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Abstract 

This report covers the research project performed at Philips Research Lab
oratories Eindhoven by Siebe van Mensfoort in the period between April 
2004 and January 2005 under supervision of Reinder Coehoorn and Simone 
Vul to. 

The main purpose of this research project is the identification of the 
physical processes and the determination of the relevant device parameters 
that describe the carrier transport in blue polymer light-emitting diodes by 
a combination of experiments and modeling. The results are then a basis for 
future work related to the lifetime and efficiency of these devices. Fur this 
purpose, we carried out current-voltage(-luminance) measurements on so
called hole-only and double-carrier devices with six different light-emitting 
polymer layer thicknesses in a wide temperature span. In addition, we car
ried out photocurrent , impedance and electro-absorption measurements in 
order to more fully characterize these devices and we studied the effect of 
illumination and electrical stress on the device characteristics. 

Unexpectedly, we find a clear shift of approximately 1.5 Vin the built
in voltage of gold-cathode hole-only devices under illumination and after 
electrical stress. Furthermore, we find that a conventional field-dependent 
mobility model reproduces the experimentally found current-voltage char
acteristics reasonably well and that the incorporation of a novel carrier con
centration-dependent mobility in our numerical device model gives results 
consistent with experiments as a function of temperature, although discrep
ancies are found . 
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Chapter 1 

Introduction 

In this chapter the aim , background and full scope of this project at Philips 
Research Laboratories Eindhoven are set out. This is introduced by giving a 
short overview of the current status of research in the field of polymer Light
Emitting Devices (polyLEDs) and a schematic overview of the physical processes 
that take place in polyLEDs. 

1.1 Technology assessment 

In recent years research on polymer light-emitting diodes (polyLEDs) has 
developed from a prove-of-principles phase into a phase of major research 
and development of applications [1- 3]. PolyLEDs area promising candidate 
for the new generation of emitting displays due to their high brightness, 
wide color gamut and ease of processing. The route generally followed in 
the field of polymer light-emitting diodes towards consumer applications 
has been rather straight-forward and pragmatic and has recently led to the 
demonstration of full-color displays for TV applications (see figure 1.1). 

At present, crucial processes in polyLEDs, such as charge t ransport 
and photophysics, remain unclear from a scientific perspective and although 
monochrome applications have found their way to the market, serious scien
t ific issues remain unresolved. This hampers progress towards more reliable, 
efficient and longer-lasting red-green-blue (RGB) applications. A major is
sue of present interest is the decrease in efficiency of blue polyLEDs during 
lifetime [5, 6]. 

Figure 1.2 schematically shows the processes in a polyLED relevant for 
light emission. Ina polyLED a light-emitting polymer (LEP) layer is sand
wiched between two electrodes [7]. After injection of electrons and holes from 
the opposite electrodes, the charge carriers are transported through the de
vice and recombine under the emission of light. Several processes reduce the 
efficiency of poly LEDs, as discussed in the next chapter, and understanding 
of the underlying device physics is crucial for device improvements. 

1 



CHAPTER 1. INTRODUCTION 

Figure 1.1: Example of a full-color polyLED display from Philips Research (4). 

Charge ' Charge ' Recombi- ' Light 
injection / transport 

, 
nation 

, 
emission 

Figure 1.2: Schematic representation of processes in a polyLED: from charge 
injection, transport, recombination to light emission. 
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1.2 Scientific questions 

The ultimate goal of this study is to perform essential steps towards the com
plete simulation of charge transport in blue double-carrier polyLEDs based 
on poly-fiuorenes (see section 2.2) in accordance with experimental results, 
finally leading to a complete understanding of the device physics. This 
report presents the results of a thorough study performed on high-quality 
polymer LEDs from the prepilot line at Philips Research Eindhoven. To sep
arate hole and electron injection and transport, 'fresh' so-called hole-only 
and electron-only devices - in which only holes and electrons contribute to 
the current, respectively - can be studied. In our project, the focus has 
been on hole-only devices. 

The characterization and the direct comparison between device model 
simulations with experiments on the hole-only devices provides physical in
sight into hole injection and transport. Together with simultaneous work 
performed on electron-only devices 1 a full analysis - in the sense of a com
bination of modeling and experiments - of double carrier blue polyLEDs 
will then be possible. This, then, will allow the optimization of device effi
ciency and the study of processes in polyLEDs during lifetime, most prob
ably leading to understanding of degradation mechanisms. 

The first scientific question we focussed on is the determination of the 
built-in voltage in hole-only devices (see section 2.1). Since the characteri
zation of the hole-only devices turned out to be more subtle than thought at 
the start of this project, many more results have been gathered during this 
study then will be discussed in the scope of this thesis. A brief summary of 
that work is presented in Appendix A. 

Previously, many groups [8- 15] have used device models incorporating 
a field dependence of the mobility. Recently, it was argued [16- 18] that the 
concentration dependence of the mobility should be taken into account, to
gether with a field dependence. The second scientific question we addressed 
is to analyze which model better describes charge transport in hole-only 
devices in relation to our experimental data. We compare our current
voltage (IV) results with the previous 'conventional' device model and with 
the more recent model. 

1.3 Scope of this report 

After amore in-depth introduction of polymer light-emitting diodes (Chap
ter 2), we discuss the underlying (conventional and more recent) theory of 
charge injection, transport and recombination in Chapter 3. In order to be 
able to fully discriminate between the various models for bulk and interface 
transport [19], we studied our devices as a function of t he light-emitting 

1This work is performed by fellow graduation student Joris Billen. 
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polymer (LEP) layer thickness and as a function of temperature. For the 
latter purpose we used a specific setup, as described in Chapter 4. For hole
only devices the determination of the built-in voltage (VBI) - the voltage 
at which the internal electric field in the LED is zero and above which the 
current increases rapidly - appeared to be very subtle. Three experimental 
methods that were used to determine VBI are also discussed in Chapter 4. 

The numerical device model is described in Chapter 5, as well as aso
called drift-diffusion model and the effect of diffusion current on the total 
current. 

The temperature and LEP layer thickness dependence of the current
voltage characteristics of the studied devices are discussed in Chapter 6, 
revealing the importance of the determination of VBI and the correction for 
the so-called leakage current. From IV measurements during illumination 
and after electrical stress of hole-only devices, we have discovered a clear shift 
towards lower voltages of the apparent built-in voltage as a result of light 
and electrical stress, respectively, of approximately 1.5 V . The effect of light 
itself during measurements was completely unexpected, and complicates the 
interpretations of light-aided measurement results on hole-only devices. 

In Chapter 7 we analyze the current-voltage characteristics of hole-only 
devices and compare the experimental data with the results of our device 
model (described in Chapter 5). By incorporating a .field-dependent mobil
ity, as described using a conventional model, our device model is able to 
reproduce the experimentally found current-voltage characteristics reason
ably well, although discrepancies are found. By incorporating the carrier 
concentration-dependence of the mobility, as described using a very recent 
navel model, our results are consistent with experiments as a function of 
temperature. However, again discrepancies our found and possible model 
improvements are specified. 

Chapter 8 discusses the conclusions and outlook of this study. 



Chapter 2 

Poly LED devices 

T his chapt er will give an overview of the field of polymer Light-Emitt ing Diodes 
(polyLEDs) . Aft er a historica ! overview, t he device st ructure and werking prin
ciple of a polymer LED is set out, followed by an introduction on 7r-conj ugated 
polymers. 

2.1 D evelopment of organic LEDs 

Conjugated polymers have proved to be of wide academie and industrial 
interest since the 1960s. This is because of their processing flexibility and 
their unique electrical, optical and magnetic properties [20] . The electri
cally dri ven emission of light (elect rol uminescence) from organic materials 
was observed and extensively studied in the early 1960s. In recent years, it 
has been observed that many conjugated systems can be doped to high elec
trical conductivities. In their non-doped (intrinsic) farms these polymers are 
suitable as functional materials in efficient electroluminescent devices [21] . 

An intensive period of work on organic devices followed the demonstra
tion of the organic light-emitting diode (OLED) in 1987 by Tang and Van
Slyke [1] . In contrast to previous attempts to make efficient and bright 
OLEDs at low voltages, Tang and Van Slyke used a combination of modern 
evaporation techniques with specific small molecule materials in a double
layer structure of which one layer is electron-blocking [1 , 2]. In 1990, the 
group of Sir Richard Friend in Cambridge demonstrated a conducting poly
mer-based light-emitting diode [7]. The (then) used polymer, poly(p-pheny
lene vinylene) (PPV), is solution processable and the good injection proper
ties combined with the closely matching hole and electron mobilities resulted 
in high recombination effi.ciencies (see section 3.5). 

Figure 2 .1 schematically shows the relevant processes in a single-layer 
OLED, as introduced by Friend and as employed in this study. To provide 
injection of holes and electrons, the anode and cathode have a work func
tion ( <I> a, <I> c) that closely matches the ionization potential (IP) and electron 

5 
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Evac 

IP 
EA <l>c 

<l>a 
Cathode I 

Vapp 

Anode -----
h 

Figure 2.1: Schematic representation of processes in a polyLED. cI>a and cI>c 
are the work functions ( difference between the vacuum level E vac and the Fermi
level of the electrode) of the anode and cathode and as a first approximation 
their difference is the built-in voltage VBI (see section 3.6). When the applied 
voltage Vapp is higher than VBI holes and electrons are injected from anode (Ia) 
and cathode (Ic), respectively, and are transported through the polymer layer 
(blue arrows). Recombination of holes and electrons results in the emission of 
light. The difference between E vac and the HOMO and LUMO (section 2.3), 
IP and EA, are shown. 

6 
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Co 

F igure 2.2: Schematic structure of a polyLED showing the polarizer (P ) , 
glass ( GIJ, !TO (1), hole conducting (H) and light-emitting polymer (L) 
layer, on top of which the metal cathode ( C a) is shown. The device is closed 
with a metal cover (Co) that contains a getter (Ge). 
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affinity (EA) of the conjugated polymer layer, respectively. This will be 
discussed in more detail in section 3.6. The work function difference be
tween the two electrodes determines the built-in voltage Vm. Application 
of a (forward) bias voltage Yappl higher than Vm results in transport of the 
injected holes and electrons through the device under t he internal electric 
field . Through exciton format ion recombination of holes and electrons takes 
place, releasing energy in the form of light ( electroluminescence) . As a con
sequence, the performance of a polymer light-emitting diode is determined 
by charge injection, charge transport, recombination and light-outcoupling. 
The interplay of these aspects - which will be discussed in more detail in 
chapter 3 - make device calculations complex and a numerical device model 
indispensable (see Chapter 5). 

Since the first demonstration of polyLED devices by Friend et al., the 
interest and research in the field of polymer light-emitting diodes has in
tensified [22- 25] and substantial progress has been made towards the ap
plication of polyLEDs in consumer electronics. For example, the solution
processibility of polymers is exploited in inkjet printing of polymer LEDs, 
allowing the creation of pixels with dimensions in the range of 50 - 200 µm 
for full-color displays . 

2.2 PolyLED device structure 

Figures 2.2 and 2.3 show the typical structure of a polymer light-emitting 
diode in the case of a monochrome and RGB device, respectively. The 
devices we used in this study were fabricated by others in the prepilot line of 
Philips Research [26] under clean room conditions using pre-cleaned indium
tin oxide (ITO) coated glass substrates (I in figure 2.2). On top of the 
glass substrate, a hole conducting layer of PEDOT:PSS (P ), poly(ethy
lene-dioxythiophene):poly(styrene sulfonate), is spin-coated with a thickness 
of about 100 to 200 nm. After drying, the PEDOT-coated substrate is 
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GlASS 
SUISTRATI! 

Figure 2.3: A schematic representation of an RGB pixel showing the glass 
substrate, anode, hole injection layer, three (red, green and blue) organic emit
ter layers, the electron transport layer and the metal cathode. 
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annealed to evaporate the solvent (water). This has proven to improve 
the device performance. A blue-emitting polymer supplied by The Dow 
Chemical Company, dissolved in toluene, is subsequently spin-coated on top 
of the PEDOT layer. 

Where long-wavelength (red to green) polyLEDs often make use of a 
rather conventional poly(phenylene vinylene) (PPV) layer we use a poly
fluorene-based (PFO) blue-emitting polymer, comprising hole-transporting 
molecular entities to improve charge carrier injection into this polymer. This 
LEP layer (L) has a typical thickness L of 80 nm in polyLEDs. This thick
ness is a varied parameter in this study. The chemical structures of the 
PEDOT, PSS, PPV and PFO molecules are shown in figure 2.4. In this 
figure also the structure of spiro-PF (poly(spirofluorene)) is shown, which 
is a polymer also suitable for (blue) polyLEDs. As in the case of PEDOT, 
the spin speeds and the solid content concentration of the light-emitting 
polymer solution determine the thickness of the LEP layer. 

Subsequently, in a vacuum environment the cathodes ( C) are evaporated 
through a mask on top of the LEP layer. For the hole-only devices ( only 
hole injection and current) a gold cathode of approximately 100 nm is used, 
while a 5 nm barium cathode capped with 100 nm aluminum is used for 
the double carrier devices ( contribution of both holes and electrons to the 
current). The Fermi levels of the anode and two different cathodes, the hole 
transporting (HOMO) and electron transporting (LUMO) level (see next 
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Figure 2.4: Chemical structures of various polymers used in light-emitting 
devices: poly(ethylene-dioxythiophene) (PEDOT) and dopant poly(styrene sul
fonate) (PSS), poly(phenylene vinylene) (PPV), polyfiuorene (PFO), and 
poly(spirofiuorene) (spiro-PF). R indicates possible side chains. In the case 
of PFO this is an octyl chain. PEDOT:PSS is a hole conductor, while PPV, 
PFO, and spiro-PF are light-emitting materials. 
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section) of polyfluorene [27, 28] and of the hole-transporting entities (HT) 
are schematically shown in figure 2.5. The Fermi levels of PEDOT:PSS 
and gold are close to the HOMO level of the HT, while the Fermi-level of 
barium/aluminum closely matches the LUMO level of the PFO. 

To prevent the devices from water and oxygen contamination the devices 
are encapsulated using a metal lid ('Co' for 'cover ') or a second glass plate 
('glass-on-glass encapsulation') enclosing a desiccant material, the getter 
(Ge). 

2.3 Light-emitting polymers 

Having briefly discussed the injection of charge carriers into the light-emitting 
polymer layer, eventually leading to light emission, the question arises how 
such a polymer can transport electrons and holes (conduct) at all. 

In all polyLED devices, the light-emitting polymer (LEP) layer consists 
of 7r-conjugated polymers . Conjugated (small) molecules are organic mole
cules which are conventionally described as consisting of alternate double 
and single bonds. The great majority of these are unsaturated hydrocar
bons. If one considers a conjugated hydrocarbon, the electronic structure 
around the carbon atoms can be visualized in the way shown in figure 2.6. 

The three (trigonal) sp2 hybrids point in the direction of the neighbor
ing atoms in the plane and the 2pz orbital has its axis perpendicular to the 
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LHT 
LPFO ----- 1 Ba/Al 1 

1.9 eV 1 
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PEDOT : HHT Au 
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Figure 2.5: Schematic energy diagram of the HOMO and LUMO levels of 
polyfiuorene (Hppo, Lppo) and of the hole-transporting molecular entities 
(H HT, L HT) that the used polyfiuorene-based polymer comprises. The en
ergy levels are relative to the Fermi levels of the electrodes (PEDOT:PSS, 
barium/aluminum and gold). The dashed line of LHr indicates that the ex
act value of this energy level is not known. 

orbitals 

c 
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c 

Figure 2.6: 7r orbitals and a cores in a hydrocarbon. 
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molecular plane. The hybrids in the molecular plane take care of the pairing 
between three of each four carbon valence electrons (per atom), mutually 
and with the electrons of the hydrogen atoms, forming CT bonds. The re
maining electron occupies the 2pz orbital and forms after hybridisation with 
Pz electrons from neighbor atoms a 7r-orbital [29]. 

While each trigonal hybrid overlaps one trigonal hybrid of a neighboring 
atom, the 2pz orbitals have overlaps with a similar orbital on carbon atoms 
on bath sides. Therefore, the sp2 electrons can be assigned to bonds between 
specific atom pairs (so-called a-bonds), while (in an extended system such 
as a ring of atoms or a polymer) the Pz electrons do not belong to a pair of 
atoms. This is known as electron delocalization, which is characteristic of 
conjugated molecules and gives them their semiconducting properties. 

The complete molecular 7r-electron system forms a complicated set of 
bonding and anti-bonding molecular orbitals 1 . A bonding state has a lower 
energy and the electron density is highest between the atoms, in contrast 
to an anti-bonding orbital that has a higher energy. The presence of many 
atoms in the chain results in a distribution or 'band' of energy levels for 
both the bonding and anti-bonding orbitals. The highest bonding orbital 
is called the HOMO (highest occupied molecular orbital). Similarly, the 
lowest anti-bonding orbital is called LUMO (lowest unoccupied molecular 
orbital). Within a single-particle (band) picture of the electronic structure, 
the difference in energy between the HOMO and LUMO is the band gap 
Eg (see also section 3.4). More formally, the single particle gap Eg is the 
difference of the ionization potential and the electron affinity of the neutral 
polymer. Disorder and defects in the chains as well as intra-chain interac
tion infiuence the energy landscape, and lead in the case of the polymers 
used in polyLEDs to localized, instead of delocalized electronic states. The 
electronic transport is then due to 'hopping' (see Chapter 3) rather than 
due to band conduction. 

