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Most polymers (“plastics”) are good electrical insulators. However, there is a sub class of
polymers, the conjugated polymers, which have semi-conducting properties. When
electroluminescence in the visible range of the spectrum was discovered from these
conjugated polymers the outlook towards all polymer light emitting diodes appeared [1].
Light Emitting Diodes (LEDs) prepared from conjugated polymers potentially have numerous
advantages above conventional LEDs, for example: a low application voltage and low power
consumption in combination with high brightness, easy colour tuning by modification of the
chemical structure, ultra light (weight) and mechanically flexible devices can be made and
above all they are easy to produce, what results in low production costs. Unfortunately also
important practical drawbacks of polymer LEDs (PLEDs) are present such as low stability
and degradation on operation in environmental conditions.
This work focuses on the material science of polymer Light Emitting Diodes. Low Energy Ion
Scattering (LEIS), a technique able to measure elemental surface compositions, was applied
to study the interface formation between the emitting polymer and the metal cathode. Elastic
Recoil Detection Analysis (ERDA) was used to measure and quantify depth profiles of oxygen
and water in polymer LEDs. The results obtained with LEIS and ERDA were correlated with
electrical and optical characteristics of PLEDs.
In this introductory chapter the general concepts of conjugated polymers, polymer LEDs, the
set up to construct PLEDs under controlled conditions and the analysis techniques will be
introduced. Finally the scope of the thesis will be outlined.
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Most of the commonly known polymers are electrical insulators, the conjugated polymers
however, show semi-conducting properties. In this type of polymers, the polymer backbone is
composed of carbon atoms with alternating single and double bonds (see Figure 1). The sp2
hybridisation along the backbone of the conjugated polymers leaves one electron per carbon
atom in a molecular π-orbital along the polymer chain [2]. Spin pairing of these electrons
leads to the formation of alternating single and double bonds and creates a semi conducting
polymer with a bandgap (typically between 1.5 and 3 eV). The bandgap appears because the
polymer can lower its energy by the spin pairing process creating an alternating structure of
long and short bonds between the carbon atoms (Peierls distortion [2]).
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Figure 1: Schematic representation of two types of conjugated polymers, hydrogen atoms are
omitted for clarity reasons. PPV has, apart from semi-conducting properties, also luminescent
properties.

Some of the conjugated polymers have, apart from semi-conducting properties, also
luminescent properties. It was first shown in 1990 by Burroughs et al. [1] that conjugated
polymers can be used in Light Emitting Diodes (LEDs). The most simple Polymer LEDs
(PLEDs) consist of an electroluminescent polymer layer enclosed between two electrodes
(Figure 2). The anode usually consist of an ITO (Indium Tin Oxide)/PEDOT-PSS (poly(3,4ethylenedioxythiophene)) - (poly(4-styrenesulfonate) structure and the cathode of a low
workfunction metal like calcium or barium. When a voltage is applied at the electrodes, holes
are injected into the electroluminescent polymer from the anode and electrons from the
cathode. In the polymer layer, holes and electrons move towards each other in the applied
electrical field and recombine to form excitons, which can decay radiatively (with typical
wavelengths in the visual range).
One of the most commonly used electroluminescent polymer in PLEDs is PPV (Poly
para(PhenyleneVinylene)) (see Figure 1). The wavelength of the light emitted by PPV can be
modified by introduction of electron withdrawing or electron donating side chains at the
phenyl groups in the PPV backbone [3]. The introduction of side chains has another important
advantage: the polymer becomes soluble and can therefore be applied by spin coating or
inktjet printing.
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Figure 2: Schematic representation of a Polymer Light Emitting Diode (PLED). Electrons are
injected into the electroluminescent polymer from the low work function metal and holes from
the ITO/PEDOT-PSS anode. Holes and electrons move towards each other in the applied
electrical field and combine to form excitons, which can decay radiatively.
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One of the important issues to make polymer LEDs suitable for commercial application is a
sufficiently high life-time (~10.000 – 100.000 hours). A number of causes are known that
limit the life-time of polymer LEDs, like oxidation of the polymer and/or the cathode and
degradation of the electrodes by diffusion of metal ions into the polymer.
Probably the best known factor is oxygen. PPV can be oxidised under influence of light [4,5]
and/or calcium [6]. On oxidation of PPV, the vinyl bonds are broken and carbonyl groups are
formed leading to reduced conjugation length. The carbonyl groups act as exciton splitting
centres [7] and the reduced conjugation length leads to lower charge carrier mobilities [8].
Both effects lead to reduced PLED efficiency. The ITO anode is suggested to be a source for
oxygen [8]. By incorporation of a PEDOT-PSS layer between the ITO and the
electroluminescent polymer, diffusion of oxygen containing species from the ITO can be
eliminated [9].
For precursor PPV, directly placed, on ITO also indium diffusion into the PPV was observed.
Hydrochloric acid, released during the conversion of the precursor, etches the ITO and indium
compounds can diffuse [10]. In soluble PPV derivatives applied onto the ITO by spin coating
no indium diffusion was observed [11].
Incorporation of a PEDOT-PSS layer significantly increases the PLED life-time [12] by
elimination of oxygen diffusion into the PPV and by smoothing the rough ITO surface [13].
However, it was also observed that degradation of PLEDs can be induced by PEDOT-PSS
films. Accumulation of sulphur containing compounds at the cathode of PLEDs was observed
after exposure of the PLED to air and/or after operation of the PLED. It was found that the
sulphur compounds originated from the PEDOT-PSS film [11]. Furthermore, from electron
bombardment of PEDOT-PSS films it was concluded that both PEDOT and PSS suffer form
electron induced degradation [14].
The low workfunction cathode can also be a cause for degradation of PLEDs. Calcium ions
are found to diffuse in the PPV derivatives [15,16,17,18] and form inner gap states leading to
quenching of excitons [19]. Oxidation of the calcium/PPV interface, leading to a CaO
interface layer between calcium and PPV, was found to reduce calcium diffusion [20] and
3

reduce exciton quenching [19]. It was stated in [21] that oxygen is necessary to prepare
working PLEDs with optimal life-times. However others [22] found the highest PLED
efficiencies and brightness when oxygen was totally absent. Furthermore, even evidence was
obtained for calcium induced oxidation of PPV derivatives [6].
This thesis contains amongst others a study on the absorption of environmental gases and the
diffusion of metal ions in several different PPV derivatives. Both semifinished as well as
complete PLEDs have been prepared under well-controlled conditions and have been
characterised extensively.
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Polymer LEDs used in our research are fabricated and characterised in a glove box set up
under controlled environmental conditions. The set up consists of a glove box (nitrogen
atmosphere with oxygen and water vapour below 1 ppm) with an UV-ozone cleaning facility
(for ITO) and a vacuum chamber for cathode evaporation connected (see Figure 3, [22]). The
samples can be transferred between the different chambers of the set up without contact to air.
Evaporation
Transfer Chamber
-9
Chamber 10 mbar

Glovebox

N2 gas, O2 and H2O < 1 ppm
Activated carbon filter

Sample Holder

UV-ozone
Cleaning facility

Port for suitcase
Spincoater

Effusion cells
Exposure facility

I-V-L and electroluminescence
characterization under controlled conditions

Figure 3: Schematic view of the glove box set-up. Polymer LEDs can be prepared and
characterised under controlled conditions.

The production procedure of PLED preparation is as follows. Substrates of glass covered with
ITO (100 nm ITO, Merck) are cleaned outside the set up successively with acetone (Uvasol,
Merck) and 2-propanol (Uvasol, Merck) each for 10 minutes in an ultrasonic bath. Next, the
samples are placed in the “UV ozone chamber” and treated for 20 minutes with ozone in order
to remove hydrocarbons [23] and to increase the oxygen content in the ITO surface [12].
Next, the “UV ozone chamber” is pumped down and flushed with nitrogen from the glove
box. Subsequently, the samples are placed in the glove box and immediately (within ~10
minutes) a polymer layer (usually OC1C10-PPV, (poly (2-metoxy,5-(2`-ethyl-hexoxy)-p-1,4phenylene vinylene))) is applied by spin coating from a solution of ~0.5 wt% PPV in toluene.
Next, six glass/ITO/PPV samples are placed in a sample holder and introduced via the transfer
chamber into the evaporation chamber (base pressure 1·10-9 mbar). Metal is evaporated from
the effusion cells onto the PPV for all six samples simultaneously (Al (at 1150 °C), Ba (at 500
°C) or Ca (at 500 °C)) with typical deposition rates of 0.1 - 0.3 nm/s). During evaporation the
thickness of the metal layer is monitored with a quartz crystal and the sample temperature can
4

be measured with negative temperature coefficient resistance (NTCs), which are in contact
with the glass of the substrate. The composition of the residual gas is monitored with a
residual gas analyser. With a needle valve oxygen can be introduced into the UHV
evaporation chamber.
Electrical and optical characterisation can both be performed inside the evaporation chamber
and inside the glovebox. The PLEDs or half fabricates can be transported to the LEIS and
ERDA set up under vacuum or dry nitrogen conditions using a airtight suitcase (N2 filled) that
can be connected to the glovebox as well as to the ERDA/RBS and the LEIS set up.
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The elemental composition of the outermost atomic layer of a sample can be studied with
Low Energy Ion Scattering LEIS [24]. In LEIS a beam of low energy noble gas ions (typically
3 keV He+) is directed onto the sample and the energy spectrum of the backscattered ions is
measured. The energy of the elastically backscattered ion is determined by conservation of
energy and momentum and therefore uniquely depends on the initial energy, the mass ratio of
the sample atom and the incoming ion and the scattering angle (see Figure 4).

(a)

(b)

Figure 4: a) A schematic representation of Low Energy Ion Scattering. b) The design of the
Eindhoven LEIS set-up ERISS (Energy Resolved Ion Scattering Spectroscopy). The toroidal
analyser has rotational symmetry over a azimuthal range of 320 °, What greatly enhances the
sensitivity. Using the X-ray source, X-ray Photoelectron Spectroscopy (XPS) measurements
can be performed.

LEIS is surface-sensitive, because the analyser of the detection system only accepts ions. The
neutralisation probability for a scattered ion is very high; only ~10-2 – 10-4 of the helium ions
scattered at the outermost layer survive as an ion [24]. For ions penetrating the sample the ion
survival probability is even orders of magnitude lower, making LEIS extremely surface
sensitive. The fact that the neutralisation process is not completely understood [24] makes it
impossible to quantify LEIS measurements on an ab-initio basis. Therefore quantification is
always done using standards.
5

For the specific case of measuring calcium or barium surfaces with LEIS (as done in chapter
4,6,7 and 8) the interpretation is particularly complex because of the high reionisation
probability of calcium and barium [25]. Reionisation is the process that helium ions that
penetrate the sample and are consequently neutralised, can be ionised again by calcium or
barium atoms at the surface when emerging from the sample after scattering at depth.
Fortunately, these ions have lost energy along their trajectories in the samples and will
therefore have lower kinetic energies than the ions scattered at the surface. Consequently, for
the quantification of the LEIS spectra from calcium or barium samples two scaling factors
must be taken into account. The amount of detected ions scattered at the surface depends on
the scatter cross-section and the ion survival probability (1). The amount of ions from deeper
layers depends on the scatter cross-section and the reionisation probability (2). Note that the
reionisation probability (and thus the amount of signal from deeper layers) depends on the
surface composition.
During LEIS experiments sputtering of ions and neutrals from the sample surface occurs.
Beam induced surface changes are important for organic samples and therefore low ion dose
must be used [25]. It was shown that static LEIS measurements can be performed on
polymers with a dose of ~ 5⋅1013 ions/cm2 He+ [26]. The sputter rate of 3 keV He ions on
polymers was found to be 0.1 – 0.2 [27], leading to damage by sputtering to ~1% of the
surface for a dose of 5⋅1013 ions/cm2.
The LEIS measurements presented in this thesis have been performed with the home built
ERISS (Energy Resolved Ion Scattering Spectroscopy) LEIS set-up (see Figure 4). In this set
up the ion beam is directed perpendicular onto the sample surface and backscattered ions are
detected at a fixed scattering angle (145 °). The analyser is rotational symmetric and accepts
ions over a 320° azimuthal range. The high acceptance angle and the parallel energy detection
greatly enhance the sensitivity.
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The depth distribution of elements in a sample can be measured by Rutherford Backscattering
Spectrometry (RBS) and by Elastic Recoil Detection Analysis (ERDA) [28]. These highenergy ion beam (MeV) techniques rely on elastic binary collisions between incoming ions
and nuclei of atoms in the sample.
In the ERDA experiments described in this thesis a beam of high energy He ions is directed
onto a sample and the energy of the recoiled particles is measured at one specific scattering
angle (see Figure 5). Mass identification of recoiled particles is possible, because the kinetic
energy of the recoiled particle depends uniquely on the mass ratio of the incoming ion and the
recoiled particle, the scatter geometry and the energy of the incoming ion.
Incoming ions that do not scatter at the sample surface, penetrate the sample and interact with
atoms below the sample surface. Recoiled particles from below the sample surface have lower
kinetic energies than particles recoiled from the sample surface, because incoming ions and
recoil particles lose energy along their trajectory in the sample [29] (the energy loss is usually
described by the stopping power). This implies that measuring kinetic energy of recoiled
particles not only provides an elemental mass spectrum, but also an elemental depth profile.
In order to perform quantitative ERDA measurements, knowledge about the differential crosssections is necessary. The differential cross-section for scattering of MeV ions in the
Coulomb potential of a target nucleus can be calculated analytically [30], provided that the
energy is such that the incoming ion fully penetrates the electron cloud of the target atom, but
does not approach the nuclei at such close distance that nuclear forces come into play. In our
experiments with energies outside the “ Rutherford cross-section regime” were used to obtain

6

optimal results. In experiments for the detection of oxygen depth profiles in polymer LEDs
(chapter 2) we used a 13.4 MeV He++ beam. It is experimentally observed [31] that at this
energy a broad maximum in the differential oxygen recoil cross-section is present and the
kinetic energy of oxygen recoils is such (6.44 MeV) that the stopping power is near its
maximum (= maximal depth resolution).
He+ ~ 2 - 20 MeV

Scatters
Er(m1,m2,θ)

10 -30 °
10 - 30 °

Recoils

Figure 5: A schematic representation of the Elastic Recoil Detection Analysis geometry. A high
energetic He ion beam is directed onto the sample and the energy of recoiled particles is
measured. Apart from recoiled particles also scattered particles will emerge from the sample.
Using a stopper foil or Pulse Shape Discrimination (PSD) [11] we discriminated between
scattered and recoiled particles.

In experiments detecting deuterium and hydrogen in PEDOT-PSS films and PLEDs (chapter
3) we used 2.1 MeV He+ ions. At this energy, the differential deuterium recoil cross-section
has a broad resonance [32].
A complicating factor for ERDA experiments is that both recoiled particles with different
mass and scattered particles are emerging from the sample. We used two techniques to
discriminate between various particles. In the experiments detecting oxygen in PLEDs
(chapter 2), Pulse Shape Discrimination (PSD) was used [11,33]. With PSD, particles with
similar energies but different stopping powers (different mass) can be separated. For PSD a
passivated implanted planar silicon (PIPS) detector with a thin depletion layer at the surface
was used. Particles that hit the detector convert their energy in electron-hole pairs, which are
collected at the contacts. The collected charge is a measure for the kinetic energy of the
incoming particle. Particles with relatively high stopping power are stopped in the thin
depletion layer and charge collection in the detector is fast. Particles with relatively low
stopping power are stopped beyond the thin depletion layer and consequently the charge
collection is slow. The pulse shapes from the detector for particles with high and low stopping
powers differ and can be used to distinguish the particles [11,34].
In experiments detecting hydrogen and deuterium in PLEDs (chapter 3) a Mylar stopper foil
was placed between the samples and the detector to separate particles. The thickness of the
Mylar foil was chosen such (10 µm) that only hydrogen and deuterium could reach the
detector, scattered helium and recoiled oxygen, sulphur and carbon were stopped inside the
foil.
In RBS a beam of high energy helium ions is directed onto a sample and backscattered helium
particles are detected at a specific angle [28]. Mass identification and depth profiling are
possible by measuring the kinetic energy of the scattered helium particles. Generally speaking
7

RBS is most suitable for depth profiling of heavy elements in a light matrix, ERDA is most
suitable for light elements in a heavy matrix.
The application of ERDA and RBS on polymer samples is dose limited by ion beam induced
damage. Although the sputtering coefficient is negligibly low, molecular bonds are broken
during the stopping process and free radicals are formed. Chemical reactions following the
formation of free radials lead to the creation of (small) volatile molecules, which will escape
from the sample [11]. We performed RBS and ERDA experiments at cryogenic temperatures
(10 K). The low temperature strongly reduces the mobility of the volatile species such that the
atomic composition is nearly unaltered during the measurement [11].
The high-energy ion beams used for the measurements described in this thesis (chapter 2 and
3) were produced using two different accelerators. The 13.4 MeV He ion beams for detection
of oxygen in PLEDs (chapter 2) were made with the Eindhoven Azimuthally Varying Field
cyclotron [35]. The ion beams used for detection of deuterium and hydrogen (chapter 3) in
PEDOT-PSS and PLEDs were produced with the new Eindhoven HVEE 3.5 MV Singletron
accelerator [36].
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The influence of environmental gases on PPV and PLED degradation has been studied
extensively [4,5,37,38,39,40,41,42,43]. It was found that on photo-oxidation of PPV the vinyl
bounds in the conjugated chain are broken and carbonyl groups are formed. These carbonyl
groups act as exciton splitting centres and decrease the charge carrier mobility [44,45]. The
influence of the structural and chemical properties of the electroluminescent polymer on the
oxygen uptake and the photo-oxidation was not reported in literature. In chapter II of this
thesis the results of an ERDA study on the distribution of oxygen in polymer LEDs and the
dependence of oxygen uptake on the PPV derivative are described. The amount of oxygen
was measured with ERDA and correlated to the PLED performance.
Apart from water resulting from environmental gases, the PEDOT-PSS layer can also be a
possible source of water in PLEDs. A PEDOT-PSS layer is generally incorporated in PLEDs
as an intermediate between the ITO anode and the electroluminescent polymer since it
improves the life-time of the PLED [12]. The PEDOT-PSS mixture is hydrophilic and
processed from an aqueous solution. Residual water can induce PLED degradation by
oxidation of the electroluminescent polymer and the metal cathode [11]. Although the
PEDOT-PSS layer is usually annealed after spin coating to remove water, the amount and the
distribution of the water left in the PLED has not been reported in literature. In chapter III
we describe the results of ERDA measurements on PLEDs with PEDOT-PSS layers. The
amount of residual water in PLEDs resulting from the PEDOT-PSS layer was quantified and
related to the PEDOT-PSS processing conditions. The diffusion of residual water from the
PEDOT-PSS layer to the calcium cathode was also considered.
Glass/ITO/PPV structures prepared without a PEDOT-PSS layer are often also heated [46]
before application of the cathode in order to remove oxygen, water and residual solvents from
the PPV film. However, the ITO/PPV interface is known to be unstable [8]. Lee et al. [46]
showed that annealing of PLEDs with Al cathodes has a positive effect on the power
efficiency and the light output. This was attributed to enhanced interface adhesion between Al
and PPV by improved chemical interaction. However, normally calcium is used as a cathode
material in PLEDs. In chapter IV the stability of the polymer LED on mild heat treatment
before and after application of the calcium cathode is described using the results of electrical
8

