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Summary 
Polymer-light-emitting diodes or PolyLED's basedon poly(p-phenylene vinylene) or 
PPV have demonstrated great potential for commercial applications. Although a lot of 
research has been performed on polyLED's over the last decade, several underlying 
processes such as carrier transport and recombination are still not fully understood. 
This study has focussed on the interaction of alkali-metal atoms, i.e. cesium (Cs) and 
potassium (K), with an OC1Cw-PPV polymer layer in relation to the performance of 
an Al/(Alkali-metal)-(OC 1C 10-PPV)/ITO polyLED. 

We stuclied the diffusion ofpotassium (K) metal atoms into an OC 1C10-PPV polymer 
layer using ion scattering techniques. By means of LEIS, no K was observed at the 
surface ofthe polymer. The obtained depth profiles, using NICISS, demonstrated 
diffusion up to a depth of at least 200Á with a maximum concentration at about 18Á. 
Detection beyond this depth was limited through our experimental method. The shape 
of the depth profiles ho wever clearly indicated K diffusion beyond this limit. From 
the stabie and non-homogeneaus distribution ofK in the polymer layer, it was 
concluded that the potassium atoms are trapped. All the measured depth profiles are 
fitted using a Fickian diffusion model incorporating a trapping reaction. 

Analysis ofthe current-density characteristics of an Al/OC 1C10-PPV/ITO polyLED 
clearly demonstrated that the current through the device is highly unbalanced. It is 
dominated by holes due to their higher mobility and lower injection harrier. The 
higher hole mobility compared to the electron mobility was confirmed by Admittance 
Spectroscopy (AS). In contrast to current-density measurements, by using AS it is 
possible to distinguish between electrans and holes. They can be separated in the 
frequency domain due to their different mobilities, allowing for separate analysis of 
both types of charge carrier. Due to these unbalanced electron and hole currents, the 
recombination zone is expected to be located close to the aluminum cathode. This 
aluminum layer is known to severely quench excitons in its vicinity. 

Using dc-measurements a huge effect on polyLED performance was observed upon 
increasing the amount of alkali-metal evaporated. Despite an initial decreasein 
current-density, the luminanee increased indicating a more efficient recombination of 
the charge carriers. The efficiency increased by more than two orders of magnitude 
and is attributed to a shift of the recombination zone away from the cathode, thereby 
reducing the quenching effect of the aluminum layer. Two possible explanations are 
presented for this shift both related tothen-type doping ofthe polymer by the alkali
metal atoms. 
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1. Introduetion 

Polymer materials or plastics have become almost universally used in so many 
applications that it is now difficult to imagine a world without them. Since the 
introduetion of plastics different stages can be distinguished in the quality of the 
materials and their corresponding applications. Initially bulk polymers were used only 
for packaging and extremely low-cost replacement materials. Then engineering 
plastics were developed with a better temperature stability and better mechanica! and 
optica! properties, replacing much of the traditional materials ranging from simp Ie 
household products to cars and airplanes. A new stage was reached with the 
functional polymers such as the conductive and light-emitting polymers 

It were especially the advances in organic chemistry that resulted in these better 
quality polymers which were able to compete with traditional materials because of 
their low-cost, low weight and high flexibility. Although plastics can exist in an 
almost infinite number of varieties, they are generally considered to be insulators. 
They are used, for instance, to insulate electrical cables in all kinds of applications. 
There is ho wever a special class of polymers, the so-called conjugated polymers, that 
are able to conduct an electric current. These conducting properties were discovered 
in the 1960's. Since then many research activities focussed on this subject. 

The usefulness of a conducting polymer is clear, since it is this conductivity that is 
needed for the application in dectronie devices. The discovery of electroluminesence 
in poly(p-phenylene vinylene) (PPV) made it possible to use this polymer as the 
active layer in light-emitting diodes, devices that emit light when a voltage is applied. 
Possible applications are for instanee back-lights for LCD displays and even full
colour displays. PolyLED's offer substantial advantages. Used as a display, they can, 
for example, be made much thinner than a LCD screen with back-light. Furthermore 
they have a low operating voltage and high efficiency in the generation of light. The 
most important benefit is however the high contrastand brightness ofthe polyLED, 
which makes them suitable for high-quality displays. 

Although a lot of research has been performed on polyLED's over the last decade, 
many underlying processes involved are still not fully understood. The work done in 
this graduation project can be roughly divided into two parts that are strongly related 
toeach other. We will focus on two assumptions frequently made when dealing with 
polyLED's. 

An important aspect is the analysis of the metallpolymer interface. Often a simple 
stacking structure, consisting of clearly separated layers with well-defined interfaces 
(electrode/polymer/electrode), is assumed fora polyLED. From thermodynamics it is 
however predicted that metals evaporated onto soft condensed layers, like polymer 
layers, are able to diffuse into the polymer layer up to considerable depths. 
Nevertheless, depth profiles obtained for the metal atoms havenotbeen presented up 
to now. The first part ofthis study focuses on the width ofthe interface between an 
OC 1C 10-PPV polymer layer and a low work function alkali metal, i.e. potassium (K). 
Depth profiles obtained for potassium in this polymer layer will be presented. 
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Another simplifying assumption that is frequently made when dealing with 
polyLED's, is that there is no chemicalor electronic interaction between the metal 
atoms and the polymer. In this case, the matching of the metal workfunctions to the 
polymer HOMO and LUMO, is the crucial property determining the performance of 
the polyLED. In order to achieve an efficient charge injection, a low workfunction 
metal, such as calcium, is indispensable to inject electrons while a high workfunction 
metal, like for instanee gold or indium-tin-oxide, is essential for efficient hole 
injection. 

However, upon diffusing into the polymer layer, the alkali metals have been 
demonstrated to dope the polymer by transferring electrons to the polymer backbone. 
The second part of this project will focus on the effect that this alkali metal doping 
has on the device performance. This is stuclied by using de- as wellas ac-techniques. 
By combining these techniques, the research performed in this study tries to further 
elucidate the nature of carrier transport in conjugated polymers, in particular PPV. An 
important parameter conceming charge transport and device performance is the 
mobility ofthe charge carriers and especially the role ofbalancing these mobilities 
with respect to the efficiency. The efficiency of a polyLED is restricted by an 
unbalanced charge transport of electrons and holes due to the much lower electron 
mobility compared to the hole mobility. 

The outline of this report is as follows. In chapter 2, the conduction principles 
conceming a polyLED will be presented including a band model for polyLED's and a 
discussion on injection limited versus bulk limited transport in single carrier devices 
as wellas polyLED's. Chapter 3 deals with the fabrication set-up used for the 
production of polyLED's and the procedures foliowed in making these devices. In 
chapter 4 two different ion scattering analysis techniques will be discussed. The first, 
called LEIS, is used to obtain information about the elemental composition of the 
outermost atomie layer while with the second technique, NICISS, it is possible to 
study deeper layers and thus to obtain a depth profile of the elements present in the 
polymer layer. Chapter 6 will be totally devoted to admittance spectroscopy. First the 
principle and the advantages of this ac-technique are explained and after that it is 
applied to an Al/OC 1C10-PPV/ITO polyLED. Furthermore the effect of cesium on the 
admittance measurements will be presented. After this, chapter 7 deals with the dc
measurements. This electrical characterisation of the polyLED includes current 
density, luminanee and light spectra measurements. Chapter 8 presents a general 
discussion ofthe results obtained in chapter 5,6 and 7. Finally, chapter 9 presents the 
conclusions and recommendations resulting from this study. 
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2. Conduction in polyLED's 

2.1 Basic principle of a polyLED 
It was the discovery of electroluminescence in conjugated polymers that led to many 
research activities on the subject of polyLED's [1]. In tigure 2.1 the basic structure of 
a polymer-Light-Emitting-Diode (polyLED) is shown. In general, it consistsof a thin 
layer of a conducting polymer, which is sandwiched between two metal electrodes. 

Cover -

Cathode -

Polymer -

Anode 

Glass substrate 

Emitted light 

Figure 2.1. Basic structure of a polyLED 

F or the top electrode, the cathode, a low work function metal, like for instanee Ca or 
Mg, is used. For the bottorn electrode, the anode, a high work function metal is used 
like gold (Au) or indium-tin-oxide (ITO). This will he further explained in the next 
paragraph. ITO is a suitable candidate for the anode not only because of the high 
workfunction but also because it is transparent for the emitted light. Thus, light 
emitted by the device can escape through the anode and the glass substrate. The 
electrode-polymer-electrode structure is deposited on the glass substrate to offer it the 
necessary mechanica! stability. On top ofthe top electrode there is sometimes a cover 
layer, often aluminum, to prevent the electrode from oxidation. 
When a bias voltage is applied to the device in forward direction, i.e. the anode is 
positively biased with respect to the cathode, four key processes must take place for 
light-emission to occur: 

(i) Charge injection: holes must he injected from the anode and electrons from the 
cathode into the polymer layer; 

(ii) Charge transport: the holes and electrons move through the polymer layer 
under the influence of the applied electric field; 

(iii) Exciton formation: the holes and electrons combine in the polymer layer ofthe 
device to form a relaxed electron-hole pair called an exciton; 

(iv) Light emission: these excitons can decay radiatively under theemission of a 
photon. The energy of the photon and thus the colour of the emitted light 
depends on the bandgap of the polymer used as the active layer in the 
polyLED. 
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The conducting polymer used as the active layer in these devices is an example of a 
special class of polymers, called conjugated polymers [2]. These polymers consist of a 
backbone with alternating single and double carbon-carbon honds. The first 
polyLED's were basedon poly(p-phenylene vinylene) or PPV, see figure 2.2. 
However, the principle of conduction is best illustrated by the simplest polymer with a 
conjugated structure: polyacetylene, see also fig. 2.2. 

The single bond in the conjugated structure is always a cr bond. The double bond 
consistsof a cr bond and a 1t bond, which has a different character. Figure 2.2 (a) 
shows two variants of polyactylene, which only differ in the position of the 1t honds. 
Each of the two formulas suggests that the locations of the double honds are fix ed. In 
the case of a cr bond, the electrans that form the bond are attached to the two nuclei 
and are thus localised. Normally, this is also the case for the electrans that form the 1t 

honds. However due to the conjugated structure, the electrans have gained the 
freedom to move over the entire chain. The electrans are no langer associated with a 
single atomie bond but with a whole chain. This makes conduction of electric current 
over the chain possible, because in principle electrans can be inserted at one end of 
the chain and taken out at the other. 

.,& ~ ~ ~ 

/ (a) 

* 

* 
0 
I 

(b) (c) 

Fig. 2.2. Structural formula of(a) polyacetylene (b) poly(p-phenylene vinylene) or PPV and 
(c) OC 1Cw-PPV: the polymer used in this study 

Polyacetylene is not suitable for the production ofpolyLED's since it doesnotshow 
electroluminescence (bandgap ~ 1.4 eV). The conjugated polymer used for polyLED's 
is poly(p-phenylene-vinylene) or PPV (band gap ~ 2.4 e V), fig. 2.2 (b ), and its 
derivatives. The conjugated polymer used in this study is called OC 1C 10-PPV. The 
structure is shown in fig .2.2 ( c ). It has the structure of PPV with two side chains 
attached to it. These chains have been attached to make the polymer soluble in a 
solvent so that it is easy to process through spincoating. By adding appropriate side
chains to PPV the colour of the emitted light can be tuned over a broad range of the 
visible spectrum [3] . 
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2.2 Band Model for polyLED's 
In its most simple form a polyLED consists of a single polymer layer sandwiched 
between two metal electrodes. However, often two-layered structures are used to 
obtain higher efficiencies [4]. There are two key reasons why these devices are more 
efficient than single layer devices. First, these devices allow separate optimisation of 
each polymer layer for the injection and transport of one carrier type. Secondly the 
polymers can be selected such that exciton formation and radiation occurs at their 
interface, away from the polymer-metal interfaces. Why this has a positive effect on 
the efficiency will be discussed later on in chapter 6. 

This paragraph will focus on single layer devices, which is also the structure that is 
dealt with in this study. Before the two metals are brought into contact with the 
polymer layer, the situation is as shown in figure 2.3 (a). The highest filled state and 
the lowest unfilled state in the conjugated polymer can be referred to as the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO). The energy required to take an electron from the HOMO level to infinity or 
the vacuum level is called the ionisation potential I ofthe polymer. The energy 
required to add an electron from infinity to the LUMO level is termed the electron 
affinity x In a metal, the work function rp is the difference between the highest 
occupied electron states at the Fermi energy and the vacuum level. These are termed 
(/Ja and (/Je for the anode and cathode respectively. 

When the metals are brought into contact with the polymer layer fig. 2.3 (b ), the 
harrier to electron injection will be as follows: 

l/Jn ,e = iflc - X (2.1) 

while the harrier for hole injection will be: 

(2.2) 

In order to make the harriers for charge injection small, the metals should be well 
matched with the polymer HOMO and LUMO. Thus the electron-injecting electrode 
or cathode should have a low work function, like for instanee Ca. The positive hole
injecting electrode or anode should have a high work function. A possible candidate is 
gold (Au), but, like Ca and Al, this material is not transparentand the light can not 
escape from the device. The most commonly used metal therefore is ITO, which 
possesses both crucial properties: a high work function and transparency for photons. 

The alignment ofthe metal Fermi-levels results in a built-in potential Vbi, 
figure 2.3 (b), given by: 

(2.3) 

with e the elementary charge. Due to this built-in potential no current flow is possible 
for applied voltage below this built-in voltage. 
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Fig. 2.3. Band modelfora polyLED demonstrating four different situations: (a) befare 
contacting the polymer layer with the metal electrades (b) after contact and with no bias 
voltage applied (c) bias voltage equal tothebuilt-in voltage Vh;, also called flat band condition 
(d) bias voltage exceeds the built-in voltage representing the situation for an operating 
polyLED. 

When a voltage V is applied to the device in forward direction, that means anode 
positively biased and cathode negatively, the Fermi level ofthe cathode will raise 
with respect to the Fermi level of the anode over an energy range eV. When this 
applied voltage equals the built-in voltage the situation shown in fig. 2.3 (c) is reached 
also known as the flat-band condition. This is the theoretica! on-set voltage for current 
flow through the device. lnjected charges are no longer obstructed to flow through the 
polymer layer by the built-in potential. Upon further increasing the bias voltage, fig. 
2.3 ( d), the current will increase due to the higher electric field in the polymer layer. 
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In order to study transport properties of electrans and holes separately using current
density measurements single-carrier devices are needed. In that case the polymer layer 
is sandwiched between two low workfunction metals ( electron-only device) or two 
high workfunction metals (hole-only device). For instance, for the hole-only device 
the low workfunction cathode is replaced by a high work function metallike for 
instanee gold (Au) [5]. This creates a large harrier for electron injection and a 
negligible electron current is injected into the device. In this way the hole transport 
properties can be studied. 