In the next chapter the electronic transport and the effect of the matching 
of energy levels of the electrodes and the light-emitting polymer layer on the 
injection of charge will be discussed in more detail. 

1The molecular orbitals originate from the combination of atomie orbitals. 



Chapter 3 

Poly LED device physics 

This chapter introduces the device physics of polymer LEDs that will be used and 
referred to in next chapters. At first, an example of typical device characteristics 
will be shown , followed by the derivation of relations between relevant quantities, 

such as the current density, carrier mobility, internal field, carrier concentration, 
temperature and thickness of the LEP layer. Subsequently, we discuss the new 

developments on the concentration dependence of the mobility, included in our 

model. 

3.1 Introduction 

Figure 3.1 shows typical current-voltage (IV) curves of a hole-only, electron
only and double carrier device with our polyfiuorene-based LEP layer. As 
will be described in more detail in chapter 7, the total current density J is 
thought of as consisting of a leakage current contribution [27] and a contri
bution of the 'real' current through the LEP layer: 

J = J1eak + hEP (3 .1) 

In figure 3.1 the experimental IV data are shown after correction for this 
leakage current as well as for the built-in voltage Vm, as will be described in 
chapter 7. The determination and interpretation of the leakage current and 
Vm of our devices turns out to be very subtle and is a main area of focus of 
this research (see section 4.3). 

A close look at the IV curves of the three devices gives rise to a number 
of questions. Does the current density vary with the voltage according to a 
power law (dashed lines), as the IV curves on log-log scale of the hole-only 
and double-carrier devices in figure 3.l(b) suggest? Why is the current in 
double-carrier devices higher than the sum of the electron and hole current 
(for the measured voltages) in the electron- and hole-only devices, respec
tively? How does the luminance relate to the current density in double 
carrier devices and how efficient (see section 3.5) is the device? To be able 

12 
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Figure 3.1: Current density versus voltage above the built-in voltage VBI for 
blue, polyfiuorene-based hole-only (HO), electron-only (EO) and double carrier 
(DC) devices with an approximately 80 nm thick LEP layer, at room temper
ature. The EO data are from Joris Billen (30}. Graph ( a) shows the current 
density J vs. applied voltage V above VBI , graph (b) shows the same data on 
a log-log scale, where the blue dotted line indicates the Mott-Gurney slope, the 
orange and black dashed lines are linear fits, on this scale. Graph ( c) and ( d} 
show the luminance L of the double carrier device vs. V - VBI (linear and 
logarithmic scale). The discrete steps in the luminance are due to the precision 
limitations of the luminance detection. 
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to model the IV characteristics of our devices and investigate these ques
tions the underlying theory of charge injection, bulk charge transport and 
recombination is described in the next sections. 

3.2 Space Charge Limited Current model 

The device physics in this section discusses conventional theories and models 
described in the literature [22, 31-35]. In this section the origin of the space 
charge limited current is addressed and the consequences for the relation 
between current density and voltage is described for single and double carrier 
devices. The device model (see chapter 5) used in this study incorporates 
the discussed models. The electric field is indicated by the symbol F, to 
distinguish the field from the energy E. 

3.2.1 General 

The Poisson equation applied to isotropic and linear media 1 reads 

p 
Y'·F=

E 
(3 .2) 

Here, F is the electric field vector, pis the charge distribution and E = EoEr, 

where Eo and Er are the permittivity of free space and the ( relative) dielectric 
constant of the material, respectively [36]. 

In a polyLED, as is shown in figure 2.2, the y- and z-direction are 
quasi-infinite and the Poisson equation reduces to 

dF(x) p(x) 
dx E 

(3.3) 

dF(x) = ~ (p(x) - n(x)) 
dx E 

(3.4) 

where F(x) is the electric field in the x-direction as a function of x, the 
distance from the anode at x = 0. The position of the cathode is at x = L, 
where L is the thickness of the LEP layer, the 'length' of the device. The 
charge distribution p( x) is equal to the difference of the hole and electron 
concentrations p(x) and n(x), respectively, multiplied by the charge per 
carrier, e. 

The current density, which is the current through a (polymer) device or 
layer divided by the area, is given by 

(3 .5) 

1With 'isotropic and linear media' materials are meant that obey P = coxeF in this 
context. Here P is the polarization and Xe is the electric susceptibility. As a first order 
approximation, the polymers under study are assumed to be 'isotropic and linear ' in this 
sense. 
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where Jn(x) and Jp(x) are the electron and hole current, respectively. We 
consider only stationary situations, so that J is independent of x. If only 
drift (the movement in the local electric field) of carriers is taken in to account 
(see also section 5.2, where the diffusion of carriers is discussed 2), the hole 
and electron current are individually given by 

Jn(x) = en(x)vn(x) = en(x)µnF(x) 

Jp(x) = ep(x)vp(x) = ep(x)µpF(x) 

(3 .6) 

(3.7) 

where vn(x) and vp(x) are the velocities of the electrons and holes and the 
right-hand sides of the equations define the velocities as the product of the 
electron and hole mobilities, µn and µp, and the field F at that position. 

3.2.2 Single-carrier devices 

Combining equation 3.4 and 3.6 gives for a single-carrier device - i.e. a 
device in which only holes or electrons contribute to the current -

J = eµF(x) dF(x) 
dx 

(3 .8) 

in which µ is the single-carrier mobility. J, the current density, does not 
depend on the position in the device. The electric field and - through 
Poisson's equation (equation 3.3) - the charge carrier concentration p(x) 
as a function of position x from the injecting contact (at x = 0) are then 

F(x)~~ (3.9) 

J (2J )-~ p(x) = - -x+c 
Eµ eµ 

(3.10) 

where c is a constant of integration. The field and carrier concentration 
vary through the device and this results in a position dependence of the 
mobility in the case of a field or carrier concentration dependent mobility 
(see sections 3.3 and 3.4). 

Under the assumption that the electric field vanishes at the injecting 
contact (c = 0), equation 3.8 leads to the so-called Mott-Gurney relation [32] 
between the current density and the voltage over the device [37], 

(3.11) 

The current density scales with the square of the applied voltage and the 
reciprocal of the third power of the thickness of the (LEP) layer. On log-log 

2 For our devices drift current dominates the total current for (average) fields F higher 
than 2 · 107 V / m, approximately, as discussed in section 5.2. Fora 100 nm LEP layer this 
corresponds to 2 V (above VBI) over 100 nm for example.) 
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scale, this would result in a line with slope two, as the blue dotted line in 
figure 3.l(b). 

The assumption that F(O) = 0 corresponds to a locally infinite carrier 
concentration at x = 0 as is clear from the carrier concentration p( x) in 
equation 3.9. For high current densities or in the case of injection barriers 
(see section 3.6) the fact that p(O) is finite can not be neglected. 

3.2.3 Double-carrier devices 

Parmenter and Ruppel [34] included bath hole and electron current in their 
drift model. The recombination rate (rate of recombination of electrons and 
holes) r ( x) is defined as 

( ) 2eµrec ( ) ( ) 2ebrec(µe + µh) ( ) ( ) r x = --n x p x = -
2 

n x p x 
E E 

(3.12) 

where µree is the so-called recombination mobility, set equal to the product 
of the Langevin [38] recombination constant 3 brec and the average of the 
hole and electron mobilities, on the right-hand side. The continuity equation 
reads 

-~ dJn(x) = ~ dJp(x) = r(x) 
e dx e dx (3.l3) 

For specific cases - such as the case of ohmic anode and cathode contacts 
- Parmenter and Ruppel found a space charge limited current behavior 
similar to the Mott-Gurney equation (equation 3.11), but with an effective 
mobility µeff· For example, in the case of equal hole and electron mobilities µ 

(3.14) 

If brec < (2.88) 2 , the current in a double-carrier device can be larger than 
the sum of the currents in an electron- and hole-only device, as is the case 
in figure 3.1. A generalization of this approach was performed by Martin, 
who solved the transport equations explicitly for several cases [35]. 

The local recombination rate r(x) and the current in a double carrier de
vice depend on the subtle interplay between bath electron and hole current. 
To be able to model the characteristics of double-carrier devices, electron
and hole-only devices need to be studied to investigate electron and hole 
transport separately. 

3.3 Field dependence of the mobility 

Deviations from the Mott- Gurney equation (equation 3.11) were found for 
higher fields [31]. A model was proposed that assumes a certain field
dependence of the mobility. In 1970 Pai demonstrated by time-of-fiight 

3In the original theory of Langevin this parameter was set to one. 
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(TOF) measurements that at high electric field F the mobility of photo
injected holes in poly(N-vinylcarbazole) (PVK) can be described by 

(3.15) 

where µo is the mobility at zero field and 'Y a temperature dependent parame
ter [39]. Theoretically, it was shown by Simmons and Murgatroyd that the 
lowering of a Coulombic potential barrier when interacting with an electric 
field (Poole-Frenkel or Richardson-Schottky effect) gives barrier transport a 
field dependence (see section 3.6). This has the same effect on transport in 
insulator-metal systems, resulting in equation 3.15 [40, 41]. 

If we look at a hole-only device this results in 

Jp = eµp(F(x))p(x)F(x) 

= Eµo exp ( "(VF) ~: F 

(3.16) 

(3.17) 

It was shown by Murgatroyd [40], for example, that the current density Jp 
predicted by integration of equation 3.17 can be approximated by 

(3 .18) 

in which F represents the average field V / L. The parameter 'Y can in prin
ciple be found immediately by fitting the current-voltage characteristic. In 
that case no device model is needed. The prefactor of 0.89 is often omitted 
in the literature and integrated in the value of 'Y · 

Including the experimentally found temperature dependence of the mo
bility, equation 3.15 results in 

µp(F(x), T) = flo exp (- k~T) exp ( 'YJFW) (3 .19) 

where flo is the mobility at zero field and infinite temperature 4 , ~ is an 
effective energy barrier that determines the temperature dependence of µo 
and kB is the Boltzmann constant. The parameter 'Y is usually taken to 
depend on temperature: 

(3 .20) 

with the parameters /3 and To to be experimentally determined. 
This empirically found field and temperature dependence of the mobility 

was used by many groups to model the current-voltage characteristics of 

4 Here flo is written with a hat to distinguish it from µ 0 , the mobility at zero field at a 
certain temperature (room temperature in most cases) 
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Figure 3.2: Disordered polymer chains result in a Density of States for bath 
holes and electrons {42). 

organic LEDs [8- 15]. However, as discussed in the next section, this picture 
has recently become a subject of debate. It was argued [16- 18] that the 
mobility of charge carriers in conjugated polymers should be described in 
terms of a charge carrier concentration dependent mobility, in combination 
with a field dependence. 

3.4 Carrier concentration dependence of the mo
bility 

Because of disorder there is a random distribution of conjugated segments of 
various lengths in polymerie systems. This 'random morphology' introduces 
spatial and energetic disorder. As is schematically shown in figure 3.2, the 
disorder in a 7r-conjugated polymer system is often taken into account by 
assuming that the disorder gives rise to localized HOMO and LUMO states, 
which together comprise a density of states (DOS) of a finite width. Three-
dimensional transport of charge carriers occurs then through hopping: the 
thermally activated tunneling of carriers between localized states of con
jugated parts of the polymer chains, compromising between short-distance 
energetically unfavorable and long-distance energetically favorable hops. 

It was found recently [18] that the carrier concentration and thus the 
'filling' of the density of states can influence the mobility considerably. This 
awareness was raised by the fact that the carrier concentration dependent 
mobility in the field-effect transistor (FET) regime (relatively high carrier 
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Figure 3.3: The mobility as measured in polymer Light-Emitting Diodes and 
Field-Effect Transistors as a function of the charge carrier concentration {16}. 
Recently, experimental data in the transition regime (from LED to FET) were 
found. 

concentration) seemed not to agree with the seemingly concentration in

dependent mobility in the LED regime (relatively low carrier concentra
tion). This apparent discrepancy is shown in figure 3.3 for poly(2-methoxy-
5-(3',7'-dimethyloctyloxy)-p-phenylene vinylene) (OC1 C10-PPV) and poly
(3-hexylthiophene) (P3HT) where the mobility is plot as a function of the 
charge carrier concentration [16]. However, recently data are found in the 
transitional carrier concentration region from LED to FET showing that all 
data follow the dashed curve in figure 3.3. Instead of separate models, a 
unified description is needed for the LED and FET regimes. 

3.4.1 Exponential Density of States 

The actual form of the density of states is still a topic of discussion. For 
polymers, let us first examine the carrier concentration dependence for the 
case of an exponential DOS. Such a DOS, given by 

Nt E 
g(E) = kB To exp( kB To) (-oo < E ~ 0) (3.21) 

has been assumed by various groups [18, 43, 44]. Here, Nt is the number 
of states per unit volume, To is the parameter that indicates the width of 
the exponential distribution and E is the energy. For FETs it is known 
that the hopping charge transport in such a system is strongly dependent 
on the carrier concentration. When a gate voltage is applied in a field-effect 
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transistor charges accumulate in the region of the semiconducting layer that 
is close to the dielectric between that layer and the gate electrode. These 
accumulated charge carriers fill the lower-lying states of the DOS of the 
organic semiconductor. Additional charges in the accumulation layer will 
therefore occupy states at higher energies. The activation energy - to hop 
to a neighboring site - will therefore be less for these charges, resulting in 
a higher mobility. This, then, results in a carrier concentration dependent 
mobility [18]. 

It has been shown by Vissenberg and Matters [18, 43] that in the case of 
an exponential DOS 

( 
7rNtó(To/T)3 )To/T 

O"cond(ó, T) = O"cond,O (2o:)3Ber(l -T/To)r (l + T/To) (3.22) 

where O"eond is the conductivity, ó the carrier occupation in the range [O, 1], 
O"eond,O a constant prefactor, 0:-1 the effective decay length of the localized 
states, Be the critical percolation parameter and r(x) is the gamma function. 

With the mobility µof the charge carriers given byµ = O"eond ( ó, T) / ( eÓNt), 
an expression can be derived from O"eond for the local mobility as a function 
of charge carrier density [16]: 

( ) 
_ O"cond,O ((To/T)4 sin(7rT/To))To/T To/T-l 

µFET p - e (20:)3 Be p (3.23) 

This expression for the FET mobility was used to successfully describe the 
temperature dependence of pentacene- and PTV- (polythienylene vinylene) 
based FETs. 

In analysis of IV characteristics of organic LEDs, Tanase et al. [44] em
ployed the empirica! mobility expression 

µ = µo + a · pb (3 .24) 

where µo, a and bare constants. Thereby, they made a first attempt to take 
the carrier concentration dependence for LEDs into account. The second 
term in equation 3.24 has the form given by equation 3.23, whereas µo is 
incorporated in order to be able to describe the essentially concentration 
independent mobility at low p. 

Without the prefactor µ0 this leads to a relation between the current 
density, the voltage and the LEP layer thickness [45]: 

yb+2 

J ex: L2b+3 (3.25) 

This results in a line with slope b + 2 in a log-log plot of J versus V , which 
is consistent with the hole-only data of figure 3.1. In our numerical device 
model equation 3.24 is implemented. The mobility depends on the position 
in the LED through the position dependence of the carrier concentration 
and the temperature dependence of equation 3.23 is taken into account. 
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3.4.2 Gaussian Density of States 

At present, the shape of the DOS in the tail-shaped energy range that is 
most important to LED applications is not known. In one experiment, 
the shape of the DOS was found to be Gaussian-like in the center with an 
exponential-like fl.ange and possibly a Gaussian tail [46] . As an alternative 
to the empirica! approach that led to equation 3.24, one might consider the 
mobility in a Gaussian DOS. Hopping models based on such a DOS were 
already proposed by several groups [47-49]. The Gaussian density of states 

Nt E 2 

g(E) = v'2"1iCJ exp( - 2CJ2 ) (3.26) 

refl.ects the energetic spread of the charge transport sites, which is the result 
of the fl.uctuation in the local conjugation length and structural disorder [16]. 
This was schematically shown in figure 3.2. Here, CJ indicates the width of 
the distribution. 

In two recent semi-analytica! models the carrier concentration depen
dence was included, thereby revealing a concentration independent mobility 
below a certain concentration, and an increase with concentration above 
that cross-over point [48,50] . However, it can be shown that these two mod
els are qualitatively and quantitatively incorrect [51]. A recent numerically 
exact study by Pasveer et al. [52] further showed the importance of the con
centration dependence of the mobility in the LED-FET regime. They used 
Miller-Abrahams hopping rate constants in a disordered energy landscape 
with a Gaussian density of states. By solving the Master equation for a lat
tice of sites the charge carrier mobility dependence on temperature, carrier 
density, and electric field was evaluated numerically [17, 53]. 