and optical characterisation and LEIS/XPS measurements. Electrical characteristics of PLEDs
are related to degradation of the ITO/PPV and the PPV/Ca interface.
The stability of the polymer/cathode interface in PLEDs is of critical importance, because of
the imbalance between the electron and hole currents in PLEDs. Because of this imbalance,
the electron-hole recombination is primary located close to the cathode, leading to nonradiative exciton decay induced by the metal cathode [47]. Improvement of the PLED
performance has been obtained by insertion of an organic layer between the cathode and the
electroluminescent polymer. This organic layer blocks the holes and therefore shifts the
recombination zone away from the cathode [48,49,50]. Improvement has also been obtained
by doping the electroluminescent polymer layer with an alkali metal, leading to a reduced
electron injection barrier. In chapter V the results of a study to improve PLED performance
by a combination of the above-described approaches are shown. We prepared and
characterised PLEDs with a lithium doped organic layer incorporated between the
electroluminescent polymer and the cathode.
In the view of the imbalance between electron and hole currents the calcium/PPV interface is
of crucial importance. On evaporation in oxygen free ambient, diffusion of calcium into PPV
derivatives was observed [15,16,18]. When oxygen was present during evaporation a CaO
layer formed on top of the PPV and calcium did not diffuse [21,51]. It was concluded that
oxygen at the cathode is essential to obtain PLEDs with reasonable life times [21]. Time
scales of the calcium diffusion and the CaO formation processes were not reported in
literature. In chapter VI the results of a LEIS/XPS study on the dynamics of the PPV/calcium
interface formation are shown for a number of cases: calcium was evaporation onto PPV in
oxygen ambient, calcium was evaporated onto atomic oxygen treated PPV and calcium was
evaporated onto PPV treated with an ion bombardment. The results of LEIS/XPS
measurements are correlated to PLED performance and life-time.
The research on the metal/polymer interfaces was continued by a study on the diffusion of the
cathode metals during and after deposition. For metals deposited on organic films it has been
observed that the interface properties depend a.o. on the evaporation rate and the properties of
the metal [52,53]. For polymers and metals used in PLEDs, effects of deposition conditions
on interface formation and PLED performance have not been reported in literature. In
chapter VII the results of a LEIS study on the diffusion of calcium and barium in PPV are
described. Metal diffusion in PPV during and after evaporation was studied as a function of
deposition rate and amount of metal deposited. The diffusion process is described in a
diffusion model and the observations made with LEIS are correlated to PLED performance.
The polymer/metal interface formation is also likely to be influenced by the properties of the
electroluminescent polymer. It was concluded in [17] that the diffusion of aluminium in PPV
depends on the chemical structure of the PPV derivative; aluminium diffusion was only
observed when the side groups of the PPV derivative were bulky. However, no systematical
study was performed to related polymer/metal interface formation to the properties of the PPV
derivative. In chapter VIII the results of a LEIS study on the diffusion of calcium and barium
in a number of soluble PPV derivatives are described. Cathode formation on a number of PPV
derivatives was studied in order to relate the characteristics of the metal/polymer interface to
the polymer properties.
The chapters of this thesis have been published as independent articles, or are prepared for
individual publication in devoted scientific journals. Therefore each of the following chapters
can be read independently. Accordingly, overlap between the chapters is unavoidable.
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The influence of oxygen exposure on three chemically different poly para phenylene vinylene
(PPV) derivatives used in Polymer Light Emitting Devices (PLEDs) has been investigated.
During device preparation, PPV layers have been exposed to oxygen either in the dark or
during the irradiation with visible light, before the cathode was applied. Device efficiency
was studied by electrical and optical characterisation and correlated to oxygen depth profiles
measured with Elastic Recoil Detection Analysis (ERDA).
Treatment with oxygen during light exposure leads to a decrease in current, light output and
efficiency. It was found that two different PPV derivatives show the same current and light
output reduction with different oxygen uptake. This behaviour is explained in terms of a
different chemical structure and a difference in the number of structural defects (tolanebisbenzyl moieties (TBB`s)) incorporated. For two PPV derivatives treated with oxygen in the
dark a reduction in current and light output was found, while the efficiency was unchanged.
Another PPV derivative however showed a shift in the on-set voltage of the light output
accompanied by an increased oxygen level at the PPV/Ca interface. It is concluded that after
exposure in the dark, oxygen is incorporated in the PPV by Van der Waals interaction, during
evaporation of the cathodes, oxygen will diffuse to the cathode and will be gettered by the
calcium, which results in the formation of an electron injection barrier.
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Polymer light emitting diodes (PLEDs) are considered promising candidates for full colour,
cheap, mechanically flexible displays which are easy to process [1,2]. The colour of emission
of the device can be modified over the full visible spectrum by tuning the bandgap of the
polymer [3]. The most simple PLEDs consist of an emitting polymer layer (often derivatives
of Poly para Phenylene Vinylene (PPV)), which is sandwiched between an anode and a
cathode. It is well known [4-13] that there are still a number of problems considering the
stability and reproducibility of PLEDs. One of the major problems with PPV used in polymer
LEDs is its sensitivity to environmental gasses (e.g. oxygen, water). Encapsulation can
prevent processes like oxidation during operation, but during preparation oxygen can often
not be excluded.
Photo-oxidation and oxidation of PPV has been studied before [4-13]. It was found that the
oxygen can be incorporated in PPV as carbonyl groups. A model of the photo-oxidation
process was proposed by Cumpston et al. [5], in which light exposure induces non-radiative
triplet excitons in the PPV and energy transfer from the triplet exciton to an oxygen molecule
results in the formation of a singlet oxygen. The reactive singlet oxygen will undergo
cycloaddition with a vinyl bond of the conjugated chain, resulting in two carbonyl end groups
and thus chain scission of the PPV, leading to a decrease in the photoluminescence efficiency.
The carbonyl groups are assumed to act as exciton splitting centres [12] and influence the
branching ratio [13].
Also a number of studies have been performed in which PLEDs were operated in air or
exposed to air before the cathode was applied [e.g. 4,11]. For instance, Morgado et al. [4]
studied the influence of exposure of PPV layers to air in the dark and during illumination by
measuring the PLED performance. Most of the changes in current and light output found by
Morgado et al. were attributed to water vapour present in air. Furthermore, degradation of
PLEDs operated in air was studied by Nguyen et al. [11], effects were contributed to reaction
of the calcium cathode with oxygen and water.
Side chains on the backbone of PPV are used e.g. to make the polymer solvable, to change the
emission spectrum from the PPV or to overcome problems like aggregate formation. It has
been reported [14] that additional side groups in PPV derivatives result in different physical
properties (e.g. charge mobility) and it is also known that some PPV derivatives are more
sensitive for oxygen than others.
Here, we study a number of PPV derivatives in order to understand the influence of the
chemical structure on the degradation, which should lead to the fabrication of more stable
materials. Layers of three chemically different PPV derivatives were either exposed to oxygen
in the dark or during illumination, before the cathode was applied, and were subsequently
characterised by electrical and optical measurements. Furthermore, with Elastic Recoil
Detection Analysis (ERDA) [15,16] the oxygen concentration in the PLEDs was quantified
and depth profiles of oxygen were obtained in order to correlate PLED performance with
oxygen uptake.
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Three chemically different PPV derivatives (denoted as PPV A, PPV B and PPV C) have
been studied (Figure 1). PPV A emits red light and has been well studied [14], PPV B emits
yellow/green light, and PPV C is a red emitting random co-polymer with better colour
stability than PPV A. The mobility of the charge carriers is known [14,17] to be highest for
PPV A and lowest for PPV B. The number of defects (tolane-bisbenzyl moieties (TBB`s)),
single and triple bonds in stead of double bonds between two carbon atoms) in the PPV
structure are 1.6 ± 0.5 % for PPV A, 8.2 ± 0.5 % for PPV B and 4.3 ± 0.5% for PPV C. These
numbers were obtained using the method described in reference [18].
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Figure 1: The studied PPV derivatives; the PPV derivatives will be denoted PPV A, PPV B and
PPV C throughout this chapter according to this Figure. Note that polymer C is a random copolymer.
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Substrates of glass covered with ITO (100 nm ITO, Merck) were cleaned successively with
acetone (Uvasol, Merck) and 2-propanol (Uvasol, Merck) each for 10 minutes in an ultrasonic
bath. Next, a UV ozone treatment was conducted for 20 minutes. Subsequently, the UV-ozone
chamber was evacuated, flushed with nitrogen and the samples were transferred without
contact to air to a glove box (O2 and H2O < 1 ppm), where a PPV layer was spincoated
directly onto the ITO from a 0.5 – 0.7 wt% PPV solution in toluene. Next, the specimens were
transferred from the glove box to a transfer chamber without contact to air. The transfer
chamber was pumped down to 5·10-7 mbar in about 20 minutes and subsequently the samples
were transported to the evaporation chamber. A 80 nm thick calcium cathode was evaporated
from an effusion cell, at a deposition rate of 0.3 nm/s. A 50 nm thick aluminium layer, used to
cover the reactive calcium, was evaporated at a rate of 0.1 nm/s. The pressure during the

15

evaporation was ~1·10-7 mbar consisting almost entirely of hydrogen (the partial oxygen and
water pressure were lower than 10-9 mbar). Electrical and optical characteristics were
measured in the evaporation chamber. Specimens were transported to the ERDA set-up in a
container in a nitrogen atmosphere.
Oxygen exposure of the PPV layers was performed in the transfer chamber, before the
cathodes were evaporated. The devices were treated with pure oxygen (200 mbar) in the dark
or during exposure to visible light. A halogen lamp (6 Watt, at a distance of ~12 cm of the
PLEDs), which emitted the full spectrum of visible light (480 nm – 950 nm), but shielded for
UV radiation, was used to illuminate the samples. After the treatment, the transfer chamber
was pumped down to 5·10-7 mbar and the samples were transported to the main chamber
where the cathodes were evaporated. Device characteristics were measured in the evaporation
chamber after cooling down the calcium and the aluminium evaporator. The devices were
however still at elevated temperatures of approximately 46 ± 2 °C when measured in the
evaporator chamber [19].
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Elastic Recoil Detection Analysis (ERDA) is a technique able to measure depth profiles of
(light) elements in samples up to a few hundred nanometer thick with a resolution of
approximately 10 nm. A beam of high-energy He++ ions was directed onto a sample and
recoiled particles were detected. In order to discriminate between recoiled and scattered
particles, pulse shape discrimination with a low resistance passivated implanted planar silicon
(PIPS) detector was applied [15,16]. Experiments on PLEDs were performed at cryogenic
temperatures (10 K), because ion radiation forms volatile species in organic samples. At
cryogenic temperatures the mobility of these species is reduced [16] and therefore the atomic
composition is unaltered during the measurements. All experiments were performed with a
13.4 MeV He++ ion beam of approximately 5 nA. The energy of the beam was chosen at 13.4
MeV, because at this energy the 16O(4He, 4He)16O resonance scattering cross section has a
broad maximum [16].
Experiments were performed on complete PLEDs and on devices without Ca and Al capping
layers. The amount of oxygen in the PLEDs was derived using simulations of the ERDA
spectrum with an adapted version of the simulation program RUMP [20,21].
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At first, the sensitivity of the three PPV derivatives to the combination of oxygen and light
has been investigated. PLED performance was measured as a function of exposure time of the
polymer film prior to the deposition of the cathode. Figure 2 shows the relative current and
brightness of PLEDS as a function of exposure time. The current and brightness were
measured at an electrical field of 5.4·107 V/m. Figure 2 shows that for all three studied PPV
derivatives the current and the light output decrease rapidly in the first period of exposure
(first 30 to 60 minutes). At larger time scales the decrease in current and light output was
found to be more gradual. Furthermore, it can be seen that PPV A and PPV C behave
similarly, whereas for PPV B the current and light output reduction is more pronounced.
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Figure 2: The relative amount of current and brightness is plotted as a function of exposure
time of the PPV layer to oxygen during exposure to visible light. The current and brightness are
normalised to the current and brightness of untreated devices to be able to compare the three
PPV derivatives. The lines connecting the points are drawn as a guide for the eye.
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For all three PPV derivatives we compare the influence of oxygen exposure in the dark and
during illumination on PLED performance for one specific treatment time. This time is
chosen so that in the case of exposure to oxygen and light a significant reduction in current
and light output is observed (Figure 2). Characteristics of devices with 110 nm thick layers of
PPV A are shown in Figures 3 and 4. Table 1 shows representative values for the relative
current and light output for measurements at 5.4·107 V/m. The reductions of the current and
light output were largest after oxygen treatment during light exposure. The device efficiency
after treatment in the dark was almost equal to the efficiency of untreated devices, while the
device efficiency after treatment with oxygen and light drops by almost a factor of two.
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Table 1: Characteristic values of PLEDs with 110 nm thick PPV A layers measured at 5.4·10
V/m. All treatments (column 1) are performed for 120 minutes. The relative amount of current
and light (compared to untreated PLEDs) is shown. The on-set voltage of the light is also given.

Treatment
None
Oxygen
Oxygen & light

Current
% (±3%)
100
63
47

Light output
% (±3%)
100
60
29
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Efficiency
% (±5%)
100
95
59

Light on-set
Volt
1.75 ±0.1
2.0
2.0

1.E+03

Current (mA/cm2)

1.E+02
1.E+01
1.E+00
1.E-01

untreated

1.E-02

O2 in the dark

1.E-03

O2 and light

1.E-04
1.E-05
0

1000

2000

3000

Voltage (mV)

4000

5000

6000

Figure 3: Representative current-voltage characteristic of PLEDs with a 110 nm thick PPV A
♦), with a PPV layer treated
layer. Curves are shown for a devices with an untreated PPV layer (♦
for 120 minutes with oxygen in the dark (o) and with a PPV layer treated for 120 minutes with
oxygen during exposure to light (*). The lines connecting the points are drawn to guide the
eye.

Representative values of the current and brightness measured at PLEDs with 100 nm thick
PPV C layers at 5.4·107 V/m are listed in Table 2. It was found that current and light output
decreases in all PLEDs with treated PPV C layers. The efficiency only reduces significantly
for treatment of the PPV layers with oxygen during light exposure. Finally an experiment was
performed in which the devices of PPV A and of PPV C were treated with light in vacuum for
120 minutes, from this we did not find any effects on PLED performance.

7

Table 2: Characteristic values of PLEDs with 100 nm thick PPV C layers measured at 5.4·10
V/m. All treatments are performed for 120 minutes. The relative amount of current and light
compared with untreated PLEDs are listed. The on-set voltage of light is also given.

Treatment
None
Oxygen
Oxygen & light

Current
% (±3%)
100
71
46

Light output
% (±3%)
100
69
35
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Efficiency
% (±5%)
100
97
60

Light on-set
Volt
1.75±0.1
2.0
2.0

Brightness (Cd/cm2)

1.E+00
1.E-01

Untreated

1.E-02

O2 in the dark

1.E-03

O2 and light

1.E-04
1.E-05
1.E-06
0

1000

2000

3000

Voltage (mV)

4000
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Figure 4: Representative light-voltage characteristic of PLEDs with a 110 nm thick PPV A layer.
♦), with a PPV layer treated for 120
Curves are shown for a device with an untreated PPV layer (♦
minutes with oxygen in the dark (o) and with a PPV layer treated for 120 minutes with oxygen
during exposure to light (*). The lines connecting the points are only drawn to guide the eye.

The light output characteristics of devices prepared with 130 nm thick PPV B layers are
presented in Figure 5 and representative values of current and light output at 5.4·107 V/m are
shown in Table 3. For voltages below the light on-set anomalous currents were frequently
observed. Furthermore, it was found that this PPV is extremely sensitive to the cleaning
procedure of ITO, for instance without UV-ozone treatment no working devices could be
obtained, contrary to PLEDs produced with PPV A. The experiments with PPV B could
however still be performed in a reproducible manner, because the part of the CURRENTVOLTAGE curves where the voltage exceeds the voltage of the light on-set are smooth and
reproducible. The characteristic values for PPV B (see Table 3) show that the current, the
brightness and the efficiency decrease significantly after only 30 minutes of both treatments.
Figure 5 shows that exposure to oxygen in the dark leads to an on-set shift of the light output
of (0.9 ± 0.2) volt to higher voltages compared to untreated devices. When these PLEDs start
emitting, the brightness increases rapidly as function of the voltage and at 6 volt the output is
larger than for a PLED with PPV layers treated with oxygen during exposure to light. Because
of the anomalous currents it is not possible to obtain reliable values for the on-set of the
currents.
Additional experiments were performed with PPV B to investigate the effect of exposure to
light of devices treated with oxygen in the dark. For this purpose devices were treated with
oxygen in the dark for 30 minutes, subsequently the oxygen was removed from the chamber
(pumped down to 5·10-7 mbar), and the samples were exposed to light for 30 minutes. It was
found that the shift in the light on-set is not present, see Figure 5 this will be discussed in
section II-4. Finally, experiments were performed in which PPV layers were illuminated for
30 minutes in a vacuum of 5·10-7 mbar. No effects on the current and light output were
observed in these experiments.
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Figure 5: Representative light-voltage characteristics of PLEDs with a 130 nm thick PPV B
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-7
and after pumping down to 5·10 mbar exposed during 30 minutes to light (
connecting the points are drawn to guide the eye.

 !#"
7

Table 3: Characteristic values PLEDs with 130 nm thick PPV B layers measured at 5.4·10 V/m.
All treatments are performed for 30 minutes. The relative amount of current and light compared
with untreated PLEDs are listed. The on-set voltages of light are also given.

Treatment
None
Oxygen
Oxygen & light
Oxygen -> light

Current
% (±3%)
100
28
31
55

Light
% (±3%)
100
19
13
32

Efficiency
% (±5%)
100
68
42
58

Light on-set
Volt
3.5±0.1
4.25
3.75
3.5
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In order to compare the PLED performances presented in the last paragraph with the oxygen
distribution in the devices, oxygen depth profiles were obtained with ERDA. Devices used for
ERDA measurements were prepared following the same routine as the devices used for
electrical and optical characterisation. In all ERDA experiments devices were used which
have not been characterised electrically. In order to separate effects of oxygen at the cathode
and effects of oxygen on the PPV, specimens with and without calcium and aluminium
capping layers were measured. Figure 6 depicts the results of ERDA measurements on PPV B
samples without cathodes. It can be seen that the amount of oxygen in the PPV depends on
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the treatment. Untreated samples have the smallest amount of oxygen, this is the oxygen
present in the alkoxy side chain of the polymer, while samples treated with oxygen during
exposure to light have the highest amount of oxygen. With the simulation program RUMPERD [15,16,20,21] quantitative information about the oxygen concentrations in the PPV
layers was obtained, as shown in Tables 4 and 5. It was observed that the amount of oxygen in
the samples differs depending on the kind of PPV derivative and the given treatment, but it is
distributed homogeneously through the PPV layer in all samples. The oxygen treatment
during light exposure results for all the PPV derivatives in a higher oxygen level than oxygen
treatment in the dark. The level of oxygen incorporated in these PPV films is considerable,
e.g. for PPV B up to 0.4 oxygen atom per monomer is incorporated. This implies that almost
for every second monomer unit in the PPV, the film contains an extra oxygen atom while still
working devices are obtained.
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Figure 6: ERDA spectra of PPV B layers on ITO and glass. The experiments are performed at
samples without cathode layers. On the y-axis the number of detected particles (ions/atoms) is
plotted and on the x-axis the channel numbers (energy) is plotted. The depth scales for both
carbon and oxygen is also shown as derived from RUMP simulations. Curves are presented for
a devices with an untreated PPV layer (*), with a PPV layer treated for 30 minutes with oxygen
in the dark (o) and with a PPV layer treated for 30 minutes with oxygen during exposure to light
( ).

G

Subsequently, ERDA experiments were performed on devices with capping layers (both Al
and Ca) of only 30 nm to be able to separate the recoiled oxygen atoms and the scattered He++
ions [15]. Figure 7 shows measurements on PPV B. Although the overall depth resolution in
this experiment is considerably degraded, it is found that oxygen treatment in the dark results
in an accumulation of oxygen in or near the calcium cathode. Because of the degraded
resolution it is not clear whether the oxygen is distributed homogeneous throughout the 30 nm
thick calcium cathode or that only part of the cathode is oxidised. The oxygen level in the part
of the PPV away from the cathode has increased the same amount as found in uncapped
specimens. The oxygen level in PPV at or near the interface with calcium was also observed
to be higher than for devices treated with oxygen during exposure to light.
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Figure 7: ERDA spectra of PPV B PLEDs with capping layers of 30 nm calcium and 30 nm
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RUMP simulations is also shown. Curves are shown for a device with an untreated PPV layer
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Figure 8: RUMP/ERD simulation of PLEDs with PPV B with different oxygen areal densities at
the Ca/PPV interface. From bottom to top the simulations are done for respectively 0, 5, 8, 10
15
2
and 12⋅⋅10 at/cm oxygen at the Ca/PPV interface. A depth scale for the oxygen profile is also
shown.
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In order to show the sensitivity of the effect of oxygen accumulated at the Ca/PPV interface
simulations with RUMP ERD are performed for PLEDs with oxygen present in the calcium
layer. Simulations are performed for areal densities of oxygen of respectively of 0, 5, 8, 10
and 12⋅1015 at/cm2 present at the Ca/PPV interface (see Figure 8). The ERDA spectra of PPV
B treated in the dark can be well simulated with an oxygen areal density of 5·1015 at/cm2 at
the PPV/Ca interface, which is equivalent to ~ 3 nm CaO. This implies that about 40 % of the
oxygen incorporated in the film (Table 4) has migrated to the calcium. Measurements on
PLEDs with PPV A and PPV C layers do not show accumulation of oxygen at the calcium
cathode.
Table 4: Average oxygen concentrations in wt% in the PPV layer of PLEDs without
cathodes determined with cryogenic ERDA. The wt% are determined out of simulations
with the program RUMP (Figure 6). Treatment times were 30 minutes for PPV B, 120
minutes for PPV A and PPV C.
Treatment
None
Oxygen
Oxygen&light
Oxygen->light