Before moving on to charge transport in polyLED's, it should be pointed out that in 
reality the situation can be much more complicated than presented here in this 
paragraph. The assumption is made that there is no interaction between the metal and 
the polymer. However, a dipole layer can be formed at the interfaces due to e.g. 
charge transfer across the interface or interfacial chemica} reactions can occur [ 6]. A 
dipole layers causes a shift in the vacuum level, which can reduce the effective built
in voltage. Furthermore, upon doping the polymer by charge transfer from the metal 
to the polymer the situation changes significantly. We will return to this in sectien 7.4. 

2.3 Charge transport in polyLED's 

2.3.1 Injection limited current flow 
If the harriers at the metal-polymer interface, see paragraph 2.2, are large, then in a 
material with a relatively high conductivity the rate limiting step in current flow is the 
injection ofthe carriers at the electrodes. The resistance ofthe bulk material is less 
than the resistance ofthe interfacial harrier. In this case the current-voltage 
characteristics will be dominated by injection rather than transport. 

In this injection-limited regime, the net injected charge is relatively small. Thus 
space-charge effects, paragraph 2.3.2, arenotimportant and the electric field in the 
structure is nearly uniform. The two main injection mechanisms are (i) thermionic 
emission over the harrier or (ii) tunneling through the harrier. Both mechanisms will 
occur for any given harrier. At smaller bias thermionic emission is the dominant 
injection mechanism while at higher bias the injection is dominated by tunneling. The 
thermionic (or Schottky) emission current is given by [7] : 

J,h = AT2 exp(-(lp8 - /::,.f/J)/ kT) (2.4) 

where A is the Richardson constant, Tthe temperature, (/JB the Schottky energy harrier, 
k the Boltzmann constant and L1cp is the lowering ofthe harrier due to the Schottky 
effect, also called the image force lowering ofthe harrier. 

The lowering of the harrier depends on the square root of the electric field. In the case 
of a polyLED, Eis typically ofthe order 105 V/cm and it amounts toabout 0.1 eV. In 
this equation the diffusion backflowing current into the metal has been neglected. This 
current is a result of the low mobility of the polymer material resulting in the built up 
of a large density of charge carriers at the interface. 
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Thermionic emission becomes improbable at low temperatures and at large energy 
harriers. In that case the tunneling of charge carriers through the harrier is more 
probable. Tunneling emission from the metal into the polymer in the high bias regime 
is given by [8]: 

2.3.2 Bulk limited current flow 
2. 3. 2.1 Single carrier SCLC 

(2.5) 

If the harriers for carrier injection are small and the conductivity of the material 
relatively low, then the rate-limiting step in current flow will be bulk transport. In 
other words, the resistance of the bulk material will be greater than the resistance of 
the metal-polymer interface harrier. If a metal-polymer contact has a negligible 
resistance and can inject effectively any number of carriers such that the voltage drop 
across it is negligible when compared to that across the bulk, then it is referred to as 
an ohmic contact. 

The simplest type of bulk transport is ohmic conduction for one type of charge carrier, 
given by: 

J = qj.l nV 
L 

(2.6) 

with J the current density, q the elementary charge, fl the mobility, V the applied bias 
voltage, L the device thickness and n the concentration of the charge carrier. In the 
case of ohmic conduction the field is constant across the whole material and is equal 
to VIL. 

In general the field E(x) at a given position x is given by Poisson's equation in one 
dimension: 

dE(x) qn(x) 

dx &o&,. 
(2.7) 

with E(x) the electrical field, r0 the vacuum permittivity and E:r the dielectric constant. 
Thus, the position derivative of the field at a certain point is determined by the 
number of charge carriers at that point. In ohmic conduction, it is assumed that the 
field due to the presence of charge carriers is negligible compared to the field VIL 
resulting from the applied bias. This is a reasonable approximation if (i) the number of 
injected carriers of one type is small, thus at low voltages or (ii) when the material has 
enough intrinsic or extrinsic carriers of opposite sign so that overall it is electrically 
neutraL 

Fora single-carrier device neutralisation (ii) willof course not occur. At high 
voltages, the current flow will then involve a large injected carrier density of one type 
of charge carrier. The carriers will find that the field from the nearest neighbours is no 
longer negligible compared to the applied field. 
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At this point charges will start to interact with each other and conduction will switch 
to space-charge-limited current flow given by the following relationship, also known 
as the Mott-Gurney square law or Child's law [10]: 

9 
J=-& e 11V 2 jL3 

8 0 ,,.- (2.8) 

Two simplifying assumptions have been made deriving this equation. First of all, 
diffusion currents are neglected. Furthermore the injecting electrode is assumed to be 
ohmic (ideal injection at the electrode with no voltage drop across the interface). This 
approximation results in the boundary condition E(O) = 0, which results in the solution 
given by equation 2.8 . In general, assuming that the initial carrier density is not 
particularly large, the current voltage characteristics should follow ohmic behaviour 
according to equation 2.6 for low voltages switching to SCLC behaviour, 
equation 2.8, at higher voltages. 

Hole transport in OC 1Cw-PPV is space-charge-limited as derived from J(V) 
characteristics using hole-dominated Au/OCICw-PPV/ITO devices [11] . This 
observation implies that the ITO contact is ohmic. At high electric fields (>3x107 

V/m) the J(V) curves were found to deviate from the quadratic SCLC law, which was 
a consequence ofthe enhancement ofthe mobility with increasing electrical field [12] . 
When taking space-charge effects into account in combination with the field 
dependent mobility (Poole-Frenkel behaviour), the J(V) curves could be well fitted. 
This observation clearly indicated that the hole current, using ITO as anode, is bulk
limited and not injection limited, as proposed before [13]. 

J(V) measurements on electron-dominated devices (Ca/OC 1C10-PPV/Ca), 
demonstrated that the electron current is more than three orders of magnitude lower 
than the hole current [12]. Furthermore, the electron current exhibited astrongerand 
different field-dependenee as compared to the hole current. This behaviour was 
explained by assuming electron trapping. However the electron current did not follow 
the expected temperature dependence. Electron-only devices (Ca!PPV/TiN) fabricated 
by Bozano et al. showed a normal space-charge-limited current (J oo V2

) behaviour, 
which has been interpreted as a trap-free SCL current [14]. The current was however 
still a factor 30-50 lower than the hole current which was attributed to the lower 
electron mobility compared to the hole mobility. 

2. 3. 2. 2 Double carrier SCLC 
So far the discussion has been concemed with single-carrier SCLC flow. In a 
polyLED, i.e. a double carrier device, the description ofthe current density versus 
voltage behaviour is much more complex than in a single-carrier device. Electron and 
hole current cannot simply be added to obtain the total current because neutralisation 
and recombination play an important role. The total current will therefore exceed the 
sum of the electron and hole current. 
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Assuming both contacts to be ohmic and neglecting traps, Parmenter and Ruppel have 
obtained an analytica! solution for the current-density Jas a function of voltage V, 
described by [ 15]: 

(2.9) 

with Jle.uthe so-called effective mobility defined as: 

(2.1 0) 

where f(x) represents the Euler gamma function. The relevant parameters are the 
recombination mobility Jlr = êoêrB12q and the normalised electron and hole mobility 
Vn = JlriJlr and Vp = Jl/Jlr· The recombination mobility expresses the relative strengthof 
the recombination process. Comparing this Jlr with the charge carrier mobilities Jle and 
flp for electrons and holes then reveals whether space-charge effects or recombination 
dominate the current. In general, for strong recombination, Jlr »Jin and flp, the injected 
electrons and holes annihilate at the plane where they meet in the device and two 
separate electron and holespace charge regions exist. The space charge effects limit 
the current. For weak recombination, the current is determined by the lossof carriers 
due to recombination. The charge-densities are larger than inaspace charge limited 
device due to neutralisation. As aresult the current density is largeras compared toa 
single carrier device. 

In the equation for the recombination mobility, B represents the bimolecular 
recombination constant. Recombination of electrons and holes in a polyLED is 
reported to be ofthe bimolecular type [16]. This means that the recombination rateis 
proportional to the concentration of both types of charge carrier. Furthermore, 
recombination is assumed to be ofthe Langevin type [17]. This means that the 
recombination is determined by diffusion of electrons and holes towards each other in 
their mutual coulomb field. Such a behaviour is characteristic for materials in which 
the mean free path ofthe charge carriers is smaller than a critica! distance 
r c = l I 47rekT at which the coulomb binding energy between an electron and hole 
equals the thermal energy kT. In the case ofPPV, re amount to 185 A at T= 300K 
(er= 3) while the mean free path amounts to the distance between the conjugated sites 
which is of the order of 1 0 A . The bimolecular recombination constant for Langevin 
recombination is given by: 

(2.11) 

Hence the aforementioned equations for the recombination mobility and normalised 
mobilities simplify to: Jlr = 0.5X(Jln+Jlp); Vn = 2Jl,/(Jln+Jlp); Vp = 2Jl/(Jln+Jlp)· 
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Focussing on two limiting situations gives more insight in these formulas: 

a) From transport studies on PPV based LED's it is observed that in general: 
f.lp >> f.ln· Substituting this in the equations above yields Vn << 1 and vp::::: 2. In this 
case the effective mobility simplifies to f.leff ::::: f.lp and the current is essentially a 
hole-only SCL current ( equation 2.8): 

(2.12) 

When f.ln >> f.lp, again equation 2.12 is obtained with f.lp replaced by f.ln, since all 
the equation are symmetrie for electrans and holes. However, this is not a relevant 
case since for polyLED's holes have a higher mobility than electrons. 

b) Another relevant limiting situation, as will be demonstrated later on, occurs when: 
f.lp ::::: f.ln· In that case both Vn and Vp are approximately equal to 2. Evaluating 
equation (2.1 0) gives: 

(2.13) 

Indeed indicating that the total current is larger, due to neutralisation, than the sum 
ofthe two single-carrier space-charge-limited currents that would run through the 
device in the absence of each other. 

In figure 2.4 the effective mobility is plottedas a function ofthe hole mobility with 
the electron mobility kept constant and equal to 4x10-14 m2N.s. The two different 
cases (a) and (b) are indicated in this figure. We will comebacktothese results later 
on in this study. 
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Fig. 2.4. The effective mobility as a function ofthe hole mobility 
with the electron mobility fixed at ,lln = 4xl o-14 m2/V.s. 
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3. Experimental set-up 

3.1 PolyLED production facility 
In this paragraph the experimentalset-up used for the fabrication ofpolyLED's will 
he described in detail. The devices have to he produced under controlled 
circumstances since polyLED's are known to he highly sensitive to the environmental 
conditions during the production process. Especially the polymer and the 
metal/polymer interfacescan degrade upon exposure to e.g. water, oxygen or light of 
short wavelengths. To minimise possible influences of these conditions a special 
production facility has been developed, where the majority ofthe fabrication process 
is carried out. A schematic representation of the production facility used for 
polyLED's is shown in figure 3.1. 

The central part of the set-up is the glovebox. The glovebox is filled with nitrogen. 
The nitrogen is continuously circulated and filtered thereby keeping the oxygen and 
water vapour content below 1 ppm. In the glovebox the samples can he spincoated as 
described in the next section. Also admittance measurements (chapter 6) I-V-light 
characterisation ( chapter 7) can he performed here. Besides electrical characterisation 
also surface analysis has to he performed on the samples with for example LEIS 
(chapter 4). By attaching a suitcase to the glovebox, the samplescan he transported to 
different set-ups without exposing them to air. 

Glove box 

inert gas, 0 2 + H20 < 1 ppm 
activaled carbon filter 

Evaporation 
chamber 

(10-9mbar) 

Sample Holder 

Effusion cells 

Fig. 3.1. Schematic representation ofthe polyLED production facility 

However, before the samples are transferred into the glovebox, they first have to he 
cleaned using an UV -Ozone treatment. When the UV -light is switched on the oxygen 
present in the chamber is converted into ozone (03), which reacts with the organic 
species present on the ITO surface. In this way the samples can he effectively cleaned 
from organic species. After this treatment the UV -Ozone chamber is filled with 
nitrogen from the glovebox and the samples can he transferred to the glovebox. 
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At the right si de of the glovebox two chambers are attached, called the UHV chamber 
or main chamber and the transfer chamber. The transfer chamber is used to introduce 
samples from the glovebox into the UHV chamber without destroying the vacuum. 
The chamber is evacuated by using a turbomolecular pump resulting in a base 
pressure of lxl0-7 mbar. lt is possible to introduce oxygen into the transfer chamber. 
In this way the effect of oxygen on polyLED performance can be studied [18]. The 
transfer chamber is also equipped with a halogen lamp to study photo-oxidation of 
samples. This degradation process takes place when the polymer is exposed to oxygen 
in combination with light [19]. 

In the UHV chamber the different metals, like aluminum and calcium, can be 
evaporated onto the samples. This chamber is also pumped using a turbomolecular 
pump resulting in a base pressure of 1 x 1 o-9 mbar. The main chamber has three 
different positions for evaporators. For the deposition of calcium and aluminum the 
commercial Riber ABN 135 Leffusion cells are used. Deposition ofthe alkali metals 
is achieved by using a home-built evaporator. The design of this evaparator offers the 
opportunity to insert four alkali metal dispensers in the UHV chamber. Deposition of 
Ca and Al is controlled with shutters whereas the alkali metal dispensers are not 
equipped with a shutter. These dispensers will be discussed in more detail in the next 
paragraph. The thickness of the metallayers is measured using the Intellimetrics IL 
150 quartz crystal thickness monitor. 

The electrical characterisation ofpolyLED's can be performed in the glovebox but 
also in the evaporation chamber. This can be done manually as well as fully 
automated. Light is measured using photodiodes (Burr Brown OPT 301). lt is 
however not possible to measure light on all six positions since at position five a glass 
fibre is applied to measure the spectrum ofthe emitted light (Avantes USB2000). 
Current measurements, on the other hand, can be performed on all positions. The 
electronic equipment for measuring current and light is home built. 