Figure 3.4 shows the calculated concentration and field dependence of 
the mobility for different values of the Gaussian width CJ , normalized by ksT, 
where ais the inter-site distance. The carrier concentration pin polyLEDs is 
typically in the order of 10-5 a - 3 and the average field is abou t CJ / ea at 10 V 
for a LEP thickness of 100 nm. For PPV CJ / kT = 4 at room temperature 
(CJ ~ 0.10 eV). This does not necessarily hold for other polymers, as will be 
discussed in Chapter 7. As can be seen, for low temperatures the carrier 
density as well as the field dependence of the mobility are important, while 
at relatively high temperatures (e.g. room temperature) the effect of the 
carrier density plays the most important role. 

The validity and value of this approach is strengthened by the correspon
dence of the dependence of the mobility on the concentration in comparison 
with the experimentally found relation shown in figure 3.3. Implementation 
of the found field, temperature and concentration dependence in a device 
model reproduced the experimentally found current-voltage characteristics 
of NRS-PPV and OC1 C10-PPV samples very well [17]. 

The found mobility was parameterized semi-analytically by factorizing 
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Figure 3 .4: Graph ( a) shows the density dependence of the mobility for vari
ous temperatures in the case of small electric fields, where the inverse localiza
tion length is a = 10/ a (with a the inter-site distance) and µo is as defined in 
equation 3.30. The solid curve indicates the parametrization of equation 3.27. 
Graph (b) shows the field dependence of the mobility for various temperatures, 
in the case of a density typical for LEDs and FETs (inset) . Graphs taken from 
reference [17). 

4 

the mobility in a concentration dependent and a field dependent part, bath 
depending on temperature: 

µ(T,p, F) ~ µ(T,p)f(T, F) 

The carrier concentration dependent part is then given by 

µ(T, p) = µo(T) exp [ ~( 0-2 - 0-) (2pa3)'5] 

µo(T) = µoei exp [-c20-2] 

8 = 2ln (0-2 -~ ;n(ln4)) 
a 

(3 .27) 

(3 .28) 

(3.29) 

(3.30) 

where p is the occupation of carriers per site, a is the inter-site distance, 
0- = k;T, µo = a2

~0e , c1 = 1.8 · 10-9, c2 = 0.42, 110 is the attempt frequency 
and µ0 is a field , concentration and temperature independent prefactor. The 
field dependent part is given by 

f (T, F) = exp [ 0.44( &312 
- 2.2) ( l+ 0.8 ( F;a )' - 1)] (3.31) 

As is clear from the solid lines in figure 3.4(b), this parametrization holds 
for occupations p/ a3 up to about 10-2 charges per site, electric fields up 
to 2a/ea and temperatures as low as a/6ks in reduced units. For realistic 
values such as a = 1.0 .10-9 mand a = 0.10 eV this results in a (maximum) 
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Figure 3.5: PolyLED device efficiency. The blue rectangles and arrows denote 
the preferred route from separated charge carriers to the emission of light. The 
red rectangles and arrows are ( examples of) unwanted processes. 'Y eh, 'T/1, 'T/2 
and 'T/3 are the efficiencies of each step. 

charge concentration of 1.0 · 1025 m- 3 , a (maximum) field of 2.0 · 108 V /m 
and a (minimum) temperature of around 190 K, respectively. 

In Chapter 7 we discuss the results of the incorporation of the carrier 
concentration dependence of the mobility in a Gaussian DOS in our device 
model, in comparison with the experimental IV data. 

3.5 PolyLED efficiency 

Besides injection and transport of charge carriers, a complete polyLED de
vice model should incorporate recombination of charge carriers, as was seen 
in section 3.2.3 and take 'loss' processes into account to be able to completely 
relate measured current-voltage-luminance (IVL) curves to the device mod
els. 

Figure 3.5 shows the processes that determine the efficiency - the 
amount of energy that leaves the device in the form of light in the intended 
direction per amount of input energy - of a polymer light-emitting diode. 
Diagonally the way from separated charge carriers to light emission is shown 
in blue: charge carriers in the device form an electron-hole pair (in a rate of 
/eh with respect to the particle current density). If that leads to a singlet 
exciton, radiative decay can occur and eventually a certain percentage of the 
photons from the polyLED reaches the viewer's eye. The red rectangles and 
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arrows of figure 3.5 denote loss processes, such as triplet formation, non
radiative singlet decay and absorption in the polyLED of radiated photons. 

Each step has a certain 'efficiency': /eh, T/1 , T/2 and T/3· Taking the 
possible time dependence of all these partial efficiencies into account, the 
overall external efficiency is given by 

(3.32) 

where triplet emission is neglected. Typical values for T/ext are in the order 
of 5%. 

From a quantum mechanica! point of view the two spins in an exciton - a 
bound electron-hole pair - can pair to forma singlet or a triplet state [54-
56]. Straightforward spin statistics would predict a 1 : 3 singlet-triplet 
ratio, which would results in a probability of 25% that a singlet state will 
be generated. While only singlet excitons are directly able to decay by the 
emission of light, an upper limit for the internal quantum efficiency of 25% 
would be expected. A satisfactory answer to the fact that much higher 
efficiencies have been found and reported by various groups [55 , 57] is not 
yet provided. 

The study of hole transport (this study) and electron transport [30] in 
terms of experimental IV data in relation to modeled data is input for the 
eventual modeling of the experimental work performed on double-carrier 
devices. Recombination, the singlet-triplet ratio and the radiative decay 
length are therefore incorporated in the device model. In combination with 
a model for the light outcoupling, developed at Philips Aachen, a full analysis 
of the double carrier IVL data will be possible. 

3.6 Metal-organic interfaces: electronic structure 
and carrier injection 

3.6.1 lnjection harriers and the built-in voltage 

Due to their large optical gap, matching between the Fermi levels of the 
electrodes and the transport levels of blue polymers, like the polyfluorene
based polymer used, is less easily realized than for red or green emitting 
polymers. It requires the use of anode and cathode materials with sufficiently 
high and low work functions, respectively, as will be shown below. 

In figure 3.6 an energy diagram is shown, schematically representing the 
energy levels at the interface between a metal electrode and the organic 
material. In this figure IE is the ionization energy, the energy necessary to 
remove an electron from the neutral organic molecule. The electron affinity 
(EA) is a measure of the energy change when an electron is added to the 
neutral molecule. Their difference defines the so-called single-particle gap, 
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(c) 

Figure 3.6: Diagram a) shows the vacuum level alignment at a metal-organic 
interface. In diagram b) a dipole layer infiuences the (hole injection) barrier. 
Diagram c) shows the shift of the energy levels of the organic material relative 
to those of the metal. Ep, W M, EA, IE, 6. , <I> B e and <I> Bh are the Fermi-level of 
the metal, the work function of the metal, the electron affinity, the ionization 
energy, the dipole barrier, the barrier to electron injection and the barrier to 
hole injection, respectively {58). 

Eg . In the period shortly after the demonstration of the first organic light
emitting diodes, the barrier to hole injection ( <"h) was often simply taken 
as the difference between the ionization energy of the organic material and 
the work function of the anode material (WM)· This assumption of vacuum 
level alignment, shown in figure 3.6(a), is also often used to estimate the 
electron-injection barrier ( <I>e). It is then equal to the difference between 
WM of the cathode material and the electron affinity. In that case the built
in voltage VBI is simply equal to the difference in the work functions of the 
cathode and anode material, 

VBI =Eg - <I>h - <I>e =Eg - (IE- Wa)- (Wc - EA) = Wa - Wc 
(3.33) 

where Wa and Wc are t he vacuum work functions of the anode and cathode 
material (Schottky-Mott limit). 

3.6.2 Dipole layers 

As figure 2.5 showed, for our hole-only devices with PEDOT:PSS anode and 
gold cathode a VBI of around 0 Vis expected according to the vacuum level 
alignment rule. However, as is shown in Chapter 7, we find a much higher 
value, up to 2.3 V. 

Although the vacuum level alignment rule seems reasonable for closed
shell molecular entities that do not undergo significant interactions with a 
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metal surface, research over the past decade showed that the situation at the 
interface between an organic and a metal layer (or another organic layer) can 
be much more complex [58]. Ultraviolet Photoemission Spectroscopy (UPS), 
X-ray Photoemission Spectroscopy (XPS) and Inverse Photoemission Spec
troscopy (IPES) measurement results show a shift in the energy spectra upon 
deposition of the first monolayers of organic material on metal substrates. 
For the hole injection barrier between gold and NPD (a naphthyl-biphenyl
diamine), for example, a value of 0.2-0.3 eV would be expected based on the 
their work function and LUMO level, respectively. Experimentally a barrier 
of 1.4 eV was found (figure 3.7(f)). Many other combinations of organic ma
terials and electrode metals also showed deviations from the vacuum align
ment rule. Figure 3.7 shows these deviations for different electrode materials 
for eight different molecular materials [58]. Deviations of more than 1 V are 
found for gold electrodes. 

The difference between the vacuum alignment predictions and the actual 
barrier at a metal-organic interface is aften attributed to the presence of a 
dipole layer (see figure 3.6b). This layer can have several origins related 
to morphology and chemistry. The fact that a theoretically 'symmetrie' 
device, such as a gold/organic/ gold stack does not behave symmetrically, 
electrically, indicates already that processing affects the morphology at the 
interface. Spin- coating an organic layer on top of a metal layer results in 
a different morphology at the interface than evaporating the metal on the 
organic layer. In the latter case, metal atoms can diffuse into the organic 
layer or a chemica! reaction - in the bulk or at the interface - can more 
readily occur. Furthermore, chemica! reactions or bands in general, can 
introduce certain electronic states at the interface not available in the bulk. 

In Chapter 7 we will discuss (the possibility of) the presence of dipole 
layers in our PEDOT /LEP/ Au hole-only samples. 

3.6.3 Effect of injection harriers on the current density 

Besides Vm , dipole layers and energy barriers at organic-metal and organic
organic interfaces also affect the injection of carriers [58]. 

If an increasing applied voltage results in a charge carrier density in 
the middle of the device in the order of the carrier density at the injecting 
contact (i.e. p(L/2) ,.._, p(O)), the current is (injection) limited. In the case 
that <I>h, for example, is zero or the work function of the anode is even 
higher than the ionization potential 5 (see figure 3.6), the contact can be 
thought of as an 'ideal' hole-injecting contact, toa first approximation. This 
means that the charge carrier concentration at the metal-polymer interface 
is infinite (p(O) = oo) and that this boundary condition does not limit the 
current for any applied voltage. Due to the finite concentration of transport 

5 in combination with a dipole layer: IP + ~ 
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Figure 3.7: Measured interface position of EF with respect to HOMO and 
LUMO as a function of the metal work function for eight different molecular 
materials ((a) through (h)). In each panel, the thick horizontal bottom and 
top bars represent the HOMO (with a work function scale) and LUMO, re
spectively. Dashed L UMO bars mean that the L UMO position is not precisely 
known. The data points were obtained via UPS for organic-on-m etal interfaces. 
The dashed blue lines correspond to the Schottky-Mott limit of the Fermi level 
position, and the vertical lines give the magnitude of the m easured interface 
dipole barriers {58}. 
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0 

Figure 3.8: Energy band diagram representing the interface between a m etal 
surf ace and an organic material. The original barrier 1>m is lowered by the 
effect of the image potential and the presence of the electric field, resulting in 
an effective barrier 1>s [22]. 

sites in the polymer layer, the boundary condition at the injecting contact 
is better described as an 'Ohmic contact', for which p(O) = Nv. Here Nv 
is the concentration of transport sites in the valence 'band', which is in the 
order of 1·1026 m-3 for polymers used in polyLEDs. Only for high voltages 
p(L/ 2) is in the order of Nv and limits the current. 

In the case <I>h > 0, under forward bias the carrier concentration in the 
LEP layer at the electrode-polymer interface can be calculated according to 
a Boltzmann factor, as a first approximation. For hole injection at x = 0 
(anode) this gives 

( 
e<I>h) p(O) = Nv exp - kBT (3.34) 

Fora hole-injection barrier of 0.5 eV at room temperature for example, this 
results in a maximum carrier occupation (per transport site) of approxi
mately 4 · 10-9 at the interface. This means that the current is limited by 
this boundary condition for much lower voltages than in the case of Ohmic 
contacts. It is clear that physical understanding of injection barriers is nec
essary to include these barriers and the resulting boundary conditions in the 
device model ( see Chapter 5). 

Figure 3.8 is a schematic energy diagram of the interface region in the 
case of an energy barrier to electron injection, in this case. The diagram 
reveals the barrier lowering as a consequence of the electric field in the 
device. The reduction of the barrier originates from the combination of 
two effects. As a result of the electrostatic interaction, a charge carrier in 
the organic layer at a certain distance from the electrode leads to an image 
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charge at the electrode interface. Besides, the electric field affects the slope 
of the top of the density of states (as a function of position) of the organic 
material. This results in the total potential energy of [22] 

e2 
E= --+ eF x 

lförEX 
(3.35) 

Under the condition that the derivative of the potential energy is zero for 
the determination of the Schottky barrier lowering, 6.<f;, 

(3.36) 

Through the field-dependent effective barrier height this results in a field
dependent value of p(O). The lower the value of E, the larger the effect. 
Since for organic semiconductors the relative dielectric constant can easily 
be a factor of four lower than for inorganic semiconductors, the effect will 
be substantially bigger at a metal-organic interface. 

In literature several models are described to account for the injection at 
an interface [22, 48, 59- 62]. Our model incorporates the possibility of Ohmic 
contacts, Schottky barriers (including the field dependence) and injection in 
a Gaussian density of states. 



Chapter 4 

Experimental Methods 

This chapter discusses the sample structure used in this study and describes 
the method for temperature dependent current-voltage-luminance (IVL) mea

surements. In order to be able to reliably analyze the experimental IVL data 
using a device model, we decided to measure several device parameters using 
additional experiments. This chapter describes these experiments, including the 

determination of the leakage current and the built-in voltage by admittance 
spectroscopy, photoconduction and electro-absorption experiments, which led 

to seemingly contradictory Vm results (see Chapter 7) . 

4.1 PolyLED sample structure 

The polymer light-emitting diodes used in this study were already described 
in chapter 2. The polyLED structures used in this study are part of a 
complete packaged sample consisting of eleven of the introduced polymer 
light-emitting structures or 'pixels'. Figure 4.1 shows the design of the 
complete sample. There are three 3 x 3 mm2 , three 1 x 1 mm2 , four smaller 
sized pixels and one big light-emitting area (575 mm2 ) . During processing 
(spin coating and evaporation of the cathode) the sample itself is part of a 
plate containing nine samples. Each 'batch' consists of three of such plates, 
which are processed on the same day and have their cathodes evaporated 
simul taneously. 

In this study LEP layer thicknesses of nominally 40, 60, 80, 100, 130 and 
160 nm are used. 

4.2 IVL measurements 

Figure 4.2 shows the used IVL measurement setup, which is partly enclosed 
in a perspex box. A computer controls the source meter (Keithley 2400 
SourceMeter) by a Lab View program and lets the voltage vary through a 

30 
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(a) 

Figure 4.1: A polyLED sample. Graph ( a) shows the different pixels in the 
design of the sample. A, B , C and D indicate the three 3 x 3 mm2 pixels 
and the so-called 'backlight' pixel, respectively. The 'light-emitting areas' are 
indicated in pink, spots for photodiodes in purple and electrode contacts in red. 
In picture (b} , the anode (second wire from left) and common cathode (most 
right wire} of the middle blue 3 x 3 mm2 pixel are connected to a current 
source and the pixel lightens up. To the right a not-connected sample is shown 
for comparison. 

programmable voltage sequence (2-point measurement). The covered volt
age range, time interval and voltage steps between subsequent measurement 
points can be set. The computer then collects the current, voltage and lumi
nance data during the measurement. The light intensity is measured by the 
photodiode (OSRAM BPW 21, Visible Spectral Range) in ampères through a 
Keithley 6517 A Electrometer. The light intensity is calibrated in the case of 
a double carrier device by measuring the luminance (in cd/ m2 ) of the sam
ple at a certain current (1.0 or 2.0 mA) with a Minolta Luminance Meter 
LS-100. 

The temperature is controlled by a feedback system. The combination 
of a liquid-nitrogen cooled (nitrogen) gas flow and a heater sets the temper
ature of the sample in the range between -120 °C and +20 °C, measured 
with a thermocouple (type J) , on top of the glass substrate, in combination 
with an Analogie Measurometer II. The temperature is then controlled by 
an Oxford Intelligent Temperature Controller ITC4, which comprises a PID 
controller (Proportional, Integral and Derivative adjustment of the heater) 
that regulates the heater to adjust and hold the (measured) temperature 
at the setpoint. A more accurate temperature detector (Monogram Omega, 
ó.T = 0.01 K) is used in combination with a second thermocouple (type J) 
on the glass substrate to check the fiuctuations of the temperature. The pho
todiode is known to have a linear response in the range of-50 - 20 °C. It was 
shown [63], that the electroluminescence spectrum of the polyfl.uorene-based 
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Figure 4.2: N2 represents the cooled nitrogen gas flow, Th1 and Th2 a control 
thermocouple and the feedback thermocouple, respectively. The current I, the 
voltage V and the luminance L are measured by a Keithley Source Meter and 
photodiode, respectively, and recorded by a computer. The temperature is con
trolled by an Oxford Intelligent Temperature Controller. The light-blue dashes 
represent the perspex box that covers the measurement setup. 