PPV A
11.8 ± 0.3
12.3
12.9
--

PPV B
4.7 ± 0.3
6.0
6.5
6.1

PPV C
7.6 ± 0.3
8.1
9.1
--
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The combination of ERDA experiments and electrical characterisation of PLEDs using
different PPV derivatives allows to correlate the oxygen uptake with PLED performance. In
order to interpret this correlation it is necessary to know the mechanism of the charge
conduction through a PLED.
Blom et al. proposed a model for charge transport in organic LEDs for the case that the
current is not limited by injection barriers between the electrodes and the organic layer
[22,23]. This model is known as the space charge limited current model (SCLC); LEDs
fabricated with PPV A on ITO and calcium as cathode material behave according to this
SCLC model. The limitation of the current by the transport properties of the PPV layer
implies that the current at a constant field depends on the thickness of the PPV layer [22,23],
which will not be the case if the current is limited by an injection barrier at the electrode/PPV
interfaces.
All the current characteristics measured at PLEDs with PPV A and PPV C could be fitted
with the SCLC model and showed the expected layer thickness dependence. For PPV B at
low fields the anomalous current hinders the determination of space charge limited behaviour,
however at higher fields the expected behaviour of the current as a function of the layer
thickness for SCLC is observed. Therefore we conclude that the currents in our devices used
in the experiments are space charge limited.
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With the charge conduction mechanism known, the causes of reduced performance of PLEDs
upon oxygen exposure can be discussed. The reduced current and brightness due to treatment
with oxygen and light has been attributed to the chain breaking and the formation of carbonyl
groups as described [5] previously. The chain scissions will increase the average number of
hops that a charge carrier needs to travel from electrode to electrode, which will lead to a
lower mobility [4]. Furthermore, it is reported in [12] that electron mobility will decrease
more than the hole mobility because of the fact that carbonyl groups have a strong electron
accepting character. In the SCLC model the current is direct related to the hole and electron
mobility. Thus the observed reduced current after treatment of the PPV with oxygen during
exposure with light, can be explained qualitatively by a reduced mobility. The light output of
devices with PPV layers treated with oxygen and light, is degraded more than the current. So
apart from the lower current other effects reduce the light output. Three causes have been
suggested; first carbonyl groups are known [12] to have high electron affinity and act as
quenching sites for excitons. Second, the so-called branching ratio, the ratio between radiative
singlet excitons and non-radiative polaron pairs is negatively influenced by the presence of
carbonyl groups and will decrease [13]. Third, it has been shown in simulations [22,23] that
the electron distribution in a SCLC device is not homogeneous. For lower electron mobility
the electrons are on average closer to the cathode, in this area more quenching from the
cathode [22,23] will occur. From our current and light characteristics it is not possible to
distinguish between the above-mentioned mechanism for the reduction of the light output.
The oxygen uptake measured with ERDA is now related to the electrical and optical
characteristics. Figure 2 shows that for different PPV derivatives the current and light output
decrease differently as a function of time. PPV A and PPV C have comparable light and
current reduction after 120 minutes. In ERDA measurements (Table 4 and 5) it was observed
that PPV C has a higher oxygen uptake after 120 minutes treatment with oxygen during light
exposure. Cumpston et al. suggest in [5] based on XPS measurements that extra oxygen can
be incorporated in the side chains of an alkoxy substituted PPV. Our finding that PPV C has a
higher oxygen uptake than PPV A suggests that side chains with phenyl groups are more
reactive than side groups without phenyl groups. Another explanation is that TBB defects in
the PPV resulting from the synthesis [17,18] act as reactive sites for oxygen. PPV A is known
to have fewer TBB’s than PPV C and might therefore have less oxygen uptake. The equal
reduction of current and light output can then also be explained. If the oxygen reacts with
defects the conjugated chain is not extra disturbed, after the reaction than it was before,
because the TBB’s also disturb the conjugation.
PPV B shows a much faster uptake of oxygen than PPV A and PPV C, which is consistent
with the high concentration of TBB’s and phenyl groups in this polymer. Furthermore, PPV B
shows a larger reduction in light output and current after 30 minutes exposure to oxygen and
light than PPV C after 120 minutes (Figure 2), while the oxygen uptake per monomer is about
the same (Table 5). The current through PPV is known to depend on the conjugation length
[4] and TBB’s reduce the conjugation length. Our results show that a PPV with a larger
number of TBB’s is most sensitive to oxygen uptake.
Finally it should be noted that the amount of oxygen that can be incorporated without
destroying the PLED completely is of the same order as the oxygen already incorporated in
the PPV on basis of the chemical stochiometric composition. For PPV B and PPV C almost
every second monomer has an extra oxygen atom (see Table 5) after exposure. This suggests
that not all of the present oxygen is built into the main conjugation chain but oxygen must
also be incorporated into the side groups. If all the oxygen would lead to chain scission the
conducting properties would be destroyed totally.
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Table 5: Oxygen atoms per monomer, as derived from the ERDA experiments and the
RUMP simulations on the measurements of the PPV layer of PLEDs without cathodes.
Treatment times were 30 minutes for PPV B and 120 minutes for PPV A and PPV C.
Treatment
None
Oxygen
Oxygen&light
Oxygen->light

PPV A
2.15 ± 0.06
2.24
2.34
--

PPV B
0.98 ± 0.06
1.26
1.36
1.27

PPV C
2.96 ± 0.06
3.16
3.55
--
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For PLEDs with PPV layers treated with oxygen in the dark, ERDA experiments showed that
extra oxygen was present in the devices. It must be emphasised that before the ERDA
measurements were performed the samples were stored overnight in ~10-8 mbar vacuum.
Apparently the oxygen remains in the PPV.
Since the exposure to light is considered essential for a chemical reaction of PPV and oxygen
[5], it seems unlikely that oxygen is incorporated by a chemical reaction (forming C=O) after
exposure in the dark. Furthermore, in contrast to the experiments on PLEDs with PPV C and
PPV A layers treated with oxygen during exposure to light, the efficiency of devices treated in
the dark is almost unchanged. This confirms that no carbonyl groups are formed, since they
are supposed to lower the device efficiency [5]. Furthermore, the unchanged efficiency also
indicates that the interface between Ca and PPV is unchanged because in [19], it is shown for
similar devices that oxygen at the Ca/PPV interface will lead to a reduced efficiency. In
addition the ERDA experiments on PPV A and PPV C also confirm that the interface is
unchanged.
Consequently, it seems plausible that oxygen is bonded to the polymer by Van der Waals
forces. Structures containing phenyl rings are known to have a relative high polarizability, an
estimate of the Van der Waals force between oxygen and a phenyl group is ~0.2 eV [24]. It is
also possible that the TBB defects interact with oxygen. Table 4 and 5 clearly show that PPV
B has the highest oxygen uptake after exposure in the dark, this is the PPV derivative with the
highest amount of TBB`s and phenyl rings.
The oxygen bond to the PPV by Van der Waals forces forms then shallow traps for electrons
and/or holes, which negatively influence the mobility’s resulting in the observed lower
currents and light output (Table 1,2 and 3).
The ERDA measurements on PPV B exposed in the dark show that more oxygen is
incorporated than for the other two studied PPV derivatives. Furthermore an oxygen increase
near the cathode was present (Figures 7 and 8). It can be envisaged that oxygen bound by van
der Waals forces is gettered by the calcium cathode during the evaporation. The gettering
process of oxygen at the cathode will result in a CaO layer which acts as an injection barrier
for electrons. This can also explain the shift in the light on-set for devices in Figure 5;
Kawabe et al. showed using simulations [25] that an injection barrier results in an on-set shift
and that the light output will rise rapidly to a comparable level with an untreated device when
the electrons are finally injected, which is in accordance with the observed behaviour in PPV
B (see Figure 5). The other two studied PPV derivatives do not show the oxygen getter effect
and consequently no on-set shift in the light-voltage curve is present. Probably not enough
oxygen is present in these two PPV derivatives to from a CaO barrier. In these two PPV
derivatives the oxygen uptake during exposure in the dark is lower and slower than for PPV
B.
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The different sensitivity for oxygen treatment during exposure to light as presented in Figure
2 might also be correlated with the physisorption of oxygen in the PPV. Figure 2 clearly
shows that PPV B degrades faster compared to the other two PPV derivatives due to oxygen
and light treatment and Table 4 shows that it has a rapid oxygen uptake. It is also shown that
PPV B has a high oxygen uptake in the dark, the oxygen is probably localised near the
conjugated chain by Van der Waals forces, which would increases the probability for a
reaction between the excited PPV and oxygen in experiments with light exposure, which
results in a more rapid degradation of the PPV.
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The oxygen uptake of PPV derivatives was measured with ERDA and found to be correlated
with the chemical structure. For simultaneous exposure to oxygen and light device
degradation can be explained in terms of formation of carbonyl groups which act as
quenching sites and reduce the electron mobility. However not all the oxygen is incorporated
in the main chain oxygen is also incorporated in the side groups.
Exposure of PPV derivatives to oxygen in the dark also leads to oxygen uptake, the oxygen
stays in even after evacuation of uncapped PPV films in ultra high vacuum. The oxygen
uptake is found to be correlated to the polarizability of the chemical structure. Devices show a
decrease in current and light output but the efficiency remains unchanged. These results point
to physisorption without the formation of carbonyl bonds. Furthermore it is observed that
oxygen incorporated by physisorption migrates to the calcium cathode, resulting in a shift in
the on-set of the light output.
These results imply that oxygen exposure at any stage in the preparation procedure of PLEDs
has significant effects on the device performance.
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A layer of PEDOT-PSS is generally incorporated in polymer LEDs (PLEDs) between the ITO
anode and the electroluminescent polymer to increase the life-time of the device. The PEDOTPSS layer is spin-coated onto the glass/ITO substrate from a watery solution. It is important
to remove the water from the PEDOT-PSS layer before the PLED is completed, because
water can react with the cathode material (e.g. calcium or barium) of the PLED.
In order to quantify the amount of residual water in PEDOT-PSS layers and PLEDs, H2O was
exchanged with D2O (deuterium oxide). With Elastic Recoil Detection Analysis (ERDA) the
amount of D2O was quantified as a function of preparation conditions and heat-treatment.
The depth distribution of deuterium in the PLED was also determined from the ERDA
measurements.
In the first part of this work the concentration of D2O in glass/ITO/PEDOT-PSS samples
prepared under different conditions was studied. In the second part glass/ITO/PEDOTPSS/PPV/Ca samples were studied to find if water from the PEDOT-PSS layer can diffuse to
the calcium cathode.
In all samples residual water was found and it was shown that water can diffuse to the
cathode and react there with the cathode material.
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A layer of PEDOT (poly(3,4-ethylenedioxythiophene)) [1,2] doped with PSS (poly(4styrenesulfonate)) (see Figure 1) is generally incorporated in polymer light emitting diodes
(PLEDs) as a hole transport layer [3,4]. The PSS doped PEDOT layer has a high electrical
hole conductivity [5] and is transparent for visible light [6]. The PEDOT-PSS layer is used as
an intermediate between the ITO (Indium Tin Oxide) anode and the electroluminescent
polymer, because it improves the life-time of the PLED [7] and the electrical characteristics
are less dependent on the roughness of the ITO substrate [8]. However, it is also reported that
PEDOT-PSS films induce degradation of the PLED [9,10]. In [9], sulphur was detected at the
cathode in PLEDs and it was concluded that the sulphur originated from the PEDOT-PSS
layer. The sulphur at the cathode was found to be related to the exposure time to air and to
electrical operation time of the PLED. From electron bombardment of PEDOT-PSS films it
was concluded that both PEDOT and PSS suffer form electron induced degradation, as
measured with XPS [10].
Residual water in the PEDOT-PSS layer can also induce PLED degradation, by degradation
of PEDOT-PSS, the electroluminescent polymer or by oxidation of the metal cathode [9]. The
PEDOT-PSS mixture is hydrophilic and it is solved in water to make it processable. PEDOTPSS layers are applied by spin coating onto ITO and to remove the water the
glass/ITO/PEDOT-PSS samples are annealed for a few minutes on ~120 to 200 °C [3,4,11].
In this work, we quantify the amount of residual water in PEDOT-PSS layers processed under
different conditions. Furthermore, we study the diffusion of water from the PEDOT-PSS layer
into the electroluminescent polymer layer (OC1C10 PPV, see Figure 1) and upto the calcium
cathode.
The water quantification is done using Elastic Recoil Detection Analysis (ERDA) [9]. To be
able to measure the absorbed quantities, water was exchanged with deuteriumoxide (D2O).
With ERDA depth profiles of deuterium in glass/ITO/PEDOT-PSS, glass/ITO/PEDOTPSS/PPV and glass/ITO/PEDOT-PSS/PPV/Ca samples were measured.
PSS
*

n

SO3H

SO3H

SO3

*

O

SO3H

OC1C10 PPV

*

O
S

*
O

S

S
O

O

O

O

O

S

O
n

n

*

*

O

PEDOT
Figure 1: Chemical structure of PEDOT (poly(3,4-ethylenedioxythiophene))and PSS (poly(4styrenesulfonate)), the components of the hole transport layer, and OC1C10 PPV the
electroluminescent polymer.
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Elastic Recoil Detection Analysis (ERDA) is a high-energy ion beam technique able to
measure depth profiles of (light) elements in samples up to a few hundred nanometer thick
with a resolution of approximately 10 nm. A beam of high-energy He+ ions (2.1 MeV in our
experiments) was directed onto the sample and recoiled particles were detected. In order to
discriminate between lightweight recoils (eg. Hydrogen and deuterium) and scattered helium
particles, a Mylar foil of ~ 10 µm was placed between the sample and the detector. The
scattered He particles and the heavy recoils such as oxygen, sulphur and carbon, were stopped
in the foil, only recoiled hydrogen and deuterium particles could pass the foil and were
detected. The recoiled particles were detected under one specific angle. Since the energy
transfer in a binary collision uniquely depends on the mass ratio of the incoming ion and the
recoiled particle, the mass of the recoiled particle can be derived from the measured energy.
Because the incoming ion and the recoiled particle lose energy along their trajectories in the
sample, particles recoiled from the surface will have higher energy than particles recoiled at
depth. This implies that measuring the kinetic energy of recoiled particles not only provides
means for mass identification, but also for depth profiling.
Ion radiation forms volatile species in organic samples [9] and consequently the sample
composition can change during the measurements. To overcome this problem, the samples are
kept at cryogenic temperature (10 K) during the measurement, because at cryogenic
temperatures the mobility of the volatile species is minimised and therefore the atomic
composition is unaltered [9]. In our experiments, it was found that deuterium and hydrogen
are still volatile at cryogenic temperatures, therefore the used ion beam dose was kept low to
limit hydrogen loss below 10%.
It is difficult to measure small amounts of water in PEDOT-PSS films by measuring hydrogen
concentrations, because the small contribution of hydrogen from water can not be
distinguished from the hydrogen in PEDOT-PSS. To circumvent this problem the water in the
PEDOT-PSS sample was exchanged with deuteriumoxide (D2O).
All experiments were performed with a 2.1 MeV He+ ion beam of 1 to 5 nA. The energy of
the beam was chosen at 2.1 MeV, because at this energy the resonance scattering crosssection of He on D has a maximum [12]. Since the recoil cross section increases with
decreasing angle, the angle was kept as small as possible (20° or 30° between incoming beam
and the detection angle), The concentrations of hydrogen and deuterium were determined
using the RBS/ERD simulation program RUMP [13].
Apart from ERDA also Rutherford Backscattering Spectroscometry (RBS) was performed.
Here the energy of the scattered helium is measured and depth profiles of heavy particles in a
light matrix can be obtained. RBS was used to measure the depth profiles of sulphur and
indium in the polymer layers [9,14]. For practical reasons the ion beam energy was chosen the
same as in our ERDA experiments (2.1 MeV He+).
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Glass/ITO substrates were cleaned by ultrasonic treatment successively with acetone (Uvasol,
Merck) and 2-propanol (Uvasol, Merck) each for 10 minutes and subsequently 20 minutes of
UV ozone treatment was performed. Next, PEDOT-PSS (Baytron ® AI4083 from H.C. Starck
(Germany)) was spin coated from a watery solution onto the substrates resulting in a typical
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layer thickness of 800 nm. In the first batch of experiments samples were spin coated from
PEDOT-PSS solved in a 0.5 H2O/ 0.5 D2O mixture. In other experiments PEDOT-PSS was
spin coated from a PEDOT-PSS in water mixture and subsequently the samples were exposed
to D2O vapour. Precise preparation methods will be explained separately for each experiment.
As electroluminescent polymer OC1C10 PPV (see Figure 1, further denoted as PPV) was used,
it was applied on glass/ITO/PEDOT-PSS substrates by spin coating from a 0.5 wt% PPV in
toluene solution inside a glove box filled with nitrogen (with O2 and H2O < 1 ppm).
Depending on the experiment, PEDOT-PSS layers were annealed in the glove box before
application of the PPV.
In order to apply a calcium cathode, the glass/ITO/PEDOT-PSS/PPV samples were loaded
from the glove box into the transport chamber of the evaporation set-up, without coming into
contact with air. After loading the samples into the evaporation chamber a calcium cathode
was evaporated from an effusion cell, at a deposition rate of 0.3 nm/s. The pressure during the
evaporation was ~1·10-7 mbar consisting almost entirely of hydrogen (the partial oxygen and
water pressure was lower than 10-9 mbar as measured with a mass spectrometer).
Subsequently the samples were transported via the glove box in an airtight container to the
ERDA set-up. After introduction into the main chamber of the ERDA set-up (~5·10-9 mbar)
the samples were immediately cooled down to 10 K [9].
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When using D2O instead of H2O to study water absorption in PEDOT-PSS it should be
verified that D2O and H2O have similar absorption behaviour. The interaction between H2O
and the PEDOT-PSS is most likely dominated by hydrogen bonding. In order to estimate the
difference between the hydrogen bonding of H2O and D2O with PEDOT-PSS it is useful to
compare the properties of the hydrogen binding in a H2O and D2O liquids. The hydrogen
bonding strength between water molecules is found to be 0.01 eV smaller than the hydrogen
bonding strength between D2O molecules [15] (0.01 eV is ~5% of the total strength). When
we assume that the difference in interaction between D2O and PEDOT-PSS and H2O and
PEDOT-PSS is of the same order of magnitude, it would be insignificant in our experiments.
Note that kT is already 0.024 eV at room temperature. In addition, the difference in boiling
point between H2O and D2O is only 1 °C [15,16] which seems too small to play a significant
role during heat-treatment of wet PEDOT-PSS layers.
In [17] the difference in absorption between D2O and H2O was tested by measuring the weight
increases of dry films tetrahydrofurfylmethacrylate/(poly)ethylmethacrylate (THFM/PEM) on
exposure to respectively D2O and H2O and it was found that D2O and H2O behaved similar.
We performed a similar test and prepared a free-standing PEDOT-PSS film and weighted it
on a microbalans. Subsequently, the film was annealed for 15 minutes on 200°C in air and
weighted again. Next, the film was left for 30 minutes in air and weighted again. The weight
before annealing and 30 minutes after annealing was found to be the same within error
margins (±5%). Immediately after annealing (seconds) the weight of the film was decreased to
(75 ± 5) %.
The same experiment was repeated, but the sample was placed in an environment of pure D2O
vapour immediately after annealing, on weighing 30 minutes later again the initial weight was
found to be within error margins. Note that the difference in weight between H2O and D2O
was too small to be detected.
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Three kinds of experiments have been performed to quantify the amount of residual D2O.
First, experiments on glass/ITO/PEDOT-PSS samples to quantify residual water after the
annealing step. Second, experiments on glass/ITO/PEDOT-PSS/PPV samples to see whether
D2O is absorbed in PPV. Finally, experiments on complete PLEDs (glass/ITO/PEDOTPSS/PPV/Ca) to see whether D2O diffuses to the calcium cathode. In each experiment apart
from ERDA measurements also RBS measurements were performed to quantify indium and
sulphur amounts.
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In order to quantify the amount of D2O in glass/ITO/PEDOT-PSS samples, ERDA
measurements were performed on samples prepared from PEDOT-PSS in 50% H2O / 50%
D2O solution. The samples were left to dry for one hour before they were introduced into the
ERDA set-up. In these sample no deuterium was detected indicating one of the major
complications in our experiments. During the processing in air (spin coating and leaving the
sample to dry) D2O in the samples can exchange with H2O in air, making it extremely
difficult to work in a reproducible manner. When the samples were introduced in the ERDA
set-up within minutes after spin coating, deuterium was detected in the samples, but the
detected amounts were not reproducible. When the samples were stored in the glove box (H2O
< 1 ppm) the exchange of D2O by H2O also took place, after 3 hours storage no deuterium
was found anymore. This seems to be unexpected, but the flux of water atoms in an
atmosphere with 1 ppm water is ~1015 at/cm2 per second, which can explain the total loss of
D2O in 2 hours.
To be able to prepare samples in a reproducible manner PEDOT-PSS was spin-coated onto
glass/ITO substrates from a pure watery solution with only H2O. Subsequently, the samples
were exposed to saturated D2O vapour and placed in the ERDA set-up without coming into
contact with air. In this manner samples with reproducible deuterium concentrations in the
PEDOT-PSS layer could be prepared.
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PEDOT-PSS layers were spin coated on glass/ITO substrates from a PEDOT-PSS in H2O
solution. Subsequently, samples were transported to the ERDA set-up and placed in the
transfer chamber. Next, the chamber was evacuated and D2O vapour was let in, exposing the
samples for 16 hours. Finally, the chamber was evacuated and samples were loaded into the
main chamber of the ERDA set-up, cooled down to 10 K and measured. The result is shown
in Figure 2, the ERDA spectrum is simulated with the RUMP [13] simulation code, with the
D and H cross sections obtained from [12]. The amount of deuterium in the PEDOT-PSS film
was quantified to be 0.9 ± 0.1 at% what is equal to 1.2·1016 D/cm2 in 100 nm PEDOT-PSS.
In the previous paragraph it was shown that the D2O/H2O exchange in air is fast (timescale of
minutes). Therefore, it can be expected that after 16 hours exposure to D2O vapour all the
water is exchanged with D2O (note that the amount of water initially in the sample is
insignificant compared to the amount of D2O present in the transfer chamber). As decribed in
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paragraph III.2.3, at least ~25 wt% of D2O (= 26 at%) can be incorporated in the PEDOT-PSS
layer. Apparently most of the D2O was lost during evacuation before the measurement. The
possibility that the H2O in the sample does not exchange with D2O is excluded by measuring
samples annealed before D2O exposure. In III.2.3 it was shown that annealed samples had an
uptake of 25 wt% of D2O, however with ERDA also only 0.9 ± 0.1 at% deuterium in the
PEDOT-PSS layer was measured.
To determine the speed of the desorption process of D2O in vacuum, the time between the
loading of the sample in vacuum and the ERDA characterisation was minimised by omitting
the cooling step. Glass/ITO/PEDOT-PSS samples were exposed to D2O vapour in the transfer
chamber of the ERDA set-up. After evacuating only ~8 minutes the samples were placed in
the main chamber and characterised. Again a concentration of 0.9 ± 0.1 at% deuterium was
found, thus during the first minutes of evacuation most of the D2O is lost. It was not possible
to measure the deuterium concentration in time after the first measurement, because by
omitting the cooling step the sample damage was too high.