3.2 Sample preparation 
This paragraph will be devoted to the preparatien procedures foliowed for making the 
polyLED's used in this study. Glass plates (38 x 38 mm2

, thickness 1.1 mm) which 
are partly covered with indium-tin-oxide (ITO, thickness 100 nm) are cut in small 
pieces of approximately 1 cm2

. The pieces are only partly covered with ITO to make 
it possible, later on, to contact the cathode without short-circuiting the device by also 
contacting the ITO anode. The samples are first cleaned in an ultrasonic bath with 
acetone uvasol for halfan hour. This procedure is repeated with 2-propanol uvasoL 
Aftereach treatment the samples are dried with dry nitrogen. 

After this wet cleaning step the samples are transferred to the UV -ozone chamber 
which is attached to the glovebox. The UV -lamp has been preheated forabout 20 
minutes. The ozone treatment takes about 30 minutes. Afterwards, the samples are 
directly transferred into the glovebox. Here a thin layer of the conjugated polymer is 
deposited onto the samples. This is done by spincoating. Spincoating is a technique 
widely used to deposit uniform layers of the polymer in question. As already stated in 
chapter 2, OC1C10-PPV has been used in this study. 
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The two alkyl side groups have been attached to the chain to make the polymer 
soluble in the solvent, in this case toluene, which of course is necessary to make it 
suitable for spincoating. A droplet ofthe solution is dropped onto the sample after 
which the sample is rotated at a given speed. During this rotation the solvent will 
evaporate resulting in a thin solid layer of uniform composition and thickness. The 
thickness ofthe polymer layer depends on the speed ofrotation and the OC 1C 10-PPV 
weight percentage ofthe solution. Unless stated otherwise a 0.7 wt% solution will be 
used in this study. Polymer layer thicknesses are measured using an alpha stepper 
(Alpha-step 200 Tencor Instruments). 

After spin coating, si x samples are inserted into a sampleholder with the si de of the 
sample covered with polymer below. The sampleholder is then inserted from the 
glovebox into the transfer chamber. The transfer chamber is evacuated and when the 
pressure is below 5x10-7 mbar the samples are transferred into the UHV chamber. 
Here the different metals can be deposited onto the samples like for instanee cesium, 
potassium and aluminium. 

To deposit cesium (Cs) and potassium (K) onto the samples, alkali metal dispensers 
by SAES are used. These dispensers are small sourees of alkali metals. A schematic 
picture ofthe alkali metal dispensers used in this study, is shown in fig.3.2 . Within the 
dispenser's container there is placed a fine metal wire with a closely controlled 
diameter, which partly obstructs the slit eliminating theescape of loose particles. In 
order to release the alkali metal, the dispenser must be heated to a suitable 
temperature. This temperature is controlled by the amount of current passing through 
the dispenser. The practical range of current for most dispensers is from 4.5 A to 7.5 
A. The amount of alkali metal released is dependent on time and current. The alkali 
metals are deposited at a pressure of about 3x 1 o-8 mbar. 

'-", ' 

FT "' terminal length 10 
A act ive length 12- 17 - 25 

Fig. 3.2. Schematic picture of the alkali metal dispensers used in 
this study (A= 17 mm). 
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In order to complete the device a thin layer of approximately 80 nm aluminum is 
deposited by vapour deposition. The crucible that contains the aluminum is brought to 
a temperature of 1150"C after which the shutter is opened. The rate of evaporation is 
about 1 Als and the pressure about 5x10-7 mbar during evaporation. 

This whole procedure then leads to polyLED's with a structure shown schematically 
in tigure 3.3. The thickness ofthe polymer layer has been varied in this study 
depending on the type of measurement performed. The potassium or cesium cathode 
has been represented as a separate, thick layer on top ofthe polymer layer in this 
figure. In chapter 5 it will be demonstrated that this is not a realistic representation of 
our device. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

ITO (lûûnm) 

Glass (1.1 mm) 

• •• 0 0 • 
0 •• • •• 

0 •• 0 •• . . . . . . 
• • • 0 0 • 

Fig. 3.3. Schematic representation ofthe polyLED structure used in 
this study. 
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4. Ion scattering techniques 

4.1 Introduetion 
When an ion beam strikes the surface or reaches the bulk of a specimen some of the 
incident ions will be backscattered as ions while others are backscattered as neutrals. 
The energy spectrum of these backscattered particles provides a means to get 
information about the composition and structure of the sample under investigation. In 
this chapter two different ion scattering analysis techniques will be discussed, which 
have been used to study the potassium diffusion in OC1CIO-PPV. The first technique, 
called Low-Energy-Ion-Scattering (LEIS), provides information about theelemental 
composition of the outermost layer of a sample. By using the second technique, 
Neutral Impact Collision Ion Scattering Spectroscopy (NICISS), it is possible to study 
the composition in deeper layers. 

4.2 Low energy ion scattering 
Using Low Energy Ion Scattering (LEIS), it is possible to study the atomie 
composition ofthe outermost layer ofthe specimen [20]. This is done by directinga 
beam of low energy noble gas ions (typically 3 ke V He+) onto the sample and 
subsequently measuring thè energy of the backscattered ions (Er). The composition is 
determined from the energy spectrum of the backscattered i ons. 

The collisions of the i ons and atoms can be described by elastic collision theory. The 
situation before and after the collision is illustrated in tigure 4.1. 

before Pr after 

m~ Er 
···· ... 

Fig. 4.1. Situation before and aftera collision in a LEIS experiment 
together with the definition ofthe symbols used. 
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The incoming ion has mass m;on and the target atom matom· The atom is assumed to be 
at rest befare the collision. The ion has momenturn P; . After the callision the ion is 

scattered over an angle 8 with momenturn p 1 while the atom has momenturn p, and 

angle rp. This callision can be described using conservation of energy and momenturn 
and the relation between energy and momentum. These equations can be solved to the 
ratio of ion energy befare and after the collision: 

(4.1) 

with mass ratio r = matom I m;on· Only mass ratios larger than 1 are relevant, since 
backscattering only occurs when the mass of the incoming ion is smaller than the 
atom mass. Fora given ion mass, energy and scattering geometry, the energy ofthe 
backscattered ion is a function of the atom mass. Therefore an energy spectrum 
corresponds toa mass spectrum ofthe outermost layer. 

To ensure that LEIS is only sensitive to this outermost atomie layer, low energy noble 
gas ions are used. These ions have a high neutralisation probability during collisions 
with sample atoms. The probability that ions colliding in the second monolayer or 
deeper are not neutralised, is typically 10% of the chance for callision in the fi.rst 
monolayer. Since for low energies an electrastatic analyser is used to measure the 
scatter energy, only ions are detected. 

To avoid darnaging the surface ofthe polymer, LEIS is only possible with very 
sensitive apparatus. The experiments described in this study are performed using the 
LEIS apparatus ERISS (Energy Resolved Ion Scattering Spectroscopy). The incoming 
ion beam is directed perpendicular to the surface of the sample. The backscattered 
ions are detected at a fixed angle of 145° using an electrastatic analyser [21]. The 
scattering angle 8 is defined by two circular apertmes and is a campromise between 
mass resolution and sensitivity. Larger scattering angles are practically impossible 
because of the primary lens elements. 

The path ofthe ions foliowed in the analyser depends on their energy. Thus ions with 
different energies will hit the detector at different places. The detector used is a two
dimensional position sensitive detector. This makes it possible to distinguish between 
different energies. The detection system used in the ERISS is much more sensitive 
compared to the machines previously used. A 100 e V energy range of the spectrum, 
called a window, is taken simultaneously. The total spectrum is taken by measuring 
the entire energy range window by window. Also the sample-holder is moved with 
respect to the beam, thereby spreading the dose over a 3x3 mm2 area. Further 
enhancement ofthe sensitivity is accomplished by summing the detectorsignalover 
the azimuthal angle. This increased sensitivity makes it possible to work with a dose 
of only 10 14 ions/cm2

. Although this do se will damage the specimen, the outermost 
surface is still measured. 
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4.3 NICISS 
Using neutral impact collisionion scattering spectroscopy, or short NICISS, it is 
possible to obtain concentration-depth profiles of the elements present in the sample 
stuclied [22]. First the experimentalset-up used for determining these profiles will be 
discussed. Th en, attention will be paid to how to re late the energy of the measured 
neutrals to the depth-scale of the elements. 

In a NICISS experiment a beam of low energy i ons (typically He-i ons with 
1 ke V <E;<5 ke V), is directed onto the sample. Collisions between the incoming i ons 
and sample atoms, result in back-scatlered ions and neutrals. The time offlight (TOF) 
of these back-scatlered ions and neutralsis measured todetermine their final energy 
E1. To make this possible, the ion beam is chopped electrostatically by two pairs of 
deflection plates. Although not used in this study, the ionscan be separated from the 
neutrals by applying an accelerating voltage on the drift tube. Thereby, the i ons reach 
the detector before the neutrals and they can be separated in the time domain. 

Wh en He penetrates into the bulk of the sample it is neutralised. Helium loses energy 
by (i) the back-scattering process, (ii) on the way from the surface to the target atom 
and (iii) back to the surface. The detected neutrals cause steps in the spectrum 
foliowed by a continuurn with separated onsets for every element in the sample 
heavier than the projectile. This continuurn arises from the energy loss of the neutrals 
on their path through the sample. The energy loss per unit path length is known as the 
stopping power. The stopping power depends on the elements of the sample and the 
energy ofthe projectile. Fora compound it is calculated from the stopping power of 
the elements using Bragg's rule [23]. 

Neutrals coming from the surface will have an energy of KEo with K given by the 
right-hand side of equation 4.1 and depending on the target atom, see a1so figure 4.2. 
When the Helium penetrates the sample to a depth x under an angle cp 1 with respect to 
the surface normal, the energy losscan be written as: 

& 
11E=--Nx 

coscp1 

(4.2) 

with N the atomie density ofthe material (atoms per 
volume) and E: the so-called stopping cross-section: 

1 dE 
&=---

Ndx 
(4.3) 

Neutrals coming from collisions at a depth x 
will have an energy: 
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Fig 4.2. Energy loss of scattered 
neutrals 
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The total energy difference between neutrals coming from the surface and from a 
depth x can be expressed as: 

AL'_J(E -E -( K&in &out } 
LJ..J.:..- 0 .- + x 

COS<p1 COS<p2 
(4.5) 

The depth of the target a torn is calculated using a recursive algorithm taking into 
account the dependenee of the stopping power on energy [22]. The loss of energy of 
the impinging projectile is calculated stepwise using n layers ofthickness L1x until 
hitting the target atom at a depth x. The same procedure is repeated for the outgoing 
path. 

Neutrals stemming from collisions with atoms at a certain depth x in the sample will 
thus have a lower energy than neutrats from collisions with atoms of the same element 
at the surface (KE0) . This results in a continuurn behind the step (KE0 : only if the 
element is present at the surface) in the spectrum. The shape of this continuurn will 
depend on the concentration-depth profile of the element. 
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5. Results ISS 

5.1 Introduetion 
In this chapter we will take a closer look at the metal cathode/polymer interface. 1t is 
generally recognised that the metal/polymer interfaces play an important but poorly 
understood role in determining both the performance and stability of a polyLED [24]. 
Extensive research has already focussed on the metal/polymer interfaces. For 
instance, the role of cleaning the ITO-anode surface using an UV -ozone treatment 
with respect to the performance of a polyLED, has been studied [25]. PolyLED's 
fabricated from UV -irradiated ITO substrates exhibited an increased brightness and 
efficiency. Attention has also been paid to the role of oxygen with respect to the 
Ca-cathode/polymer interface. The oxygen was found to form a CaO interfaciallayer 
[24]. In this chapter we will not focus on the cleanness or the composition of the 
interface but on another important issue, i.e. the extent ofthe interface. We study the 
interface between an alkali metal, in this case K, and an OC 1C10-PPV polymer layer 
by using the two ion scattering techniques described in chapter 4. 

5.2 LEIS measurements 

5.2.1 Experimental 
The samples were cleaned following the standard procedure, see paragraph 3.2. 
A 0.7 wt% OC 1Cw-PPV solution was heated at 50°C for 1 hourand spincoated at a 
speed of 3100 rev/min. Typ i cal film thicknesses were measured to be 1 00± 10 nm. K 
was deposited using the alkali metal dispensers ( ~800°C; 3xl o-8 mbar). Several runs 
were repeatedly made with increasing evaporation time for K. In order to obtain the 
ISS spectra the aluminum capping layer was omitted. Samples were transferred from 
the glovebox to theERISSin a vacuum suitcase, which is tilled with dry nitrogen 
from the glovebox. The measurements were performed in UHV with a base pressure 
ofapproximately 2x10-10 mbar. A mono energetic beam of3 keV 3He+ ionsis 
employed with the applied ion dose ranging between 10 13

- 1014 ions/cm2
. The 

detection limit is 100 ppm in the case of K. 

5.2.2 Results 
Figure 5.1 shows the LEIS spectra obtained for samples with the following structure: 
K/OC 1C 10-PPV/ITO/Glass. Two spectra are shown corresponding to samples with 
different ~uantities ofK deposited (black: 0.71x1014 atoms/cm2

; grey: 1.2x10 14 

atoms/cm ). These quantities are determined by integration ofthe NICISS plots 
presented in the next paragraph 5.3 . The inset shows a LEIS spectrum for pristine 
OCICIO-PPV. 
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Two peaks can be clearly distinguished in these spectra. These are caused by carbon 
(1178 eV) and oxygen (1498 eV) present at the surface. At the energy where the 
potassiurn peak should be located (2265 e V), indicated by the arrow in the graph, no 
peak is observed indicating that the amount of K present at the surface is below the 
detection limit. If all the deposited K were present at the surface, a clear peak should 
be present in the spectra. For the sample with the highest amount ofK, the grey line, a 
continuous background is observed starting at 2265 eV. This background is caused by 
ions that are scatteredat K from deeper layers beyond the surface, mostly after 
neutralisation and re-ionisation. From 1500 to 800 e V an increasing background is 
observed, originating from ionized hydrogen recoils. 