CHAPTER 4. EXPERIMENTAL METHODS 33 

polymer used in this study does shift by less than 5 nm between measure
ments at room temperature and at liquid-nitrogen temperature, allowing to 
neglect this effect on the luminance measurement of the photodiode. 

The current-voltage-luminance measurements on the 3 x 3 mm2 pixels 
were performed with the following strategy: 

• Set I = 2 mA. After one minute, determine the voltage. This will be 
the maximum voltage, Vmax, applied during the subsequent measure
ments 1· 

' 

• In case of a double carrier device: measure also the luminance with the 
Minolta Luminance Meter at this current and measure the photodiode 
response; 

• Programme voltage cycles of the type [O V, Vmax,-2 V, 0 VJ within 
which the voltage is stepped between discrete levels and set the ap
propriate time and/or voltage steps; 

• Perform the IVL measurement at the initial temperature T1 when 
the temperature has reached the setpoint and has stabilized (accurate 
thermocouple reading Th1); 

• Repeat the last step for different temperatures 7l in steps of 20 K. 

The maximum current was set to 2 mA to prevent the device from heating 
to limit irreversible changes due to the electrical stress. To check this, a 
full voltage cycle, including reverse voltages, was used, so that hysteresis 
could be detected. To check whether the total of voltage sweeps at all 
temperatures together damages the device, two measurements at previously 
used temperatures are repeated after the last temperature measurement. 
No substantial differences were found. In cases where due to the current 
limitation of 2 mA the covered voltage range would then be small, - e.g. 
0 - 3 V - , the measurements would yield insufficiently useful data 2 . In 
such a case, also pulsed measurements are performed. The voltage is then 
measured during short current pulses ( ,.__, 13 duty cycle at approximately 
100 Hz) in the range of 2- 100 mA by two Delta Elektronika power supplies, 
type ES 030-5, in combination with a Lab View computer program. 

1 During the first half of a minute the voltage changes quite a bit. To be able to compare 
the IVL results at different temperatures and to determine the luminance at this current, 
a constant voltage is preferred. 

2 A correction for VB1 of 2.0 V, for example, leaves only a variation of 1 V for the 
internal voltage. 
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Figure 4.3: Current-voltage characteristic of a 'blue ' hole-only P E
DOT /LEP/ Au polyLED at room temperature (blue curve) on linear scales ( a) 
and with logarithmic J (b). This sample has an 80 nm LEP layer and the 
results shown are typical for the used hole-only devices. The dashed red line 
corresponds to the leakage current, fit to the part of the curve between 0 and 
1 V. The dashed green line is the resulting curve after subtraction of the leakage 
current and tends to zero at VEI (around 2.1 V). 

4.3 'Raw' IV curves 

Figure 4.3 shows a typical example of the current density 3 versus voltage 
resulting from an IVL measurement. In the case of hole-only devices the 
luminance during measurement was lower than the sensitivity of the photo
diode (as it should), and will not be shown. The (absolute) current appears 
to be symmetrie around zero voltage and at a certain positive voltage (Vm) 
the current starts to increase rapidly with voltage. We indicate the sym
metrie part of the current as the 'leakage current' [27]. The origin of this 
leakage current and how it varies with voltage, LEP layer thickness, pixel 
size and temperature is discussed in Chapter 7. 

To be able to analyze these 'raw' data using a device model that sim
ulates the polyLED characteristics from the current onset - at V = Vm 
- onwards, a correction for the built- in voltage and the leakage current is 
necessary (see section 6.4). Figure 4.3 shows that the current after correc
tion for the leakage current (fit to the curve between 0 and 1 V) tends to 
zero at around 2.1 V, which is identified as an approximate value of Vm. 
While in double-carrier devices the current onset is very sharp, the sensitiv
ity of the eventual (corrected) J versus V curve of hole-only devices for the 
value of Vm and the fact that the found value for Vm is unexpectedly high 
made us investigate this parameter experimentally through photocurrent, 
electro-absorption and impedance spectroscopy measurements. 

3The measured current is divided by the area of the 3 x 3 mm2 pixel. 
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4.4 Photocurrent measurements 

When a polymer light-emitting device is illuminated, it acts as a photo
voltaic cell: photo-generated charge carriers drift under the influence of the 
internal field, producing a photocurrent. The total current in the device 
under a certain applied voltage then consists of the sum of the drift and 
diffusion current 4 due to photogenerated carriers and due to carriers that 
have been injected at (one of) the electrodes. For a certain bias voltage 
- the compensation voltage Vo - the additional current as a result of the 
illumination is zero. This voltage is related to Vm. 

Following the approach of Malliaras et al. [64] , by assuming that no 
band bending occurs at voltages close to the built-in voltage and writing 
the electric field as (V - Vm) / L, the drift and diffusion current for holes and 
electrons becomes 

Vm - V ap(x) 
Jh(x) = eµhp(x) L - eDh---a;;- ( 4.1) 

Vm - V an(x) 
Je(x) = eµen(x) L + eDe----a;;- (4.2) 

The continuity equations for the electron and hole densities are [64] 

ap(t) = -~ aJh(x) _ r(x) 
at e ax 

(4.3) 

an(t) = ~ aJe(x) _ r(x) 
at e ax 

( 4.4) 

where r(x) is the recombination rate given by equation 3.12. According to 
Malliaras et al., the charge densities p and n are low around Vm and the 
recombination term can be ignored. Furthermore, the partial derivatives are 
equal to zero in steady state. 

This allows one to solve the charge carrier densities in terms of the posi
tion in the device. Then the total current density in the device in the <lark 
and under illumination can be approximated, under certain assumptions 
for the diffusion coefficient and the photo- generation ( only eff ective carrier 
generation at the electrodes), resulting in the photocurrent density 

J, = J _ J _ I ( Vm - V) (µe9ec + µh9ha) - (µe9ea + µh9hc)eqL 
photo - L D - e L eqL _ 1 

(4.5) 
with 

1 e(Vm - V) 
q= L kT (4.6) 

Here, JL and Jv are the current densities under illumination and in the 
<lark and I is the illumination intensity. 

4 For a discussion on the diffusion current see section 5.2. 
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Figure 4.4: Photocurrent setup. a and b are the power source and the xenon 
lamp, c the light-tight black box, d the monochromator, e the filter holder, f 
the lenses, g the diaphragms, h the chopper, i the sample holder, j the adjustor 
of the monochromator, k and l the current amplifier and ADC converter, m 
the computer and n the frequency controller of the chopper. 

The density of photo-generated electrons per unit of light intensity at 
the anode and cathode are denoted by 9 ea and 9ec and for the holes by 9ha 

and 9hc· 

Defining the compensation voltage Vo as the applied voltage at which the 
photocurrent density Jphoto is zero, gives 

T r _ Vi kT l µ e9ec + µh9ha vo - BI - - n 
e µ e9ea + µh9hc 

(4.7) 

We see that the compensation voltage should not depend on the light in
tensity. Under the assumption that photogeneration of holes is orders of 
magnitude more efficient than that for electrons [64] (as shown in earlier 
work on anthracene crystals [65]), this equation reduces to 

kT 9ha 
Vo = VBr- -In-

e 9hc 
(4.8) 

The setup used for the photocurrent measurements is illustrated in fig
ure 4.4. The opties of the setup is placed in a light-tight black box. Light 
from a 150 W xenon lamp enters the box through a narrow opening, where 
it passes an optional monochromator (Oriel Intruments, model 77250). The 
light beam passes a combination of diaphragms and lenses before hitting the 
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sample. A chopper periodically blocks the light beam. The sample holder 
contains electrical contacts for the two electrodes of the polyLED. A com
bined voltage source and current amplifier (Keithley 428) tunes the applied 
voltage and measures the total current through the device. A Lab View pro
gram on a computer makes it possible to perform automatic measurements, 
by applying a voltage sequence and collecting the current data. 

The photocurrent is measured as follows. At a certain voltage the current 
is continuously measured, while the chopper blocks the light beam periodi
cally at a low frequency in the order of 1 Hz, typically. This is dorre for the 
set range of applied voltages. Afterwards a computer program [66] calculates 
the differences between the high and low current plateaus at each voltage, 
which are the total currents under illumination and in the clark, depending 
on the applied voltage relative to Vm. The voltage at which this difference 
- the photocurrent - vanishes, is identified as Vo. 

4.5 lmpedance Spectroscopy measurements 

Applying an AC voltage with a DC offset to our polyLEDs results in a 
modulated current in the device. The ratio between the applied voltage 
V(w) and the resulting current I(w) is the impedance Z(w) , a complex 
quantity. The reciprocal of the impedance is the admittance Y(w) and is 
given by 

Y(w) = ~~~) = G(w) + iB(w) (4.9) 

where G is the conductance and B the susceptance. If the LEP layer is 
simply represented by a parallel resistor-capacitor network, B = 1/ Rp and 
G = wCp, with Rp and Cp the resistance and capacitance of the LEP layer, 
respectively. 

The schematics of the impedance spectroscopy setup that we used is 
shown in figure 4.5. We used a Schlumberger SI-1260 Impedance/Gain
Phase Analyzer for the impedance measurements. By studying the admit
tance as a function of frequency in the Hz- MHz range the capacitance of the 
LEP layer is found, which is a measure for the layer thickness. The mod
ulus and phase of the impedance is also studied in terms of a so-called RC 
network, as shown in figure 4.6, which in the case of a double RC network, 
results in the capacitive contribution of two layers (e.g. PEDOT and LEP 
or LEP layer and interface layer). In the absence of space charge in the LEP 
layer (e .g. under reverse bias conditions), the relation between the thickness 
d, area A, relative dielectric constant Er and the capacitance C for a plate 
capacitor is known to be 

C = ErEoA 

d 
(4.10) 

Using this expression, we have determined the relative LEP layer thicknesses; 



CHAPTER 4. EXPERIMENTAL METHODS 38 

1 

LED 

v - ---~I 

•••• 
Figure 4.5: Impedance measurement setup. The red lines indicate the current 
source wires and the green lines represent the wires for the voltage measure
ment. 

Figure 4 .6: An R-RC and R-RC-RC electronic circuit as a representa
tion of the contact resistance and the conductivity and capacitance of the an
ode/ PEDOT / LEP /cathode structure. 
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Figure 4. 7: Transmission and refiection at a layered structure. 

making an assumption for Er we have estimated the absolute thickness values 
(see section 6.3). 

By varying the applied voltage at certain fixed frequencies the built
in voltage of our polyLED samples is determined with this technique. As 
discussed in Chapter 7, Cp reaches a (local) maximum at Vm . 

4.6 Electro-Absorption measurements 

It is known that the presence of a local electric field influences the local 
absorption coefficient of the polymer. An electric field changes the mu
tual dipole moments between states ('even' and 'odd'), making forbidden 
one-photon transitions weakly allowed. See for example [67]. In electro
absorption experiments the electric field is modulated and the change in ab
sorption coefficient is measured. As we measure 'in reflection' (near-normal 
incidence condi tions), we investigate the relation between the periodical 
change in voltage, the change in absorption coefficient and the change in 
reflection signal. The situation for our samples is schematically shown in 
figure 4. 7. As a first approximation, our device structure (figure 2.2) can be 
thought of as the structure shown in this figure , with a non-reflecting first 
interface Ii (glass, ITO, PEDOT) and a second interface h that acts as a 
perfect mirror (Au or Ba/ Al cathode). Then, the transmission Tof the blue 
(LEP) layer is zero and the reflection 

R = 1-2La (4.11) 

where a is the absorption coefficient of the layer. Let R0 , a 0 , b.R and !:ia 
be the unperturbed reflection and absorption coefficient for a fixed voltage 
and the change in reflection and absorption coefficient due to the modulated 
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voltage, respectively. Then 

!::::..R = R- Ro = 1 - 2L(exo +!::::..ex) - (1- 2Lexo) = -2L!::::..ex (4.12) 

According to this approximation, !::::..R scales with !::::..ex. One can show that 
not perfectly transmissive and refiective interfaces result in a similar relation 
between !::::..Rand !::::..ex. 

The change in the absorption coefficient occurs because the electric field 
causes a Stark-like shift of the allowed optical transitions which results in 
a field-induced absorption. The change in the absorption coefficient can be 
expressed as [68] 

(4.13) 

where !::::..pis the change in the polarizability upon excitation, F is the applied 
field strength, E is the photon energy, and m f is the permanent dipole mo
ment of the final state. This relation between the electro-absorption signal 
and the electric field forms the basis for electro-absorption experiments. 

In an electro-absorption measurement an AC voltage is applied in addi
tion to a DC bias voltage over the organic device. The differential change in 
the refiection signal, which depends on the optical absorption, is measured 
as a function of the DC bias voltage [68, 69]. Due to the built-in voltage, 
the applied DC voltage and AC voltage, the internal field is given by 

Vnc - VBI VAc 
F = Fo + FAc cos(wt) = L + L cos(wt) (4.14) 

with Vnc , VAc and FAc the applied DC voltage, the modulation amplitude 
of the applied voltage and of the (internal) field. According to equations 4.12 
and 4.13, this results in a differential refiectivity 

-!::::..Rex a + bcos(wt) + ccos(2wt) (4.15) 

where b ex VAc(Vnc- VBI) and c ex VAc 2
. The signal is detected via a loek-in 

technique. If the change in the loek-in refiection signal vanishes at a certain 
bias voltage for the fundamental frequency, then there is no electric field in 
the polymer layer, and thus the applied bias voltage is equal to the built-in 
voltage. 

Figure 4.8 is a schematic representation of the electro-absorption setup 
used in this study. The beam of a light source (La) is focussed by a lens and 
passes a beam splitter (Se). The voltage over the sample is modulated with 
a function generator (1131 Hz) and changes the internal field and therefore 
the refiection signal. The detector ( D) signal is determined by the diff erence 
between the two beams from the beam splitter. The loek-in amplifier (Lo) 
eventually uses the drive frequency of the frequency generator (F) to extract 
the differential absorption from the detector signal. 
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Sa 

Figure 4.8: The Electro-Absorption setup used for determining the voltage 
at which the average intemal field is zero. La indicates the (blue) laser diode, 
Se the Beam splitter, D the detector, Sa the sample, F the function generator 
and Lo the Loek-in amplifier. 

As is clear from equation 4.13, the effect of the field on the change in re
flectivity is the highest in the region where the absorption coefficient changes 
the most with photon energy. Figure 4.9 shows the photoluminescence ex
citation and emission spectra for the used polyfluorene-based polymer [70]. 
The steepest slope in the visible spectrum of the absorbance is between 405 
and 430 nm. 

Electro-absorption measurements performed at the Chemica! Technology 
department of the Technische Universiteit Eindhoven [71], revealed that the 
specific combination of the unsuitable energy spectrum of the there used 
light source and a poor sensitivity of the detector setup resulted in very 
low signals in the wavelength range of interest ( 400 - 430 nm) 5 , as is seen 
in figure 4.10. Here, the value of 6.R found for a double carrier device is 
plotted as a function of the wavelength of the light in figure 4.10. The results 
are shown for two different DC voltages Vnc while the amplitude of the AC 
voltage VAc was 3. 75 V. This high amplitude appeared necessary in this 
setup to get a sufficient signal-to-noise ratio. We were not satisfied with this 
approach as the modulation of the field should be small, preferably. 

A blue diode laser ( 409 nm) , tunable in intensity ( 45 mW) was intro
duced in an existing electro-absorption setup, at Philips Research Labora-

5 T he peaks at 455, 550 and 760 nm can also be used for bias voltage dependent electro
absorption measurements, but one has to identify and unravel the role of polaron bands 
in the analysis, for example. 
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Figure 4.9: Photoluminescence excitation ( absorption) and emission spectra 
for the light-emitting polymer used in this study. 
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Figure 4 .10: Electro-Absorption signal versus wavelength for two different 
bias voltages, for a double carrier with 80 nm LEP at room temperature. This 
measurement was performed on the setup at the Chemistry Department of the 
Technische Universiteit Eindhoven. The blue and red symbols indicate the !:1R 
values for different DC bias voltages. The amplitude of the AC voltage was 
3.75 V. Around 455 nm probably the effect of electroluminescence is seen. 
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tories Eindhoven, with a detector with a large spectral range, resulting in 
a sensitive measurement setup at low field modulations ( < 0.25 V) . In this 
setup the distance between the detector and the sample holder is around 
seven meters to reduce the effect of (semi-spherically radiating) photolumi
nescence and electroluminescence (in the case of a double carrier device) on 
the detector signal. 



Chapter 5 

N umerical modeling 

T his chapter dea ls with the models used to simulate the device characterist ics 
and the interna l physical quantities , as a function of position. First the (drift) 
device model will be introduced that incorporates the different aspects of injec
tion , charge carrier mobility and recombination . After that , a device model that 
treats drift as well as diffusion of carriers will be discussed. 