Figure 2: ERDA spectrum of a glass/ITO/PEDOT-PSS sample. The sample was kept for 16 hours
in a saturated D2O atmosphere in the transfer chamber of the ERDA set-up before
-9
characterisation. The measurement was performed with 2.1 MeV He ions in a vacuum of 5·10
mbar and the sample was kept at 10 K during the measurement. The amount of deuterium was
determined using RUMP simulations (solid line), the cross section for D and H were obtain
from [12]. The best simulation was obtained with 0.9 at% D homogeneously distributed through
the PEDOT-PSS layer.

It can be concluded that the evacuation step before the measurements removes most of the
D2O from the PEDOT-PSS layer. This is in principle no limitation for our measurements,
because in PLED manufacturing the samples are also evacuated, because application of the
metal cathode is done by evaporation in vacuum. However the evacuation step in PLED
preparation is only done after spin coating of PPV. In paragraph III.3.3 results of
measurements on samples with PPV layers capping the PEDOT-PSS will be presented.
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Until now the commonly used annealing step of the glass/ITO/PEDOT-PSS structure was
omitted in our experiments. In this paragraph experiments are shown on samples which have
been annealed at various temperatures under atmospheric pressure.
The exposure to D2O vapour was carried out in a closed compartment of the glove box. This
implies that in the glove box and during the transport to the ERDA set-up deuterium might be
lost from the sample. To investigate how much deuterium is lost, glass/ITO/PEDOT-PSS
samples were exposed in a closed compartment in the glove box, mounted in the glove box
and transported to the ERDA set-up in an airtight container. In these samples 0.8 ± 0.1 at% of
deuterium was found thus only 0.1 ± 0.2 at % deuterium is lost. Consequently the effect of
annealing at atmospheric pressure can be investigated when the timing described above is
strictly obeyed.
Thus, glass/ITO/PEDOT-PSS were prepared and exposed to D2O in a closed compartment in
the glove box. Subsequently, the samples were annealed during 5 minutes inside the glove
box. After heating the samples were transported in the airtight container to the ERDA set-up
and subsequently evacuated, cooled down and characterised. The measured amount of
deuterium in the samples is shown in Figure 3.
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Figure 3: Amount of deuterium present in the PEDOT-PSS layer in glass/ITO/PEDOT-PSS
samples, which were annealed for 5 minutes in the glove box. The first point in the graph (25
°C) represents a sample that was not annealed.

The results in Figure 3 show that the amount of deuterium in the PEDOT-PSS layer decreases
with increasing heating temperature. Apparently, the net effect for deuterium concentration of
evacuation (placing the sample in vacuum) is comparable to the net effect of heating. Because
the sample that is not heated (25°C) must be still “filled” with ~25 wt% D2O when it is placed
in vacuum of the ERDA set-up, and most of the D2O must be lost during evacuation. The
sample annealed at 200 °C has lost most of the D2O during heating (see section III.2.3) and
consequently when placing this sample in vacuum, almost no D2O is lost. The amount of
deuterium present in the sample that is not heated and the sample that is annealed at 200°C
differs less than a factor 2.
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The difference in deuterium concentration between annealed and not annealed samples can be
explained by assuming that more D2O leaves the sample during annealing and evacuation than
during evacuation alone. However, it can not be excluded that during annealing the exchange
of D2O with H2O is faster than at room temperature, leading to lower D2O concentrations in
the sample.
These experiments show that annealing for a few minutes as normally applied in PLED
preparation does not remove all the deuterium we found (1.2±0.1)·1016at D /cm2 in 100 nm
PEDOT-PSS. The consequence of this residual D2O for oxidation of the cathode in a PLED
will be discussed in section III.3.4.
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By performing Elastic Recoil Detection Analysis measurements the amount of deuterium can
be quantified, but no information on the chemical binding of the deuterium is obtained. When
D2O is present in PEDOT-PSS films an exchange reaction can occur as shown in Figure 4,
which incorporates deuterium in the PSS group. If all the hydrogen atoms at sulphonic groups
are exchanged in our PEDOT-PSS mixture, 5.1 at% deuterium would be measured. Note that
on exposure to air the deuterium can also be released from the PSS by the same mechanism.
Thus, ERDA measurements do not distinguish between D2O and deuterium in PSS, this will
be reconsidered in the section III.3.4.
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SO3H
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Figure 4: Equilibrium of PSS groups in a D2O environment. The acid PSS group will form D2HO
in a D2O environment. This is an equilibrium reaction, therefore deuterium can be incorporated
in the PSS group.
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In the preceding paragraphs it was concluded that the large amounts of D2O incorporated in
the PEDOT-PSS layers after processing will be lost on evacuation of the samples. When
PLEDs are manufactured, PPV is applied onto the PEDOT-PSS layer before the samples are
placed in vacuum, PPV is, in contrast to PEDOT-PSS, hydrophobic. Glass/ITO/PEDOTPSS/PPV samples were characterised with ERDA to see whether D2O is removed on
evacuation and to quantify the amount of D2O in the PPV layer.
Both samples with thick layers of PPV (300 nm) and with a thin layers of PPV (100 nm) have
been prepared. The samples with thick PPV layers were used to quantify the amount of
deuterium in the PPV. A thick layer is necessary here to separate the signal of the deuterium
in the PEDOT-PSS and the signal of deuterium in PPV. The samples with thin PPV layers
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were used to quantify the amount of deuterium in PEDOT-PSS, a thin PPV layer is used here
because for thick PPV layers (> ~250 nm) recoiled deuterium from the PEDOT-PSS layer and
recoiled hydrogen from the PPV layer have overlapping energy ranges.
The glass/ITO/PEDOT-PSS structure was prepared from a PEDOT-PSS in water solution and
exposed to D2O in a closed compartment of the glove box. Immediately after this PPV is spin
coated on top from a 0.5 wt% PPV in toluene solution. Subsequently, the samples are placed
in the airtight container and are transported to the ERDA set-up. After evacuation the samples
are cooled down and characterised.
In the PPV layer a very low amount of deuterium is detected (12 ± 6)·10-3 at%, this
corresponds a ratio of D/H of (2 ± 1)·10-4 in the PPV film. According to [16] the natural
amount of deuterium present in air can extend to 0.015% of the content of hydrogen. Thus up
to 3/4 of the deuterium present in PPV originates from the natural D/H ratio and the amount
of deuterium introduced by our experiment is (3 ± 6)·10-3 at%. The corresponding areal
densities originating from natural D amounts to 9·1013 at/cm2 in 100 nm PPV, while we
measured (12 ± 6)·1013 at/cm2 in 100 nm PPV.
On measuring the glass/ITO/PEDOT-PSS samples capped with a thin layer of PPV the
amount of deuterium in the PEDOT-PSS layer was found to be 0.7 ± 0.1 at% and thus
comparable to the amount measured in an uncapped samples (0.8 ± 0.1 at%) prepared in the
glove box. This indicates that the PPV does not block the evacuation of D2O out of the
PEDOT-PSS. To confirm this, PPV was spin coated onto PEDOT-PSS and subsequently the
sample was exposed to D2O in the transfer chamber of the ERDA set-up. An amount of 0.9 ±
0.1 at% deuterium was detected in the PEDOT-PSS layer; an equal amount as in PEDOT-PSS
samples without a PPV layer.
From the experiments discussed above it is not obvious how the D2O leaves (enters) the
PEDOT-PSS layer. Two possible pathways can be considered; the D2O leaves (and enters)
through the PPV layer or D2O leaves (and enters) from the side, straight into the PEDOT-PSS
layer.
Transport can occur through the PPV layer this is proven by measuring glass/ITO/PPV(100
nm) samples exposed to D2O for 16 hours. These samples contain 5·1014 at/cm2 deuterium at
the ITO/PPV interface.
Thus D2O can be transported through a PPV layer, but it can not be excluded that also
transport through the sides of the PEDOT-PSS layer can occur.
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As explained in the introduction (III.1) the goal of this research is not to quantify the amount
of water in “as prepared” PEDOT-PSS layers, but to find the quantity of water present in the
PEDOT-PSS layer in a PLED and to see if water can diffuse from the PEDOT-PSS through
the PPV to the cathode. The experiments described in this section deal with complete PLEDs,
thus including a calcium cathode.
PEDOT-PSS was spin coated form a watery solution on a cleaned glass/ITO substrate,
subsequently the sample was exposed to saturated D2O vapour in a closed compartment of the
glove box. Then the sample was annealed (5 min. 200 °C) and PPV was spin coated. Next, the
samples were put in the vacuum chamber of the evaporation set-up and a calcium cathode of
~30 nm was applied. Subsequently, the sample was retrieved to the glove box, placed in an
airtight container and transported to the ERDA set-up. The result of an ERDA measurement
on one of these samples is shown in Figure 5; we detected (1.6 ± 0.2)·1016 deuterium
atoms/cm2 near the cathode and 0.3 ± 0.1 at% deuterium was found in the PEDOT-PSS layer.
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To verify that the deuterium at the cathode results from D2O diffusion from the PEDOT-PSS
layer and not from contamination of the vacuum or the sample holder, the following
experiment was performed. The cathodes of six samples were evaporated in one batch; in the
sample holder used for cathode deposition six samples can be mounted in one run, (for a more
thorough description of the evaporation set-up see [18]). On characterisation of samples with
the glass/ITO/PEDOT-PSS structure exposed to D2O vapour and samples without PEDOTPSS layers, with cathodes prepared in one batch, deuterium was only detected in the cathodes
of the samples with PEDOT-PSS layers exposed to D2O. Thus deuterium at the cathode must
result from the deuterium in the PEDOT-PSS layer.
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Figure 5: ERDA spectrum of a glass/ITO/PEDOT-PSS/PPV/Ca sample. The glass/ITO/PEDOTPSS sample was exposed to D2O and subsequently annealed for 5 minutes at 200°C in the
glove box. Next PPV was spin coated and calcium was applied by evaporation. The ERDA
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measurement was performed with 2.1 MeV He ions in a vacuum of 5·10 mbar and the sample
was kept at 10 K during the measurement. The solid line is a RUMP simulation, the cross16
2
section for D and H were obtain from [12]. An amount of (1.6±0.2)·10 at/cm deuterium was
found near the calcium cathode and 0.3 ± 0.1 at% deuterium was detected in the PEDOT-PSS
layer.

In paragraph III.3.2.4 it was concluded that deuterium can be incorporated in PEDOT-PSS in
two ways; as free D2O and in the acidic PSS group. When deuterium is connected to the PSS
group it will be unable to diffuses to the cathode. In [10,11] it is shown that under specific
conditions (heating above 250 °C or electrical stress), PSS can degrade and in [9] it is shown
that small amounts of sulphur (7·1014 at/cm2), likely to result from PSS degradation, can be
detected at the cathode after electrical stress or exposure to air for 4.5 days. To determine if
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the deuterium we measured at the cathode can be associated to the degradation of PSS groups,
Rutherford Backscattering Spectrometry was performed to measure the amount of sulphur at
the cathode. In Figure 6 the results are shown.
Determination of the presence of sulphur at the calcium cathode is complicated by the
presence of indium in the PEDOT-PSS layer, because He scattered at indium in the PEDOTPSS and He scattered at sulphur near the calcium cathode are overlapping in energy. The
presence of indium in the PEDOT-PSS layer results from etching of the ITO by the acidic
PSS groups [14]. From RUMP simulations the detection limit for sulphur at the cathode in the
glass/ITO/PEDOT-PSS/PPV/Ca was found to be 2·1015 at/cm2. To lower the detection limit
for sulphur at the PPV/cathode interface, glass/Au/PEDOT-PSS/PPV/Ca devices were
prepared. These devices have been analysed with ERDA and equal amounts of deuterium
were detected in the cathode as for devices with ITO anodes. In Figure 6(C), part of the RBS
spectrum for samples with gold anodes is shown, together with a RUMP simulation with
1·1015 sulphur atoms at the cathode. In these experiments the detection limit is estimated to be
5·1014 sulphur atoms.
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Figure 6: (A) Rutherford Backscattering Spectrometry (RBS) measurement with 2.1 MeV He
ions on a glass/ITO/PEDOT-PSS/PPV/Ca sample, the spectrum is fitted with a RUMP simulation
[13]. The scatter geometry is shown in (B). It is clear that indium diffuses into PEDOT-PSS,
therefore detection of small amounts of sulphur at the PPV/Ca interface is difficult, because the
signal associated with the sulphur at the cathode (see arrow) is at the same position in the
energy spectrum as the signal from indium in the PEDOT-PSS layer. The detection limit for
15
2
sulphur at the cathode in these samples is found to be 2·10 at/cm . In (C) part of a RBS
spectrum of a glass/Au/PEDOT-PSS/PPV/Ca sample is shown. In this case the amount of
sulphur at the interface can be determined more accurately, because of the absence of indium.
15
2
The solid line shows a RUMP simulation with 1·10 S at/cm , it is clear that the amount of
sulphur (if any is present) is much lower.
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If deuterium diffuses together with sulphur to the cathode it will most likely be in the form of
DSO3 or D2SO4 [9]. The amount of deuterium at the cathode and the detection limit of S
suggest a minimal ratio for D/S of ~32. It can therefore be excluded that deuterium diffusion
is governed by PSS degradation. Most likely deuterium will diffuse in the form of D2O and
thus D2O must still be present in the PEDOT-PSS layer after processing.
Note that the indium found in the PEDOT-PSS is confined to the PEDOT-PSS layer [14] thus
the diffusion of deuterium incorporated in indium compounds, to the calcium cathode can be
ruled out. Besides, no difference in deuterium concentration at the cathode between
glass/Au/PEDOT-PSS/PPV/Ca and glass/ITO/PEDOT-PSS/PPV/Ca was found indicating that
indium does not play a role in deuterium diffusion.
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In the previous paragraph it was observed that deuterium is present near the calcium cathode.
In this paragraph it will be investigate whether deuterium is situated at the cathode and forms
a interface layer of Ca(OD)2 or that it is situated in the calcium cathode.
To find if the deuterium is accumulated at the cathode or if it is distributed through the
cathode, glass/ITO/PEDOT-PSS/PPV/Ca samples were prepared with calcium layers of
different thickness. If deuterium is situated at the cathode the shape of the deuterium peak will
not depend on the thickness of calcium, if deuterium is situated in the cathode the distribution
will depend on the thickness. The results of ERDA measurements on these samples are shown
in Figure 7.
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Figure 7: ERDA spectra of glass/ITO/PEDOT-PSS/PPV/Ca samples with a calcium cathode
thickness of respectively 21 nm and 40 nm (calculated from the amount of calcium measured in
RBS assuming cathodes of pure calcium). The full lines are simulations with RUMP [13]. From
the fact the deuterium peak for the thick cathode is broader than the peak for the thin cathode
it can be concluded that deuterium is distributed throughout the calcium and is not
accumulated at the calcium/PPV interface.
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From the deuterium peak broadening, it can be concluded that deuterium is not accumulated at
the calcium/PPV interface but that it is distributed (homogeneously) through the cathode.
Furthermore, from RUMP simulations it can be concluded that the thickness of the cathode
does not influence the amount of deuterium in the cathode.
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Until now we observed deuterium in the cathode, very likely originating from D2O diffused
from the PEDOT-PSS layer. In this paragraph we show to what extent heating of the
glass/ITO/PEDOT-PSS structure and electrical stress on complete samples influence the
deuterium concentration in the calcium cathode.
Again, PEDOT-PSS was spin coated on cleaned glass/ITO substrates and these structures
were exposed to D2O vapour in a closed compartment of the glove box. Next, part of the
samples were heated on 200 °C for 5 minutes and subsequently a PPV layer was applied.
Then, the samples were loaded into the evaporation set-up and a calcium layer of ~30 nm was
evaporated. Subsequently, part of the PLEDs were operated for 48 hours on 15 volt in the
evaporation chamber, while the other samples were kept in the vacuum for the same time.
Finally, the samples were transported via the glove box in the airtight container to the ERDA
set-up, cooled down and characterised.
In Table 1 the amounts of deuterium detected in the calcium cathode are presented. It can be
concluded that electrical stress leads to more deuterium in the cathode for devices in which
the glass/ITO/PEDOT-PSS layer was not heated. For electrically stressed samples in which
the glass/ITO/PEDOT-PSS structure was heated the difference in deuterium in the cathode is
also present but it is small.
Apparently, annealed samples have less deuterium in the cathode than not heated samples.
This difference can have different causes, because heating in the glove box might lead to
enhanced exchange of deuteriumoxide by water as discussed before in section III.3.2.3. The
fact that less deuterium is found in the cathode after annealing does not exclude that the same
amount of calcium has reacted (forming both Ca(OD)2 and Ca(OH)2) as for not heated
samples.

Table 1: The amount of deuterium present in the calcium cathode for samples annealed and
electrical stressed is shown. Glass/ITO/PEDOT-PSS samples were prepared as discussed
previously than the samples were exposed to D2O vapour in a closed compartment of the glove
box. Subsequently, annealing was performed in the glove box and finally cathodes were
applied by calcium evaporation. Devices were operated at 15 volt in the vacuum chamber of the
evaporator. Devices not stressed electrically were also kept in vacuum for 48 hours before
characterisation.

Heat-treatment
None
5 minutes on 200 °C
None
5 minutes on 200 °C
10 minutes on 200 °C

Electrical
operation
48 h
48 h
None
None
None
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Amount of D
(·1016at/cm2)
2.3 ± 0.3
1.6 ± 0.2
1.8 ± 0.2
1.4 ± 0.2
0.8 ± 0.2
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To determine the absorption rate of D2O into PEDOT-PSS layers after heating, the following
experiment was performed. PEDOT-PSS was spin coated from an aqueous solution onto
cleaned glass/ITO substrates. Next the samples were placed in the glove box and part of the
samples were annealed for 5 minutes on 200 °C. Then the samples were exposed to saturated
D2O vapour for respectively 3,5,10 and 15 minutes. Subsequently a PPV layer was applied by
spin coating and calcium was applied by evaporation.
In all these samples the same amount of deuterium was found in the cathode, and the amount
of deuterium was equal to the amount found in the previous experiments for samples without
heating. Thus after heating the uptake of D2O is fast (time scales of seconds/minutes).
The experiment describe above was repeated by exposing a sample in which the PEDOT-PSS
layer was not annealed for 10 minutes to D2O vapour. Again the same amount of deuterium
was found at the cathode. Pointing to the fact that the H2O/D2O exchange as mentioned in
III.3.2.1 is also extremely fast (time scales of seconds/minutes).
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In paragraph III.3 the results of ERDA measurements have been presented on
glass/ITO/PEDOT-PSS, glass/ITO/PEDOT-PSS/PPV and glass/ITO/PEDOT-PSS/PPV/Ca
samples. Here the results will be summarised and discussed.
The maximum amount of deuterium in the cathode was found for glass/ITO/PEDOTPSS/PPV/Ca ((2.3 ± 0.3)·1016 at/cm2) samples in which the glass/ITO/PEDOT-PSS structure
was not annealed and which were operated for 48 hours on 15 volt. In glass/ITO/PEDOT-PSS
a maximum of 0.9 ± 0.1 at% deuterium was found, for the 800 nm thick layer PEDOT-PSS
layers used in our samples this is equivalent to 9.4·1016 at/cm2 deuterium. This implies that
25% of the D diffuses from the PEDOT-PSS to the calcium cathode in the electrically stressed
glass/ITO/PEDOT-PSS/PPV/Ca samples. The measured amount of deuterium left in the
PEDOT-PSS of the electrically stressed glass/ITO/PEDOT-PSS/PPV/Ca was 0.5 ± 0.1 at%,
together with the amount of deuterium detected in the cathode this is lower than the maximum
amount of deuterium in glass/ITO/PEDOT-PSS samples. This can be understood because the
glass/ITO/PEDOT-PSS/PPV/Ca samples were prepared in the glove box and therefore
between exposure to D2O and evacuation in the evaporation set-up D2O can be lost (as shown
in section III.3.2.2).
The ratio of the amount of deuterium in glass/ITO/PEDOT-PSS samples (Figure 3) which
were heated at 200 °C for 5 minutes and which were not heated and samples was 0.7 ± 0.2.
The ratio of deuterium in the cathode of glass/ITO/PEDOT-PSS/PPV/Ca samples with and
without heated PEDOT-PSS layers was 0.8 ± 0.2 for samples not characterised electrically
and 0.7 ± 0.2 for sample characterised electrically. The ratios are equal, what implies that
during heating part of the D2O is lost, but also the amount of deuterium attached to PSS (if
present) is decreased.
It is very likely that D2O diffuses from the PEDOT-PSS layer to the calcium cathode.
Obviously, the PPV layer is too thick to induce direct interaction between calcium and D2O in
the PEDOT-PSS. During evaporation of the calcium cathode the sample temperature might
increase with 5 to 10 °C, but it is unlikely that this causes the D2O diffusion. The fact that
comparable amounts of deuterium at the calcium cathode was found for samples left in the
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vacuum for 48 hours and for 3 hours indicates that the diffusion takes places in the first time
period after evaporation.
We suggest that the evacuation of D2O from glass/ITO/PEDOT-PSS/PPV samples in vacuum
can be separated in two stages. In the first few minutes most of the 25 wt% D2O in the
samples is lost as shown in III.3.2. In the next stage taking upto ~3 hours the last residue of
D2O is lost slowly. The slow decrease of D2O on the scale of hours was confirmed by
measuring glass/ITO/PEDOT-PSS left in the vacuum of the evaporation set-up for 2 hours
(without evaporating Ca). In these samples only 0.5 ± 0.1 at% deuterium was found in the
PEDOT-PSS layer while in fresh prepared sample exposed in the glove box 0.8 ± 0.1 at%
deuterium was found.
On application of the calcium cathodes the first stage of D2O evacuation is completed before
calcium evaporation. However, the second stage of D2O evacuation is not completed and thus
low amounts of D2O are present in the device.
The observation that electrical operating the devices increases the D2O diffusion to the
cathode is difficult to explain in detail. However, it may be envisaged that charge carriers
moving along the PEDOT chains will perturb the electronic state of the PEDOT and therefore
also the interaction of the PEDOT with the absorbed D2O, by either altering the electronic
interaction between PEDOT-PSS and D2O or simply by local heating.
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Finally we can summarise the consequences of our measurements for PLED preparation and
performance. As shown in III.3 sample annealing as normally applied during PLED
preparation [3,4], does not remove all the water from PEDOT-PSS and after annealing the
water re-absorbs very fast (3 minutes) into the PEDOT-PSS film. Leaving the samples in
vacuum for hours before evacuation might remove all the water from the samples, but this
method is normally not applied in PLED production. It can be concluded that during the
commercial applied PLED preparation route, most of the water will be removed in the
evacuation step applied before cathode evaporation, but small amounts of residual water will
be present and will eventually diffuse to the cathode.
The amount of water will depend on the thickness of the PEDOT-PSS layer and because we
used a 800 nm thick layer the amount of deuterium in the cathode we found is relatively high.
We also found that for electrically stressed glass/ITO/PEDOT-PSS/PPV/Ca samples about
~19 % of the calcium has reacted to Ca(OD)2. However still PLEDs could be made with
reasonable device characteristics.
Part of the PLED degradation during electrical stress can be caused by diffusion of water
absorbed in the PEDOT-PPS layer to the cathode as observed in our experiments.

