkanethiol and 
the influence of pinholes can be expected to be less, whereas the effect on the PLED 
performance will be larger. By heating the sample after the SAM of alkanethiol the kinetics 
may be improved and contamination may be removed. 
Many properties of the Au-substrate can be improved on in order to come closed to the 
realization of a SAM of alkanethiol that allows for a controlled study of the hole-injection 
process. E.g. Na free glass substrates can be used and the evaporation conditions can be 
improved, to minimize the contamination incorporated in and present on the Au surface. 
Preferably the Au-substrate should be prepared in-situ so the Au-samples do not have to be 
cut and exposed to air after preparation and a UV -ozone pre-treatment may be omitted. In 
principle the Au samples can be post-evaporated before usage; optimally a highly pure 
Au(lll) surface should be used. 

So far the SAMs of alkanethiol have been investigated by performing LEIS and XPS 
measurements. The techniques can be used to yield a good understanding of the atomie and 
chemica! composition of the surface (region). In future additional experimental techniques 
(e.g. ellipsometry or electrochemistry) may be employed to gain a better understanding of 
some other essential properties of the substrates and the monolayers like e.g. lateral 
differences in the properties of the substrate, the exact layer thickness of the SAM of 
alkanethiol or the extent of permeability of this layer for charge carriers. 

An ITO-substrate is unsuitable for developing a SAM of alkanethiol. However, if it is desired 
to realize a SAM on ITO, it is possible to use a sylil-coupling group as was demonstrated 
previously in literature. This may solve some of the pretreatment problems encountered with 
Au-substrates, however, using Au is interesting since PLEDs based on an Au-anode seem to 
display an enhanced operationally stability and a reduced influence of the UV -ozone 
treatment, although more measurements are required to gain a better understanding of these 
observations. 
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Figure A.l: Emission spectrum ofOC1Cw-PPV. 
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Figure B.l: P PV layer thickness as a function of the angular velocity of the second stage of 
the spincoating process. The solid line is a power lay fit to the measurements. 

The thickness of the PPV layer in the PLEDs can be tuned by changing the angular velocity 
of the second stage in the spincoating process. In order to find the angular velocity which 
results in the desired layer thickness of 130 nm, a calibration curve of each new PPV salution 
is made. An example of such a curve is shown in the figure above. 
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Figure C.1: Transmission of a thin layer of Ag evaporated onto a 1.1 mm 1TO/glass-substrate 
as a function of the thickness of the Ag layer. The transmission of a ITO/glass
substrate without Ag is represented at 0 nm. 
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Figure C.2: Transmission of a thin layer of Au evaporated onto a 1.1 mm ITO/glass-substrate 
as a function of the thickness of the layer. The transmission of a ITO/glass
substrate without Au is represented at 0 nm. 
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Figure D.J: LEIS spectrum using 4 keV Ar ions of 5 nm evaporated on JTO. The different 
measurement windows are indicated by different shades of gray and different 
markers. 

In this figure a LEIS spectrum of an ITO-sample onto which a 5 nm Au layer bas been 
evaporated is shown. The used LEIS apparatus does not record the complete energy range 
simultaneously, but in energy intervals called windows. The different measurement windows 
are indicated the figure by different shades of gray and different markers. In this specific 
measurement the width of a window is about 100 e V and the energetic distance between the 
windows is 80 eV. The intensity on the low-energy side of one window should conneet well 
to the intensity on the high-energy si de of the contiguous window, but in this figure this is not 
always the case. A probable reason for this will be discussed below. 
When this specific measurement was done, the data acquisition and calibration software had 
recently been adapted to a new analyzing system. Afterwards a small error was found in the 
dead time correction procedure. After the measurement of each window the dead time of the 
detector is calculated and compensated for by multiplying the number of counts in each 
channel by a factor that accounts for the number of counts lost. The error in this calculation 
bas probably results in the fact that some windows in the spectrum are raised with respect to 
the adjoining windows. Despite this error the presentsof an Au and In-Sn peak can clearly be 
determined, so the measurement can still be used. 
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Figure E.l: jVL-characteristic of a PLED containing a 7 nm layer of Au between the JTO 
and the PPV. The measurements is carried out in the glovebox. The PPV layer 
contains a smal! green area which is visible in the active area as a darker spot. 
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Appendix F 
This appendix deals with the experimental details about the fabrication, etching, cleaning and 
cutting of the samples Au-substrates made by the workshop. Two types of samples are made: 
the first type consists of an ITO-substrate with a 15 Á Cr layer foliowed by a 25 Á Au layer 
and the second samples is basedon a glass support onto which a 15 Á Cr layer and a 100 Á 
Au layer are evaporated. Both type of samples are made using the 38 x 38 mm ITO-glass
substrates supplied by Merck (see section 3.2.2). Besides the different thickness of the 
evaporated Au layer and the side of the substrate that is used for evaporation (glass or ITO), 
the samples are made in principle in the same way, which is described below: 
• the samples are cleaned in a detergent at 70°C for one hour foliowed by a 10 min. 