5.1 Device modeling 

Including the field, carrier concentration and temperature dependence of the 
mobility, taking both holes and electrons into account and including recom
bination makes calculation in a polyLED complex. In most cases, solving 
the interplay of the related equations throughout the device analytically, 
is impossible. A device model is necessary that solves the device problem 
numerically. A FORTRAN computer program originally written by P. Blom 
and M. de Jong at Philips Research Laboratories incorporated the numerical 
'shooting' method to calculate the physical quantities such as the electric 
field , carrier concentrations, potential and recombination rates as a function 
of position in a polymer light-emitting device for the case of a field- and 
temperature-dependent mobility. This model, that considers only drift cur
rent, was modified and expanded by R. Coehoorn [72] and at the moment 
the following options are included: 

• Hole-only, electron-only or double carrier calculations; 

• T he number of grid points along the layer thickness and boundary 
layers with a different point density can be selected; 

• The voltage Vi is calculated for the chosen range of currents Ji with 
the specified current step; 

• Ohmic contacts, Schottky injection harriers or injection in a Gaussian 
density of state can be selected for holes and electrons; 

44 
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• The charge carrier mobility can be chosen to be field dependent (see 
section 3.3); 

• The mobility can be chosen to be carrier concentration dependent (see 
section 3.4): in an exponential DOS (empirical relation µ = µo + 
a · pb [44]) or in a Gaussian DOS (parametrization for the mobility 
according to Pasveer et al. [17]); 

• The mobility can be chosen to be temperature dependent; 

• Traps can be included: a single trap level, a uniform trap distribution 
or an exponential distribution [33, 39, 73]; 

• Recombination - in case of a double carrier - can be of the Langevin 
type (see section 3.2.3) and field dependent. 

The adjustable parameters of the model are the temperature, single par
ticle gap, relative dielectric constant, number of hole and electron sites per 
m3 , LEP layer thickness, parameters related to the charge carrier mobility 
(e .g. width of the Gaussian or exponential DOS) , related to the field and 
temperature dependence, related to the trap distribution, and related to 
injection. 

In the course of this study we modeled hole-only devices with different 
LEP layer thicknesses for different temperatures, using a Poole-Frenkel field 
and temperature dependent mobility, a concentration dependent mobility 
for the case of an exponential density of states and a concentration, field 
and temperature dependent mobility for the case of a Gaussian DOS (see 
Chapter 7). The parameters in relation to the mentioned mobility dependen
cies were determined in relation to the experimental data on the hole-only 
devices. 

5.2 Drift-diffusion modeling 

The total current in the polymer layer of a polyLED can be thought of as the 
combination of a drift current and a diffusion current . So far, we have only 
considered the drift current . However, it is shown [37] that in a small voltage 
range around Vm the diffusion contribution cannot be neglected. As we wish 
to analyze the total current as precisely as possible, we must determine Vm 
as precisely as possible, as we show in section 6.5. We investigate here 
to what extent this requires that the diffusion contribution is taken into 
account. 

Figure 5.1 shows two energy diagrams for a hole-only device. The di
rection of the internal field, drift current and diffusion current are shown 
for the case that V = 0 and V > Vm, with Vm > 0. The drift current is 
caused by the internal electric field , which is determined by the combination 
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Figure 5.1: Drift and diffusion in a polyLED. An and Ca stand for anode 
and cathode, respectively. Figure ( a) shows the energy levels in a hole-only 
device when no voltage is applied. Increasing the applied voltage above VBI 
gives rise to the situation of figure (b) in which the intemal field allows holes 
to flow from anode to cathode. 

of the applied voltage, the built-in voltage and the charge carrier distrib
ution, through the Poisson equation. Holes and electrons will drift in and 
against the direction of the field, respectively. In the presence of a gradient 
in the charge carrier density, charge carriers tend to diffuse to regions with 
a lower density. The thermal energy of the carriers results in a net diffu
sion current that has the tendency to reduce the differences in the carrier 
distribution [66] . 

For V = 0, the drift and diffusion currents are equal but opposite (fig
ure 5.l(a)). Increasing the applied voltage above Vm, leads to transport of 
the holes from anode to cathode and of the electrons in the opposite di
rection, on average, driven by the internal field, Fint· This is the situation 
under 'forward bias' as shown in figure 5.1 (b). 

In section 3.2.2 the effect of diffusion of carriers was neglected. If one 
now takes drift as well as diffusion into account in a hole-only device, the 
equation for the current density reads 

dp(x) 
Jp = Jdrift + Jdiffusion = eµpp(x)F(x) - eDp---a;- (5.1) 

Here, Dp is the diffusion coefficient of the holes. Using the Einstein relation 1 

D = µkT / e, this drift-diffusion equat ion was solved in a MATHEMATICA 

program based on a discussion by Malliaras and Scott [75] (see appendix B), 

1Preezant et al. showed - using Fermi-Dirac statistics - that in a system with a 
Gaussian density of states the diffusion coefficient is dependent on the carrier concentration 
and at least equal to µkT/ e (74]. For high carrier concentrations and values of a larger 
than 0.15 eV the diffusion coefficient appreciably exceeds the value expected from the 
Einstein equation. This means that the use of the Einstein equation underestimates the 
contribution of diffusion in that case. 
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Figure 5.2: Carrier density p(x) and voltage V(x) (electrostatic potential} 
versus the position x in the device, relative to its value at the anode (injecting 
contact), for the case of a Mott-Gurney drift model (red} and for the case of 
our implementation of Scott-Malliaras drift and diffusion contributions to the 
current (blue) (appendix B) . L = 100 nm, µ= l · 10-10 m2/V s, Er = 3.2, 
p(O) = Nv = 1 · 1026 and T = 295 K. 

assuming appropriate boundary conditions. We assume a barrier to hole 
injection, <I>b, of 0.25 eV at the collecting electrode, similar to figure 5.1, and 
an Ohmic contact at the injecting electrode (see section 3.6.3), resulting in 
a built-in voltage of 0.25 V. 

While Arkhipov et al. [59, 61] take drift and diffusion into account in 
the case of charge injection but not for the bulk transport , we treat drift 
and diffusion of carriers on an equal footing for injection as well as bulk 
transport . As the boundary condition at the injecting contact we set the 
carrier concentration equal to the concentration of transport sites (p(O) = 
Nv). At the collecting interface we set the carrier concentration equal to Nv 
times the Boltzmann factor exp (-e<I>b/kT) (equation 3.34). 

At an applied voltage of 2.25 V, corresponding to V - Vm = 2 V, this 
results in the carrier density and voltage as function of position at room 
temperature shown in figure 5.2 (blue) , fora LEP layer of 100 nm, a mobility 
of 1.10-10 m2 /V s and Er = 3.2. Here, the electrostatic potential ('voltage') 
is plotted relative to the value at the anode. The relation between voltage 
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F igure 5.3: Current versus voltage above VBI for the case of a Mott-Gurney 
model and in the case of our Scott-Malliaras model. 

and field is defined as F = +dV/ dx . For comparisonp(x) and V(x) are also 
shown according to the Mott-Gurney theory with a fixed value p(O) = Nv 
(red) . Small deviations are found for p(x ) (logarithmic scale) and V(x) 
shows a minimum in the case of the Scott-Malliaras analysis, indicating the 
formation of an energy harrier as a result of the high local carrier density in 
relation to the interplay of drift and diffusion of charge carriers. 

The current density J resulting form the Scott-Malliaras analysis is com
pared with the Mott-Gurney prediction in figure 5.3, at voltages in the 
range of 0 - 8 V above the built-in voltage. For voltages below 2 V the 
drift-diffusion model shows that the current density is more than a factor of 
two larger than the current densi ty predicted from the drift model (Mott
G urney) . Above 2 V the effect of diffusion is much smaller. In the remainder 
of this report we will then neglect Jdiff · 



Chapter 6 

Device Characterization 

In this chapter we present and discuss the current-voltage results and the re
sults of photocurrent, impedance and electro-absorption experiments that were 
carried out in order to study the leakage current and the built-in voltage. The 
results concern mainly experiments on hole-only devices. The determination of 

Vm in hole-only devices appears to be very subtle and we discovered that light 
and electrical stress greatly influence the (apparent) Vm as discussed at the end 
of this chapter. 

6.1 IV(T) results of hole-only devices 

Figure 6.1 shows the current density versus voltage for a hole-only device 
with 80 nm LEP at temperatures in the range of -120 - 20 °C. The IV mea
surements for different temperatures resulted in similarly shaped experimen
tal data for all six LEP layer thicknesses ( 40, 60, 80, 100, 130 and 160 nm 1) 

studied, for double-carrier and hole-only devices (see also appendix A). The 
temperature infiuences the current density to a great extent: in decreasing 
the temperature from +20 to -120 °C the current decreases two to three 
orders of magnitude, above Vm) [12 , 76, 77]. Although decreasing, the leak
age current remains symmetrie around 0 V for decreasing temperatures and 
the current onset becomes less clear, complicating the determination of Vm. 

The current-voltage characteristics also depend on the LEP layer thick
ness (see section 3.2.2), as is shown in figures 6.2(a) and 6.3(a) for T = 20 °C 
and T = -120 °C, respectively. Striking is the LEP layer thickness de
pendence of the leakage current. While for the three thickest devices the 
leakage current part of the curves almost coincide, the curves of the thinner 
devices vary widely in this region (V < 2 V). We also see that hysteresis 
occurs: the current density for a sweep with increasing voltage is higher 
than for a sweep with decreasing voltage. This effect can be gradually re
duced if a longer delay time between the voltage steps is chosen. This can 

1The determination of the thickness is described in section 6.3. 
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Figure 6.1: Typical experimental J- V results for different temperatures. The 
used hole-only device has a LEP layer of 80 nm. 
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Figure 6 .2: Current density versus voltage (graph (a)) and versus F 2 /L, with 
F the internal fie ld, (graph (b)) for different LEP layer thicknesses at room 
temperature. The arrows indicate the direction of the voltage sweep, revealing 
hysteresis. 
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Figure 6.3: Current density versus voltage (graph ( a)) and versus F 2 / L , with 
F the internal field, ( graph (b) ) for different LEP layer thicknesses at -120 ° C. 

be explained by the presence of traps [11, 78]. As a consequence, useful in
formation from the reverse bias part of the curve can only be obtained if 
the measurement speed is extremely slow. The hysteresis vanishes for low 
temperatures (figure 6.3(b)) . 

For space-charge-limited-current (SCLC) behavior, equation 3.11 pre
dicts straight , coinciding lines for the different LEP layer thicknesses in a 
plot of the current density as a function of F 2 / L, where Fis the internal field 
(V -Vm )/ L. In figures 6.2(b) and 6.3(b), these plots are shown for +20 and 
-120 °C, respectively, where Vm is set to 2.2 V. Obviously, simple SCLC 
behavior does not hold for our samples at room temperature for voltages 
higher than 3 V (the black curve of the 40 nm sample has a clear leakage 
current offset). At T = -120 °C the curves for the three thinner devices do 
not coincide, even for small voltages (the curve of the 40 nm device is out 
of scale in this graph). This can be due to an injection limitation. 

Apparently, simple space-charge-limited current does not hold for our 
samples and a device model to analyze the experimental data should incor
porate injection and non-standard transport (mobility) models to reproduce 
the temperature and LEP layer thickness dependence consistently as we will 
show in Chapter 7. As was already briefiy discussed in Chapter 3, a correc
tion for the leakage current J1eak and the built-in voltage Vm is necessary in 
order to relate the drift current in the device to the model results. 

6.2 IVL(T) results of double-carrier devices 

Figure 6.4 shows typical current-voltage-luminance results fora double car
rier , with a LEP layer thickness of 80 nm in this case. As in the case of 
our hole-only devices, the current onset becomes less clear with decreas
ing temperature (graph (a)) . It is striking that the luminance versus the 
current density almost follows a straight line for the lowest temperatures 
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Figure 6.5: Current-voltage characteristics of three double carrier samples 
with LEP layer thicknesses of approximately 40, 80 and 160 nm at room tem
perature. 

(graph (b)). The luminance versus voltage curves gradually shift towards 
lower voltages for increasing temperatures. The double carrier device at the 
lowest temperatures (T,...., -120 °C) appears to be the most efficient (graph 
( d) ). 

Figure 6.5 shows the current versus voltage for double-carrier devices 
with approximately 40 , 80 and 160 nm LEP layer thickness. The leakage 
current as well as the current above the onset (around 2.6 V) decreases over 
orders of magnitude as a function of LEP layer thickness. Double-carrier 
devices will not be studied more thoroughly in this report. 

6.3 Determination of t he LEP layer thickness 

In order to assess the accuracy of the nominal LEP layer thickness, as ob
tained from its known relation with the rotation speed during spin coating, 
we determined the layer thickness from impedance spectroscopy. The fre
quency of the AC voltage is varied for 0 and 3 V DC bias resulting in the 
modulus and phase of the impedance in the range of 10 Hz - 1 MHz. From 
the impedance data the capacitance C of the LEP layer can be derived as in 
section 6.5.2 , but now as a function of the frequency. Figure 6.6 shows the 
results for devices at a DC voltage of 0 and 3 V. The effective capacitance 
of the LEP layer reaches a plateau in the range of 1 kHz - 1 MHz, which is 
often used to determine the LEP layer thickness. 

As was seen in section 4.5 the impedance characteristics of a polyLED 
can be modeled by an 'equivalent circuit' consisting of a serial resistor (resis-
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Figure 6.6: ImG(w, V)/w as a function of the frequency of the modulated 
voltage for 0 and 3 V DC bias (black open symbols and red solid symbols, 
respectively). 

tance of the leads etc.) and one or two parallel capacitor-resistor networks 
representing the LEP layer and a possible interface layer. 

Figure 6.7 shows the result of the modeling with two RC networks on a 
160 nm device for various DC voltages , resulting - after an estimation of 
the relative dielectric constant - in two layer thicknesses at each voltage 
that together form the total layer thickness. The actual meaning of the 
'inter-layer' and 'pure LEP layer ' of figure 6.7 is not clear , but while a single 
RC network failed to describe the impedance data properly around 0 V, 
the double RC network nicely fits the data for all voltages and results in a 
consistent overall layer thickness, the 'total LEP layer'. The so found LEP 
layer thickness, for the chosen Er, is plotted in figure 6.8 for the hole-only 
devices. We conclude that the LEP layer thickness values according to the 
prepilot line are in accordance with the thickness measured from impedance 
spectroscopy for a value of 3.2 for the relat ive permittivity Er. 

6.4 Leakage current 

If only injection and charge carrier transport due to drift under the inter
nal field affects the current density in a polyLED (neglecting charge carrier 
diffusion), one would expect a current for voltages from Vm onwards. Ap
parently, already below this voltage there is a current, so other processes are 
present. This current is classified as ' leakage current' in this report and its 
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Figure 6. 7: Thickness of the the two capacitors from the modeling of 
frequency-impedance results as a function of the applied DC voltage. The LEP 
layer for this hole-only sample has a thickness of 160 nm according to the 
prepilot line 

Figure 6.8: Thickness of the LEP layer according to impedance measurements 
versus the thickness according to the pre-pilot line. 



CHAPTER 6. DEVICE CHARACTERIZATION 56 

G 

Figure 6.9: Schematics of the layers in a polyLED pixel. R indicates the 
resist structure, defining the pixel geometry, G the glass substrate, 1 the ITO 
layer, P the PEDOT:PSS layer L the LEP layer and C the cathode layer. 

origin and nature is studied in this section. 

6.4.1 FIB, SEM and TEM imaging 

In literature the leakage current part of the IV characteristics is often ex
plained by the presence of 'shorts'. A <lust particle on the substrate or an 
inhomogeneous drying of the LEP layer can result in a leakage path. Also at 
the edge of the pixel structure, on the resist in figure 6. 9 (the light-emi tting 
area of a pixel is defined by photo-resist structures), the PEDOT layer as 
well as the LEP layer might get thinner as indicated. This figure shows the 
light-emitting area defined by the resist st ructure. The part to the left of 
this resist structure is the 'light-emitting area'. The smaller thickness of the 
LEP layer would lead to a locally increased electric field. If at such a spot 
the LEP layer even vanishes, a direct contact between the PEDOT layer 
(anode side) and the cathode arises. 

Figure 6.10 shows a Focussed Ion Beam (FIB) overview image 2 of a hole
only polyLED around the resist structure. The resist structure is visible as 
well as the metal lead contacting the ITO layer. The PEDOT:PSS and light
emitting polymer layer slope over the resist, which is more clear from figure 
6.11, which shows a FIB (left) and SEM (Scanning Electron Microscopy, 
right) image at the edge of the resist. In the FIB image it is clearly visible 
that the combination of the PEDOT and LEP layer gets thinner the further 
they go over the resist. The SEM image seems to show a local narrowing of 
the polymer layers around the edge of the resist. The latter, being a possible 
sign fora leakage path, was not reproduced in other images (see appendix C). 
Both techniques fail to make a very clear distinction between the PEDOT 
and the LEP layer which is necessary to demonstrate the foregoing. 