FGFHF?IKJ LMNPOEQSRUTV MN
Annealing glass/ITO/PEDOT-PSS samples for 5 minutes at 200 °C does not remove all the
water from the PEDOT-PSS film. After heating (5 minutes 200 °C) water is re-absorbed
within 3 minutes. On evacuation of glass/ITO/PEDOT-PSS/PPV samples (before evaporation
of the cathode), most of the water is lost but small amounts (< 0.9 at% deuterium) remain
present in the PEDOT-PSS layer. The water in the PEDOT-PSS layer in a PLED can diffuse
to the calcium cathode of the PLED and react. It will not form a Ca(OH)2 layer at the PPV/Ca
interface, but it will be distributed homogeneously through the calcium cathode.
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When the PLEDs are stressed electrically the amount of deuterium in the cathode increases,
probably by the perturbation of the electronic state of the PEDOT and therefore also the
interaction of the PEDOT with the absorbed D2O.
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In polymer light emitting diodes (PLEDS) with an (ITO/PPV/Ca) structure we observed a
significant reduction of both the current and the light output at constant voltage after heat
treatment for only 30 minutes at 65 °C. Electroluminescence spectroscopy experiments
showed that the shape as well as the amplitude of the spectra were changed.
The reduction of current and light output was investigated by measuring I-V and L-V
(current-voltage and light output-voltage) characteristics of PLEDs, I-V characteristics of
single carrier devices, and by performing LEIS (Low Energy Ion Scattering) and XPS (X-ray
Photoelectron Spectroscopy) experiments on the Ca/PPV interface.
It was concluded that the current and light output reduction could be ascribed to the
degradation of the Ca/PPV and the ITO/PPV interfaces. The degradation of the ITO/PPV
interface resulted in a reduction of the zero field hole mobility and a small increase of the
field dependence of the mobility. The degradation of the Ca/PPV interface, probably by
diffusion of calcium into the PPV, resulted in carrier traps and quenching sites, which
influenced the field dependent electron mobility.
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Polymer light emitting diodes (PLEDs) are considered promising candidates for full colour,
cheap, flexible displays, which are easy to process [1,2]. The colour of emission of the device
can be tuned over the full visible spectrum by tuning the bandgap of the polymer [3]. The
simplest PLEDs consist of an emitting polymer layer (often derivatives of poly-p-phenylenevinylene (PPV)), which is sandwiched between an anode (usually ITO) and a cathode (e.g.
Ca, Al). Often the glass/ITO/PPV structure is heated [4] before application of the cathode in
order to remove oxygen, water and residual solvent from the PPV. The device is also exposed
to radiative heat from the evaporator, when a protective Al layer is applied. Furthermore,
commercial applications require stability over a specific temperature range. Lee et al. [4]
showed that annealing of PLEDs with Al cathodes has a positive effect on the power
efficiency and the light output, which was attributed to enhanced interface adhesion between
Al and PPV by improved chemical interaction.
In existing studies on metal/PPV interfaces [5,6] the chemical interaction between metal and
PPV was considered. Calcium was found to ionise and dope the PPV thereby creating states
in the band gap, but this was not related directly to PLED operation. Effects of (minor) heat
treatment were not considered, and therefore also not the influence of the change of the
interfaces on the PLED performance. We report here on the effects of heat treatment on
PLEDs with calcium cathodes, as studied by electrical characterisation of PLEDs as well as
hole dominated (ITO/PPV/Au and Au/PPV/Au) and electron dominated (TiN/PPV/Ca)
devices. Furthermore, with Low Energy Ion Scattering (LEIS) and X-ray Photoelectron
Spectroscopy (XPS) the Ca/PPV interface stability was studied.
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Substrates of glass covered with ITO (100 nm ITO, Merck) were cleaned successively with
acetone (Uvasol, Merck) and 2-propanol (Uvasol, Merck), applied each for 10 minutes in an
ultrasonic bath. Next, a UV Ozone treatment was applied for 20 minutes. Subsequently, the
UV-ozone chamber was pumped down and flushed with nitrogen, and the samples were
transferred without getting into contact with air to a glove box (O2 and H2O < 1 ppm), where
an OC1C10 PPV (poly(dialkoxy-p-phenylene vinylene)) layer was spin-coated directly onto
the ITO from an 0.5 – 0.7 wt% PPV solution in toluene. Then, the specimens were transferred
from the glove box into a transfer chamber without contact to air. Next, the transfer chamber
was pumped down to 5 · 10-7 mbar in about 20 minutes and the samples were transported to
the evaporation chamber. Here an 80 nm thick calcium cathode was evaporated from an
effusion cell, at a deposition rate of 0.3 nm/s. The pressure during the evaporation was ~1 ·
10-7 mbar, the residual gas consisted almost entirely of hydrogen (the partial oxygen and
water pressures were lower than 10-9 mbar, as measured with a mass spectrometer). Electrical
and optical characteristics were measured in the evaporation chamber.
Heat treatments (upto 80°C) were performed in the evaporation chamber with an infrared
lamp; the temperature was measured with Negative Temperature Coefficients (NTC)
thermistors (accuracy ± 3°C), which were in contact with the glass substrate of the PLEDs.
After the heat treatment the samples were cooled down before electrical and optical
characteristics were measured.
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Hole and electron single carrier devices were prepared by variation of cathode and anode
materials. Hole single carrier devices consisted of glass/ITO/PPV/Au and glass/Au/PPV/Au
structures. Glass/TiN/Ca/PPV electron single carrier devices were made according to Bozano
et al. [7]. For both glass/Au and glass/TiN the same cleaning procedure as for glass/ITO was
performed except for the UV ozone treatment, which was omitted to avoid destruction of the
TiN or the Au layer.
Differences in morphology and/or roughness of the PPV surface will influence the PPV/metal
interface formation, and therefore the electronic properties of the PLED. Tapping mode
atomic force microscopy (AFM) measurements were performed on glass/Au/PPV,
glass/ITO/PPV and glass/TiN/PPV samples, to study the effect of the anode on the surface of
the PPV layer. It was concluded that within the experimental accuracy the surface roughness
was equal for all three samples (RMS = 0.7 nm on 500x500 nm images). Furthermore, no
difference in structure or ordering were observed from the AFM images.
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Low Energy Ion Scattering (LEIS) [8] is a technique that can probe the outermost atomic
layer of a sample. A beam of low energy noble gas ions is directed onto a sample and the
energy spectrum of the (back)scattered ions is measured. The energy of a scattered ion
depends on the atom the interaction took place with, and therefore the energy spectrum of
scattered ions reflects the atomic mass distribution of the sample surface. The incoming ions
that are not scattered by atoms in the outermost layer, penetrate the sample and are
consequently neutralised. LEIS is surface-sensitive because the analyser of the LEIS set-up
accepts only ions.
However, in the case of calcium on PPV the situation becomes more complex because the
reionisation probability of calcium is very high [9]; He ions that are neutralised upon
penetration of the sample, can be ionised upon emerging from the sample by calcium at the
surface. Thus not only calcium at the surface, but also calcium which resides below the
surface contributes significantly to the calcium peak, resulting in a broadening of the peak at
the low energy side. This will be further discussed in section IV.3.4.
Glass/ITO/PPV samples were prepared in the glove box as described above and transferred
under nitrogen atmosphere to the LEIS/XPS set-up. In a separate compartment of the
LEIS/XPS set-up calcium was evaporated and heat treatment was performed. The pressure
during evaporation calcium was 10-7 mbar. The LEIS experiments were carried out with 3
keV 3He+ ions.
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Figure 1 shows the average relative current and light output at 6 volt after heat treatment at
various annealing temperatures of PLEDs consisting of glass/ITO/PPV/Ca. For each
temperature at least 12 devices were prepared and measured in at least two batches, the
deviations between devices were smaller than 5%. In Figure 2 the I-V (current – voltage) and
L-V (light output – voltage) characteristics for a PLED, before and after heat treatment for 30
minutes at 65 °C, are plotted. It can be seen from both Figures 1 and 2 that heat treatment
leads to a strong current and light output reduction.
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45 °C 30 min. 65 °C 30 min. 85°C 30 min.
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Figure 1: Current and light output at 6 volt of PLEDs (ITO/PPV/Ca) after different heat
treatments. The bars are normalised to the current and the light output before the heat
treatment of the same device. The first two bars are measured at an untreated PLED 100
minutes after the first measurement, which is comparable to the time needed for the heat
treatment and the cooling down process. The “Al” bar is measured at a device (ITO/PPV/Ca) on
which 50 nm of Al is deposited instead of performing an annealing procedure.

Furthermore, it is obvious that the current and light output reduction is correlated to the
annealing temperature. It should be noted that without heat treatment a reduction in the
current and the light output of only a few percent was observed after leaving the PLED for
100 minutes (the time needed to perform the heat treatment and the cooling down) in vacuum.
In Figure 1 the reduction of current and light output after evaporation of 50 nm of aluminium
on top of the calcium is also shown. The temperature of the PLEDs increased during
evaporation because of the radiation of the aluminium evaporator. Temperature measurements
on the backside of the PLED indicated temperatures of maximal 48 °C during the evaporation
of the aluminium.
It was verified that the electrical characterisation itself does not lead to a degradation of the
PLED performance. This was concluded from a comparison of the I-V and L-V
characteristics measured after the heat treatment of PLEDs characterised and not characterised
prior to the heat treatment.
Subsequently, experiments were performed to find the origins of the current and light output
reductions. Therefore, heat treatments at 65 °C for 30 minutes were applied at different stages
in the production process. First, samples were annealed before the calcium cathode was
applied, see Table 1.
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Figure 2: Electrical (I) and optical (L) characteristics of a representative PLED before and after
-9
heat treatment. Heat treatment at 65 °C for 30 minutes was performed in high vacuum (~10
mbar). The temperature during measurement was 38 °C both before and after heat treatment.
The lines connecting the points are drawn to guide the eye. For clarity reasons minimal
-5
2
currents are set to 10 mA/cm , which equals the detection limit of our set-up.

Table 1: Current density, light output and efficiency of ITO/PPV/Ca PLEDs at 6 volt normalised
to the values of an untreated device. Heat treatment is conducted for 30 minutes at 65 °C. The
2
2
absolute values for an untreated devices were ~50 mA/cm for the current and 400 Cd/m for
the light output, all devices were ~ 120 nm thick.

Untreated
Heat after Ca
Heat before Ca
Heat before & after Ca

Current
Light output
Efficiency
Voltage of
(normalised) (normalised) (normalised) max efficiency
(volt)
1
1
1
4.1 ± 0.3
0.42 ± 0.05
0.38 ± 0.05
0.9 ± 0.1
5.8
0.71
0.64
0.9
4.5
0.46
0.40
0.9
5.8

Heat treatment before application of the cathode led to a smaller reduction in the current and
light output than heat treatment after application of the cathode. Heat treatment both before
and after application of the cathode resulted in the same current and light output reduction as
heat treatment after application of the cathode. Furthermore, Table 1 indicates that the voltage
at which the maximum power efficiency (Cd/A) occurs increased after heat treatment, and
that the increase was largest if heat treatment was applied with the cathode present.
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(a)

(b)

Figure 3: Electroluminescence spectra of ITO/PPV/Ca PLEDs before (a) and after (b) heat
treatment for 30 minutes at 65 °C. The spectrum is decomposed into three Gaussian curves for
which the same position and the widths are used for both curves. The dotted curves are the
sum of the three Gaussian curves.

Next, the electroluminescence spectra of PLEDs were measured before and after heat
treatment (Figure 3). It can be seen that apart from an overall decrease in intensity, the shape
of the spectrum changed. Ruhstaller et al. [10] stated that in the emission spectrum of
conjugated polymers typically two vibronic features can be observed, which can be assigned
to the (0-0) and the (0-1) vibronic transitions. The shape of the spectrum and the separation of
the peaks are similar to the values in the references [11,12]. Therefore, we assigned the two
peaks of the shortest wavelengths to the 0-0 and the 0-1 vibronic transitions. The emission at
longer wavelengths (>620 nm) results from aggregate emission [13,14]. To obtain an
indication of the change in the ratios of the peak areas resulting from heat treatment, the
spectra were fitted by three Gaussian peaks at fixed positions and with fixed widths [15]. In
Table 2 the ratios of the fitted peak areas are given. Apparently, the spectral changes after
heating can be attributed to a decrease of the first vibronic transition (0-0). Finally, the
electroluminescence spectrum of the devices heated before calcium deposition was measured.
Again, an overall decrease in intensity compared with an untreated device was observed, but
the shape of the curve was not changed.

Table 2: Areas of the Gaussian peaks as fitted in Figure 3. In the second and the fourth row the
areas are normalised to the second peak. “Before” indicates before heat treatment and “After”
indicates after heat treatment.

Before
Relative
After
Relative

Peak 1
Area (a.u.)
(6.0 ± 0.2)·10 3
0.94 ± 0.04
(3.2 ± 0.2)·10 3
0.68 ± 0.04

Peak 2
Area (a.u.)
6.4·10 3
1
4.7·10 3
1
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Peak 3
Area (a.u.)
8.9·10 3
1.39
6.9·10 3
1.47
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In the previous paragraph it was shown that heat treatment of PLEDs leads to a reduction of
the current and the light output. In order to find the mechanism that causes the current
reduction, single carrier devices were prepared by changing the electrode materials of the
PLED. First, results are shown of devices for which the calcium cathode (low workfunction)
was replaced by a gold cathode (high workfunction). The high work function of gold blocks
the injection of electrons and therefore these devices can be considered as hole only, single
carrier devices. Only 20 nm of gold was used to maintain a low temperature (< 45°C) of the
device during evaporation (the deposition rate was 8 to 10 nm per minute). After evaporation
of the cathode a heat treatment for 30 minutes at 65 °C was performed, the results are shown
in the Table 3.
Again, a reduction in the current density was found after heat treatment. Remarkably, the
reduction in current of these devices was equal for heat treatment before and after application
of the Au cathode. Thus the Au electrode doe not cause device degradation.
To get a better understanding, device modelling was performed on the ITO/PPV/Au devices,
see Figure 4. The model we used is based on the work presented in [16,17] and includes
charge injection via tunnelling, thermo-ionic emission and interface recombination, transport
and space charge effects. It should be emphasised that effects of interface and surface
roughness, which would result in an inhomogeneous field distribution, are not incorporated.
Effects of diffuse interfaces are also not taken into account. From literature [17] the following
parameters were taken: an activation energy ∆ = 0.48 eV and a relative dielectric constant εr =
3. The following parameters were obtained from modelling untreated devices; a zero field
hole mobility µ0 = 4.8 ± 0.2·10-11 m2/Vs, a field dependence parameter γ of the mobility of γ =
4.2 ± 0.3·10-4 (m/V)1/2, and a hole injection barrier of 0.2 eV. The zero field mobility
represents the field independent mobility for the film as prepared through spin coating. For
differently prepared films with a different structural order, other values will result. This
difference however cannot be distinguished from differences occurring by changes of the
polymer by for instance oxidation. Modelling of the heat treated devices showed (Figure 4) a
decrease of the zero field hole mobility to µ0 = 3.4 ± 0.2·10-11 m2/Vs and an increase of the
field dependence parameter of the mobility to γ = 4.7 ± 0.3·10-4 (m/V)1/2, while the hole
injection barrier remained unchanged.
To separate the effects of degradation of the ITO/PPV interface and degradation of the PPV
itself, devices with a gold anode and a gold cathode were prepared (Au/PPV/Au). The work
function of gold is relatively high, therefore the electron injection is blocked and these devices
are hole only, single carrier devices. The currents through untreated Au/PPV/Au devices are
comparable to the currents through ITO/PPV/Au devices, so ITO and Au anodes behave more
or less the same.
From Table 3 it can be seen that for the Au/PPV/Au devices no significant current reduction
is found after heat treatment. Apparently the reduction of the zero field hole mobility and the
increase of the field dependence of the mobility is induced by the ITO anode.
Finally, the ITO anode was replaced by gold in a PLED (Au/PPV/Ca) to see if these devices
also suffer from current reduction after heat treatment. It was found that the current and light
output was reduced to 61 ± 5 % after heat treatment, thus the reduction was less than in
PLEDs with ITO anodes (42 ± 5 %) (Table 3) and therefore ITO must be one of the causes of
PLED degradation. Note that gold anodes are not suitable for PLEDs, because of the
relatively high reflectance of the gold.
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Figure 4: Current as a function of voltage for an ITO/PPV(180 nm)/Au device before and after
heat treatment for 30 minutes at 65°C. The lines are derived from modelling.

Table 3: Currents of devices with different cathode materials measured at 6 volt before and
after heat treatments for 30 minutes at 65°C, normalised to the values of an untreated device.
“ Before” and “ After” indicated if the device is heated before or after evaporation of the
cathode.

ITO/PPV(180 nm)/Au
Au/PPV(180 nm)/Au
TiN/PPV(120 nm)/Ca
Au/PPV (120 nm)/Ca

ÚfÛÜiÝÜiÝ

Untreated
Absolute
(mA/cm2)
2.5
2.7
0.48
48.3

Untreated
(norm.)

Before
(norm.)

After
(norm.)

1
1
1
1

0.78 ± 0.05
1.03 ± 0.05
1.0 ± 0.1
1.0 ± 0.1

0.82
0.97
0.4
0.61

Before &
after
(norm.)
0.78
0.96
0.4
--
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Here we show results of measurements on devices for which the ITO anode was replaced by
TiN, which is a hole blocking contact [7]. So we concluded that the devices were electron
only, single carriers this was confirmed because the TiN/PPV/Ca devices did not show light
output in the used voltage range (0-6 Volt). From Table 3 it can be seen that these devices
only suffered from reduced currents when heat treatment was performed after application of
the calcium cathodes.
Modelling of untreated devices (see Figure 5) resulted in the following parameters: an
electron injection barrier of 0.43 eV, an electron field-independent mobility µ0 = 5.3·10-13
m2/Vs, a field dependence parameter of the mobility of γ = 8·10-4 (m/v)1/2. From literature
[17] the following parameters were taken: an activation energy ∆ = 0.48 eV and a dielectric
constant εr = 3. Devices were characterised and modelled at 40°C. At high electric
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Current density (mA/cm2)

fields (> 2.5·103 V/m) the modelled curves are in good agreement with the measurements; the
difference in the current at high fields before and after heating, can be modelled by changing
the field dependence of the electron mobility from γ = (8 ± 1)·10-4 (V/m)1/2 to γ = (4 ± 1)·10-4
(V/m)1/2.

100
10-1
10-2

meas. before
meas. after
model. before
model after

10-3
10-4
10-5

1

2

3

Voltage (V)

4

5

6

Figure 5: Current densities as a function of voltage for a TiN/PPV(120 nm)/Ca device before and
after heat treatment for 30 minutes at 65°C. The lines are derived from model calculations. For
-5
2
clarity reasons minimal current is set to 10 mA/cm , which equals the detection limit of our
set-up.
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A more detailed understanding into the Ca/PPV interface formation and stability was obtained
with LEIS and XPS. We deposited an amount of calcium that covered about 20% of the PPV
surface in order to study the Ca/PPV interface with LEIS. The amount of calcium covering
the PPV was quantified by comparison of the LEIS signal of the Ca on the PPV to the LEIS
signal of a sample fully covered with calcium.
Figure 6 shows the LEIS spectra of the sample before and after heat treatment. In Table 4 the
LEIS peak heights and the XPS peak area ratios before and after heating are shown. It can be
seen from the LEIS spectra that the calcium disappears from the surface. The calcium peak in
the LEIS spectrum (before heat treatment) is broadened at the low energy site. This indicates
that the interface is not sharp. The peak broadening results from He ions, which penetrate the
sample and neutralise, subsequently scatter at calcium below the PPV surface, and then reionise at the surface. The inset in Figure 6 shows the comparison between a sample with 20%
surface coverage Ca on PPV (offset 0.12) an one with 20% surface coverage on Si. On the Si
sample, all the calcium remains on the surface, and the Ca peak thus corresponds to the peak
shape of the outermost atomic layer. The Ca signal at energies below the Ca/Si peak
originates from calcium in deeper layers.
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Ca

C

Figure 6: LEIS spectrum of a Ca/PPV interface before and after heat treatment for 30 minutes at
65 °C. Initially, the surface of PPV is only covered for ~20 % with calcium.