Comparing the C and 0 signals after K deposition with those for pristine OC 1C10-PPV 
shows that both surface peaks remain the same. This confirms the absence of K at the 
outermost surface layer . 
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Fig 5.1. Low energy ion scattering (LEIS) spectra obtained from K/OC 1C10PPV/ITO 
samples. At the x-axis the energy of the elastically scattered 3 ke V 3He + particles is 
plotted. Two spectra are shown with different quantities of deposited K atoms cm·2 

(black: 0.71 ·10 14
; grey: 1.2·1014

, determined by integration ofNICISS spectra) and 
one with pristine OC 1C10PPV (inset). 
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5.3 NICISS measurements 

5.3.1 Experimental 
The samples used for NICISS measurements are made following the same procedure 
as mentioned in the previous paragraph conceming LEIS measurements. The only 
difference is that the samples are larger, about 2x2 cm2

, to make them suitable for the 
NICISS apparatus. The samples are transported under nitrogen atmosphere and are 
measured at the University of Leipzig. 

The measurements were performed in a high vacuum system with a base pressure of 
about 4x10-6 mbar. A mono energetic 4.5 keV 4He+ ion beam is employed with a 
maximum dose of 5x1013 ions/cm2

. The detector is fixed at an angle of 168°. The 
sensitivity is close to 100 ppm for K. The depth resolution is best near the surface and 
decreases slowly with depth ( ~ 10 A at 200 A). 

5.3.2 Results 
Figure 5.2 shows two NICISS spectra: one for the pristine OC 1Cw-PPV and one for 
the K/OC 1Cw-PPV system. For clarity the spectrum for the K/OCtCw-PPV system is 
raised by 2000 counts. In these spectra each element is identified as a step in the TOF 
signa} until the next element (with lower mass number) shows up, see also paragraph 
4.3. 

Again the contributions to this spectrum caused by oxygen (4.4 J.!S) and carbon 
(5.2 Jl.S) can be clearly distinguished. But now also a step in the spectrum due to the 
presence ofK can be clearly observed at about 3-3.5 Jl.S. The sharp peak at short times 
(labelled "photon") is caused by ion impact induced photon emission [22]. These 
photons are produced by inelastic processes involving outer shell electrons of incident 
and target particles. The NICISS signa} starting at 2.5 Jl.S increases as aresult of 
hydrogen recoils that contribute to the spectrum in both ionized and neutral form. 
Their presence remains over the complete time scale. 

In order to obtain the K-depth profiles, the NICISS signa} ofpristine OC 1Cw-PPV is 
subtracted from the measured K/OC 1C10-PPV spectrum. The concentration is 
determined by relating the K count rate to the C signal. The TOF is related to the 
depth scale through the energy of the scattered ion, see chapter 4. The depth scale 
ranges to approximately 200 A (4.3 Jl.S) for at larger depth the oxygen signa} starts to 
overlap the K signal. 

Figure 5.3 shows the depth profiles ofthe K/OC 1C10-PPV samples for an increasing 
amount of K. The maximum intensity for all curves is obtained at a depth of about 
18 A, indicating that most of the K is located just below the surface. Furthermore 
these profiles show a long tail extending to depths of at least 200 A. From inspeetion 
ofthe time between manufacturing and evaluation ofthe samples, ranging from 2 to 
18 days, it is evident that time does no longer change the shape of a profile. The 
measured profiles are therefore expected to be stable. Furthermore, the shape of the 
profiles is independent of the amount of K evaporated. 
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Fig.5.2. Neutral impact collision ion scattering spectroscopy (NICISS) 
on an OC1Cw-PPV/ITO stacking structure with K deposition (upper) and 
without (lower). For clarity the spectrum with K deposition is raised 
by 2000 counts. 
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Fig 5.3. K diffusion profiles determined by NICISS (averaged over 10 data points). 
The total deposition is calculated by integration of the spectra and amounts to 
3.9·1 012

, 3.5·1 013
, 7.1·1 013 and 1.2·1014 K atoms. The time in between manufacturing 

and performing the actual measurements is 6, 18, 18 and 2 days respectively. The 
solid curves through the spectra are fits to an exponential decay function with a 
characteristic decay lengthof 62 A. In the inset the C NICISS-signal is shown as 
function of di stance. 
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The K diffusion profiles presented in tigure 5.3 are modelled by assuming Fickian 
diffusion in a semi-infinite plane from an instantaneous souree incorporating an 
irreversible first order trapping reaction [27]. The differential equation is given by: 

(5.1) 

with C the concentration, D the diffusion constant [ m2 /s ], k the trapping constant [ 1 /s] 
and V' 2 the Laplace operator. In the steady state one-dimensional situation (ac/at = 0) 
and defining q = (k!D/12 [1/m], this results in the following simplified equation: 

(5.2) 

with the general solution: 

C(x) = Fe-qx (5.3) 

Using M as the total amount of diffusion substance, by integration ofthis equation 
from x= 0 to infinity, F can be determined and 5.3 can be written as: 

C(x) = (Mq)e-qx (x > 0) (5.4) 

All depth profiles in tigure 5.3 have been fitted using equation 5.4 (solid lines). The 
characteristic decay length, 1/q, is fixed for all depth profiles and determined to be 
62Á. 
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5.4 Discussion 

Ion scattering analysis techniques have demonstrated the diffusion of K in an 
OC 1Cw-PPV polymer layer. The potassium depth profiles, which were obtained 
through NICISS, clearly indicate K diffusion up to considerable depths. These profiles 
also demonstrate that the subsurface concentratien is higher than the surface 
concentration. A maximum concentratien occurs at a depth of about 18 A for all the 
measured spectra. 

Furthermore, LEIS measurements demonstrated that the amount of K at the outermost 
atomie layer is below the detection limit. No potassium peak is observed in the energy 
spectrum. If all evaporated K were present at the surface a clear peak should be 
present. However a continuurn is observed for the specimen with the highest amount 
of K deposited, starting at the energy where the K peak should be located. This 
continuurn is caused by ions scattered at K located at deeper layers mostly after 
neutralisation and re-ionisation ofthe He projectiles. This again confirms the 
diffusion of K beyond the outermost surface. 

The bulk diffusion of K extends over a range of at least 200 A. Detection beyond this 
depth is limited through our experimental method, i.e. the presence of the oxygen 
signallocated close to the potassium signal. The time elapsed between fabricating and 
measuring the samples varied from 2 to 18 days. Since the shape of the diffusion 
profiles does not seem to be dependent on time, we assume a stationary K 
distribution. Incorporating a trapping mechanism in order to describe the diffusion is 
reasonable in that case. In the absence of trapping the depth profiles should have 
converged toa homogeneaus distribution with time, which we do not observe. The K
diffusion profiles are fitted assuming Fickian diffusion incorporating an irreversible 
first order trapping reaction. All measured profiles are fitted using a fixed 
characteristic decay length of 62 A. Thus the shape of the diffusion profile does not 
depend on the amount of K evaporated. The independenee of this trapping parameter 
with respect to the amount of K deposited, indicates that all the diffusion profiles are 
governed by the same trapping reaction at these low concentrations. 

Diffusion ofK into the subsurface region ofboth PPV and MEH-PPV has been 
identified previously by angle-resolved x-ray photoelectron spectroscopy (XPS) [26]. 
lt was concluded from the absence of an angular dependenee of the XPS signal with 
respect to the potassium concentration. However due to the limited scanning depth of 
XPS, which is confined to a range of 5-20 atomie layers, and a maximum sensitivity 
of 1 at%, it was not possible to obtain depth profiles for such low K-concentrations. 
This is the first time that quantitative depth profiles have been measured. 
Furthermore, they observed for both polymers that in response to the K deposition 
process, oxygen atoms from the bulk of the polymer migrated to the surface, resulting 
in an increase of the oxygen concentratien in the surface region. This process 
accounted for the formation of potassium-oxide species at the interface. This oxygen 
migration was not observed in our measurements. 
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6. Admittance spectroscopy 

6.1 Introduetion 
This chapter deals with Admittance Spectroscopy or AS and more specifically its 
application to polyLED's. Paragraph 6.2 deals with the theory related to this 
technique. First the general principle of admittance spectroscopy will he explained, 
which is then further specified for the situation that this technique is applied to 
polyLED's. Admittance spectroscopy has proven to he a very powerful technique to 
determine both charge-carrier mobilities in polyLED's [28]. The advantages of this 
technique will also he discussed in this paragraph. After this the experimentalset-up 
used for the admittance measurements will he described in paragraph 6.3 as well as 
the sample preparation. In paragraph 6.4 the results obtained for polyLED's consisting 
of the following layers will he discussed: Al/OC 1 C 10-PPV liTO. The effect of a small 
amount of the alkali metal, in this case Cs deposited onto the polymer layer, on the 
frequency-dependent-response will also he presented. How to relate this frequency
dependent-response to the mobility ofthe charge carriers will he demonstrated in 
paragraph 6.5. The discussion of these results will he presented in paragraph 6.6 

6.2 Theory 

6.2.1 General principle 
Impedance spectroscopy is a powerful technique used to characterise electrical 
properties of materials [29]. The concept of electrical impedance was first introduced 
by Oliver Heaviside in the 1880s. Soon afterit was developed in termsofvector 
diagrams and complex representation. 

The general approach in impedance spectroscopy is to apply an electrical stimulus (a 
known voltage or current) and monitor the response of the device under investigation. 
There are several other measured and derived quantities related to the impedance, like 
the admittance ( Y) and the modulus function (M). The admittance Y, being the 
reciprocal of the impedance Z, is defined as the ratio of the ac-current and the ac
voltage: 

Y(m) = _1_ = iac 

Z(m) Vac 

(6.1) 

The admittance ( Y) is determined in the frequency domain, by applying a small ac
voltage of frequency f and subsequently measuring the amplitude and the phase shift 
of the resulting current with respect to the voltage at that frequency. 
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Let's start by consiclering a parallel plate capacitor with a perfectly insulating medium, 
characterised by a relative permittivity c,, inserted between the plates. In that case the 
capacitance can be written as: 

C - &oA 
r- &, 

L 
(6.2) 

This is also called the geometrical capacitance, with co= 8.85xl o-12 F/m the vacuum 
permittivity, A the area ofthe plates [m2

] and L the distance between the plates [m]. 

lf an ac-voltage Vac = V0 eiwt is applied to this capacitor, a charge Q = Crvac appears on 
the electrodes. The current in the circuit, which is the time derivative ofthe charge Q 
will then be: 

iac = dQ = imC, V ac 
dt 

(6.3) 

Thus assuming the medium is non-conducting this current, also called the 
displacement current, is 90° out-of-phase or imaginary and leading the applied 
voltage, see figure 6.1 (a). 

Now, ifthe medium is (slightly) conducting, the capacitor is no longer perfect and the 
current is no longer 90° out-of-phase with the voltage, since there is a (small) 
component of conduction Gvac in phase with the applied voltage. The phase ofthe 
current with respect to the voltage has decreased, see figure 6.1 (b ). The resultant 
current is given by: 

(6.4) 

Im Im 

Ïac = iwC,Vac 
Ïac = (iwC,+G)vac 

() 
Vac Vac 

Re Re 

(a) (b) 

Fig. 6.1. (a) Current and voltage are 90° out-of-phasefora perfect capacitor with no 
conduction (b) In the case of conduction, current and voltage are no Jonger 90° out
of-phase due to conduction component Gv"" in phase with the voltage. 
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From equation 6.4 it follows that in general the admittance can be written as: 

i 
Y(m) = __!!!:.._ = G + imC = G + iB (6.5) 

vac 

By measuring the amplitude of the ac-current and the phase with respect to the ac
voltage, the real and imaginary part of the admittance can be determined at each 
frequency. In this equation Gis called the conductance [1/Q or S], w = 27ifthe 
angular frequency, C the capacitance [F] and B the susceptance [S]. The real part of Y, 
i.e. G, represents the in-phase or ohmic current, while the imaginary part, i.e. B, 
reflects the out-of-phasecomponent ofthe response. 

In tigure 6.2 the general principle of an admittance measurement is schematically 
illustrated. Here a typical current-density versus voltage curve is shown. The de
voltage is set at a constant value V de resulting in a dc-current Ïdc· Then a small ac
voltage, amplitude vo, is superimposed on top of V de· This willlead to an ac-current of 
which the amplitude io and phase rp with respect to the ac-voltage are measured. The 
de-voltage is maintained at a constant value while the frequency ofthe ac-voltage is 
gradually increased, typically from 5 Hz to 1 MHz. At each frequency the response of 
the current is monitored. This procedure is then repeated for different bias voltages 
making it possible to measure frequency-dependent as wellas field-dependent 

Admittance spectroscopy measurements in the frequency domain are useful and 
meaningful only for signals of magnitude such that the electrical response of the 
system is linear. In this manner the application of an ac-voltage results in no or at least 
a negligible generation of higher harmonies in the output. In other words, application 
of an ac-voltage with frequency w results in a current with the same frequency w. 
Solid state devices in general and polyLED's in particular tend to show strong non
linear behaviour upon applying an ac-voltage. Therefore the amplitude of the ac
voltage has to be kept small resulting in an approximately linear response of the 
system. This can be also bedescribed mathematically: 

di OL 8iOC av OL' . 8iOC 
--=--·--=láJV --
dt av ac at ac av ac 

Fora small amplitude ac-voltage, 8ia/8vac is approximately constant, resulting in an 
ac-current displaying the sametime dependenee with frequency w. 

t 
I 

-toi-(/Ji'-(\---;···V·_ .... ...,io.---- + ............ .. . 

v--. 

Fig 6.2. Schematic representation of an admittance measurement 
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6.2.2 Admittance as a function of frequency 
It will be demonstrated that the finite mobility ofthe charge carriers gives rise toa 
specific frequency dependenee ofthe out-of-phasecomponent ofthe admittance, i.e. 
the susceptance (B) or the capacitance (C). This frequency dependenee ofthe 
capacitance C(w) can be attributed to the following two effects: 

i) The interaction of the electrical field with the polymer material: 

This interaction gives rise toa frequency dependenee ofthe relative permittivity er(w) 
[30] . An electrical field leads to polarization ofthe medium. Polarization is the 
alignment of permanent or induced atomie or molecular dipole moments with the 
extemally applied electrical field. In general, there are different kinds of sourees 
leading to polarization like for instanee electronic polarisation resulting from the 
distartion of the electron cl oud relative to the nucleus of an atom. Another important 
souree of polarization is orientation polarization found in materials that posses 
permanent dipole moments. It results from a reorientation ofthe permanent dipole 
moments in the direction of the applied field. 