Transmission Electron Microscopy gives a better contrast between the 

2FIB, SEM and TEM imaging was performed by the Surface Analysis department 
within Philips Research Eindhoven. 
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Figure 6.10: A FIB overview image of a hole-only device with 80 nm LEP 
layer. The light-gray thin horizontal rectangle is a metal layer contacting the 
! TO layer below. On top of this metal layer the curved resist structure is 
visible. The PEDOT, LEP and cathode layer slope over the resist. R indicates 
the resist structure. 
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Figure 6.11: A FIB (left) and SEM (right) image of a hole-only device with 
an 80 nm LEP layer showing the polymer layer stack at the edge of the resist 
structure. The two techniques give different contrasts. R and G indicate the 
resist structure and glass substrate, respectively. 
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Figure 6.12: TEM overview image of a hole-only device with 80 nm LEP 
layer. The red lines are a guide to the eye to distinguish between the !TO 
layer, the resist, the PEDOT:PSS layer, the LEP layer and the cathode layer. 
The grain boundaries at the right side are part of the metal leads connecting 
the !TO anode. 

two layers. Figure 6.12 shows a TEM image of the area around the resist 
structure for a hole only device with nominally 80 nm LEP. The polymer 
layers appear to be very homogeneous at this level of magnification and res
olution ( ,...,_, 3 nm) in the area defined by the resist structures. Furthermore, 
this image reveals no narrowing around the resist edge, but gives the im
pression that the LEP layer does get reasonably thinner above the resist, 
while the PEDOT - which is also getting thinner - is relatively thicker. 
This was studied more closely in a series of images. Figure 6.13 shows the 
first and last-but-one of the seven images. The other images are placed in 
appendix C. 

At eight spotspositions the thickness of the PEDOT and LEP layer was 
measured perpendicular to the slope of the layers. The result is plotted as 
a function of the distance from the resist edge in figure 6.14. At a distance 
larger then 12 µm from the edge the distinction between the LEP and PE
DOT becomes less clear, but from figure 6.14 it seems probable that the LEP 
layer disappears completely at a certain point and that the electric field is 
significantly higher above the resist structure. This is a strong indication in 
favor of the point of view that there is an unintentional (leakage) current 
path in the polyLED device. 

Figure 6.15 shows a schematic representations of the current contribu
tions around the resist structures. Because of the resistance of the PE-
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Figure 6.13: The first (A) and last (F) image but one of a series of TEM 
images to determine the thickness of the LEP and PEDOT layer as a func 
tion of the distance from the resist edge. The lines along which the thickness 
measurements were performed is marked by dashes. 
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Figure 6.14: Thickness of the PEDOT (blue) and LEP (red) layer as a func
tion of the distance from the resist edge. Positive values on the horizontal axis 
represent the distances from the edge on the resist, measured perpendicular to 
the glass substrate. Remarkable is the fac t that the PEDOT layer was 100 nm 
according to the prepilot line specifications. 
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Figure 6.15: Current contributions around the resist structures. 1, R , P , 
L and C represent the !TO layer, the resist structure, the PEDOT layer, the 
LEP layer and the cathode layer, respectively. V 0 and V 1 are the 'equipotential 
planes ' at the !TO and cathode layer. 

DOT:PSS layer, the potential in the PEDOT depends on the distance from 
the point where the ITO and the PEDOT layer contact . This makes that 
the field - and thus the current - at a certain position in the LEP layer 
depend on the local thickness of the LEP layer and the local potential of 
the PEDOT layer. Modeling this situation would be useful to provide more 
insight in this possible 'leakage path'. 

6.4.2 Temperature, LEP layer thickness and pixel size de-
p endence of the leakage cu r rent 

To study the origin and size of the leakage current electronically, we per
formed several experiments . The influence of the following parameters is 
studied: pixel size, temperature, LEP layer thickness and voltage . 

Effect of pixel size 

If the leakage current in the IV curves would originate from many randomly 
distributed shorts or the boundary effect mentioned in the previous section, 
the leakage current would either scale with the area or the circumference 
of the pixel, respectively. The experimental IV data of different pixel sizes 
of one and the same hole-only sample (see section 4.1) is summarized in 
figure 6.16 to see how the leakage currents scales with the pixel size 3 . From 
these data the current at V = 1 V is plotted on log-log scale as a function 
of the pixel dimension in figure 6.17. Since not all pixels are square, the 
dimension is taken as the square root of the area 4 . 

The leakage current scales for the six smallest pixels to the pixel di
mension. However the big 'pixel' (575 mm2 ) does not follow this empirica! 

3 Here and in the remainder of this text an IV curve or characteristics means a plot of 
the current versus the voltage and in the case that the current is plotted on a logarithmic 
scale, the absolute value of the current is shown. 

4T his possibly leads to a systematic error in t he dimension. 
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Figure 6.16: Current versus voltage curves for seven different pixel sizes on 
one hole-only sample with 80 nm LEP at room temperature. The 'spikes' on 
the black curve are probably due to (short-lived) shorts in the big 2 x 3 cm2 

pixel. 
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Figure 6.17: Leakage current versus pixel dimension for the hole-only sample 
of figure 6.16. The dashed black line is a guide for the eye. The slope of the red 
and blue line indicate the predicted sealing of the leakage current in the case of 
an area and a circumference effect, respectively. 
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sealing relation. This is not too surprising, since the design of this pixel dif
fers from the other pixels. A closer look reveals that the slope of the curve 
is such that the leakage current neither corresponds to an area (red line) 
nor a circumference (blue line) effect. From figure 6.16 is also clear that the 
current onset is most obvious for the 3 x 3 mm2 pixel. For smaller pixels the 
'real' current (current above the built-in) is more and more " buried' under 
the leakage current. This is evident from a plot of the current density J 
versus voltage V (not shown), where J tends towards the same values for 
all the pixels, for high values of V, but for small pixels the leakage current 
determines J up to relatively high values of V. This results in a higher 
apparent Vm. 

It would be interesting to see how this relates to (small) printed devices 
and to pixels with dimensions in the range of 3 - 20 mm. Do they show 
relatively high or low leakage currents? From this study, higher relative 
leakage currents are expected for smaller pixels. Although the foregoing 
seems not to hold for the biggest pixel, larger pixels tend to have amore clear 
current onset - and thus the estimation of Vm is easier - and the correction 
for the leakage current to obtain the 'real ' J- V data (for comparison with 
models) becomes less crucial. Therefore, we used the 3 x 3 mm2 pixels in 
the remainder of our study. 

Effect of LEP layer thickness 

Besides the dependence of the leakage current on the pixel size, it is also 
expected to be affected by the thickness of the LEP layer. A device with 
a thin layer does more probably suffer from 'shorts' (e.g. pinholes) than a 
device with a thick layer. From figure 6.2 it is clear that the current below 
the bias voltage depends to a large extent on the LEP thickness. 

Although a more thorough study is necessary, it seems that the leakage 
current at 1 V for hole-only devices decreases with increasing LEP layer, 
reaching a 'saturation' value for the thickest samples. 

Effect of temperature 

During IVL measurements it was observed that not only the current at 
V > Vm depends on the temperature, but also the leakage current. Fig
ure 6.18(a) shows an example of the current versus voltage for different 
temperatures. The leakage current decreases with decreasing temperature 
and the temperature dependence of the leakage current is less than the tem
perature dependence of the current above the onset. Graph (b) is a plot of 
the leakage current at 1 V as a function of temperature. The leakage current 
appears to be exponentially related to the temperature: I ex: exp (0.0149T). 
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Figure 6.18: Graph ( a) : current-voltage curves for a hole-only device with a 
LEP layer thickness of 80 nm at different temperatures. Graph (b): logarithmic 
leakage current at 1 V versus temperature. The red dashed line is a linear fit 
on this scale. 

6.4.3 Conclusions on the leakage current 

Through TEM imaging we found that there is a possible leakage path on 
t he resist edges. From pixel size, LEP layer thickness and temperature 
dependent measurements we conclude that the leakage current increases 
when the dimensions of t he pixel increase, the LEP layer thickness decreases 
or the temperature increases. Qualitative relations between the leakage 
current and these quantities have been found , but no physical model has 
been identified yet that explains these effects. 

6.4.4 Empirica! leakage current fit 

The 'leakage current' - if related to shorts in the device - is expected to be 
Ohmic. It is found that for t he devices used in this study this seems to hold 
for devices with a t hick LEP layer (130 and 160 nm). For thinner devices the 
current appeared to be neither linearly nor quadratically dependent on the 
applied voltage. Empirically, the current below Vm is found to have both 
linear and quadratic contribut ions in agreement with reference [27] and was 
fitted to a second order polynomial function in V between 0 and 1 V in our 
case: 

l1eak = a + bV + cV2 (6.1) 

Table 6.1 shows the values of a, b and c at room temperature in the case 
of a device with a thin ( 40 nm) and a device with a thick (160 nm) LEP 
layer. The contribution of the constant a (a possible correction for an offset 
in the current detection) is small around VBr compared to the linear and 
quadratic contributions and can be neglected. Around 4 V, for example, 
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Table 6.1: Constant (a), linear (b) and quadratic (c) contributions of the 
leakage current at room temperature for a hole-only device with 40 and 160 nm 
LEP layer. 

L 

40 nm 
160 nm 

a 

-0.087 
5.59. 10-5 

b 

4.64 
0.0031 

c 

0.97 
3.25. 10-6 

the contribution of the quadratic term is almost as important as the linear 
term in the case of the thin devices, where for thick devices this terms is 
negligible. 

6.5 Built-in voltage measurements 

According to the vacuum level alignment assumption discussed in section 3.6, 
the built-in voltage of the used hole-only samples is expected to be around 
0 V or lower, because of the work functions of gold (~ 5.3 eV) and PE
DOT:PSS (~ 5.1 eV). This is not the case for the double carrier devices, 
which have a barium/aluminum (2.5 - 2.7 eV) cathode, a Vm of approx
imately 2.5 V is expected and this is also experimentally found (see for 
example figure 6.5). 

The black symbols of figure 6.19 show the experimental current-voltage 
data on log-log scale fora hole-only device with 160 nm LEP layer. From the 
Vm = 0 curve it may be seen that the current onset appears around 2.4 V 5 . 

Before the start of this study, this value was denoted already by S. Vulto in 
an internal Philips report as the built-in voltage Vm. However, it deviates 
significantly from the predicted value. This was experimentally not found 
for most other polymers in combination with a gold cathode. And this was 
also not found for this and other polymers in combination with an aluminum 
cathode, for example. This suggests a considerable barrier ( approximately 2 
- 2.5 eV) at the interface of the gold cathode and this specific light-emitting 
polymer layer. 

The value of Vm with which the experimental current-voltage data are 
corrected, determines the shape of the resulting curve enormously, as is 
seen from figure 6.19. The solid curves represent the IV data after leakage 
current correction, for different built-in voltage corrections. Charge carrier 
concentration and field dependent mobility models predict a constant or 
monotonically increasing slope of the J- V curve ( see Chapter 3) 6 . This 

5 From the corrected IV curves, VB1 seems to be temperature dependent (not shown) . A 
similar result was found by former internship student Mark Klokkenburg (79]. To further 
investigate this, impedance measurements for different temperatures should be performed. 

6 A large hole injection harrier (> 0.3 eV) at the anode does predict a decreasing slope 
in certain regions of the J- V curve. Such a harrier seems not very likely for the used 
devices, since the same devices with other cathodes showed values of VB1 more consistent 
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Figure 6.19: Current versus voltage data fora 3 x 3 mm2 hole-only pixel with 
160 nm LEP. The black symbols, dashed line and solid line indicate the exper
imental data, the leakage current fit and the residual J- V data, respectively. 
The colored symbols, dashed and solid curves represent the same data shifted 
with different values of VBJ. The dashed line indicates the slope of space charge 
limited current. 

is not seen for small built-in corrections. This indicates that Vm is most 
certainly larger than 0.8 V. Also, larger values t han 2.4 V or not plausible, 
as higher values are on the steep part of the current-voltage curve (above 
t he current onset). Amore accurate range of possible Vm values can not be 
deduced from the experimental data. 

Taking this into account and considering the surprisingly large value of 
the apparent built-in voltage led to the decision to try to determine Vm by 
three additional experimental methods, viz . photocurrent measurements, 
impedance measurements and electro-absorpt ion measurements. In the lit
erature photocurrent measurements are argued to be a reliable tool for t he 
determination of t he built-in voltage, next to electro-absorpt ion measure
ments [64]. 

6.5.1 Photocurrent measurements 

Photocurrent experiments, using the method described in section 4.4, were 
performed to determine Vm through the compensation voltage Va . This is 
the voltage at which the photocurrent 6.I is zero. In figure 6.20 6.I is plotted 
for a hole-only device with a LEP layer t hickness of 80 nm as a function of 
t he bias voltage (at room temperature) for two different current gains. The 
photocurrent decreases monotonically for increasing bias voltages and goes 

with the vacuum alignment rule. Also trap-based models show decreasing slopes in certain 
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Figure 6.20: The net photocurrent versus the bias voltage for two differ
ent current amplifier gains (red and blue dots) on a hole-only device (80 nm 
LEP) at room temperature. The green dashed lines are fits of a second or
der polynomial to the experimental data, leading to the estimated value for the 
compensation voltage, Vo = 0.69 V. 

through zero at the compensation voltage. Results of such experiments for 
different LEP layer thicknesses are given in figure 6.21(a) . By studying 
the temperature dependence of Vo the built-in voltage can be determined 
( equation 4.8) . Variation of the temperature for the 160 nm sample led to 
the figure 6.21(b). 

From the photocurrent measurements it can be concluded that for the 
hole-only devices used in this study the compensation voltage is in the range 
of 0.65 - 0. 75 V for samples thicker than 40 nm. Furthermore, the tempera
ture variation hints at a temperature independent Va, leading to an approx
imate value of VBI >=::J 0. 7 V. This is much lower than the apparent built-in 
voltage from the IV curves. For the double carrier devices Vo was in the 
range of 2.2 - 2.4 V (not shown) , which is in correspondence with the sharp 
current onset in IV curves (see figure 6.5). 

6.5.2 lmpedance measurements 

The seemingly contradictory values of VBI determined through photocur
rent measurements and as obtained from the apparent current onset made 
us resort to another experimental method for comparison, viz. impedance 
measurements. Others found a maximum in the capacitance of the LEP 

regions. 
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Figure 6.21: The compensation voltage Vo as a function of the LEP layer 
thickness (left) and the temperature (right}. The error bars in the vertical 
direction denote the estimated in the procedure of the determination of Vo. 
The horizontal error bars in the left graph are related to the uncertainty of the 
LEP layer thickness. 

50 

layer at Vm for PEDOT / PPV devices with this technique, which was at
tributed to the presence of trapped charges [46, 80]. For the determination 
of Vm through impedance measurements the DC bias voltage is varied while 
the amplitude and frequency of the AC voltage remain constant. 

Impedance spectroscopy uses the fact that an anode/PEDOT /LEP /cath
ode device can be represented as a combination of resistors and capacitors 
(section 4.5). While increasing the DC voltage over the device towards Vm, 
charge carriers from the electrodes can more and more easily 'jump' in and 
out of the LEP layer under the applied AC voltage modulation. Effectively, 
this is equivalent to a reduction of the distance of the capacitor plates lead
ing to an increased capacitance. At the built-in voltage this effect is largest . 
Increasing the voltage above Vm reduces this effect again. It is still a topic 
of discussion, whether in the case of an injection barrier the maximum in 
capacitance corresponds exactly to the built-in voltage 7 . At low frequen
cies ( < 10 Hz) a polyLED does not behave as a proper resistor/ capacitor 
combination and at high frequencies (,....., 1 MHz) the charge carriers can not 
follow the voltage modulation due to their mobility [81]. Altogether, this 
led to performing voltage dependent impedance experiments for frequencies 
in the range of 100 Hz - 10 kHz. 

The capacitance C(w , V) of the light-emitting polymer layer is approx
imated by the imaginary part of the admittance divided by the angular 

7 Assuming a single particle gap E 9 of 3 V, for example, and a built-in voltage VBI of 
1 V still leaves a total of 2 e V for injection harriers at the anode and cathode. At room 
temperature very few carriers will be injected at V = VBI and it is a question whether the 
maximum in capacitance will arise at this value of the voltage or at a higher value - at 
which carriers are injected more easily due to lowering of the harrier with the field. 
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velocity, ImG(w, V)/w (see section 4.5) at a fixed frequency Wi· The found 
capacitance at each bias voltage is divided by C(wi, 0) to get the relative ca
pacitance. Figure 6.22 shows an example of the relative capacitance versus 
the bias voltage at several frequencies, for a hole-only device. For frequencies 

1,04 -•- 100 Hz 
-•- 250 Hz 
-•- 500 Hz 
-•- 1000 Hz 

1,02 

> 
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Figure 6.22: Determination of the built-in voltage through impedance spec
troscopy. The graph shows the relative capacitance of the LEP layer as a func
tion of the bias voltage for jour different frequencies . The measurement was 
done on a hole-only device (80 nm LEP, 3 x 3 mm2 pixel) at room temperature. 
Gat o v ~ 3.34 nF (slightly dependent on the frequency) . 

in the range of 300 - 1000 Hz a maximum appears in the relative capacitance 
at 2.1 V. 