Table 4: The relative calcium peak heights before and after heating are shown as measured
with LEIS and XPS. Results are normalised to the peak heights (LEIS) and the peak area (XPS)
of the measurement before heat treatment. The peak area of Ca in XPS is derived from the Ca
to C ratio.

LEIS
XPS

Before heat treatment
1
1

After heat treatment
0.15
0.57

The decrease of the calcium peak in the LEIS spectrum should result in an increase of the
carbon peak. The statistics of the carbon peak are poor because the sensitivity of LEIS for C is
much lower than for Ca. By carefully subtracting the background an increase of the carbon
peak area of 20 ± 5 % after heat treatment is found. This is in reasonable agreement with the
expected maximal increase of 20% as estimated from the fraction of the surface covered by
Ca before heating.
In the XPS signal a significant reduction in the Ca to C peak ratio was observed. To get an
indication of the average depth of the calcium in the PPV we calculated how deep the calcium
has to diffuse into the PPV to obtain an equal decrease in the XPS signal. We found that this
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signal reduction can be reached by assuming all the evaporated calcium diffused to a depth of
~ 3.5 nm (this is of course not a realistic model for the calcium distribution after diffusion, but
only gives an idea of the extent of the diffusion). The binding energy of the Ca 2p peak had
not changed after heat treatment and was found to be 346.3 ± 0.3 eV (with the hydrocarbon C
1s peak as reference at 285.0 eV). As pointed out in [18] there is not much doubt that the Ca
is in a 2+ state, as measured from the Ca 2p peak shift, but it is difficult to distinguish
between Ca2+ and an oxidised (e.g. CaO, Ca(OH)2 or CaCO3) compounds. However, it can be
concluded that the chemical state of the Ca does not change by the heat treatment. The ratio of
oxygen to carbon measured with XPS before and after heat treatment is within the
experimental uncertainty equal to that of PPV. Furthermore the O 1s peak position was
unchanged (± 0.3 eV) after heat treatment compared to the situation before heat treatment,
while we observed that oxidation of the Ca/PPV interface led to a shift of the oxygen peak of
1.2 ± 0.3 eV to lower energies and a significant increase of the oxygen to carbon ratio. In the
LEIS spectrum no clear oxygen peak was visible before and after annealing. In the case
calcium was oxidised by evaporation of the calcium in an oxygen ambient (partial oxygen
pressure of 10-6 mbar) a small oxygen peak was visible in the LEIS spectrum. We conclude
from both LEIS and XPS that before and after the heat treatment the calcium was not
oxidised.
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Current reduction after heat treatment in hole only, single carrier devices was only found in
the ITO/PPV/Au structure and not in the Au/PPV/Au structure. From this we concluded that
ITO was the cause of the current reduction in the ITO/PPV/Au hole single carrier devices.
From the Au/PPV/Au structure it was concluded that the effect of the heat treatment on the
PPV itself was negligible, at least concerning the hole current. It can be expected that the
reduction of the hole mobility as found from the simulations, was caused by the diffusion of
oxygen [19] from the ITO into the PPV.
To confirm this, glass/ITO substrates were heated for 30 minutes at 65 °C and studied with
LEIS and XPS. In the LEIS spectra it was observed that the signal of oxygen decreased upon
heat treatment. From XPS measurements, a lower O/In ratio was found after heat treatment,
whereas the binding energies of In, Sn and O remained unchanged. Thus both XPS and LEIS
indicate that oxygen leaves the ITO upon heating, which is in agreement with the hypothesis
that oxygen diffusion into the PPV causes the reduced hole mobility. In [20] we showed that
the presence of oxygen in PPV reduces the current through a PLED. The presence of oxygen
apparently leads to higher hopping barriers in the PPV and therefore, to a lower value of the
zero field mobility and a higher value of the field dependence of the mobility [21]. The
presence of oxygen might cause additional levels in the band gap by van der Waals interaction
with the PPV, these extra levels act as hole traps.
Heat treatment of ITO/PPV/Au devices before evaporation of the gold cathode also led to
reduced currents indicating that once oxygen diffuses into the PPV it will remain in the film.
In devices with calcium cathodes, LEIS and XPS experiments did not show increased
concentrations of oxygen at the PPV/Ca interface what indicates that the oxygen does not
reach the cathode. Furthermore, additional oxygen at the calcium interface would lead to a
strongly reduced efficiency of the PLED [22], which we also do not observe. Apparently the
oxygen is not, or only in very small amounts, reaching the calcium cathode, apparently it is
localised near the ITO/PPV interface. In addition, it was found that the current and the light
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output of ITO/PPV/Ca PLEDs were reduced more than those of the Au/PPV/Ca PLEDs, a fact
that also can be attributed to a reduced hole mobility in the ITO/PPV/Ca devices. We
conclude that the current and light output reduction of the PLED after heat treatment can be
explained (partially) by a change of the hole mobility, probably caused by oxygen from the
ITO diffusing into the PPV.
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Electron only single carrier devices, which were heated before calcium deposition, have the
same I-V characteristics as devices that were not heated before calcium deposition. This
indicates that the PPV itself was not influenced by the annealing step and that reduction of the
current was caused by the Ca/PPV interface. From LEIS and XPS experiments it is clear that
part of the Ca is diffusing into the PPV during annealing. From XPS it is also clear that during
heat treatment no chemical reaction takes place. LEIS measurements show that on much more
calcium is needed to form a closed layer as for calcium on silicon. Furthermore the calcium
peak in the LEIS spectrum (before heat treatment) is broadened at the low energy side. This
can be clearly seen in the inset in Figure 6, where LEIS spectra of Ca on PPV and Ca on Si
are compared. Both samples had equal surface coverage but the peak of Ca on PPV is much
broader. This observation indicates that the Ca/PPV interface is not sharp, because the peak
broadening results from He ions, which penetrate the sample and neutralise, subsequently
scatter at calcium atoms below the PPV surface, and then re-ionise by the calcium atoms at
the surface. From a comparison with the energy loss of He ions in hydrocarbons as reported in
[23], it can be estimated that the calcium has diffused up to ~ 7 nm into the PPV. Note that
surface roughness of the PPV does not lead to peak broadening.
It is obvious that a change of the Ca/PPV interface due to annealing will change the injection
of electrons into the PPV. Whereas at high fields (> 2.5 ·10 3 (V/m)) the I-V curves of the
electron only devices could be fitted properly by the model used, the currents at low fields
could not be reproduced adequately. This can be caused by carrier trapping (e.g. of electrons
in the PPV) or calcium diffusion (resulting in an inhomogeneous field distribution at the
cathode), which both are not included in this model. As shown in [5,6,24] calcium deposition
on PPV leads to new states in the gap by doping the polymer by ionisation of the calcium,
which results in quenching sites and charge carrier traps. This can explain the change of the
field dependence of the electron mobility. During heat treatment calcium diffuses into PPV
and the traps will be present deeper in the PPV and therefore influence the field dependence
of the electron mobility.
Another possible cause of the reduction of the field dependence of the mobility of the
electrons is an enhancement of structural order in the PPV. However, it can be expected that
both the hole and the electron field dependence of the mobility should change due to ordering
and furthermore the zero field mobility of the electrons and the holes [21] should increase.
This was not observed in our hole and electron only devices. Consequently it is more likely
that the change of the field dependence of the mobility at high fields for electron single carrier
devices is caused by electron traps or an inhomogeneous electrical field caused by calcium
diffusion.
It was shown by Hu et al. [11] that a deposition of different cathode materials resulted in
different electroluminescence spectra. These authors suggested that the first vibronic
transition (0-0) is dominated by interface effects. This is in agreement with our observations
that the intensity of the first vibronic transition changes after heat treatment, and that heat
treatment before calcium deposition does not lead to a change in shape of the
electroluminescence spectrum. Devices with an Au/PPV/Ca structure show similar behaviour
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of the electroluminescence spectrum, indicating again that the Ca (or Ca/PPV interface) is the
cause of the spectral changes.
Finally, the shift of the maximum of the efficiency curve (Table 1) to higher voltages after
annealing, points to an enhanced quenching of excitons at or near the cathode, as shown in
[25] where calculations were performed at PLEDs with varying quenching lengths. The
calcium that diffused into the PPV is likely to quench the excitons. At higher voltages the area
the light was emitted from was located further away from the cathode, where less calcium was
present and thus less quenching took place.
p,q.rts
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Heat treatment of PLEDS (ITO/PPV/Ca) leads to a reduction of the current and of the light
output. This reduction is caused by the instability ITO/PPV and the Ca /PPV interfaces.
Effects of changes in the PPV itself, if present at all, do not influence the device performance.
The degradation of the ITO/PPV interface (probably the loss of oxygen) leads to a decrease of
the zero field hole mobility and to an increase of the field dependence of the mobility. This
indicates that higher hole barriers are formed in the PPV, probably by diffusion of oxygen
from the ITO and subsequent formation of a complex between oxygen and PPV. The
degradation of the Ca/PPV interface (diffusion of calcium into the PPV) results in the
formation of electron traps and quenching sites. With LEIS and XPS it was shown that
calcium diffuses from the Ca/PPV surface into the PPV causing changes of the electron
injection and/or transport.
Summarising, we found that heat treatment of ITO/PPV/Ca devices leads, contrary to heat
treatment on ITO/PPV/Al devices [4], to a reduced PLED performance. This is caused by
degradation of the Ca/PPV and ITO/PPV interfaces.
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The effect of lithium doping in Poly (para-PhenyleneVinylene) (PPV) based polymer light
emitting devices (PLEDs) has been studied. In a standard PLED structure (ITO/PEDOTPSS/PPV/Al), the effects of a thin (approximately 0.1 nm) Li layer and a thin layer, 5 nm, of a
large bandgap polymer between the PPV and the aluminium cathode have been studied in
terms of I-V and L-V characteristics and external efficiency.
Lithium dopes the (interfacial layer of the) PPV as observed by photoelectron spectroscopy.
We found that a thin layer of Li leads to a lower injection barrier for electrons resulting in an
improved charge balance. The efficient electron injection originates from a Fermi level
alignment between the doped polymer and the aluminium cathode, which reduces the energy
barrier for injection.
A thin layer of the large bandgap polymer P14NHP, between the PPV and Al contact,
increases the light output and efficiency by blocking the holes. Light emission takes place
further away from the cathode leading to less (exciton and light) quenching.
The addition of a Li layer on top of P14NHP results in an additional increase of the quantum
efficiency (factor ~2), due to improved electron injection.
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Since the early work on polymer light emitting devices (PLEDs) involving Poly(para
PhenyleneVinylene) (PPV) [1], a steady progression of improvements in device performance
has been achieved. In the first devices PPV was spin coated on to an Indium Tin Oxide (ITO)
substrate (anode), on top of this an aluminium layer (cathode) was deposited by thermal
evaporation. One of the main problems with (single layer) PLEDs is the imbalance between
the electron and hole currents, generally speaking the electron current is 20-100 times smaller
than the hole current. The current balance can be improved by using other cathode materials,
like calcium and barium [2]. Although aluminium is relatively stable in air, the work function
is too high for efficient electron injection. The work function of calcium is suitable for
efficient electron injection, but calcium is unstable in air and diffuses into PPV [3].
Application of a layer of aluminium on top of the reactive (calcium) cathode can protect the
calcium from oxidation.
Further improvements at the cathode side of the device have been obtained by insertion of
extra organic layers between the metal cathode and the electroluminescent polymer, used as
electron injecting and/or hole blocking layer [4,5,6]. In molecular based LEDs usually several
layers are used to obtain optimal charge injection, transport and light emission [7].
At the anode side, a beneficial effect on device performance and life time is obtained by
inserting a film of poly(3,4-ethylenedioxythiophene) doped with poly(4-styrenesulfonate)
(PEDOT-PSS) between the ITO anode and the electroluminescent polymer. This results in an
improvement in interfacial energy level alignment [8], and prevents indium and oxygen
diffusing from the ITO into the PPV [3,9].
In this chapter we described further improvements of the cathode by using a new device
structure where we have explored the possibility of creating polymeric cathodes. We tried to
both increase the electron injection and block the hole transport near the cathode. A polymeric
cathode replacing the commonly used reactive cathode layer materials such as e.g. Ca has
potential advantages in terms of stability of the device, and is a possible step towards allpolymer LEDs.
The polymeric cathode was achieved by a two-step strategy where we have combined doping
of the polymeric layer with alkali ions (lithium) to reduce the energy barrier for electron
injection, with the use of an extra layer of a large bandgap polymer to block holes. The
efficiencies, current characteristics and on-set voltages of the light of these devices were
studied. In addition, the effects of the alkali atoms on the interfaces was studied using
photoelectron spectroscopy. This was used to interpret the observed behaviour in PLEDs
resulting from lithium doping on the basis of the electronic structure of the doped polymers.
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The PLEDs were made in a standard sandwich structure with polymers on top of an indium
tin oxide substrate and a metal cathode on top of the polymer. The polymers used were
poly(3,4-ethylenedioxythiophene) doped with poly 4-styrenesulfonate, PEDOT-PSS, poly
para-phenylene vinylene (PPV), and poly 2,5-diheptyl-14-phenylene-alt-1,4-naphthylene,
P14NHP, as shown in Figure 1. The ITO was cleaned first for 10 minutes in acetone and
isopropanol in an ultrasonic bath and then for 10 min in a UV-ozone cleaner. The PEDOTPSS was spin coated from a water suspension to a thickness of around 70 nm and
subsequently dried at 150 ºC for 5 minutes in vacuum. The PPV pre cursor was spin coated
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from solution and converted in a vacuum chamber at 10-6 mbar at 280 ºC for 10 hours to a
thickness of around 70 nm. It is important to note that all the samples used in this chapter
were converted in the same batch under exactly the same conditions, because it has been
shown that differences in the conversion process have large effects on the PLED efficiency
[10]. Subsequently, the samples were inserted into a glove box where the P14NHP was spin
coated from a chloroform solution on top of the PPV. The glove box had a nitrogen
atmosphere with less than 1 ppm of residual oxygen and water vapour.
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Figure 1: The used polymer: Poly (para PhenyleneVinylene) (PPV), the light emitting polymer,
Poly(3,4-EthyleneDioxyThiophene) (PEDOT) doped with Poly(4-StyreneSulfonate) (PSS) the
hole transport layer and poly(25-diheptyl-14-phenylene-alt-14-naphthylene), (P14NHP) the
cathode layer.

Lithium and aluminium were deposited in an UHV evaporation chamber directly connected to
the glove box with a transfer system, thereby avoiding exposure to air of the semimanufactured PLEDs. The set up for fabrication and characterisation of the devices is
described in [11]. The lithium was evaporated from a SAES getter source to an equivalent
thickness of ~0.1 nm (4.6·1014 Li at/cm2). The latter number is only a rough estimate, but the
thickness was reproducible for all devices discussed here. The cathodes were finished and
protected by an Al layer, vapour deposited to thickness of 1000 Å at a pressure less than 1·10-7
mbar. The active size of the devices was 20 mm2. The electrical and optical characterisation
was done in the glove box set up. The photoelectron spectra were taken in an instrument with
monochromatized He I radiation.
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P14NHP is a strictly alternating copolymer with a naphthylene group and a substituted
phenylene group in the repeating unit (see Figure 1). This polymer has a large torsion angle of
90 degrees according to calculations, which gives a large optical gap of 4.07 eV. The
electronic structure of this polymer has been studied previously, using photoelectron
spectroscopy and quantum chemical calculations [12].
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Several different device structures were made by adding a thin (5 nm) layer of P14NHP,
and/or a “layer” of lithium atoms (~0.1 nm), between the topmost polymer layer (PPV or
P14NHP) and the aluminium cathode. PLEDS consisting of an ITO/PEDOT-PSS/PPV/Al
structure were used as reference.
Consequently, four different types of devices were prepared (see Figure 2): (I) ITO/PEDOTPSS/PPV/Al, (II) ITO/PEDOT-PSS/PPV/Li/Al; (III) ITO/PEDOT-PSS/PPV/P14NHP/Al; and
(IV) ITO/PEDOT-PSS/PPV/P14NHP/Li/Al. It should be noted that “the lithium layer” is not a
metallic interlayer. The lithium atoms diffuse into the polymer layer, thereby creating a
doped-polymer region at the polymer surface.
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Figure 2: The structures of the studied PLEDs. The structures will be denoted in the text
according to the numbering in this plot.
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In Figure 3 the current-voltage characteristics for a type (I) device (ITO/PEDOTPSS/PPV/Al) and a type (II) device (ITO/PEDOT-PSS/PPV/Li/Al) are shown. The on-set
voltage of the light is shifted from 5.7 V for the type (I) device to 3.9 V for the type (II)
device. The current is not changed significantly, but there is a large increase in the light
emission. The maximum efficiency improves from 0.004 Cd/A at 11.4 V to 0.025 Cd/A at 6.0
V. Also the maximum light output changed from 18.9 Cd/m2 at 13.0 V to 40.2 Cd/m2 at 10.2
V (see also Table 1).
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Figure 3: Current density and light output as a function of applied voltage for a type (I)
(ITO/PEDOT-PSS/PPV/Al) device and a type (II) (ITO/PEDOT-PSS/PPV/Li/Al) device.
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For a type (III) device (ITO/PEDOT-PSS/PPV/P14NHP/Al), the on-set voltage of the light is
reduced compared to the type (I) structure from 5.7 V to 4.5 V. There is also a large decrease
in the current; but surprisingly the light output is increased compared to type (I) (and also
compared to type (II)). The maximum light output for this type (III) device is 92.7 Cd/m2 at
10.6 V, which can be compared to 18.9 Cd/m2 at 13.0 V for the type (I). The efficiency
maximum is increased to 0.13 Cd/A at 11.0 V. See also Table 1.
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Finally, for a type (IV) structure (ITO/PEDOT-PSS/PPV/P14NHP/Li/Al), the on-set voltage
of the light is 4.3 V. For low voltages (up to 4 V), the current density is higher than the current
density in the reference type (I) structure, but at higher voltages it is lower. The decrease in
current, together with an increase in light output, gives a maximum efficiency of 0.29 Cd/A at
10.4 V. Also the maximum light output is increased to 133 Cd/m2 at 11.0 V. These
characteristics are summarised in Table 1.
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Table 1: Light on-set voltage, maximum external PLED efficiency (Cd/A) and voltage of
2
maximum efficiency, maximum light output (Cd/m ) and voltage of maximal light output and the
2
current (mA/cm ) at 10 volt for the devices reported.

Device Type
I
II
III
IV

On-set
Light
(V)
5.7 ± 0.2
3.9
4.5
4.3

Max Eff.
(Cd/A)

Voltage
(V)

0.004
0.025
0.13
0.29

11.4± 0.2
6.0
11.0
10.4

Max
Light
(Cd/m2)
18.9
40.2
92.7
133

Voltage
(V)

Current at 10V
(mA/cm2)

13.0 ± 0.2
10.2
10.6
11.0

349 ± 4
347
59.0
18.7
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In Figure 4 generalised energy level diagrams for the different layers in the four types of
device structures are shown. The discussion of our observations is based on this diagram.
Recently, it has been shown that for spin coated semi-conducting polymers on metal surfaces,
the vacuum levels are aligned, while for a conducting polymer on a metal, the Fermi levels are
aligned [13].
The information on the Li doping levels (type (II)) has been obtained from the ultra violet
photoelectron spectrum as shown in Figure 5. The lithium atoms dope the polymer in the
interface region, and two new states, bipolaron states, appear in the otherwise forbidden
energy (band) gap of PPV. These new states are located at a binding energy of approximately
3.3 eV and 4.9 eV. The Fermi level lies between the bipolaron level at 3.3 eV and the electron
affinity (EA) at 2.4 eV see Figure 4b. This energy level configuration leads to a lower barrier
for electron injection, resulting in a more efficient electron injection and thus an improved
charge balance between the electron and hole currents. In addition, there might be some
Coulomb scattering of holes by the Li ions, thus decreasing the hole current as suggested in
[14].
The main differences between type (III) structure and the reference structure (type (I)) are the
increased light output, the increased light emission efficiency, the decreased current, and the
lower on-set voltage of the light for type (III). The decreased current is can be explained by
hole blocking of the P14NHP layer. The lower on-set voltage for light emission is more
complicated to explain. As can be seen from Figure 4c, the barrier for injecting electrons is
almost the same as for the type (I) reference structure (Figure 4a). It might be that the lower
on-set voltage is caused by suppression of the quenching of light by the aluminium cathode.
The influence of quenching on the on-set voltage has previously been shown [15]. Since the
hole mobility in PPV is much higher than the electron mobility [16], electron-hole
recombination takes primary place near the cathode, which possesses a large number of nonradiative pathways. This is because the wave function of the light (photons) must go to zero at
the surface of the metal cathode, which cannot support a transverse electric field. By
introducing the hole-blocking layer, the electron-hole recombination zone is moved further
away from the Al-cathode, thereby reducing the quenching and increasing the efficiency and
light output.
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Figure 4: Generalised energy band diagrams (with respect to the vacuum level (V.L.)) of the
electron affinity and ionisation potential (IP (eV)) for the isolated materials with no applied field.
Diagrams are shown for; (a) Type (I) device structure, ITO/PEDOT-PSS/PPV/Al; (b) Type (II)
device structure, ITO/PEDOT-PSS/PPV/Li/Al; (c) Type (III) device structure, ITO/PEDOTPSS/PPV/P14NHP/Al; (d) Type (IV) device structure, ITO/PEDOT-PSS/PPV/P14NHP/Li/Al. If the
V.L. is not continued above the ITO and Al parts in the diagram, this indicates that Fermi level
alignment is assumed.