ultrasonic treatment; 
• In order to remove the detergent the samples are rinsed in distilled water, foliowed by a 

10 min. ultrasonic treatment and halfan hour rinsing in flowing distilled water; next the 
samples are spin-dried. 

• ten samples are brought into the evaporation chamber (base pressure=10-6 mbar) and the 
15 Á Cr layer (purity >99.999%) is evaporated at a rate of about 1 Á/sec. During 
evaporation the samples rotate above the source, that is placed off-axis; 

• the Au layer (purity >99.999%) is evaporated in the same way at a rate of about 1 À/sec; 
Because the souree gets hot the pressure increases to about 2x 1 o·5 mbar. The Au is 
contained in a liner of vitreous C and it evaporated from the liquid state; 

• a part of the Au/Cr layer needs to be removed to be able to make contact to the PLED. 
This is done by an etching process. The etching acid consists of 40 g potassium iodine 
and 14 g iodine in 100 ml distilled water and is used at room temperature. The samples 
are immersed in the acid for 20 sec.; 

• the photo resist is removed by exposing and developing; 
• finally the samples are cleaned by half an hour rinsing in flowing distilled water and the 

spin-dried. 

The samples are now cut into 9.8 x 9.8 mm substrates which will be used for making PLEDs. 
In order to prevent causing damage to the relatively soft Au layer, the samples are always 
handled with great care using a pair of tweezers. At scratch is made at the backside of the 
sample using a cutting diamond. The sample is broken along the scratch by applying a low 
pressure along the scratch using a plastic cylinder. During this latter step the sample is 
sandwiched between paper tissues to prevent damage to the Au layer. Before the next scratch 
is made, smali glass and dust particles are removed as good as possible. 
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Appendix G 
In this Appendix AFM images are shown of the different Au-samples that have been used for 
PLED fabrication. See section 6.3.4 for more details about these measurements. 
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Appendix H 
In the table below examples are given of the performance of alkanethiol PLEDs tagether with 
reference PLEDs. All samples are based on 100 Á Au substrates and that are standardly 
cleaned (see section 3.3.3) before immersion in the alkanethiol solution. The used alkanethiol 
solutions have been preparedon BT:22-aug., OT-1:4-aug., OT-2:13-sept. and DDT:7-aug .. 

Table G.l: Pelformanee of alkanethiol PLEDs. 

Process Jarameters Performance at 6V measured in the glovebox 
...... 

"1;:j (/} ~- ~- (/} C" 
,........,(') ,........,t:x:l tQ "1;:j 

0 0 0 '"0 0 ~~ n::~. ~=n el (/} :::0 
0.. - ~~ ~-

(1) 
(/} 

~ t=>-c:=:: ~ (") s !a ...... ,........,(!) s 0 ...... ...... ::;''"I ;::t. < (0 (") (1) s s i:: (i)" 
(1) ...... ...... 0 (/} s g_ (1)"1;:j 

~ 0 0 ~ ...... 0 0 N(1) 
........ ::l ...... (1) 

::l ::l '"I 0 ::l ......., 
~0 .......... (/} (") 

~ (/} ::l (/} 0....::: .......... 

8-aug 1 DDT 19 bot.2 (1 st) 94 543 33 uniform, fast overlaad 
8-aug 1 DDT 19 bot.2 (lst) 85 500 33 uniform, fast overlaad 
14-aug 1 - - bot.2 (2"0