For all hole-only devices of this study this maximum was found to be 
in the range of 2.0 - 2.2 V. Although this value agrees with the previously 
found estimations for Vm from the IV curves, the photocurrent results -
rated high in literature - seemingly contradict this value of Vm . For the 
double carrier devices, (again) an estimation for Vm of 2.4 Vis found with 
impedance spectroscopy. 

6.5.3 Electro-absorption measurements 

As an independent third measurement of Vm electro-absorption spectroscopy 
was performed, a widely used technique for the investigation of organic de
vices and the determination of Vm [6, 68, 82- 87] . The differential change 
in refiectivity 6..R as a consequence of the bias voltage modulation only 
depends on the internal field of the LED (see section 4.6). 
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Figure 6. 23: The differential refiectivity signal in an electro-absorption ex
periment on a hole only device at room temperature. The right axis shows 
the phase of the signal and the left axis shows 6.R. The dashed green line 
represents a linear fit to the experimental refiectivity data. 

The results of the variation of the bias voltage on the differential refiec
tivity signal are shown in figure 6.23 for a 60 nm hole-only sample. Around 
0.6 V the phase of the D..R signal changes 180° and the absolute value reaches 
a minimum. At this voltage the internal field is at a minimum and in liter
ature this voltage is identified as the built-in voltage. For all thicknesses we 
find a value of VBI in the range of 0.5-0. 7 V for our hole-only devices with 
this technique. For double carrier devices the value of approximately 2.4 V 
is reproduced . 

6.6 Effect of electrical stress on VB1 

How stable is VBI? The seemingly contradictory photocurrent, impedance 
and electro-absorption results leave us with the question whether the used 
measurement techniques themselves infiuence the device characteristics. If 
trapped charges play an important role, e.g" we possibly can get rid of them 
by applying a big field . By applying a current of 50 mA to a 3 x 3 mm2 

polyLED during a certain time (1, 2, 5, 10 minutes), a few devices are elec
trically stressed. The sample heats up significantly. The IV characteristics 
of these samples are measured before and after this stressing to investigate 
changes in the built-in voltage, leakage current and mobility. 

An electrically stressed hole-only device with a LEP layer thickness of 
80 nm is compared with a 'fresh ' device on the same sample. Figure 6.24(a) 
compares the IV curves of the two devices. For the stressed device, the curve 
has shifted towards lower voltages. This is not seen when a current of 1 mA 



CHAPTER 6. DEVICE CHARACTERIZATION 70 

- Before stress 
- 5 min. stress (50 mA) 

(a) (b) 

10·'+-~~~--~~~~--~..----1 10·' +---~~~~~-~~-~,...,........ 
-4 -2 2 

V [VJ 
0 .1 1 

v-v" [VJ 

Figure 6.24: Graph (a) shows the IV cur-ve of a 'fresh' (blue) and electri
cally stressed (red) hole-only sample. In graph (b) the same experimental data 
is plotted, corrected for the leakage current and the 'built-in voltage', which 
was chosen different for the two cases, as indicated. The measurement was 
performed on a sample with 80 nm LEP layer, at room temperature. 

10 

is applied for 500 hours to the same sample (data not shown). In that case 
no changes in the IV curves have been observed. Figure 6.24(b) shows the 
same experimental data, but a correction for the leakage current and Vm is 
performed. For the stressed sample Vm = 0.68 V seemed appropriate, while 
for the fresh device Vm = 1.6 V was used 8 . 

It is remarkable that the resulting IV curves of the two devices, after 
correction for Vm , almost coincide. The electrical stressing seems to have 
reduced the barrier (possibly dipole layer) at the gold interface and seems 
to have left the bulk of the LEP layer unchanged. A more thorough study 
is necessary to verify the validity of this statement, such as temperature 
dependent IV measurements to check whether the transport mechanisms as 
a function of electric field and temperature stayed unchanged, despite the 
heating as a consequence of the high current during stress. 

Photocurrent and electro-absorption measurements were performed on 
the two devices to see what happens to the values of Vm according to these 
methods. The experimental results are places in Appendix D, figure D.l and 
D.2. In both cases the values for Vm shifted from 0.5- 0.7 V to 0.2-0.3 V, 
which is a small change, compared to the change in the IV curves. 

6. 7 Effect of light on current-voltage measurements 

The experiments presented in the previous section suggest that large stress 
can alter the barrier layer at the LEP/ Au interface. Assuming trapping 

8 Actually this experiment was clone after impedance, photocurrent, electro-absorption 
experiments and several previous IV measurements were clone. This seems to have caused 
a small, gradual shift towards a lower value of Vs1, like in the case of the stressed sample. 
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Figure 6.25: Current versus voltage in the dark (blue) and under illumination 
(red) with the Xenon light source of the photocurrent setup (section 4.4) for 
a double carrier ( a) and a hole-only (b) device with a LEP layer thickness of 
60 nm, at room temperature. 
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of charge causes this dipole layer, one might wonder if illumination of the 
sample will have the same effect on IV measurements (see also [80]). Besides, 
both the electro-absorption and the photocurrent measurements use light 
and both experimental methods result in a similiar, but seemingly too low 
value of VBI in comparison to the IV curves and the impedance spectroscopy 
results. This raises the question whether the use of light in measurements 
changes the device characteristics of the used hole-only devices. 

Figure 6.25 shows the current-voltage characteristics of a double car
rier (a) and a hole-only device (b) under illumination with the Xenon light 
source of the photocurrent setup (red) and in the clark (blue). Actually, the 
photocurrent technique uses a similar method to determine the compensa
tion voltage. As is seen in the case of the double carrier device, at a high 
bias voltage the current under illumination of the sample is only slightly 
higher than the current in the dark. This means that the photogeneration 
of charges affects the IV curve only marginally at high voltages. Around the 
built-in voltage, the internal electric field does not transport the photogen
erated charge carriers, so the current under illumination and in the clark are 
equal, around 2.4 V 9 . Below VBI, the internal field results in a 'negative' 
contribution of the photogenerated charges. In decreasing the voltage from 
VBI to 0 V, at a certain voltage the contributions of the illumination and the 
externally applied voltage to the current cancel, which is seen as a minimum 
(around 1 Vin figure 6.25(a)) in the current . 

In the case of the hole-only device, the two curves intersect around 0.5 V, 
but the red curve does not follow the blue curve except for high voltages 

9 The red and blue curve seem to intersect also at a lower value, around 1.4 V in the 
case of the double carrier device. This is an apparent intersection, since the absolute value 
of the current is plotted. 
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F igure 6.26: Graph ( a): current-voltage characteristics for a 40 nm hole
only sample in the dark (black curve) and under illumination of the given 
power density. The beige curve shows the IV data in the dark after all the 
illumination measurements. The black arrows have an equal length. Graph 
(b): the IV curves of graph (a) coincide when the data are corrected for the 
values of VEI given in this graph for each intensity. 

(V > 10 V). The presence of light seems to change the IV characteristics of 
the hole-only devices drastically. An intensity dependent measurement was 
done using the diode laser of the electro-absorption setup to see whether the 
IV curve changes gradually with increasing intensity 10 . 

The results are shown in figure 6.26(a) . Indeed, the change in the current 
depends on the light intensity, but not linearly. In fact, it was found that 
correcting the curves for the leakage current and the (apparent) built-in 
voltage gives nearly coinciding IV curves (figure 6.27). Figure 6.26(b) shows 
the determined (apparent) built-in voltage for the illumination intensities </> 

of graph (a) . The built-in voltage seems to reach a saturation value for high 
<f>. This seems to imply that illumination of the hole-only samples changes 
the situation at the interfaces of the device - e.g. a reduced dipole layer 
or filled or emptied trap states - , leaving the transport properties of the 
polymer bulk unchanged. 

Also, the hysteresis seen at room temperature disappears almost com
pletely under illumination, which would favour the idea of emptied trap 
states, because the found hysteresis is usually attributed to trapped charge 
in literature. However, no physical model has been developed yet. 

It would be useful to perform the same experiments - i.e. current
voltage, photocurrent, impedance and electro-absorption measurements -
on hole-only polyLEDs with different cathodes, such as aluminum, to see if 
comparable discrepancies and trends are found as for gold cathodes under 
illumination. 

10The spectra! dependence of this effect should be studied. 
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Figure 6.27: The current-voltage data for a device under illumination (red 
dashed curve) with the Xenon light source of the photocurrent setup (sec
tion 4.4) and a device in the dark (blue solid curve), bath corrected for their 
leakage current and built-in voltage. 

6.7.1 Conclusions on Vm and interfaces 

Concluding from the built-in study on hole-only devices - taking the results 
from the photocurrent, electro-absorption, impedance measurements and 
the experiments under illumination into account - it is dear that in light
aided experiments VBI seems to be 0.3 - 0.7 V. For measurements in the 
<lark Vm is in the range of 1.9 - 2.3 V. As was seen in figure 6.25 and 6.26, 
the complete IV curve changes under illumination and it seems that the 
measurements are performed on a completely different device. The results 
for the different experimental methods are summarized in table 6.2 . This in 
combination with the strong dependence of the resulting IV curve on VBI lets 
us conclude at present that to relate the experimental current-voltage data 
to simulation data of a device model a built-in correction of 2.0 - 2.2 V is 
appropriate for the hole-only devices (measured in the <lark), in accordance 
with the impedance measurements. 

To strengthen this view, combined electro-absorption and voltage depen
dent impedance measurements would be interesting, since this would reveal 
the effect of light on charge transport in two ways at the same time. 

The high 'effective' built-in voltage for hole-only's can have several ori
gins. The possibility that there is a large hole injection barrier at the anode 
is ruled out by the fact that this problem does not arise when a different cath
ode (such as Al or Ba/ Al) is taken. Also, devices with other light-emitting 
polymers in combination with a gold cathode did not show such a high Vm 
in most cases . This suggests that at the interface of this polyfluorene-based 
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Table 6.2: VEI in volts at room temperature for 'fresh' hole-only devices 
(LEP layer thicknesses in the range of 40 - 160 nm) in the dark (HO), 
after stress ( Stressed HO), under illumination (Illuminated HO) and 
for double carrier devices (Dl), according to the vacuum alignment rule of 
section 3. 6, according to IV measurements, electro-absorption measurements, 
photocurrent measurements and impedance spectroscopy measurements). 

Method HO Stressed HO Illuminated HO Dl 

Vacuum alignment rv 0 rv 0 rv 0 2.4 - 2.6 
IV curve 1.9 - 2.3 0.6 - 0.7 0.35 2.3 - 2.6 

Photocurrent 0.2 - 0.3 0.65 - 0.75 2.2 - 2.4 
Electro-absorption 0.2 - 0.3 0.4 - 0.6 2.2 - 2.5 
Impedance spectr. 2.0 - 2.2 2.3 - 2.5 

polymer and the gold cathode a certain inter-layer is formed: a dipole layer, 
e.g. a layer with a density of trapped electrons and/ or a layer of the polymer 
in which gold atoms penetrated during processing. Kahn et al. showed [58] 
that interface dipoles are more the rule than the exception at metal-organic 
interfaces and that "it is increasingly apparent that substrates such as Au 
exposed to air before organic deposition lead to smaller dipoles and smaller 
hole-injection barriers" [58]. We remark that for layers of Au deposited on 
top of a LEP layer, as in our devices, there is no exposure to air. 

Furthermore, the high apparent built-in seems to be in accordance with 
the reverse bias part of the IV curve: only at very high reverse bias the 
measured current shows a current onset. 



Chapter 7 

Device modeling 

In th is chapter the current-voltage results corrected for the leakage current and 
Vm are discussed for hole-only devices in terms of a device model in which the 

mobility is ( i) taken to be f ield ( F) and temperature (T) dependent , as described 
with in 'conventiona l' models, and ( ii) taken to be F, Tand carrier concentrat ion 

dependent, as described within a recent navel model for the mobility. From the 
analysis we obtain the relevant device parameters. The effect within the two 

different models of the LEP layer thickness dependence, temperature and field 

dependence is discussed . The first ('conventional ') mobility model is able to 
reproduce the experimentally found current-voltage characterist ics reasonably 
well for thick LEP layers. With in the second ( carrier-concentration dependent) 
mobility model the temperature dependence of our experimental results is well 

predicted for low fields, but not yet properly reproduced for high fields. Finally, 
for double carrier devices current-voltage-luminance results are presented , mea
sured as a function of the temperature. Full modeling will become possible if, 
from future work , the electron transport has been modeled . 

7.1 Corrected J-V curves of hole-only devices 

T he experimental current-voltage data for the hole-only devices were cor
rected for the leakage current by a second order polynomial expression as 
obtained from a fit to the data in the range of 0 - 1 V and a built-in volt
age correction was performed based on the values obtained from impedance 
spectroscopy. Figure 7.1 shows a typical example of the resulting current 
density versus voltage curves. 

As is seen from the log J versus log V plots in figure 6.19 and 7.1 the 
current does certainly not vary quadratically with the voltage as is predicted 
from simple SCLC models. Space charge limited current was found for PPV
based polyLEDs [33 , 73] . But also for t hese systems a gradual deviation from 
the Mott-Gurney relation (equation 3.11) was observed for higher fields. The 
experimental current density J is higher than expected in t hat region and 

75 
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Figure 7 .1: Corrected current density versus voltage for a 80 nm hole-only 
device at different temperatures (colored solid curves) from +20 to -120 °C in 
steps of 10 degrees. 

this was suggested to be related toa field dependence of the carrier mobility, 
for those systems. 

7.2 Analysis using a field and temperature depen
dent mobility model 

In figure 7.1 the green dashed lines represent the data as fitted within the 
field dependent model that was discussed in section 3.3, for 0 and -110 °C. 
The simulation data closely match the corrected experimental data at volt
ages higher than 2 V. Below two volt, the experimental current data are 
higher than the model data for low temperatures. This can be due to dif
fusion effects around Vm (see section 5.2). As described in section 3.3, the 
field-dependent mobility parameters µp,O and/ determine the mobility at a 
certain temperature, soa parameter pair (µ(Ti),1(Ti)) belongs to the J- V 
curve of each temperature Ti- These temperature dependent µand / para
meters are shown for three LEP layer thicknesses in figure 7.3. Clearly, the 
expected linear dependence of log µ0 and / versus the reciprocal tempera
ture appears to approximately hold for the 80 and 100 nm sample. However, 
for the 40 nm sample this relation does not hold. This can be due to an 
injection problem. Also, for the thicker samples deviations appear for the 
lowest temperatures. 
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Table 7.1: Comparison between field-dependent mobility parameters deter
mined in this study and by others. Thin and Thick denote the information of 
samples with a relatively thin and thick light-emitting polymer ( LEP) layer, 
L stands for the thickness of the LEP layer, PFB for our polyfiuorene-based 
LEP, M. K. for Mark Klokkenburg {79} and Others for the parameters found 
by others (see {15}, for example). 

Sample Il Thin 1 Thick 1 M. K. 1 Others Units 

LEP PFB PFB PFB MEH-PPV 
L 40 nm 100 nm 80 nm -

Carriers Holes Holes Holes Both 
µp 31.2 41.5 56.0 7.0 - 4.0. 104 10-7 m2/ Vs 
L). 0.363 0.360 0.34 0.22 - 0.75 eV 
{3 2.37 2.09 2.00 1.3 - 5.5 10- 5 eV(m/V) 112 

To 529 518 437 300 - 600 K 

From the temperature dependence of the two parameters the parameters 
/io , L). , {3 and To of equation 3.19 and 3.20 can be determined. The results 
are shown in table 7.1, where they are compared to values found in literature 
for polyfiuorene- and PPV-based polymers. The parameter values found in 
this study are in close correspondence to the previous found values [79] and 
are within the wide range of the values found for PPV-like LEP layers. 

In conclusion, the field-dependent model describes the experimental data 
reasonably well and results in device parameters in correspondence with 
values found by others for this and other polymers. 

7.3 Analysis using a field, temperature and carrier 
concentration dependent mobility model 

Recently it was argued that the mobility should be taken as carrier concen
tration dependent , as discussed in section 3.4. We use the parametrization 
of Pasveer et al. 1 to account for hopping transport in a Gaussian den
sity of states. This parametrization is based on simulations that take the 
inverse localization length a equal to 10/a, with a the inter-site distance 
(equations 3.27, 3.30 and 3.31). This parametrization is valid for PPV for 
a certain temperature and field regime, depending on the width of the DOS 
(a), for example (see section 3.4.2). This parametrization does not hold for 
fields close to the point were the parameterized curves of the mobility versus 
field for different temperatures intersect (see figure 3.4) . 