When an ac-electrical field is applied then with each direction reversal the dipoles 
attempt to reorient with the field, a process requiring some finite time. For each 
polarization type, some minimum reorientation time exists, which depends on the ease 
with which the di po les are capable of realignment. The ree i procal of this minimum 
reorientation time is called the relaxation frequency. For instance, the relaxation 
fre~uency of the inner and outer shell electrous is located between 
101 -1019 Hz. When the frequency ofthe electrical field is increased all the different 
sourees of polarisation will cease to contribute at their respective relaxation 
frequencies and will no longer make a contribution to the relative permittivity. 

For the frequency range studied here, i.e. the Hz-MHz range, only the relaxation of 
dipoles present in the material will be visible in the frequency dependenee ofthe 
relative permittivity. Debye has derived an expression to describe the dielectric 
response due to dipole relaxation for identical dipoles: 

& -& 
& (w) = & + "" oo 

r oo l 2 2 +w r 0 

(6.6) 

with es and ê oo the static and high frequency limiting dielectric constauts and ro the 
relaxation time. Three simplifying assumptions have been made deriving this 
equation. First, the local field is assumed to be equal to the extemal applied field. 
Incorporating alocal field results in the same equation as 6.5, however with a 
modified relaxation time r'. Second, it is assumed that the dc-conductivity is 
negligible. A dc-conductivity will only give a contribution to the in phase ohmic 
current which is reflected in the conductance G. The third assumption made in the 
derivation ofthis equation, is that all dipoles have the same relaxation timer. 
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However, the disordered nature of a polymer gives rise to a distribution of dipole 
relaxation times. In that case the dielectric response can be described by the Cole
Cole equation [30]: 

( ) 
&.,. -&riJ 

& r (j) = & "" + 2 2 1-h 
l+(m r) 

(O:Sh:Sl) (6.7) 

As already mentioned, in this case increasing the de-bias vdc will not contribute to the 
imaginary part C ofthe admittance. Increasing Vdc only leads to an increase ofthe 
in-phase ohmic current and thus G. 

ii) The interaction ofthe electrical field with the charge carriers: 

For de-voltages V de above the built-in potential, charge carriers are injected and move 
through the device resulting in a dc-current. Upon applying a small ac-voltage Vac on 
top ofthe de-voltage, Vac probes the charge carriers in the device and injects extra 
carriers resulting in an ac-current iac· At a certain V de> Vbi, three different regimescan 
now be distinguished upon increasing the frequency ofthe ac-voltage: 
- For low frequencies the resulting ac-current will be able to 'follow' the ac-voltage 

very well if the mobility of the charge carriers is sufficiently high. The capacitance, 
which reflects the out-of-phase contribution, will not change due to the presence of 
the mobile charge carriers in this regime. lt will only change due to the interaction 
with the medium described under (i). In other words, the capacitance will be equal 
to the geometrical capacitance found in the situation that no charge carriers are 
present. 

- Upon increasing the frequency ofthe ac-voltage, at a certain point the ac-current 
due to the charge carriers is not able to follow this ac-voltage anymore, resulting in 
an ac-current lagging behind the ac-voltage. This point is determined by the 
mobility of the charge carriers. This charge-carrier contri bution is superimposed on 
the initial situation of the leading ac-current and will reduce the phase of the 
current with respect to the voltage. It will thus give a negative contribution to the 
geometrical capacitance C. Such a negative contribution is sometimes called an 
inductive contribution, because for an inductance the current also lags behind the 
voltage. In that case a phase lag of 90° exists. 

- Further increasing the frequency will eventually lead to the disappearance of this 
negative contribution. At high frequencies the period of the applied field is too 
short to redistribute the charge carriers in the device and the current will become 
equal to the dc-value idc which gives no contribution to the out-of-phasecomponent 
and the capacitance will again equal the geometrical capacitance at that frequency. 

In this case, subsequently changing the de-bias V de will affect the inductive 
contribution to the capacitance. Increasing Vdc and thus the electrical field causes an 
increase in the charge carrier mobilities. This will be explained in more detail in 
paragraph 6.5. This increase in mobility will cause the inductive contribution to shift 
to higher frequencies since the charge carriers are able to follow the ac-current up to 
higher frequencies. In other words, the three regimes mentioned above are all shifted 
to higher frequencies. 
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In this study we are only interested in the frequency dependenee of the capacitance 
originating from the charge carriers, contribution (ii). In order to differentiate between 
the frequency dependenee of C caused by the charge carriers in the device on the one 
hand and the interaction ofthe field with the medium on the other hand, a reference 
measurement is performed. This reference measurement is performed at zero bias. At 
this voltage no charge carriers are injected into the device due tothebuilt-in potential, 
see chapter 2. The only contribution then sterns from the interaction with the medium. 
There is however still some discussion about at what voltage this measurement should 
be performed. Another possibility is to measure at the built-in potential Vb; where the 
intemal field is zero, also called the flat-band condition [32]. 

6.2.3 AS applied to polyLED's 
Different studies on polyLED's, using different techniques, have all demonstrated that 
the electron mobility is substantially lower than the hole mobility. In reference [9] a 
difference of about three orders of magnitude is found, using current density 
measurements by camparing hole-only and electron-only devices. As a consequence 
ofthis huge difference in mobility, the holes are able to follow the ac-voltage up to 
higher frequencies than the electrons. Consequently the negative contribution to the 
capacitance stemming from the electrans appears at lower frequencies than the 
contribution caused by the holes. Therefore holes and electrons can be clearly 
separated in the frequency domain as already demonstrated by Martenset al [28]. 
This is one of the major advantages of this technique compared to others, see 
paragraph 6.2.4. 

Furthermore, it is demonstrated that charge transport through a polymer layer is 
highly dispersive [31]. Dispersion gives rise toa broad distribution oftransit times for 
the charge-carriers in a polyLED. The transit time is defined as the time needed by the 
charge carriers to move from one electrode to the other. This distribution will cause 
the inductive contribution to the capacitance to "smear out" in the frequency domain. 
How to relate the frequency where the inductive contribution is located to the mobility 
ofthe charge carriers will be presented in paragraph 6.5. The spread in transit times is 
caused not only by structural disorder but also by the non-homogeneaus field 
distribution in the device. This means that the carriers injected while other carriers are 
already present, 'feel' an electric field different from that felt by the first carriers, due 
to the presence of these earlier carriers. Consequently they travel on different 
fieldlines [3 3]. 

6.2.4 AS versus TOF and Current-density measurements on polyLED's 
To study the mobility ofthe charge carriers in a polyLED often time-of-flight (TOF) 
or current-density versus voltage J(V) measurements are performed. Admittance 
spectroscopy, however, offers some great advantages compared tothese techniques. 

The general principle of TOF is as follows [34]. A polymer layer ofthickness Lis 
provided with two electrodes in a sandwich arrangement. The transparent top 
electrode should be a non-injecting or blocking electrode for the carriers transported 
across the sample. Charge-carriers are then generated in the device by a short flash of 
light absorbed in a thickness b, where b « L. 
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The sheet of carriers is then transported across the specimen under the action of the 
applied field and subsequently the transit time of the carriers is monitored. 
Experiments on PPV require the thickness of the polymer layer to he L ~ 1-1 0 !J.m in 
order to satisfy the aforementioned condition J « L. As the preparation procedure may 
influence the material structure, the mobility in such thick films may differ 
significantly from that in thin, typically L ~ 100 nm, spincoated polyLED's. 

In the case of space-charge-limited (SCL) transport, the mobility can also he derived 
from current density versus voltage J(V) measurements. However in this case single
carrier devices are needed, because no distinction between electrons and holes can he 
made from a single J(V) measurement. In the absence oftraps, the single carrier SCL 
current is given by equation 2.5: J= (9/8)ëlfirfl(V2/L3

). Thus, from the measured J(V) 
characteristic of a device, with a known thickness, the mobility can he derived. 
However, in order to make these single-carrier devices the polymer has to he 
sandwiched between different metals compared to a double carrier device, as already 
explained in paragraph 2.2. Bozano et al. used this method to determine the electron 
and hole mobility in MEH-PPV based polyLED's [14]. 

Summarising, transport properties of charge-carriers in conjugated polymers have 
been widely studied by TOF and J(V) experiments. These techniques require purpose
made single-carrier devices to derive the mobility of the charge carriers. Thus, a direct 
measurement ofthe mobility using a standard polyLED structure is not possible by 
using these two techniques. Admittance spectroscopy offers a technique capable of 
deriving both the electron and hole mobility from one single measurement. Due to 
their different mobilities it is possible to separate them in the frequency domain. 
Therefore, it can he applied to actual polyLED's, insteadof single carrier devices, 
thereby eliminating possible effects of different fabrication procedures on the charge 
transport. Combining the different techniques, nevertheless, offers a means to gain 
more insight in the charge transport phenomena. For instance, the mobility values 
obtained through AS can he used to analyse and interpret current-density curves. 

6.3 Experimental set-up 
The admittance measurements described in this chapter are performed using the 
HP4192A impedance analyser. The set-up is provided by Dr. H.B. Brom from the 
Leiden University. The analyser can superimpose a bias voltage ranging from -35 V 
to +35 V on top ofthe ac-voltage, Vac· In this study the amplitude ofthe ac-voltage on 
top of the bias voltage was 50 mV. It was verified that the capacitance measurements 
were independent ofthe amplitude ofthe applied ac-voltage from 10 mV to 250 mV. 
The frequency range studied was 5 Hz-1 00 kHz. Thus, it is possible to measure 
frequency-dependent as wellas field-dependent All measurements are performed in 
the glovebox at position 5 of the sample holder 

In all cases first a reference measurement is performed at v de = 0 V. When the 
specified frequency range has been measured the de-bias is systematically increased 
from 0 V to 10 V with steps of0.5 V. The polyLED's are made according to the in 
paragraph 3 .2 described procedure. Samples are spincoated at a maximum speed of 
Smax = 2000 rev/min using a 0.7 wt% solution resulting in a thickness L = 170±10 nm. 
The polymer layers are made slightly thicker than normal ( ~ 100 nm) to avoid the 
presence of leakage currents and thus the presence of charge carriers for voltages 
below Vbi · 
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6.4 Frequency-dependent response of a polyLED 

6.4.1 Al I OCtC10-PPV I ITO 
The measurements described in this paragraph have been performed on a polyLED 
consisting ofthe following layers: Al/OC 1C10-PPV/ITO. These measurements are 
performed totest the set-up using a known sample geometry. But more important the 
measurements are used as a reference for the Cs-measurements presented in the next 
paragraph. Typical J(V) and Luminanee (V) curves are shown in figure 6.3. The built
in potential of this device equals 1.0 V resulting from the difference in work function 
between Al (3.9eV) and ITO (4.9eV). The device emits a small amount of light, with 
a maximum of about 10 cd/m2

• Light emission starts at a voltage of approximately 
5V. 

In figure 6.4 the frequency dependent capacitance ofan Al/OC 1C 10-PPV/ITO 
(L = 170 nm) sample is shown for zero bias. At zero bias no charge-carriers are 
injected into the polymer layer and the capacitance is essentially frequency 
independent. lt equals the geometrical ca~acitance Cr = eoErAIL given by equation 6.2. 
Using L = 170 nm, t:o equal to 8.85 x 10- 2 F/m, A approximately 24 mm2 and a 
capacitance of about 3.6 nF, this gives a dielectric constant E:r = 2.9. Generally an E:r of 
approximately 3 is assumed for OC 1Cw-PPV [17]. 

The slow decrease of C with increasing frequency reflects the relaxation of permanent 
dipoles present in the materiaL Fora polymer this dipole relaxation can bedescribed 
by the Cole-Cole equation, see equation 6.7. Calculating t:r{w) from C( w) and fitting 
to equation 6.7 gives f:s = 2.87, ë oo = 2.65, r = 4.7 !J.S and fJ = 0.73. 
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Fig. 6.3. Current-density versus voltage (left) and luminanee versus voltage 
(right) for an Al/OC 1Cw-PPV/ITO device (L=170nm). 
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Fig. 6.4. Capacitance as a function offrequency ofan AI/OC 1Cw-PPV/ITO 
polyLED (L = 170 nm) at zero bias. 

Upon increasing the bias voltage the capacitance starts to change. For low bias 
voltages from about 2.0 V- 3.5 V a single negative contribution to the capacitance is 
observed in the frequency range 103-104 Hz. Further more this negative contri bution 
moves to higher frequencies upon increasing the bias voltage. Increasing the bias 
voltage above 3.5 V leadstoa second inductive contribution to the capacitance, 
however at much lower frequencies (1 01 

- 102 Hz). The frequency-dependent 
capacitance for V de= 4 V is plotted in tigure 6.5 together with the capacitance at zero 
bias, clearly indicating the two negative contributions to the capacitance. 
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Fig. 6.5. Frequency-dependent capacitance of an AIIOC 1Cw-PPV /ITO 
polyLED (L = 170 nm) at Vc~c= 4 V. The capacitance at zero bias is also shown 
Two distinct negative contributions to the capacitance can be clearly observed. 
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These aforementioned effects are more clearly seen by plotting the negative 
differential susceptance as a function of frequency: 

(6.8) 

For low voltages a single peak can be observed as illustrated in tigure 6.6. From the 
location ofthe peak it can be concluded that this peak is caused by holes [35]. 
Furthermore, it can be observed in this tigure that the maximum of these curves, 
indicated by the arrows, moves to higher frequencies for increasing bias voltage. The 
sameplot is presented for higher voltages in tigure 6.7. Here a second peak at lower 
frequencies can be clearly observed and again the maximum of the peak moves to 
higher frequencies for increasing bias. This peak is attributed to the electrens that give 
an inductive contribution at lower frequencies due to their lower mobility [28]. In this 
case, the increase in height of these curves u pon increasing the bias voltage, is a 
consequence ofthe detinition ofthe differential susceptance. Equation 6.8 shows that 
the difference in capacitance is multiplied by w. Therefore the height of a curve 
automatically increases when the inductive contribution moves to higher frequencies. 
In general the height of these curves may be much more involved. 
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Fig. 6.6. Negative differential susceptance as a function of frequency 
for low bias voltages. A single peak caused by the holes can be observed. 
Upon increasing the bias voltage the peak (indicated by the arrows) moves 
to higher frequencies . 
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Fig. 6.7. Negative differential susceptance as a function offrequency 
for higher bias voltages. A second peak stemming from the electroos is 
observed, demonstrating a sim i lar shift to higher frequencies upon 
increasing bias voltage 

6.4.2 Effect of Cs on the frequency-dependent response 
What is the effect of a small amount of alkali metal on the frequency-dependent 
response of these devices? To investigate this, the same measurements as described in 
the previous section (6.4.1) have been repeated but now performed on devices with an 
increasing amount of Cs evaporated onto the polymer layer. 