Finally for a type (IV) structure, the on-set voltage is slightly lower compared to the type (III)
device structure. This decrease arises from a slightly lower energy barrier for electron
injection, because the lithium will dope the interfacial layer. In Figure 6 the photoemission
valence band spectra of P14NHP and lithium doped P14NHP are shown. In the spectrum of
the doped materials two bipolaron states can be identified at a binding energy of
approximately 4 eV and 6 eV. The higher on-set voltage for the type (IV) structure, relative to
the type (II) structure, occurs because of the larger energy difference between the highest
doping state and the LUMO for the Li doped P14NHP (Figure 6) compared to the Li doped
PPV (Figure 5), resulting in a higher barrier for electron injection. In addition, the current
decreases by about a factor 3 which may be caused by a reduction of the hole mobility due to
the presence of the positively charged lithium ions in the P14NHP, which may also diffuse
somewhat into the PPV film. The reduction in current is, however, more than compensated for
by the increase in efficiency. This is a direct consequence of the better charge balance
resulting from the reduced hole current, and the lower barrier for electron injection into the
doped P14NHP layer, and a reduction in quenching because the recombination area is further
away from the metal cathode.
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Figure 5: Photoemission valence band spectra of pure PPV and PPV doped with Li. When PPV
is doped with lithium two states appear in the (otherwise empty) bandgap. The spectrum in the
insert shows a wider range of the undoped PPV spectrum. All spectra are plotted with respect
to the vacuum level.
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We have shown how the hole and electron currents in PPV based PLEDs may be manipulated
and controlled by using n-type doping in combination with a large bandgap polymer buffer
layer, both at the aluminium/PPV interface. For the device structure with only a large bandgap polymer between the cathode and the PPV, an increased efficiency is obtained. This
increase results from the separation of the aluminium from the electroluminescent polymer,
which moves the recombination away from the metal cathode, and thus reducing the light
quenching. Besides, blocking of the holes leads to a better charge balance. By introducing a
doped interfacial layer in the structure, the barrier for electron injecting is decreased due to
Fermi level alignment between cathode and the active polymer layer, resulting in an improved
charge balance. A combination of the large band gap polymer and doping of this layer yields
the best results. This is attributed to three effects: blocking of holes by the large band gap
polymer, improved electron injection due to a lowering of the barrier, and reduced hole
mobility in the doped polymer layer due to Coulomb repulsion of the positively charged Li
ions. It should be stressed that further improvements should be possible, since here the
parameters, such as layer thickness and doping levels, were not mutually optimised.
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Figure 6: Photoemission valence band spectra of P14NHP and P14NHP with a deposited Li
layer, where two states have appeared in the otherwise empty bandgap. The spectrum in the
insert shows a wider range of the undoped P14NHP spectrum. All spectra are plotted with
respect to the vacuum level.
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We studied the stability of metal/polymer interfaces by measuring the diffusion of calcium into
a polymer (OC1C10 PPV) layer during and after deposition of the metal using Low Energy Ion
Scattering (LEIS) and X-ray Photoelectron Spectroscopy (XPS).
During deposition the calcium diffusion depth in the PPV was found to be comparable for
untreated samples and samples prepared in oxygen ambient (10-7 mbar). In both cases
diffusion depths up to ~7 nm were observed. For PPV layers treated with atomic oxygen, the
diffusion depth during deposition was significantly smaller (~6 nm).
After deposition, it was observed that calcium diffusion in OC1C10 PPV continues for several
hours. When oxygen was present during calcium evaporation or during the spin coating of the
PPV, the diffusion coefficient for calcium in PPV was decreased considerably. In these cases
accumulation of oxygen (adsorbed in the PPV during deposition or spin coating) at the
calcium/PPV interface continued for several hours after deposition. Treatment of the PPV
with atomic oxygen before calcium deposition resulted in a strong decrease of the calcium
diffusion coefficient after deposition.
From XPS measurements it was observed that calcium interacts with the chemically bonded
oxygen in the PPV and also with the oxygen absorbed in the PPV layer. It can be concluded
that oxygen, either chemically bonded to the PPV chain or adsorbed in the film, reduces the
calcium diffusion coefficient.
The initial performance of PLEDs with atomic oxygen treated PPV layers and PLEDs with
calcium deposited in oxygen ambient was worse than the performance of untreated devices,
but the degradation in the life-test was smaller.
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Polymer Light Emitting Diodes (PLEDs) are considered promising candidates for full colour,
cheap and flexible displays, which are easy to process [1,2]. The simplest PLEDs consist of
an emitting polymer layer (often derivatives of Poly(para PhenyleneVinylene) (PPV)), which
is sandwiched between an anode (usually ITO) and a cathode (often calcium or barium).
In previous studies [3,4,5] on interface formation between polymers and metals in PLEDs the
focus was mainly on the electronic structure of the metal/polymer interface. The dynamics
and the stability of the Ca/PPV interface have not received much attention so far. Diffusion of
metal into PPV derivatives during deposition was observed [6,7,8], but the time scale of the
process was not considered. Other studies [9] show that for precursor PPV the interface
formation is severely influenced by the presence of impurities with low surface energy, e.g.
hydroxyl groups, in this case a CaO overlayer forms. In [10] it was concluded that extra
oxygen present at the cathode leads to better PLEDs. In this case, it was claimed that calcium
does not diffuse into the PPV (cyanoterephthalylidene PPV), but forms a CaO overlayer layer
[3,10]. In contrast, in our group it was observed for OC1C10 PPV that extra oxygen present at
the cathode always leads to worse device characteristics [11].
In this work we focus on the dynamics of the formation of the calcium cathode. We study the
interface formation of calcium on OC1C10-PPV (denoted throughout the paper as PPV) and
the influence of different (oxygen) treatments. The main goal is to obtain a better
understanding of the processes going on during and after calcium deposition, in order to
achieve higher stability of the Ca/PPV interface. In addition, the time scale of the diffusion
process and the depth of the calcium diffusion into the PPV were measured.
A number of methods to change/reduce diffusion of metals into polymers can be found in
literature [3,13,14,15,16], we studied these methods for calcium/PPV interface formation.
First, the effect of the presence of oxygen during deposition was studied, because it was
claimed that oxygen stops the diffusion of calcium and a CaO overlayer is formed [3]. Second
the effect of spin coating of PPV in air in stead of in the glove box was studied, because we
observed that oxygen can stay absorbed in the PPV layer when placed in vacuum and getter
onto the cathode [12]. Third, we studied interface formation of calcium on oxygen plasma
treated PPV layers. This is done because it is well known that plasma treatment of polymers
can lead to improved adhesion between a metal and polymers layer [13]. It was indicated in
[14] that oxygen plasma treatment on PPV in Cr/PPV/Al devices leads to a large current
increase, this was attributed to the modification of the PPV. Finally, the interface formation of
calcium on PPV treated with ion beam bombardment was considered, because it is well
known that ion beam treatment influences the metalisation of polymers [15,16].
The interface formation between calcium and PPV was studied with Low Energy Ion
Scattering (LEIS) and X-ray Photoelectron Spectroscopy (XPS). The results obtained with
these surface techniques were related to device performance; electrical and optical
characteristics and electroluminescence spectra were measured and life-tests were carried out.
Finally, impedance spectroscopy measurements were performed in order to separate between
effects on holes and on electrons resulting from the specific treatment.
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Low Energy Ion Scattering (LEIS) [17] is a technique that can probe the outermost atomic
layer of a sample. A low energy beam of noble gas ions (typically 3 keV He+) is directed onto
a sample and the kinetic energy of the (back)scattered ions is measured at one specific scatter
geometry. The energy of the backscattered ion depends uniquely on the mass of the atom the
interaction took place with and therefore the obtained energy spectrum represents a mass
spectrum. The incoming ions that do not scatter at atoms in the outermost layer, penetrate the
sample and will be neutralised. The analyser of the LEIS set-up is only sensitive for ions,
consequently the obtained mass spectrum, is a mass spectrum of the outermost atomic layer.
LEIS measurements of calcium (on PPV) samples are more complex, because the reionisation
probability of calcium is very high [18]. The He ions that penetrate the sample and are
consequently neutralised, can be reionised by the calcium at the surface when emerging. Thus
not only calcium at the surface, but also calcium below the surface contributes significantly to
the calcium peak in the LEIS spectrum. The He atoms will lose energy along their trajectory
in the sample and therefore the calcium peak will be broadened at the low energy side. The
amount of signal from calcium from deeper layers depends on two parameters. First on the
amount of calcium present and second on the surface composition; more calcium on the
surface leads to more signal from deeper layers due to the higher reionisation probability.
LEIS experiments were performed with 3 keV 3He+ ions. The sample was measured at
consecutive points in time, between measurements the ion beam was directed away from the
sample to reduce sample damage.
XPS measurements were performed with Mg Kα radiation from a VG twin anode source. The
samples were tilted 45º with respect to the analyser. XPS was used to determine an average
elemental composition over the sampling depth of about 7 nm. Again, samples were measured
on consecutive points after deposition, in between measurements the samples were moved
away from the X-ray beam.
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As described in [19] it is possible to derive diffusion coefficients for calcium in PPV from the
LEIS data. Here a short summary of the data handling will be given.
The LEIS spectrum of a sub-monolayer coverage of calcium on silicon was fitted with a
Gaussian curve to obtain parameters for the position and width of the calcium surface peak.
The width and the position derived from this fit were used to obtain the area of the calcium
surface peak from the spectra measured on Ca/PPV samples. The diffusion coefficient for
calcium in PPV was derived from the calcium surface peak area in LEIS spectra measured at
consecutive times after deposition, by fitting the decrease of the surface peak area with a
standard Fickian diffusion model.
In [19] we obtained the activation energy of the calcium diffusion process, by measuring
samples heated to different temperatures after deposition and deriving the diffusion
coefficients. This was not possible in this study because at higher temperature also the
diffusion of oxygen increases, apart from an increased diffusion of calcium in PPV.
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Substrates of glass covered with ITO (100 nm ITO, Merck) were cleaned successively with
acetone (Uvasol, Merck) and 2-propanol (Uvasol, Merck) each for 10 minutes in an ultrasonic
bath. Next, an ozone treatment was conducted for 20 minutes. Subsequently, the UV ozone
chamber was evacuated and flushed with nitrogen, next the samples were transferred without
contact to air to a glove box filled with nitrogen (with O2 and H2O < 1 PPM). Then OC1C10PPV (poly (2-metoxy,5-(2`-ethyl-hexoxy)-p-1,4-phenylene vinylene) further on denoted as
PPV) was spin coated directly onto the ITO from a 0.5 – 0.7 wt% PPV solution in toluene to a
layer of 100 to 200 nm thick.
For surface studies the samples were transported in an airtight suitcase to the LEIS/XPS set
up. In the transfer chamber of the LEIS set-up calcium was deposited onto the PPV films by
thermal evaporation (pressure during evaporation ~1·10-7 mbar). The oxygen pressure during
calcium deposition was controlled with a needle valve. Immediately after deposition (within 2
minutes) the first LEIS experiments were carried out.
For PLED production the samples were loaded from the glovebox into a transfer chamber,
which is connected to the glove box, and subsequently transported to the deposition chamber.
Here a 80 nm thick calcium cathode was deposited from an effusion cell, at a deposition rate
of 0.3 nm/s at Glass/ITO/PPV samples at room temperature. The pressure during the
deposition process was ~1·10-7 mbar consisting almost entirely of hydrogen (the partial
oxygen and water pressure was lower than 10-9 mbar; the detection limit of the mass
spectrometer). Electrical, optical and impedance characteristics were measured inside the
glove box.
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Admittance spectroscopy measurements were performed with a 4192A LF Hewlet Packard
frequency modulator. In admittance spectroscopy measurements PLEDs are probed with a
frequency (10-105 Hz) dependent voltage (50 mV) applied on top of a frequency independent
bias voltage and the real and imaginary current response is measured. Martens et al. [20]
showed that hole and electron mobilities can be derived from the difference in the complex
admittance measured at zero bias and at a bias voltage on which the PLED operates.
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First the result of calcium deposited on PPV layers spin coated inside the glove box will be
discussed. Less than a closed layer of calcium was deposited on PPV layers inside the LEIS
set up. The surface was covered for 15% with calcium as measured with LEIS. Note that
much more than the equivalent of 15% of a monolayer of calcium was deposited, because
during deposition calcium diffuses into the PPV [19]. This can be seen from the asymmetric
peak shape of calcium in LEIS (see Figure 1); the peak is broadened at the low energy side.
Note that surface roughness of the PPV does not influence the broadness of the calcium peak.
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Figure 1: LEIS spectra measured as a function of time after deposition. The calcium peak
height is normalised to the peak height of the first measurement. After deposition about 15% of
the PPV surface was covered with calcium. Note that the amount of signal coming from deeper
layers depends on the calcium surface concentration (see section VI.2.1).

In [21] stopping powers are reported for low energy He ions in hydrocarbons. These stopping
powers are used to convert the energy scale in the LEIS spectra into a depth scale. It was
found that calcium has diffused up to 7 nm into the PPV immediately after deposition (see
Figure 1). Note that we showed in [19] that the diffusion coefficient during deposition is
orders of magnitude higher (>103 times) than after deposition.
In section VI.2.3 and [19] the data handling for the LEIS data to obtain diffusion coefficients
was described. The decrease of the calcium surface peak area in time measured with LEIS for
calcium on PPV is plotted in Figure 2, and a diffusion coefficient of (12 ± 2)·10-23 m2/s is
found. Compared with literature values of metal (Au, Ag) diffusion in polymers these values
are low [22] and indicate a strong interaction between calcium and PPV.
XPS measurements confirmed the process of calcium diffusion into the PPV after deposition;
the Ca(2p)/C(1s) peak area ratio decreased in time. From XPS not only changes in the sample
composition can be observed, but also information about the chemical binding of the elements
can be obtained. The XPS spectra shows a clear shift in the binding energy after calcium
deposition: the O(1s) core level was lowered with 0.9 ± 0.6 eV relative to the C(1s) level (see
Table 1). Thus interaction takes place between oxygen in the PPV and the deposited calcium.
The peak area ratio of O(1s) to C(1s) measured with XPS after deposition of metal is equal to
the ratio measured before calcium deposition. Thus no extra oxygen (e.g. resulting from the
residual gas in the vacuum) is present.
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Figure 2: Calcium surface peak area (derived from the LEIS measurements) as a function of
time (dots). The full line is a fit to the data with the diffusion model presented in [19].
Table 1: Average O(1s) binding energies measured with XPS before and after deposition of
calcium, the energy scale is biased to the C(1s) peak (285 eV) to exclude errors resulting from
charging of the sample.

Untreated
Oxygen during deposition
Photo-oxidation
Atomic oxygen
Ion bombardment

?@AB ACAD

E0F%G3HI,J7K

O (1s) before deposition
(eV)
532.8 ± 0.3
532.8 ± 0.3
532.8 ± 0.3
532.6 ± 0.3
---
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O (1s) after deposition
(eV)
531.9 ± 0.3
531.0 ± 0.3
--531.4 ± 0.3
532.1 ± 0.3

In the previous paragraph it was observed that calcium diffuses into the PPV. In another series
of experiments, we deposited calcium in an oxygen ambient (partial oxygen pressure of 10-7
mbar) to try to obtain a more stable interface. In Figure 3 the XPS peak areas of calcium
(2(p)) and oxygen (1(s)) normalised to the carbon (1(s)) signal are shown. It is clear from the
oxygen to carbon ratio that the amount of oxygen (in the first ~ 7 nm) increases after the
deposition of calcium. Apparently oxygen has absorbed in the PPV film during the deposition
process and after the deposition it diffuses to the cathode and is trapped by the calcium. It is
surprising that oxygen continues to getter at the calcium cathode for more than 3 hours after
deposition, while the diffusion of oxygen in PPV is found to be very fast (100 nm in ~ 10-5 s
according to [23]). It is also clear that after deposition the calcium is not fully oxidised. It was
verified that the oxygen gettering was not caused by residual oxygen in the vacuum, by
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measuring a reference sample (Ca/PPV/ITO, with no oxygen present during deposition),
which was present in the vacuum at the same time as the sample with calcium deposited in an
oxygen atmosphere. In this reference sample no oxygen gettering at the calcium was
observed.
The peak area ratio (C/Ca) increases in time (see Figure 3), this can only be explained by
calcium still disappears to deeper layers. With XPS it was also observed that the O(1s) peak
shifted 1.8 ± 0.6 eV to lower energy (with the C(1s) peak as a reference). The Ca 2(p) peak
also shifted compared to the situation without oxygen (from 346.7 ± 0.3 eV (without) to 347.1
± 0.3 eV (with)). As pointed out in [24] there is not much doubt that the Ca on PPV is in a
double ionised state, but it is difficult to conclude if it is free Ca2+ or an oxidised compound
(e.g. CaO, CaCO3, Ca(OH)2. Most likely, the measured shifts are caused by oxidation of the
calcium and the oxygen peak is composed of two contributions one from a Ca-O-C complex
formed by oxidation and one from oxygen in the polymer which interacts with calcium,
similar to the observations in [24].
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Figure 3: XPS peak area ratios measured as a function of time after deposition. Calcium was
-7
deposited in an oxygen atmosphere of 1·10 mbar. The peak ratios of the O(1s), C(1s) and the
Ca(2p) are compared.

LEIS measurements on samples with calcium deposited in oxygen ambient (1·10-7 mbar)
show also a decrease of the amount of calcium on the surface in time. In this case, the
diffusion coefficient of calcium in PPV was found to be almost an order of magnitude lower
((1.5±0.3)·10-23 m2/s, Table 2) than for samples deposited without oxygen present. The LEIS
measurements on calcium deposited on PPV in oxygen ambient are more complex to
interpret, because the decrease of the calcium surface coverage can have two origins, first the
decrease of calcium at the surface, second an increase of oxygen covering the calcium at the
surface. Therefore, the obtained diffusion coefficient may be too high. Unfortunately the
sensitivity of LEIS for oxygen is relatively low and therefore small changes in the oxygen
concentration at the surface are difficult to measure with a low ion dose.
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The concentration of calcium below the surface is also more difficult to derive, because the
surface may oxidise during the analyses, what results in a higher reionisation probability for
He atoms. Consequently, the reduced reionisation probability caused by diffusion of calcium
away from the surface can be compensated by an increased amount of oxygen at the surface.
However, XPS (C/Ca peak area ratio) clearly shows that calcium diffusion occurs and LEIS
clearly shows that deposition in an oxygen ambient results in a lower calcium diffusion
coefficient; the decrease of calcium at the surface is considerably slower than in the case
without oxygen. Note, that the calcium peak may also have been reduced by oxidation
(oxygen covering calcium) but in that case the measured diffusion coefficient would have
been increased compared with untreated samples.
The calcium peak in the LEIS spectra measured immediately (2 minutes) after calcium
deposition in oxygen ambient is similar to the calcium peak measured on a sample prepared
without oxygen present. Thus during the deposition process calcium reaches depths of ~7 nm
in the PPV. This indicates that during deposition oxygen does not influence the diffusion
process significantly, only after deposition the diffusion process is slowed down considerably
(see Table 2), this will be discussed in section (VI.4.1).
Next, experiments were performed in which the PPV was spin-coated in air. In a XPS
measurement on PPV spin coated in air the same ratio O/C was obtained as for PPV spin
coated in the glove box. However, when metal was applied the ratio increased, thus oxygen
gettered at the calcium during deposition. After metal deposition a further increase of the O/C
ratio was observed. Thus oxygen [12] (or water [25]) absorbs in the PPV during spin coating
and getters onto the calcium during and after deposition. LEIS measurements also show a
decrease of the diffusion coefficient ((7±2)·10-23) compared to untreated samples. Thus spin
coating in air results in more or less similar processes as evaporating in oxygen ambient.
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In the previous paragraph, it was observed that Ca/PPV interfaces are not stable but that the
stability increases by evaporating calcium in oxygen ambient. However, when calcium was
deposited in oxygen ambient, oxygen continued to getter at the cathode for a long time after
deposition and the calcium still diffuses into the PPV to depths of ~7 nm during deposition.
To prevent oxygen gettering and to obtain a stable, sharp interface, the PPV layer was treated
with atomic oxygen (using the HD25 atom source of Oxford Applied Research, which
excludes ionic oxygen and high energetic oxygen particles). Atomic oxygen is very reactive
and it is expected to immediately oxidise the PPV surface. Short exposure times were used to
limit the oxidation to the top layer of the PPV. It was found that after 15 seconds of treatment
the amount of oxygen at the surface saturated (as measured with LEIS). After 15 seconds not
only the surface is oxidised, but also deeper layers of the PPV are affected as discussed
below. Therefore a treatment time of 5 seconds was chosen. From the oxygen LEIS surface
peak area it follows that the amount of oxygen at the surface increases by a factor ~5
compared to untreated OC1C10 PPV. Neutral Impact Collision Ion Scattering spectrometry
(NICISS) measurements [21] showed that not only the interface but also the first ~10 nm of
the polymer were oxidised after atomic oxygen treatment for 5 seconds.
The diffusion coefficient of calcium in atomic oxygen treated PPV layers is considerably
lower than in untreated PPV layers, we found ((7±2)·10-24 m2/s (see Table 2). In addition, it
was observed that immediately after deposition the calcium peak is narrower for an atomic
oxygen treated sample than for an untreated sample, indicating that during deposition the
calcium does not diffuse as deep into the polymer as in the untreated samples. Thus for atomic
oxygen treated PPV a sharper Ca/PPV interface is formed.
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From the XPS spectra it is observed that the oxygen to carbon ratio increases in time,
indicating that oxygen diffuses to the cathode as in the experiments discussed in the previous
paragraph, the increase is however small compared to the increase for samples with calcium
deposited in oxygen ambient. The oxygen gettering is probably caused by (neutral) oxygen
species (e.g. O2, O3) which are also produced by the atomic oxygen source.
In addition, XPS spectra show that after atomic oxygen treatment, but before deposition, the
O(1s) peak did not shift significantly compared to untreated PPV. After deposition the O(1s)
peak was shifted 1.5 ± 0.6 eV to lower energies and obviously, the O/C ratio is higher than in
the case of pure PPV. Apparently, oxygen reacts with PPV and slows down the calcium
diffusion during and after deposition. The shift of the oxygen peak in the XPS spectra
indicates reaction of calcium with oxygen species forming Ca-O-C complexes.
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It is well known that PPV degrades by photo-oxidation and oxygen is incorporated into PPV
[12,23] and at the surface [26]. In the previous paragraph it was observed that oxygen
decreases calcium diffusion and therefore sharpens the Ca/PPV interface. In [12] we have
shown that photo-oxidation for 2 hours increases the oxygen concentration in OC1C10 PPV
with about 10% (see Table 2). The diffusion coefficient of calcium in photo-oxidised PPV (2
hours 200 mbar as in [12]) is measured and it was found to be considerably decreased
compared with untreated samples, we obtained 2.0±0.2·10-23 m2/s (see Table 2). Indicating
that extra oxygen indeed reduces the diffusion coefficient. Note that photo-oxidation is a bulk
treatment and does not only influence the Ca/PPV interface.
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Finally, it was investigated whether the Ca/PPV interface can be stabilised by ion
bombardment [15,16]. This was done by treatment of the PPV layer with a He+ ion beam
(dose ~5·1013 at/cm2) before calcium deposition. It was observed that the calcium disappeared
slower (D = (9 ± 2)·10-23) from the surface than for untreated PPV, but faster than in the case
of calcium deposited in oxygen ambient (Table 2). The diffusion depth of calcium during
deposition was equal to the depth found for untreated devices. After calcium deposition, no
differences in binding energies of O(1s) and Ca(2p) were found compared to untreated
samples (see Table 1). Higher ion dose might increase the interface stability further, but will
damage the PPV more.