1Semi-analytical calculations by Coehoorn, supported by the results of Pasveer, and 
extended by Pasveer to include the field dependence 
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From the LEP composition, the concentration of hole sites Nv is expected 
to be 1.8 · 1026 m-3 . Figure 7.4 shows the experimental data ( +20 - -
120 oC) and the results of a carrier concentration dependent mobility model 
according to a Gaussian density of states, for a hole-only sample with a 
LEP layer thickness of 100 nm, for different temperatures. The blue curves 
represent the experimental data and the red and green curve are the modeled 
data for a relatively small and large a. It turns out that - according to this 
parametrization - the simulation data intersect at around 10 V, while the 
experimental curves do not intersect. It appears that the modeled curves 
can not brought into correspondence with the experimental curves for this 
value of Nv. Figure 7.5 shows the experimental and model results for Nv = 

3.8 · 1026 m-3 • Obviously, the current-voltage tendency with temperature 
corresponds much better to the experiments in this case. With the given 
parametrization, this is close to the best possible 'fit' of the experimental 
data. The fact that for this parametrization a equals 10/a does not have to 
hold for our polyfiuorene-based polymer. The effect a change in this relation 
would have, has to be examined. As a first approach, the parameter c2 

(see section 3.4.2) can be optimized for our case, most probably resulting 
in an improved correspondence between experiment and model. Also, the 
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inclusion of a (small) injection barrier in our model can improve the results. 
With the (mobility related) device parameters for hole and electron 

transport, now these experimental data can be hold against device model 
results , leading to understanding of the recombination zone, for example, 
and eventually to device optimization. 

7.4 Conclusions on the mobility models 

By incorporating a field dependent mobility in our device model, we find re
sults closely corresponding to the field, temperature and LEP layer thickness 
dependence of the experimental J- V curves, for thick LEP layer thicknesses 
(> 40 nm) and temperatures above approximately -80 °C. 

When taking also the carrier concentration dependence of the mobil
ity into account according to a recent model, we find that the temperature 
dependence of our experimental data is reasonably well reproduced in the 
range of 2 - 10 V. Discrepancies our found for higher and lower voltages. 
T hese discrepancies will probably be overcome when a better parametriza
tion for the high field regime is taken into account and when the parameters 
a and a can be varied independently. 



Chapter 8 

Conclusions and Future 
Directions 

T his chapter summarizes the conclusions from th is project and specifies t he 
future work to be done in relation to t he d iscussed subjects. 

8.1 Summary and conclusions 

By varying the LEP layer thickness and the temperature of blue polymer 
light-emitting diodes, we found that increasing the LEP layer thickness or 
decreasing the temperature reduces the current at a certain voltage. Fur
thermore, we carne to the following conclusions. 

• Determination of the built-in voltage for hole-only devices with a gold 
cathode is not trivial. The infiuence of light itself on the effective built
in voltage makes well-known and widely used light-aided experimental 
methods such as electro-absorption and photocurrent measurements 
less straightforward applicable as a method for determining the built
in voltage in that case. We report a ( downward) shift in the apparent 
built-in voltage of around 1.5 V. In contrast, for double-carrier devices 
both methods proved to be very reliable. 

• Light and electrical stress appear to have the same effect on the ef
fective built-in voltage in hole-only devices: the current-voltage curve 
is shifted towards a new (apparent) built-in voltage. Except for this 
shift in voltage, the current-voltage characteristics remains the same. 

• At present, our experimental results indicate that in as-deposited sam
ples an unusually large additional dipole moment per unit area exists 
at the LEP/ gold interface, which can be strongly reduced by light and 
electrical stress. 
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• Electric field- and carrier concentration dependent mobility models 
appeared both reasonably suitable for the simulation of polyfluorene
based hole-only samples. While the conventional field dependent model 
gives satisfactory results for thick polyLEDs (> 40 nm LEP layer), 
with respect to the temperature and electric field, the novel concen
tration dependent model still shows some discrepancies that probably 
can be overcome by improvement of the mobility model for high fields , 
and by regarding the inverse localization length as a free parameter. 

• The leakage current is found to increase with pixel size, decrease with 
LEP layer thickness and increase with temperature. lts origin is prob
ably related to the fact that the LEP layer gets thinner over the resist 
structures that define the light-emitting area. 

• Impedance spectroscopy is a relatively easy and reliable method for 
determining the built-in voltage. Besides, it is an adequate method 
for the determination of the (relative) LEP layer thickness. 

• The temperature at which (current-voltage) measurements are per
formed on polyLEDs influences t he device behavior (injection, trans
port) to a great extent. This sensitivity to the temperature should 
be taken into account during measurements. An increase in temper
ature of less than 5 K is noticeable in current-voltage measurements. 
In light-aided measurements the temperature of the device should be 
monitored (or controlled). 

• According to our drift-diffusion model, diffusion of charge carriers 
plays an important role around the built-in voltage and determines 
there the current in the polyLED to a great extent. For voltages of 
2 V above the built-in voltage or higher, diffusion can be neglected. 

8.2 Future directions 

• The hole and electron mobility parameters need to be incorporated 
into a double-carrier device model. With the inclusion of recombi
nation, current-voltage-luminance results can be simulated, for which 
the experimental data have already been gathered. This will probably 
provide insight in the question how to optimize the efficiency. 

• PolyLED devices need to be studied during their lifetime using experi
ments and modelling, to monitor the processes related to degradation. 

• Hole-only polyLEDs with different cathodes, like aluminum, need to 
be studied to see whether the same discrepancies between impedance, 
photocurrent and electro-absorption measurements arise as for the de
vices with gold cathodes. 
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• From the corrected IV curves, Vm seems to be temperature depen
dent. To check this, impedance measurements for different tempera
tures should be performed. 

• A combination of an impedance spectroscopy and an electro-absorption 
spectroscopy measurement with a laser with tunable intensity provides 
would give insight in the effect light has on electrical device behavior. 

• A better parametrization for mobility at the high fields, as obtained 
from the Pasveer study is necessary to be able to fully model the exper
imental data of realistic polyLED devices in the accessible voltage and 
temperature range, and the possibility to treat a (intersite distance) 
and a (inverse localization length) as independent parameters. 

• A physical model for the ' leakage path(s)' in a polyLED device could 
provide information a more firmly based expression of the leakage cur
rent and would allow a better correction to current-voltage data. 
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Appendix A 

Current-vol tage-1 uminance 
data 

This appendix contains the description of experiments performed during this 
research project that were not discussed in this report. 

A.1 Field-Effect Transistors 

As was seen in section 3.4, the charge carrier mobility depends on the carrier 
concentration and shows a transition when going from the LED region (low 
concentration) to the FET region (high concentration) . Organic field-effect 
transistors (FETs) were made out of the same polymer material as the 
polyLEDs to get insight in the concentration dependence of the hole mobility 
for these polyfiuorene-based polymers. This would then be input for the 
device modeling. FETs were made with four slightly different polymers to 
compare their characteristics. The FETs, which were made by spin-coating 
a substrate with gold contacts with the polyfiuorene-based polymer, showed 
no detectable transistor curves. This suggests that no injection was possible 
from the gold into the polymer. This emphasizes the interface issue between 
gold and these polyfiuorenes. 

A.2 Samples and performed measurements 

In the course of this research project, measurements were performed on 
hole-only and double-carrier devices of three slightly different polyfiuorene
based polymers (called 'A', 'B' an 'C' in this appendix). Due to the issues 
related to the determination of VBI, t he analysis of the experimental data was 
restricted mainly to hole-only devices of polymer A. Table A.l summarizes 
the measurements performed on the different samples of the three polymer 
types. 
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Table A .1: Measurements performed on the samples of polymer types 
A, B and C. Current-voltage-luminance measurements (IVL(T)) for ten 
temperatures in the range of -120 to +20 ° C for six LEP layer thicknesses 
(40, 60, 80, 100, 130 and 160 nm) in the case of polymer A and B and 
for three LEP layer thicknesses (50, 80 and 120 nm) in the case of polymer 
C. Photocurrent, impedance, and electro-absorption measurements for all 
thicknesses at room temperature. A 'x' indicates that the specific experiments 
were performed, a 'rv ' that they were performed for a few samples of this kind 
and a '- ' that this experiment was not performed on the specific samples. 

Polymer A Polymer B Polymer C 
Experimental method HO DC HO DC HO DC 

IVL(T) x x x x x x 
Photocurrent x "'-' - - - -

Impedance x "'-' - - - -

Electro-absorption x "'-' - - - -



Appendix B 

Drift-diffusion program 

We start from equation 5.1, assume a constant mobility and define the quan
tities 

(B.l) 

(B.2) 

(B .3) 

By defining F(x) = F(x)/ Fi, p(x) = p(x)/'lj; and i: = x/ L, we make the 
field, carrier concentration and position in the device dimensionless, reducing 
equation 5.1 to [45] 

J = eµ'l/JFi (jJF-Ç~:) 
_ 1 _ = fiF-çdfi 
eµ'lj;Fi di: 

(B.4) 

(B.5) 

Malliaras and Scott showed a relatively easy way to implement both the 
effect of drift and the effect of diffusion, making a time dependent study 
possible [75] . Namely, if also the time is made dimensionless with i = t/T 
and T = L/ µFi the continuity equation for the charge density becomes [45] 

(B.6) 

In MATHEMATICA this drift-diffusion equation was integrated in a device 
model ( see below) . The program starts with the charge carrier concentration 
p(x) and electric field F(x) that follow from the Mott-Gurney relation (3.11) 
for a given current and voltage. The program calculates äp(x)/äi from 
equation B.6, determines the magnitude of the time step D..i, changes the 
carrier density by b..p and iterates till the current Î (x) is constant . This is 
the code of the used MATHEMATICA program: 
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ioprec = 20; 

eps = 3.200*8.854 10--12; 
e = 1.600*10--19; 
k = 1.381 10--23; 
T = 295; 
L = 100.00*10--9; 
mu= 1.000*10--10; 
pO = N[1.000*10-26, ioprec]; 
PhiCat = 0.250; 
PhiAno = 0.000; 
Vbi = PhiCat - PhiAno; 
v = 2.250; 
Fi = (V - Vbi)/L; 
sigma= eps*Fi/(e*L); 
tau= L/(mu*Fi); 
ksi =k*T/(e*Fi*L) ; 
Jg = 9.0/8.0; aMG = (Jg/(pO/sigma))-2 
imax = 800; 
maxrecs = 10; 

DX = 1/imax; DT1 = 1/(2000*imax); 

Veld[-1] = Veld[O] = 0.000; 
Do [Veld[i] = N[1.000, ioprec], {i, 1, imax - 1}]; 
Do [Veld[i] = Sqrt[2*Jg*x[i] + aMG], {i, 1, imax -1}]; 
Veld[imax] = Veld[imax + 1] = 0.000; 
Do[Spanning[i] = N[i/imax, ioprec], {i, 0, imax}]; 
Spanning[-1] = 0.000; Spanning[imax + 1] = 1.000; 
Do[x[i] =i/imax, {i, -1, imax + 1}]; 
P[-1] = P[O] = pO/sigma; 
Do[P[i] = Jg*(2*Jg*x[i] + aMG)-(-1/2), {i, 1, imax - 1}]; 
pL = pO*Exp[-e*PhiCat/(k*T)]; P[imax] = pL/sigma 

P[imax + 1] = O; 
POtable = Table[{x[i], P[i]}, {i, -1, imax +1}]; 
ListPlot[POtable]; 
Print ["P-1= ", P [ -1] , " PO= ", P [0] , " P1= ", P [1] , " PL= " P [imax] ] ; 
t = O; stap = O; max = 0.000; 

(* Begin loop over Tred *) 

While[(t < 50000*DT1), 
max = O; 
stap = stap + 1; 

Do [Ptussen [i] = 
P[i]*(1 - 1/(1 + Exp[(Spanning[i + 1] - Spanning[i])/(2*ksi)])) + 
P[i + 1]•(1/(1 + Exp[(Spanning[i + 1] - Spanning[i])/(2*ksi)])), {i, 
0, imax - 1}]; 

Ptussen[-1] = P[-1]; 
Ptussen[imax] = (P[imax] + P[imax + 1])•0.500; 
Do[DPDX[i] = (P[i + 1] - P[i])/DX, {i, -1, imax}]; 
Do[Jdrift[i] = Ptussen[i]*(Veld[i] + Veld[i + 1])•0.500, {i, -1 , imax - 1}]; 
Do[Jdiffu[i] = -ksi•DPDX[i], {i, -1, imax - 1}]; 
Do[J[i] = Ptussen[i]*(Veld[i] + Veld[i + 1])*0.500 - ksi*DPDX[i], {i, -1, 
imax - 1}]; 

J[imax - 1] = Ptussen[imax - 1]*((Veld[imax - 1] - Veld[imax - 2])*0.50 + 
Veld[imax - 1]) - ksi*DPDX[imax - 1]; 
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Do[DJDX[i] = (J[i] - J[i - 1])/DX, {i, 0, imax}]; 
Do[{DPDT[i] = -DJDX[i]}, {i, 0, imax}]; 
Do[If [Abs[DPDT[i]] > 0, DTschat[i] = DPDT[i]/P[i]], {i, 1, imax - 1}]; 
Do[If [Abs[DTschat[i]] > max, max = Abs[DTschat[i]]], {i, 1, imax - 1}]; 

DT = 1/(4•max); 
Do[{P[i] = P[i] + DT•DPDT[i]; If [P[i] < 0, P[i ] = 0]; 
If[P[i] > pO/sigma , P[i] = pO/sigma ]}, {i, 1 , imax - 1}]; 
Veld[!] = (P[O] - P[1])•0.25•DX•0.50 + DX•0 .50•P[1]; 
Do[Veld[i] = Veld[i - 1] + (P[i - 1] - P[i])•DX•0 . 50 + DX•P[i], {i, 2, 

imax - 1}]; 

Veld[imax] = (Veld[imax - 1] - Veld[imax - 2] ) •0.50 + Veld[imax - 1]; 

Spanning[O] = O; 
Spanning[!] = (Veld[O] - Veld[1])•0.25•DX•0.5 + DX•0.50•Veld[1]; 
Do[Spanning[i] = Spanning[i - 1] + (Veld[i - 1] - Veld[i])•DX•0.50 + 

DX•Veld[i], {i, 2, imax - 1}]; 
Spanning[imax] = (Spanning[imax - 1] - Spanning[imax - 2])•0.50 + 

Spanning[imax - 1]; 
Spanning[O] =Spanning[!] - (Spanning[2] - Spanning[1])•0 . 50; 

correctie = 1.0 - Spanning[imax] + Spanning[O]; 
(• dit is dus het V - verschil : OP de rand •) 
Do[Veld[i] = Veld[i] + correctie, {i, 1, imax}]; 
Do[Spanning[i] = Spanning[i - 1] + DX•(Veld[i - 1] + Veld[i])•0.50, {i, 1, 

imax - 1}]; 

Spanning[imax] = (Spanning[imax - 1] - Spanning[imax - 2])•0.50 + 
Spanning[imax - 1]; 

Veld[imax] = O; 
t = t + DT1] 

(• Einde loop over Tred •) 

Print["correctie= ", correctie]; 
Ptable = Table[{x[i], P[i]}, {i, -1, imax + 1}]; 
DPDXtable = Table[{x[i], DPDX[i]}, {i, 0, imax}]; 
DPDTtable = Table[{x[i], DPDT[i]}, {i, 0, imax}]; 
Jdrifttable = Table[{x[i], Jdrift[i]}, {i, 0, imax}]; 
Jdiffutable = Table[{x[i], Jdiffu[i]}, {i, 0, imax}]; 
Veldtable = Table[{x[i], Veld[i]}, {i, -1, imax + 1}]; 
Jtable = Table[{x[i], J[i]}, {i, -1, imax}]; 
Stable = Table[{x[i], Spanning[i]}, {i,0,imax}]; 
DTtable = Table[{x[i], DTschat[i]}, {i, 1, imax - 1}]; 

ListPlot[Stable]; ListPlot[Jtable]; ListPlot[Veldtable]; 
ListPlot[Ptable]; ListPlot[DPDXtable]; ListPlot[DPDTtable]; 
ListPlot[Jdrifttable]; ListPlot[Jdiffutable]; ListPlot[DTtable]; 
Print [DT, " ", 1/DT]; 
Print ["nieuw: P [0] = ", P [O], " P [1] = ", P [1], " P [2] = ", P [2], " J [0] = ", 

J[O], " J[1]= ", J[1], " J[2]= ", J[2], " Veld[O]= ", Veld[O], 
" Veld[!]= ", Veld[!], " Veld[2]= " Veld[2], " S[O]= '', Spanning[O], 
" S [1] = ", Spanning [1] , " S [199] = ", Spanning [199]] ; 
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FIB, SEM and TEM Images 

C.1 FIB and SEM Images 

Figur e C.1 : FIB and SEM image of the area around the resist in a hole-only 
polyLED 

C.2 TEM Images 
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3. 

Figure C.2: Second to seventh TEM image of the area around the resist 
structure in the used polyLED devices. 



Appendix D 

Effect of Electrical Stress on 
VBI 
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Figure D .1: Electro-absorption signal of a 'fresh ' 80 nm hole-only device at 
room temperature. 
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Figure D.2: Electro-absorption signal of an electrically stressed 80 nm hole
only device at room temperature. 