In tigure 6.8 the effect ofthis alkali metal deposition on the negative differential 
susceptance is shown together with the response for a device without Cs. All the 
results shownare measured at Vdc = 6 V. From this tigure it can be clearly seen that 
the hole-peak moves to lower frequencies for increasing amounts of Cs while leaving 
the electron peak more or less unaffected. A movement of a peak to a lower frequency 
corresponds toa lower mobility as will be discussed in the next paragraph. 

The height of the hole peak also decreases u pon moving to lower frequencies, but as 
already explained this is a consequence of the detinition the differential susceptance, 
equation 6.8. In order to compare the heights ofthe peaks, they have to be brought 
back to the same frequency. 
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If, for example, the peak for the aluminium device is brought back to the peak
frequency ofthe device with the largest amount of Cs (6.0 A), this would result in a 
peak height of approximately 10 !!S which is in good agreement with the height of the 
observed peak. However, at this moment it is not clear what precisely determines the 
intensity of these curves. 
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Fig. 6.8. Negative differential susceptance as a function offrequency for an 
AI/Cs/OC 1Cw-PPV/ITO device with an increasing amount of Cs (vdc = 6V). 
The hole-peak clearly moves to lower frequencies upon increasing the 
amount of Cs while leaving the electron peak unaffected. 

Special attention has to be paid to the device with a large amount of Cs Umax = 6.5 A) 
deposited onto the polymer layer. First of all , an increase in capacitance can be 
observed at OV, figure 6.9 (a): filled circles. At low frequencies the capacitance is 
significantly higher than for the Al/OC 1 C 10- PPV /ITO device also shown in this figure 
(open circles). Upon increasing the frequency the capacitance slowly decreases until 
at about 104 Hz it approaches the same value as for the Al/OC 1C 10-PPV/ITO device of 
approximately 3.4 nF. Thereafter the capacitance shows the same frequency 
dependenee as measured for the aluminum device. This gradual decrease of the 
capacitance, orbetter the relative permittivity, is typical for the relaxation of dipoles 
present in a polymer material [30]. Thus, we suggest that the deposition of Cs has 
resulted in extra di po les in the polymer. The relaxation of these di po les can be 
described by the Cole-Cole equation 6.7. In figure 6.9 (b) the frequency dependenee 
ofthe relative permittivity is presented. Fitting the data to equation 6.7 results in 
Es = 3.42, Eoo = 2.78, r = 1.3xl o-4 s and p = 0.56. We will returntothese results in the 
discussion. 
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Fig 6.9. (a) Frequency dependent capacitance for the device with a large 
amount of Cs (6.5A) at zero bias (vdc = 0 V). Also included is the capacitance 
for the Al device (b) Frequency dependenee ofthe relative permittivity. The 
experimental data is fitted to the Cole-Cole equation 6.7. 
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Platting the negative differential susceptance -LJB(w) ofthis device Umax = 6.5 A) at 
Vdc = 4 V, results in the graph shown in tigure 6.10 (filled circles). Only one single 
peak at about 200Hz can be clearly observed in contrast to the two peaks observed 
for the Al/OC 1C10-PPV/ITO device (open circles). This single peak is, however, much 
braader than observed in all other measurements. Consiclering the amount of light 
emitted by this device (2500 Cd/m2

, chapter 7), it is expected that this peak is a 
combined electron/hole peak. The Cs deposition has resulted in a hole mobility 
camparabie to the electron mobility. The inductive contributions can no langer be 
separated in the frequency domain. Another striking feature of this graph is the height 
ofthe peak of approximately 2 11S. This height can not be explained by the presence 
of the hole peak at that frequency. The height of this peak will decrease to about 
0.2 11S at 200Hz, i.e. one order of magnitude lower that the observed peak height. A 
possible explanation for the measured peak height will be given in the general 
discussion of chapter 8. 
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Fig. 6.10. Negative differential susceptance as a function offrequency 
for an Al/Cs/OC1Cw-PPV/ITO device with a " large" amount of Cs 
deposited (/max = 6.5 A) at V Je= 4V (black circles). Only one single peak 
can be observed. Also shownis the response ofan AI/OC 1Cw-PPV/ITO 
device at the samebias voltage (white circles). 
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6.5 Charge-carrier mobility 
In paragraph 6.4.1 it is experimentally demonstrated that for an Al/OC 1Cw-PPV/ITO 
device the holes and the electrans can be separated in the frequency domain due to 
their large difference in mobility. In this paragraph the zero-field electron and hole 
mobility will be calculated as wellas the electrical field dependenee of these 
mobilities. This will also be done in the case of Cs deposition. 

It is demonstrated that the frequency at the peak position of the negative differential 
susceptance -LJB can be related to the dc-mobility of the charge carriers. This re lation 
has been derived for hole-only devices [35] . For single-carrier SCLC, the admittance 
Ysc can be calculated analytically. A relaxation time r = w-1 is obtained by maximizing 
-L1Bsc with respect to w. This relaxation time can be expressed in terms of the transit 
time r1 ofthe carriers, resulting in r::::: 0.29 x r1• The factor 0.29 is determined by 
fitting the analytica! expression to the measured negative differential susceptance. The 
transit time is defined as the time it takes the charge carriers to move from one 
electrode to the other. Thus, the transit time of charge carriers is given by: 

(6.9) 

Incorporating the relation between the transit time and the relaxation time and using 
r = w -I = 1127ifmax, this equation can be rewritten leading to the following relation 
between the mobility and the frequency at the peak position: 

with: f.1 =charge-carrier mobility [m2/V.s] 
L = thickness of the device [ m] 
fmax = frequency at peak position [Hz] 
V= applied voltage [V] 
Vbi = build-in potential [V] 

(6.10) 

As mentioned, this relation 6.10 has been derived for a hole-only device 
(Cu/OC 1Cw-PPV/Au). It is, however, experimentally demonstrated that fora 
polyLED (Ca/OC 1C 10-PPV/ITO) the hole peak is located at the same frequency as for 
the hole-only device resulting in the same mobility [28,35]. 

Equation 6.10 shows that the mobility is proportional with the frequency at the peak 
position. So the movement of the hole peak from approximately 104 Hz for the 
Al/OC 1C 10-PPV/ITO device to 103 Hz for the device with Cs deposited and 
characterised by a current Imax = 6.0 A, (see tigure 6.8) corresponds to a decrease of 
the hole mobility by one order of magnitude. 
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Numerous measurements have demonstrated that for different kinds of conjugated 
polymers a universa! Poole-Frenkel behaviour gives a good description ofthe field
dependent mobility [36]: 

f.l(E) = f.lo. erJ/i (6.11) 

with f.l the field-dependent mobility [m2N .s], f.lo the zero-field mobility [m2N.s], y the 
field-activation factor or Poole-Frenkel factor [(mN) 112

] and E the electrical field 
across the device [V /m]. It is analytically demonstrated that this exponential 
dependenee of f.l on -iE arises from the interaction ofthe charge carriers with 
randomly distributed permanent dipoles present in the polymer [37]. 

The ln(f.l) oo ë 12 dependenee is shown in figure 6.11 for the Al/OC 1C1o-PPV/ITO 
device. The data-points are fitted using equation (6.11). From these fits the zero-field 
mobility (f.lo) and the field-activation factor (y) can be determined. The values 
obtained are given in table 6.1. 
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Fig. 6.11. Hole mobility (top) and electron mobility (bottom) for 
an AI/OC 1C 10-PPV/ITO device as a function ofE 112

• The solid line 
represents a fit to equation 6.11. 
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The same procedure can he repeated for the polyLED's with a certain amount of Cs 
deposited onto the polymer layer. This is done for the devices shown in figure 6.8 
which are characterised hy a current of 5.9 A and 6.0 A. The values ohtained for the 
holes are presented in tahle 6.1. The data shows that the zero-field mohility of the 
holes is systematically decreasing upon increasing the amount of Cs deposited. It has 
decreased hy more than one order of magnitude for the Cs (6.0 A) device. At the same 
time the field-dependenee has increased significantly. Upon Cs deposition, it 
increases toa value ofahout 8.5x10-4 (mN) 112

. Further increasing the amount of Cs 
results in a small increase ofy. The values for the electrens could not he calculated 
due to a lack of data. This is caused hy the movement of the hole peak to lower 
frequencies therehy overlapping the electron peak at lower voltages. However from 
the availahle data it can he ohserved that the electron peak is located around the same 
frequency as for the aluminum device. In figure 6.12 the field-dependenee ofthe hole
mohility for the devices with and without Cs is presented. The straight lines represent 
fits to equation 6.11, yielding the values in tahle 6.1. 
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Fig. 6.12. Hole mobility for an AI/(Cs)/OC 1Cw-PPV/ITO polyLED 
as a function ofE112 for increasing amounts of Cs evaporated. The 
solid lines represent fits to equation 6.11. 
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6.6 Discussion 

In this chapter, the hole mobility as well as the electron mobility for an 
Al/OC1C10-PPVIITO device, are determined by means of Admittance Spectroscopy 
(AS). Two separate peaks are clearly observed in the frequency domain due to the 
different mobility ofboth types of charge carrier. Fitting the experimental data to the 
Poole-Frenkel equation for the field dependenee of the mobility ( equation 6.11) 
resulted in ,uo,p = (2±1)x 1 o-ll m2N.s, Yp = (5.6±0.5)x 1 o-4 (mN)112 for the holes and 
,uo,n= (4±1)x10-14 m2N.s, Yn = (7.5±0.5)x 10-4 (mN)112, for the electrons. Thus, the 
measured hole mobility is about three orders of magnitude larger than the electron 
mobility. Such a large difference of about three orders of magnitude is also found by 
cernparing hole-dominated and electron-dominated devices using current-density 
measurements [9]. 

Martenset al. performed admittance spectroscopy on Ca/OC1C 10-PPV/ITO 
polyLED's and found .Uo,p = 5.6x 1 o-ll m2N.s, Yp = 5.0x 10-4 (mN)112 for the holes and 
,Uo,n= l.Ox10-12 m2N.s, Yn = 8.0x10-4 (m/V)112, for the electrens [28] . Especially the 
electron mobility deviates greatly from the value measured here, while the hole 
mobility corresponds very well. The field dependenee y ofboth types of charge 
carriers is in good agreement with the results obtained in this study. 

A possible explanation for this large difference in electron mobility could be that 
aluminum is used as cathode instead of calcium. Aluminum introduces a much higher 
harrier for electron injection (1.3 eV) than calcium (0.3 eV). As already demonstrated 
in paragraph 6.5 the relaxation time T is proportional to the transit time of the charge 
carriers (T ~ T1). The transit time is defined as the time the charge carriersneed to 
travel from one electrode to the other. This time will always be a superposition of an 
injection time ( ri) and a bulk time ( rb) or T1 = Ti + Tb . It is expected that the higher 
electron harrier using aluminum, introduces a non-negligible Ti compared to Tb 

resulting in an increased transit time and relaxation time. The increased relaxation 
timethen results in a lower mobility (,u ~ T-

1
), equation 6.1 0. Using Ca as cathode 

insteadof aluminum results in a nearly ohmic contact leading toa negligible Ti [14]. 
Thus, fora determination ofthe mobilities ofthe charge carriers in the polymer layer 
using admittance spectroscopy, we believe that ohmic contacts are needed, thereby 
introducing no or at least a negligible injection time at the interfaces. The ITO contact 
is determined to be ohmic, indeed resulting in a mobility that is in good agreement 
with values obtained by admittance spectroscopy and current density measurements 
[12,28,35] . In the situation where an injection harrier is present, it would be better to 
use the TOF technique described in paragraph 6.2.4. Using this technique the charge 
carriers are created in the polymer and thus do not have to be injected from the 
electrodes. The difference in electron mobility mayalso arise from the interaction of 
Ca with the polymer. In contrast to aluminum, it is well known from XPS as well as 
UPS studies, that the polymer is doped by the Ca cathode [50]. Possibly, this doping 
results in an increased electron mobility. 

The admittance measurements clearly demonstrated that the hole mobility is 
drastically reduced upon increasing the amount of Cs evaporated onto the 
OC1C10-PPV polymer layer. In contrast to the hole mobility, the electron mobility is 
not affected by Cs deposition. 
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Eventually, the electrans and holescan no longer be separated in the frequency 
domain indicating similar mobilities. Thus, the addition of Cs has led to a balancing 
of the electron and hole mobility. At the same time the field-dependenee of the hole 
mobility, expressed by the Poole-Frenkel factor yP., increases rapidly for small 
amormts of Cs toa value ofabout 8.5x104 (rnN) 112 and then remains nearly constant. 

A large difference in mobility results in a recombination zone of the opposite charge 
carriers that is located very close to the aluminum cathode, see figure 6.13 (a). 
Measurements have explicitly demonstrated that the photoluminescence (PL ), defined 
as the number of photons emitted per number of photons absorbed, is effectively 
quenched for polymer films deposited onto an aluminum layer up to a thickness of at 
least 60 nm [38]. Within a critical distance of20 nm almost allluminescence is 
quenched. ITO, on the other hand, was not found to quench the PL for polymer films 
thicker than 20 nm. Reducing the hole mobility while leaving the electron mobility 
unaffected and thus balancing them, could shift the recombination zone away from the 
aluminum cathode thereby reducing the exciton quenching effect of the metal atoms, 
figure 6.13 (b ). This would result in an increased radiative recombination and an 
increased efficiency. 

Recent studies have focussed on the role of mobility balancing. Kang et al. used two 
different PPV derivatives for which the electron and hole mobility were both 
measured to be lower than those for MEH-PPV, but more balanced [39]. Despite the 
lower mobilities, the quanturn efficiency ofthe polyLED's using these two derivatives 
was approximately 10 times higher compared to devices using MEH-PPV. This 
increase in efficiency was attributed to the more balanced mobilities leading to the 
aforementioned shift of the recombination zone away from the aluminum cathode. 

A similar effect was observed by Campheli et al., who doped the polymer layer with a 
hole trapping polymer [40]. They observed a dramatic decrease ofthe hole mobility 
upon increasing the doping concentration while the electron mobility was not 
affected. As aresult the electron and hole mobility in these devices were more 
balanced. An increase in efficiency by a factor 5 was observed. 