) 30 126 24 5 uniform 
14-aug 2 - - bot.2 (2"0

) 33 157 28 5 uniform 
14-aug 3 OT-1 95 bot.2 (2"0

) 20 86 25 5.3 dark spots 
14-aug 4 OT-1 95 bot.2 (2"0

) 19 86 26 6.3 dark spots 
14-aug 5 DDT 95 bot.2 (2"0

) 10 40 21 dark spots 
14-aug 6 DDT 163 bot.2 (2"ct) 6 17 15 "edges" brighter 

(gradual transition) 
23-aug 2 tol. 23 bot.2 (3rd) 28 147 30 5.2 black spot in corner 
23-aug 3 tol. 23 bot.2 (3rd) 37 192 30 5.2 uniform 
23-aug 4 BT 23 bot.2 (3rd) 20 91 25 uniform 
23-aug 6 BT 23 bot.2 (3rd) 3 6 11 large black spot in center 
21-sep 3 OT-2 16 bot. 2 (1st) 8 14 11 large central dark area, 

brighter spots 
21-sep 5 DDT 16 bot. 2 (1 st) 5 12 15 brightness gradient 
21-sep 6 DDT 16 bot. 2 (1 st) 12 41 21 uniform central area, 

rest dark 
22-sep 1 tol. 15 bot. 2 (2"0

) 56 333 34 5.8 uniform 
22-sep 2 tol. 15 bot. 2 (2"0

) 47 273 34 5.7 uniform 
22-sep 3 tol. 15 bot. 2 (2"ct) 42 239 33 5.5 uniform 
22-sep 4 BT 15 bot. 2 (2"ct) 7 20 17 7 50% dark area, 

brighter spots 
22-sep 5 BT 15 bot. 2 (2"ct) 8 19 14 7.7 brightness gradient 
22-sep 6 BT 15 bot. 2 (2"d) 31 126 23 5.2 uniform 
22-sep 1 tol. 15 bot. 2 (2"ct) 40 172 25 5.6 uniform 
22-sep 2 tol. 15 bot. 2 (2"0

) 39 189 28 5 uniform 
22-sep 4 tol. 15 bot. 2 (2"0

) 17 69 23 5.5 greenish spot in PPV 
22-sep 5 DDT 15 bot. 2 (2"0

) 14 29 12 some darker spots with 
uniform background 

28-sep 4 tol. 15 bot. 3 (1 st) 12 38 19 5.4 large greenish spots in PPV 
28-sep 1 tol. 15 bot. 3 (lst) 45 239 31 5.5 uniform 
28-sep 2 tol. 15 bot. 3 (1 st) 28 163 34 5.5 greenish spot in PPV 
28-sep 3 tol. 15 bot. 3 (1 st) 48 274 33 5.6 uniform 
28-sep 4 OT-2 15 bot. 3 (1 st) 36 191 30 5.5 quite uniform 
28-sep 5 OT-2 15 bot. 3 (1 st) 31 187 35 5.3 greenish spot in PPV 
28-sep 6 OT-2 15 bot. 3 (1 st) 37 205 32 5.8 uniform 
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Appendix I 
In this appendix the procedure is discussed which was used for sputtering an Au-sample using 
a 4 ke V Ar beam. After each sputter cycle a LEIS spectrum is measured after which a new 
sputter cycle is initiated. This procedure is repeated until the LEIS signal in the Ar spectrum 
stops growing i.e. the area of the Au peaks agree within 1%. An example of the LEIS spectra 
obtained in this procedure is given in Fig. H.l. 
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Figure H.I: 4 ke V Ar LEIS spectra of UV-ozone treated Au. The sample is cleaned by using 
the Ar beam for sputtering until the LEIS signa[ stops growing. In this case the 
LEIS signa[ saturated aft eranAr do se of 2.4 ions/cm2

, because the spectra taken 
at 2.4 ions/cm2 respectively 3.I ions/cm2 coincide. 
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Appendix J 
--------------------------------------------------~ 60000 

-- UV-ozone treated ITO 

50000 
ln(3dl!2) 

0(1s) 
-----.------~--------------------------------------+ 40000 

')l 
--UV-ozone treated ITO, 

dipped in ethanol 

30000 !l 

----~~~~~--------------------------------------+ 20000 
C(ls) ln(4d) 

Si(2s) Si(2p) 
10000 

,---,----,---,----,---~---,---,----,---~---,----,---+ 0 

600 550 500 450 400 350 300 250 200 150 100 50 0 

Binding Energy [eV] 

= 
= 0 
u 

Figure /.1: XPS measurement, in which a UV-ozone treated ITO-sample is compared with a 
UV-ozone treated ITO-sample that is dipped in ethanol. In the inset a 
magnification of the C( 1 s) peaks is shown. The C-In ratio on the latter sample is 
50% higher than the C-In ratio of the UV-ozone treated sample. The Si comes 
from the glass-substrate since a small part of the ITO is etched of{. 
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