(a) (b) 

Fig. 6.13. a) For an AVOC 1C10-PPV/ITO polyLED the recombination zone is close to the 
cathode due to the large difference in mobility b) U pon increasing the amount of cesium the 
mobilities become more balanced thereby shifting the recombination zone away from the 
aJuminurn cathode 
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Admittance spectroscopy has demonstrated the preserree of electrans in the 
Al/OCICw-PPV liTO device at a voltage of 3.5 V while light emission only starts at 
5 V. Observing electrans at 3.5 V does not mean that they can not already be present 
at voltages lower than 3.5 V. Holes are only first observed at a voltage of2 V yet the 
current starts already at 1 V. A reduction of exciton quenching due to Cs deposition 
could therefore shift the onset of light emission from 5 V to lower voltages. 

For the highest amount of Cs Umax = 6.5 A) only one clear single peak can be 
observed when platting the negative differential susceptance -LJB(m). The observed 
peak is also much braader than generally observed. Consictering the amount oflight 
emitted by this device (2500 Cd/m2

, chapter 7), it is expected that this peak is a 
combined electron/hole peak. The inductive contributions of the holes and the 
electrans are located in the same frequency range and cannot be separated. In other 
words, the hole mobility has become comparable to the electron mobility. The 
observed height ofthis peak doeshowever not coincide with the height ofthe hole 
peak expected from the observed trendfora decreasing hole mobility, see tigure 6.8. 
The hole peak would have a height of about 1 o-1 J.!S at 200 Hz, which is one order of 
magnitude lower than the observed peak height. However, it is at this moment not 
clear what factors besides the frequency affect the intensity of these curves. We will 
comeback to this result in the general discussion presented in chapter 8. 

The device with the highest amount of Cs deposited, demonstrates an increased 
capacitance at low frequencies of 4.4 nF compared to 3.6 nF for the 
Al/OC 1Cw-PPV/ITO device. Upon increasing the frequency, the capacitance slowly 
decreases and approaches the value obtained for the Al/OC 1Cw-PPV/ITO device at 
~104 Hz. It then exhibits the same frequency dependenee as the Al/OC 1Cw-PPV/ITO 
device. This frequency dependent behaviour is typical for the relaxation of dipales 
present in a material [30]. The frequency dependenee ofthe relative permittivity could 
be well fitted with the empirica! Cole-Cole equation 6. 7 obtained for the relaxation of 
di po les in a polymer. We suggest that through the deposition of Cs extra di po les are 
created in the polymer resulting in an increase of the static dielectric constant es from 
2.9 to 3.4. The relaxation time of these dipoles (1.3 x 1 o-4 s) is much higher than for the 
dipales present in the pristine polymer (4.7 x10-6 s), indicating a greater dipole 
moment p forthese extra-created dipoles . Similar measurements on pristine 
OC 1Cw-PPV resulted in an average relaxation time of8.6 x10-6 s [16] . This relaxation 
was attributed to the alkoxy-bonds on the phen6'lene rings in the polymer. These 
bonds have a dipole moment ofabout 0.4x10-3 C.m [51]. 

Different studies focussed on the relation between dipole moment and charge carrier 
mobility using moleculady doped polymers (MDP's) [41,42]. They doped the polymer 
with different molecules possessing different permanent dipole moments. In all cases 
the donor doping concentration remairred constant. They observed an exponential 
decrease in the hole mobility upon increasing dipole moment of the doping molecule. 
Hirao et al. derived an analytica! expression for the Poole-Frenkel factor depending 
on the concentration ofthe dipales as wellastheir dipole moment according to: 
y ~ c413

p 2 [43]. In this study the Poole-Frenkel factor seems to converge immediately 
toa value of about 8.5xl o-4 (m1Vr 112 demonstrating no or at least a negligible 
concentration dependence. 
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7. Electrical characterisation 

7.1 Electroluminescence 
This paragraph presents the results obtained through dc-measurements on polyLED's 
with an Al/OCICwPPV/ITO structure and the effect of an increasing amount of 
Cesium (Cs) or Potassium (K) evaporated onto the OC 1C10-PPV polymer layer. 
Current-density, luminance, efficiency and light-spectra measurements are 
presented. 

7.1.1 Experimental 
The samples used for the measurements described in this chapter, are made according 
to the in paragraph 3.2 described procedure. In the case ofCs-deposition the polymer 
is spincoated with a maximum speed of Smax = 2000 rev/min using a 0. 7 wt% solution. 
The thickness ofthe polymer layer is measured to be 170±10 nm. FortheK 
measurements the polymer is spincoated at 3100 rev/min resulting in a thickness of 
100±10 nm. 

The Cs or K is evaporated onto the polymer layer immediately after the samples are 
transferred into the main chamber. The current through the dispenser is increased 
from zero amperes to the final current Imax with steps of 0.1 A/min. The samples will 
be referred to using this maximum current value Imax, which will be shown in the 
legend of the figures. According to data supplied by SAES, Cs evaporation starts at a 
current of 4.7 A while K evaporation starts at 5.3 A. After the maximum current value 
i.s reached, it is decreased with 0.1 A/min to 0 A. When the current is below 2 A, the 
temperature of the aluminum evaporator is raised to its final value of 1150°C with 
10°C/min. 

After deposition of the aluminum layer with a thickness of 80±5 nm, the samples are 
directly transferred back from the main chamber to the glovebox for electrical 
characterisation. Also the spectra of the light emitted by these devices are measured in 
the glovebox. 

7.1.2 Results of Cs deposition 
First, we focus on the effect of the alkali metal Cs, on the current density versus 
voltage characteristics. These curves are presented in figure 7.1. The increasing 
current values shown in the legend represent the maximum current Imax passing 
through the dispenser and correspond to an increasing amount of Cs, see also 
paragraph 3.2. 

The following effectscan be observed in this figure. Upon increasing the amount of 
Cs the current starts to decrease first (triangles) compared to the device without Cs, 
from now on called the aluminum device (squares) by approximately one order of 
magnitude. Also the curve shows a stronger increase ofthe current density with 
voltage than the Al device. 
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Fig. 7 .1. Effect of an increasing amount of Cs on the J(V) characteristics of 
an AI/Cs/OC 1C10-PPV/ITO polyLED. The increasing current values shown in the 
legend correspond to increasing amounts of Cs. The current decreases first and 
subsequently starts to increase again eventually resulting in a higher current 
(circles) compared to the aJuminurn device (squares). The current onset voltage 
increases from 1.0 V to 1.4 V. 

Further increasing the amount of Cs leads to a gradual increase of the current, 
eventually leading toa current-density higher (circles) than that ofthe aluminum 
device. The same steeper increase in current density with voltage is observed as in the 
case ofthe lower amount of Cs (6.0 A). Also a gradual shift ofthe current onset 
voltage Van is observed from 1.0 V for the aluminum device to 1.4 V for the device 
with the highest amount of Cs. Only a few curves are included in this figure for 
clarity, but measurements have demonstrated that the decrease and subsequently the 
increase in current density are in fact much more gradual than shown here. 

Secondly, we focus on the luminanee ofthe polyLED's. The luminanee is a measure 
tor the brightness of a polyLED. The luminanee is greatly enhanced by increasing the 
amount of Cs. It gradually increases as can beseen in figure 7.2. For the aluminum 
device the maximum luminanee amounts to approximately 5 cd/m2 at 10 V. For the 
device with the highest amount of Cs a maximum luminanee of 2500 cd/m2 at 10 V is 
measured. Furthermore, the onset of light emission gradually decreases from 
approximately 5 V to 2 V. 
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Fig. 7 .2. A hu ge increase in luminanee is observed when increasing the amount 
of Cs for an AI/Cs/OC 1C10-PPV/ITO polyLED with a measured maximum of 
approximately 2500 cd/m2 at 10 V in contrast to 5 cd/m2 measured for the 
aJuminurn device. Furthermore the onset of light emission moves down from 5 V 
toabout 2 V. 

Next, we discuss the external efficiency of these devices, see figure 7.3. The 
efficiency is calculated as the ratio ofthe luminanee and current density with unit 
Cd/ A. In other words, it is a measure of the number of photons emitted per charge 
carrier injected. For the aluminum device a very low efficiency oftypically 0.01 Cd/A 
is measured. Increasing the amount of Cs leads to a gradual increase of the efficiency 
with a maximum value of 1.2 Cd/ A. U pon further increasing the amount of Cs, the 
efficiency no longer increases but stabilises at this value. Also the bias voltage at 
which this maximum value is obtained lowers with deposition to almost 2.0 V, i.e. the 
onset of light emission. Thus, the efficiency almost immediately reaches its maximum 
value after the onset of light emission and then stays constant over a broad voltage 
range. 
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Fig. 7.3. The efficiency of an AI/Cs/OC 1C10-PPV /ITO polyLED. The efficiency 
increases by approximately two orders of magnitude and approaches a value 
of 1.2 cd/A. Also the bias voltage at which this maximum value is obtained lowers 
with Cs deposition to almost 2.0 V, i.e. the onset of light emission. 

Finally, figure 7.4 presents the spectrum ofthe light emitted by three different devices 
with an increasing amount of Cs. The sample characterised by a current of 6.5 A emits 
the largest amount oflight as already illustrated in figure 7.2. To be able to compare 
these different spectra, they are normalised to the area under the curve obtained for 
the sample characterised by a current of 5.9 A. 

For the device with the lowest amount of Cs (5.9 A), besides other contributions one 
clear peak can be observed at a wavelength À;::::; 590 nm. This corresponds to a photon
energy of2.1 eV. This spectrum closely resembles the intrinsic spectrum emitted by 
OC,Cw-PPV as measured by photo-luminescence [45]- When the amount of Cs is 
increased a second peak besides the one at 590 nm starts to evolve at a wavelength 
À;::::; 630 nm corresponding to 2.0 eV. Further increasing the Cs amount leadstoa 
much broader spectrum dominated by the peak at higher wavelengths. The lower peak 
can still be observed but makes a smaller contribution to the total spectrum. 
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Fig. 7.4. Light-spectrum emitted by a polyLED with the following structure: 
AI/Cs/OC 1Cw-PPV/ITO for an increasing amount of Cs. A contribution at 
À:::::; 630 nm becomes more dominant upon increasing the Cs content. 
The energy difference between these two peaks is approximately 0.1 eV. 
The spectra are normalised to the area under the curve obtained for the sample 
characterised by a current of5.9 A. 

7.1.3 Results of K deposition 
In this paragraph the results obtained for potassium deposition onto the OC 1Cw-PPV 
polymer layer are presented. Figures 7.5 to 7.7 present the results obtained for the 
current-density, luminanee and efficiency measurements respectively. Each of these 
characteristics is plotled as a function of an increasing amount of K deposited. Again 
an increasing amount of K is indicated in the legend by the maximum current passing 
through the dispenser. 

From these figures it can be clearly seen that the sametrends are observed as obtained 
for Cs deposition, paragraph 7.1.2, including the huge increase in luminanee and 
efficiency. Also the current density is observed to decrease first befare starting to 
increase again for higher amounts of K. In order to campare the results obtained for 
Cs and K, first the amount of Cs deposited has to be determined from the NICISS 
depth profiles. These profiles will be measured in the near future. 
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Fig. 7.5. Effect ofan increasing amount ofK on the J(V) characteristics of 
an AIIK/OC 1Cw-PPV/ITO polyLED. The increasing current values shown 
in the legend correspond to increasing amounts of K. The current decreases 
first and subsequently starts to increase again eventually resulting in a higher 
current compared to the aJuminurn device (crosses). The current onset voltage 
increases from 1.0 V to 1.4 V. 
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Fig. 7.6. A huge increase in luminanee is observed when increasing the 
amount ofK for an AI/K/OC 1Cw-PPV/ITO polyLED. Also the onset of 
light emission gradually moves down and eventually converges at 
about 2 V. 
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Fig. 7.7. The efficiency of an Al/K/OC 1Cw-PPV/ITO polyLED. The 
efficiency increases by approximately two orders of magnitude and 
converges to a value of a bout 1.2 cd/ A. 

7.2 Analysis of J(V) characteristics 
This paragraph deals with the analysis ofthe current-density curves presented in 
paragraph 7.1.2. These curves are analysed using the results obtained through 
Admittance Spectroscopy (AS). AS has demonstrated that the hole mobility in an 
Al/OC 1C 10-PPV/ITO polyLED exceeds the electron mobility by several orders of 
magnitude. Furthermore, there is a large barrier for electron injection (/JB,e due to the 
large difference between the aluminum workfunction ((/JAt= 3.9 eV) and the LUMO 
(x= 2.6 eV) ofthe polymer. The ITO contact is assumed to be ohmic, resulting from 
the small difference between the ITO workfunction(qJ1ro= 4.9 eV) and the HOMO of 
the polymer (I= 5.0 eV). From current density versus voltage characteristics, it has 
been demonstrated that the hole current in hole-only devices, using ITO as anode, is 
space-charge-limited (SCLC) [12]. 

Taking these properties ofthe Al/OC 1C10-PPV/ITO polyLED into account, it is 
expected that the current through the device is dominated by holes. The equation for a 
single carrier space-charge-limited current has already been presented in chapter 2. 
Incorporating the Poole-Frenkel formula for the field dependenee ofthe mobility 
(paragraph 6.5) and neglecting traps, this leads to the following equation for the 
current density: 

(7.1) 
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Using this equation the experimental data can be fitted very well for voltages V> 2 V 
as shown in figure 7.8. The fit is obtained using the following values: L = 170 nrn, 
vbi = 1.0 V, ëo = 8.85x10-12 F/m, ër = 3. 
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Fig 7.8. J(V) characteristic ofan Al/OC1C10-PPV/ITO polyLED. 
The data (circles) are fitted toa hole-only space-charge-limited current 
(solid-line) using equation 7.1. 

From this fit the zero-field mobility IJ.o,p and the field-activation factor Yp can be 
determined. Rewriting equation 7.1 yields: 

J __ 9BoêrJlo,rerr,fï[ / with: E = (V - Vb
1
) L 

E 2 8L 
(7.2) 

Thus by plotting the current-density over the electric-field squared (JIE2
) on a 

logarithmic scale as a function ofthe square root ofthe electrical-field (E11
\ the data 

should demonstratea linear dependence. This is presented in figure 7.9. From the 
intercept and slope ofthis line the zero-field mobility IJ.o,p and field activation factor YP 
are determined respectively. The calculated values are presented in table 7.1. 

The admittance measurements also demonstrated that upon deposition of a small 
amount of Cs, the hole mobility decreases significantly. At the same time Cs did not 
influence the electron mobility. For the sample characterised by Imax = 6.0 A, see 
figure 6.8, the hole mobility decreased by almost one order of magnitude compared to 
the aJuminurn device. This, however, means that the hole mobility is still much larger 
than the electron mobility. Repeating the sameprocedure for this device as for the 
aJuminurn device gives the values for 11-o and y presented in table 7.1. 
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Fig. 7.9. Same experimental data as shown in fig 7.8 but now 
plotled differently todetermine the zero-field mobility f.lo.p and the 
field activation factor YP using equation 7.2. The solid line 
represents the fit to equation 7 .2. 

By camparing these results with those obtained by using admittance spectroscopy, 
similar effectscan be observed upon Cs deposition. First of all, the zero-field mobility 
,un,p of the holes is reduced by more than one order of magnitude u pon depositing Cs 
and secondly the field-activation factor yP increases considerably by approximately a 
factor two. Although both techniques demonstrate similar results here, combining 
them offers great advantages. We will comeback to this in chapter 8. 

Table 7.1: Mobility and field dependenee of holes in an OC1CIO-PPV 
I I d . d b ti SCLC fi h d potymer ayer etermme lY per ormme a at on t e ata 

zero-field mobility J.lo.v 
[m2N.sl 

field activation factor Yv 
f(mN) 112l 

AIIOC1 C 1 o-PPV /ITO (2± 1 )xl o- 11 ( 4.1±0.5)xl o-4 

Cs (6.0A) (7±l)xl0-13 (8. 7±0.5)xl o-4 
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8. General discussion 
This chapter presents a general discussion by combining the results obtained in the 
chapters 5,6 and 7. The ac- and dc-measurements performed on polyLED's with an 
Al/OC1C1o-PPV/ITO structure have demonstrated dramatic changes upon deposition 
of an increasing amount of alkali metal deposited onto the OC1C10-PPV polymer 
layer. These changes are related to the diffusion of these alkali metals into the 
polymer layer combined with the expected doping ofthe polymer by the alkali metal. 

Previously, UPS measurements have established doping by vapour deposition of 
alkali metals onto polymer layers [46,47]. Charge transfer occurred between the alkali 
metal atoms and the conjugated backbone of the polymer creating bipolaron states in 
the previously forbidden band gap. Furthermore, XPS measurements have 
demonstrated the preserree of K cations and negatively charged carbon atoms resulting 
from this charge transfer interaction [26]. Thus, potassium acts as astrong reducing 
dopant, dorrating electrans to the 7[-system during interaction with PPV, resulting in n
type doping ofthe polymer. Using NICISS, we demonstrated that the alkali metal 
atoms diffuse into the oe I c I o-PPV polymer layer up to a depth of at least 200 A. 
From the stabie and non-homogeneaus distri bution of K in the polymer layer, it can 
be concluded that the potassium atoms are trapped. Trapping may stem from this 
charge transfer from the alkalimetalto the polymer backbone. Due toa Coulomb 
interaction, the potassium cation will be trapped with the electron confined to the 
polymer chain. 

Using different techniques, we demonstrated that these two effects, i.e. diffusion and 
doping, influence the electron current as well as the hole current. First of all, doping 
results in a decreased hole current. This follows from combining the current-density 
measurements with the results obtained through Admittance Spectroscopy (AS). 
Using only J(V) measurements, it is not possible to distinguish between electrans and 
holes. Therefore, it is impossible to determine which of these carriers dominates the 
current. However using AS, it is possible to demonstrate the preserree of electrans and 
holes in a polyLED. Furthermore the mobility ofboth types of charge carrier can be 
determined. Incorporating these mobility values in the analysis ofthe J(V) curves 
provides a means to determine which charge-carrier dominates the current. Fitting the 
J(V)-curve obtained for an Al/OC1C 10-PPV/ITO devicetoa single-carrier space
charge-limited current model resulted in a field-dependent mobility characterised by a 
zero-field mobility flo= (2±1)xl0-11 m2N.s and Poole-Frenkel factor 
y = (4.1±0.5)xto-4 (mN)112

. These values are in good agreement with the hole 
mobility obtained using AS: flo.p= (2±1)xl0-11 m2N.s, yp= (5.6±0.5)xl0-4 (rnN) 112. 
Thus, by combining these two techniques, it can be concluded that it is the hole 
current that determines the current-density versus voltage characteristics for the 
Al/OC1Cw-PPV/ITO device. We can conclude that it must be the lowering ofthe hole 
mobility that causes the observed initial decrease in current density upon Cs 
deposition. This is in accordance with the results obtained using AS. AS directly 
demonstrated the decrease in hole mobility upon Cs deposition. Also the increase in 
the Poole-Frenkel factor to approximately YP = 8.5x10- (rnN) 112 is observed using 
J(V)-characterisation as wellas admittance spectroscopy. 
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Furthermore, doping results in an increased electron current. This increase is, 
however, observed after the initial current decrease indicating that at low alkali-metal 
concentrations the decreased hole current dominates the increase in electron current. 
We expect that the n-type doping increases the electron current in two distinct ways. 

For the pristine polymer the Fermi-level is located in the centre ofthe bandgap 
between the HOMO and the LUMO. By UPS, it was demonstrated that the Fermi
level rises as a re sult of n-type doping [ 4 7]. Bipolaron states are created close to the 
LUMO. In this study a change in the spectrum ofthe emitted light is observed upon 
increasing the amount of Cs deposited. A contri bution at higher wavelengths starts to 
evolve corresponding to lower energy excitons. The aluminum work function will be 
able to align with the increased Fermi level at the polymer surface resulting in a 
lowering ofthe electron injection harrier at the cathode. Generally, the built-in 
potential fora polyLED is approximated by the difference in workfunction ofthe 
anode and cathode, see chapter 2 equation 2.3. The observed increase ofthe built-in 
potential from 1.0 V to 1.4 V is attributed to the Fermi level alignment between the 
polymer and the aluminum cathode. However, the observed increase in current 
density can only partly be explained by the lowering of the electron harrier. When 
both contacts would become ohmic (instead of only one) the current increases due to 
neutralisation by at most a factor 3, as illustrated by equation 2.13 compared to the 
single-carrier current. 

The second contribution to the increased electron current sterns from the extra 
electrons present in the polymer due to doping. These carriers will contribute to the 
current but not tothespace charge as they are compensated by positively charged 
alkali metal cations. The model presented in chapter 2 only considers charge carriers 
present in the device due to injection at the electrodes and not as a consequence of 
doping the polymer layer. 

Thus, we demonstrated that the current for an Al!OC 1C10-PPV/ITO device is 
dominated by holes. Furthermore, depositing an alkali metal onto the polymer results 
in a decreased hole current and an increased electron current. A possibe explanation 
for the enhanced performance of these polyLED's is related to this balancing of 
electron and hole current. 

The external efficiency ofthe polyLED's increases upon Cs deposition from 0.01 
Cd/A for the Al/OC 1Cio-PPV/ITO device by about two orders of magnitude and 
eventually approaches a value of 1.2 Cd/ A. The current balancing causes the 
recombination zone to shift away from the aluminum cathode thereby reducing the 
quenching effect of the metal atoms, resulting in a more efficient recombination of the 
electrons and holes present in the device [38]. Different studies have experimetally 
verified the increase in efficiency upon balancing the currents [39,40]. Besides current 
balancing, another effect can result in a shift of the recombination zone. It originates 
from the alkali-metal diffusion and doping. Due to the Coulomb interaction with the 
metal cation, the electron will be confined to the polymer chain in the vicinity of the 
cation. Thus recombination eentres are created at adepthof at least 200 A, thereby 
automatically shifting the recombination zone away from the aluminum cathode. 
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Finally, the luminanee continuously increases from 5 Cd/m2 for the 
Al/OC 1C10-PPV/ITO device to 2500 Cd/m2 for the device with the highest amount of 
Cs deposited. Furthermore, the light emission onset shifts from 5 V to approximately 
2 V. The latter corresponds to the lowest conceivable onset potential for radiative 
emission ofthe polymer. Using E =he/À and À= 630 nm results in E = 2.0 eV. The 
discussion presented here leads to the following possible explanations for the 
aforementioned shift in the light onset and the increase in luminance: 

A more efficient recombination of electrons and holes due to a shift of the 
recombination zone away from the aluminum cathode. Admittance spectroscopy 
has demonstrated the presence of holes at 2 V while electrous are observed at 3.5 
V. Thus, through a more efficient recombination of the charge carriers the light 
onset of 5 V can be lowered. 
An increased electron current due to doping ofthe polymer: not only as aresult of 

the lowering of the electron-harrier at the cathode but also by donating electrons to 
the polymer not contributing to the space-charge. 

We return to the results of the admittance measurements of chapter 6 and in particular 
the result obtained for the highest Cs concentration Umax = 6.5 A), tigure 6.9. From the 
discussion presented there, it followed that the observed peak is most likely caused by 
electrons. A shift ofthe electron peak from 30Hz to 200Hz would result in a peak 
height of about 1.3 J..I.S. This is in good agreement with the observed height of 1.6 J..I.S. 
The hole peak would have a much lower height at this frequency ( ~ 0.1 J..I.S). 
Furthermore, in chapter 6, two possible explanations were given for the lower electron 
mobility measured for an Al/OC 1C10-PPV/ITO device compared toa 
Ca/OC 1Cw-PPV/ITO polyLED. First the higher injection harrier present if Al is used 
as a cathode insteadof Ca and second the doping ofthe polymer expected for Ca in 
contrast to Al. From the discussion presented here, it is not possible to determine what 
causes the frequency shift ofthe electron peak observed for the Cs (6.5 A) device, 
since the alkali metal dopes the polymer just like Ca and at the same time lowers the 
injection harrier. 
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9. Conclusions and recommendations 
This study demonstrated that evaporation of a low work function alkali metal, i.e. 
potassium, onto a polymer layer, cannot be depicted as a simple layered stacking 
structure. The potassium (K) metal atoms diffuse into the OC 1C10-PPV polymer layer. 
Potassium is not observed at the surface while the depth profiles indicate diffusion 
beyond 200 A. From the stabie and non-homogeneaus distribution ofK in the 
polymer layer, it is concluded that the potassium atoms are trapped. Trapping may 
stem from the charge transfer from the alkali metal to the polymer backbone, which is 
characteristic for alkali/n-conjugated systems. The potassium cation will be trapped 
due to a Coulomb interaction with the electron confined to the polymer chain. The 
influence of atom-size on the shape of the diffusion profile is subject of further 
investigation. Diffusion profiles for Cs atoms, which have an atomie radius of 
approximately 3.0 A compared to 2.4 A for K, will be measured in the near future. 

The amount of alkali metal deposited dictates the performance of an 
Al/(Alkali-metal)-(OC1C10-PPV)/ITO polyLED. The overall absence ofK at the 
surface rul es out the explanation of matching the workfunction of the metallic K layer 
to the LUMO ofOC1C10-PPV. We assume that the alkali-metal doping is responsible 
for the enhanced performance. This n-type doping results in a balancing ofthe 
electron and hole current. Admittance spectroscopy combined with an analysis of the 
current-density characteristics indicated a decreasing hole mobility upon deposition of 
the alkali metals, resulting in a decreased hole current. Furthermore, the n-type doping 
ofthe polymer results in an increased electron current in two distinct ways. It lowers 
the harrier for electron injection and donates electrans to the polymer that do not 
contribute to the space-charge. 

The increased efficiency can be attributed to a shift of the recombination zone away 
from the aluminum cathode thereby reducing the quenching effect of the metal atoms. 
This shift is caused by the distribution ofthe K cationsin the polymer, where intheir 
vicinity recombination eentres are created. The shift could also be caused by the 
balancing of the electron and hole current mentioned before. Different studies have 
focussed on determining the location of the recombination zone [ 48,49]. A relatively 
easy way todetermine this zone would be to use a double-layer device with two 
different polymers emitting different colours. A shift in the recombination zone upon 
depositing the alkali metal would then be observed as a change in the light emission 
spectrum. This will be pursued in further investigations. 
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Technology assessment 

Polymer light-emitting-diodes or polyLED's demonstrate great potential for 
commercial display applications. Examples include backlights for LCD displays or 
monochrome and even full-colour displays with a wide viewing angle compared to 
LCD displays. PolyLED's have numerous advantages over LED's fabricated from 
inorganic semiconductors. They have a low operating voltage and high efficiency in 
the generation of light. The most important benefit is however the high contrast and 
brightness ofthe polyLED, which makesthem suitable for high-quality displays. 
Furthermore the polymers used as theemissive layer are cheap, light-weight and easy 
to process by spincoating or ink-jet printing. Another important advantage ofusing 
polymer matcrials in organic LED's, is the ease with which their bandgap can be 
tuned. By adding appropriate side-chains to the polymer in the synthesis process, the 
colour can be tuned over a broad range of the visible spectrum. Future fabrication of 
flexible displays might be possible, since polymers are mechanically flexible 
materials. 

Since their discovery in 1990, a lot of research has been performed on polyLED's by 
various research groups. A better understanding ofthe device properties and processes 
involved, is a key ingredient for further optimisation and therefore of major 
importance for commercial fabrication of polyLED's. The progress made in recent 
years including better materials, improved device preparation and understanding has 
led to a huge increase in both performance and stability of polyLED devices. 

Using the polyLED production facility at the Eindhoven University ofTechnology, 
fabrication and characterisation of polyLED's can be performed under controlled 
conditions. In this way, the device performance and its dependenee on different 
parameters can be stuclied in a reliable way. Furthermore the production set-up allows 
transport of samples under dry nitrogen atmosphere to different experimental set-ups. 
In this manner, different techniques can be combined resulting in a more complete 
characterisation of these devices. This graduation research project has focussed on 
doping the polymer used as the emissive layer by alkali metals and its effect on device 
performance. The study again demonstrated the importance of two experimental 
techniques. 

Using neutral impact callision ion scattering spectroscopy (NICISS) a depth profile of 
low concentration alkali-metal atoms in the polymer can be obtained. Further insight 
in the charge transport dynamics involved in a polyLED was achieved using 
impcdanee spectroscopy. This study clearly indicated that the efficiency of a 
polyLED can be increased by doping the polymer with small amounts of alkali metal 
atoms. An important aspect with respect to the efficiency of a polyLED seems to be 
the location of the recombination zone in the polymer relative to the metal cathode. 
Shifting this zone away from the cathode results in a more efficient recombination of 
the charge carriers. 
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