Table 2: Diffusion coefficients of calcium in PPV as measured with LEIS. The amount of oxygen
in the film as measured with Elastic Recoil Detection Analysis [12] is also given. For atomic
oxygen treatment the amount of oxygen at the surface was derived from the LEIS
measurements.

D ·10-23 (m2/s)
12 ± 2
Untreated
-7
1.5 ± 0.3
Oxygen (10 mbar)
7±2
Spin coating in air
2 ± 0.2
Photo-oxidised
0.7 ± 0.2
Atomic oxygen
9±2
Ion bombardment
* Oxygen concentration in the first ~10 nm of the PPV
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At% oxygen
4.38 ± 0.06
4.78 ± 0.06
20 ± 7 *
-
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In the previous paragraphs a number of techniques were presented to prepare PLEDs with a
more stable Ca/PPV interface during and after deposition. The important question is whether
these different preparation methods also lead to better device performance. Three kinds of
tests were performed. In the “initial performance test” current, light output and
electroluminescence were measured in the glove box immediately after preparation. In the
“life-time test” the current and light output was measured after specific times of device
operation. Finally, impedance spectroscopy measurements were performed in order to find
effects of the treatment on the electron and hole currents. All devices were prepared in the
glove box set-up, the atomic oxygen and the ion beam treatment were done in the LEIS setup. For photo-oxidation no devices were prepared, because it is known that photo-oxidation
degrades PLED performance [12,23].
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In Table 3 the current and light output are shown for devices with treated Ca/PPV interfaces.
The results were obtained from averages over at least 10 LEDs prepared in at least 2 batches,
for ion bombardment only 4 devices were prepared. Each treated batch (6 LEDs) was
compared with an untreated batch prepared on the same day and spin coated from the same
PPV in toluene solution.
Table 3: Relative current, light output and efficiency at 6 volt for PLEDs with treated Ca/PPV
interfaces. The current, light output and efficiency are normalised to characteristics of
untreated PLEDs prepared on the same day and spin coated from the same PPV in toluene
solution.

Untreated
Ion bombardment
Oxygen (10-7 mbar)
Atomic oxygen

Current
100 ± 2
4.2 ± 0.1
60 ± 1
55 ± 1

Light output
100 ± 2
0.30 ± 0.01
50 ± 1
50 ± 1

Efficiency
1.00 ± 0.04
0.08 ± 0.04
0.83 ± 0.04
0.91 ± 0.04

From Table 3 it can be concluded that all treatments result in degraded initial PLED
performance. For “atomic oxygen” and “oxygen during deposition” both the light output and
the current reduce to about ~50%, thus the efficiency (the ratio of the light output and the
current) is only slightly affected. For the ion bombardment treatment a very large decrease in
performance is observed. Further investigation on the ion bombardment treated devices is not
useful because the initial loss is too large as discussed in section (VI.4.2).
In Figure 4 electroluminescence spectra are shown, the shape of the spectra from untreated
devices differs from the shape of spectra of samples treated with atomic oxygen. The emission
spectrum of conjugated polymers typically shows two vibronic features, which can be
assigned to the (0-0) and the (0-1) vibronic transitions [27]. The shape of the spectra and the
separation of the peaks are comparable to the values reported in the literature [27,28]. We
assigned the two peaks of the shortest wavelengths to the (0-0) and the (0-1) vibronic
transitions. The emission at longer wavelengths (>620 nm) results from aggregate emission
[29]. The relative intensity of (0-0) vibronic transition is lower for the PPV layer treated with
atomic oxygen. To get a better indication of the change in the peak areas, the spectra were
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fitted with three Gaussian peaks at fixed positions and with fixed widths [30]. In Table 4 the
ratios of the peak areas are given. When comparing untreated samples with atomic oxygen
treated samples, the (0-0) peak and the aggregation peak are found both to decrease to about
40% while the (0-1) peak only decreases to 67%. The experiments with cathodes deposited in
an oxygen atmosphere show similar results as for atomic oxygen treated PPV.

(a)

(b)

(c)

(d)

Figure 4: Electroluminesence spectra of untreated devices (a,c) and devices in which the PPV
layer was treated with atomic oxygen (b,d) before (a,b) and after (c,d) life-test. The life-test on
the untreated devices was performed longer (70 hours) than on the treated devices (14 hours).
Table 4: Results of the fits of the electroluminescence spectra in Figure 4. Peaks are fitted on
fixed positions (584.5 nm (0-0) transition, 612.0 nm (0-1) transition and 660.0 nm aggregation)
and with fixed widths (23.7, 51.1 and 103.0 nm) for all spectra. The total area of the untreated
spectra is set to 100. “Unt.” denotes untreated samples, “A.O.” atomic oxygen treated samples
and “life” means after life test.

Unt.
A.O.
Unt. life
A.O. life
A.O./Unt.
A.O. life/A.O.
Unt. life/Unt.

(0-0) transition
22.2 ± 0.1
9.2
2.8
4.8
0.41 ± 0.01
0.52
0.13

(0-1) transition
31.9
21.4
4.0
15.3
0.67
0.71
0.13
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Aggregation
45.8
20.4
11.5
19.5
0.42
0.95
0.43
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Light output (Cd/m2)

Life-tests were done to find out if the enhanced interface stability as measured with LEIS and
XPS leads to an increase of the PLED stability. A voltage was applied onto the devices and
every hour current and light characteristics were measured.
First a life-test was performed in which the treated and untreated devices were operated at 5
volt. The results are shown in Figure 5. It can be seen that for the untreated device the light
output loss was faster in the first hours than for the device with atomic oxygen treated PPV
layers. After the first few hours the light output loss was slow and the curves for treated and
untreated devices are more or less parallel. Unfortunately, no point in time could be obtained
at which a device with a treated Ca/PPV interface had higher light output than an untreated
device (this concerns both devices treated with atomic oxygen and with oxygen during
deposition).

250

untreated
atomic oxygen

200
150
100
50
0
0

200
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Figure 5: Light output as a function of operation time for PLEDs with untreated Ca/PPV
interface and PLEDs with atomic oxygen treated PPV, both devices were operated at 5 volts
and characterised every hour. The temperature during devices operation was 45°C in order to
speed up the degradation process.

To exclude the effect of lower currents flowing through the treated devices on the device
degradation, life-test were performed in which the voltage over the treated devices were
adapted so that the current density (and light output) of treated and untreated devices were
equal at the start of the life-test (Figure 6). It can be seen that the degradation is indeed slower
for devices with treated cathodes. But again no point in time could be reached in which
treated devices performed better (at equal voltages).
Electroluminescence spectra measured after the life-test are shown in Figure 4. It is clear for
the untreated device (see Table 4) that the ratio of the (0-0) and the (0-1) transitions before
and after the life-test is the same. The peak caused by aggregation does not decrease as fast as
the two the other two peaks. For the devices treated with atomic oxygen the “ aggregation
peak” also decreases slower compared to the (0-0) and (0-1) transition, but the (0-0) peak also
decreases more than the (0-1) peak. Apparently different degradation mechanisms occur.
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Figure 6: Light output as a function of operation time for devices with an untreated Ca/PPV
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interface and a Ca/PPV interface prepared in a ~1·10 mbar oxygen ambient. The curves are
normalised to the initial light output of the devices. The PLED with the cathode deposited in
oxygen ambient is operated at 6 volt and the untreated PLED at 5 volts. This results in almost
equal initial light output and initial current density in the devices.
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Impedance spectroscopy measurements were performed to get a better understanding of the
effects on holes and electron currents resulting from the different cathodes preparation
methods. Martens et al. [20] showed that from impedance measurements the hole and electron
mobilities can be derived independently. This is done by measuring the impedance
Y(ω) = G + iωC = G + iB; G is the conductance, C is the capacitance and B the susceptance.
The mobility can be derived from the imaginary part or more specific from B.
In Figure 7(a) the capacitance (C) of an untreated PLED is shown at 0 volt bias and at 3 volt
bias and in Figure 7(b) shows the resulting negative differential susceptance
(-∆B = - ω(C3 volt-C 0 volt)) for an untreated sample. In Figure 8 the capacitance measured as a
function of frequency is shown for devices in which the cathode was deposited in an oxygen
ambient. A new effect is present compared to untreated devices; at low frequencies and low
bias an extra contribution to the capacitance is found. The capacitance at low frequencies
increases further after operation of the devices for 14 hours in the glovebox. For the devices
treated with atomic oxygen similar, but less pronounced effects were observed. A small
positive contribution to the capacitance is observed at low frequencies and the capacitance
increases slightly after the life-test. This will be discussed in section (VI.3.2.4).
Impedance measurements can be used to derive the charge carrier mobilities. The extra
capacitance contribution makes it however impossible to derive the electron mobility. The
hole the mobility can still be derived. We obtained for both treated and untreated devices a
zero field mobilty of µ0 = (3±1)·10-12 m2/Vs and a field dependent component γ =
(6.4±0.5)·10-4 (m/V)1/2. So, the (bulk) hole mobility is not affected by the treatment of the
cathode
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Figure 7: (a) Imaginary part of the impedance (C) measurement with 0 volt and 3 volt bias. A
modulation voltage of 50 mV was used. From the difference between the capacitances the
differential susceptance can be derived (-∆B = -ω(C3 volt-C0 volt)) (b). From the two peaks the
electron and the hole mobility can be derived.

86

Capacitance (C)

1.0E-08

(a)

8.0E-09

0V

3V

6.0E-09

4V

5V

4.0E-09
2.0E-09
0.0E+00
1.0E+01

1.0E+02

1.0E+03

Frequency (Hz)

1.0E+04

Capacitance (C)

1.0E-08

1.0E+05

(b)

8.0E-09
6.0E-09

0V

3V

4V

5V

4.0E-09
2.0E-09
0.0E+00
1.0E+01

1.0E+02

1.0E+03

1.0E+04

Frequency (Hz)

1.0E+05

Figure 8: Capacitance as a function of frequency for ITO/PPV(180 nm)/Ca samples with the
calcium cathode deposited in oxygen ambient. Measurements before (a) and after (b) life-test
are shown. The life-test was performed for 14 hours in nitrogen ambient.
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After deposition of calcium onto PPV, the calcium/PPV interface was found to be unstable.
Both LEIS and XPS measurements show that calcium diffuses from the surface into the PPV
during and after deposition. The experimental conditions studied here with LEIS and XPS are
different from conditions during PLED production. The amount of calcium deposited was
very low (surface coverage 15%) and it was deposited very slowly (~3·1013 at/cm2 per
second). If calcium is deposited at a higher rate, quickly a closed calcium layer will form,
blocking calcium diffusion into the PPV. However, we observed that during deposition a
mixed layer of calcium and PPV was formed even for high deposition rate, which is in
agreement with [8] were with NICISS a mixed PPV/calcium interface was detected for high
deposition rates. The calcium present in the mixed layer can probably still diffuse after
completion of the PLED and will influence the PLED performance. The calcium diffusion
depth in the PPV of ~7 nm is of the same order as the estimated thickness of the
recombination zone in a PLED [31]. Therefore the diffused calcium will certainly influence
the quenching of excitons and light [32], but also the electron injection and the electron
transport.
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We observed from XPS measurements that the oxygen peak shifts significantly (0.9 ± 0.6 eV)
after deposition of calcium on untreated PPV, while the O/C ratio does not change. This
points to interaction between calcium and the oxygen incorporated in the chemical structure
of the PPV. Oxygen is generally known as an electronegative group in the PPV, so the
interaction with calcium is likely. It was shown in [4,6,7] for a PPV derivative without
oxygen in the chemical structure that charge transfer can occur between calcium and the PPV
backbone resulting in Ca2+. Unfortunately, from our measurements no conclusions on this
interaction can be drawn from the position of the Ca (2p) peak, because it is within the error
margin with ionic Ca, as well as with CaO, Ca(OH)2 and CaCO3 [24]. Calcium must interact
with both the oxygen in the side chains of the PPV and with the PPV backbone, because not
enough oxygen is present (in the first nanometers of the PPV film) to accommodate all the
calcium.
We observed that after deposition in oxygen ambient the Ca/PPV interface is more stable than
a Ca/PPV interface prepared without oxygen present during deposition; the diffusion
coefficient was found to be about an order of magnitude lower. Furthermore, the O(1s) peak
was shifted to lower energy for the Ca/PPV interface prepared with oxygen than for interface
prepared without oxygen. When oxygen is present during calcium deposition CaO or C-Ca-O
[24] components will be formed. The shift of the oxygen peak is in range with binding
energies of CaO (529.6 – 531.5), Ca(OH)2 (531.2 eV) as well as CaCO3 (531.5 eV) [24] thus
no unambiguous conclusion on the chemical structure of the Ca-O-C component can be
drawn. The shifted oxygen peak we measured is likely to be composed of two peaks (like in
[24]); one of the oxygen in the PPV and an one of the oxygen peak from Ca-O(-C)
components.
What is surprising is the slow gettering of the oxygen onto the calcium after deposition in
oxygen ambient. The diffusion of oxygen in PPV is generally considered to be very fast, with
time scales of ~10-5 seconds for penetration of the total polymer layer (~ 100 nm [23]). We
suspect that a small minority of molecular oxygen is trapped more strongly in the PPV layer
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and therefore this oxygen can stay in the PPV layer during evacuation (as observed in [12]).
The trapped oxygen apparently accumulates onto the cathode on a time scale of hours.
The calcium diffusion depth during deposition is similar for untreated devices and for devices
in which the cathode was applied in oxygen ambient (~ 7 nm). We suggest that during
deposition calcium first diffuses into the PPV as an atom and than it interacts with the oxygen
or with the PPV (comparable to [19]), leading to a Ca/Ca-O-C/PPV mixed layer.
The diffusion coefficient of calcium into atomic-oxygen-treated PPV layers is significantly
lower than the calcium diffusion coefficient in untreated PPV layers and only low amounts of
oxygen getter on the calcium after deposition. Furthermore, the diffusion depth during
deposition is smaller than for untreated devices, thus the probability for calcium atoms to be
trapped is higher. The O(1s) peak shift indicates formation of Ca-O-C complexes. Thus either
“ free” oxygen is still present and oxidises the calcium, or the interaction between calcium
and oxidised PPV differs (bonds are broken) from interaction between calcium and
(untreated) PPV.
In conclusion it can be stated that calcium interacts with both oxygen in the PPV as well as
oxygen resulting from oxygen treatment. The interaction with oxygen decreases the diffusion
coefficient. In the following section the diffusion mechanism will be discussed in more detail.
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First the decreased diffusion in the case of deposition or spin coating in the presence of
oxygen will be discussed. As shown in section VI.3.1.2 absorbed oxygen getters at the
calcium and as a result CaO will be formed. Furthermore, Ca-O-C complexes can form by
calcium induced PPV oxidation as shown in [24]. Formation of Ca-O(-C) immobilises the
calcium, because of the large size of the component [22], leading to a decreased diffusion
coefficient.
The decreased diffusion coefficient in oxidised PPV (photo oxidation or atomic oxygen
treated PPV) can have a number of causes. According to the stochiometric composition, in a
layer OC1C10 PPV of 1 nm, 4·1014 oxygen atoms/cm2 can be found. We deposited about ~
3·1015 at/cm2 calcium atoms. Thus if calcium would diffuse into PPV and only be irreversibly
trapped by oxygen, a homogeneous mixed calcium/PPV layer of ~ 8 nm could accommodate
all the calcium. However, calcium is not distributed homogeneously in PPV layers. For PPV
layers treated with atomic oxygen the amount of oxygen is ~5 times higher near the surface of
the film. Irreversible trapping of the calcium by oxygen would lead to a mixed Ca(O)/PPV
layer of ~1.6 nm thick. Although it was found that calcium does not diffuse as deep as in
untreated samples, the calcium depth profile is certainly extending further than 1.6 nm. Thus
not all the calcium is irreversible trapped in the first 1.6 nm.
In [19,33] we explained the diffusion of calcium and barium in PPV derivatives in terms of
hopping between electronegative sites. In this model the diffusion coefficient (D) is related to
the hopping distance (a) as D ~ a2 [22]. If we assume that oxygen is the electronegative site
than we can estimate the necessary oxygen concentration using this relation, the obtained
diffusion coefficients and the stochiometric quantity of oxygen in untreated PPV. We find that
the amount of oxygen should increase with a factor ~70 in the atomic oxygen treated sample
to explain the observed decrease of the diffusion coefficient. With LEIS we found an increase
of a factor 5 thus the difference in a can not be the only cause for the observed difference in
D. Furthermore, in untreated PPV not enough oxygen is present to accommodate all the
calcium.
If the PPV is oxidised, the average binding energy between the calcium and the PPV will
probably change. If e.g. the interaction between calcium and the oxidised PPV is higher than
the interaction between calcium ions and the polymer backbone [6,7] the average diffusion

89

coefficient will decrease (D ~ exp(-E/kT), with E related to the binding energy). This can
(partly) explain the decreased diffusion coefficient on oxygen treatment.
Furthermore, it is possible that metal atoms interact with more than one polymer chain [22],
cross-linking the polymers resulting in a decrease of the diffusion coefficient. In [19] we
suggested cross-linking of polymers as one of the mechanism to explain the dependence of
the diffusion coefficient of calcium in PPV on the amount of metal deposited. If the crosslinking is related to the oxygen amount incorporated than cross-linking might be a factor
explaining the lower diffusion coefficient.
Finally, oxygen can absorb in the PPV, getter on calcium and form Ca-O(-C), similar to the
case of deposition in oxygen ambient. Furthermore, oxidised PPV may be more reactive with
calcium forming Ca-O-C complexes. From XPS measurements on oxidised PPV (VI.3.1.3) it
was found that Ca-O(-C) complexes are formed. Ca-C-(O) will immobilise the calcium and
can therefore explain part of the decreased diffusion coefficient.
Summarising, we suggest that calcium diffuses into oxidised PPV and is trapped (reversible)
as an ion at (oxygen in) the PPV [19] or it forms Ca-O-C complexes. A higher concentration
of oxygen in the chain will decrease the ion diffusion coefficient resulting from smaller
distance between potential minima (a) and because of a (possible) increase of the average
binding energy between PPV and calcium. Additionally, the calcium may cross-link polymers
reducing the diffusion coefficient even further.
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The initial device performance for devices with cathodes deposited in an oxygen atmosphere
was worse than the device performance of untreated devices. When varying the oxygen partial
pressure between 10-8 to 10-6 mbar, the device performance was found to be worse for devices
prepared in the highest oxygen concentration. Competing processes should be considered.
Device performance will decrease by oxidation of the PPV, due to formation of electron traps
[23,24]. In addition the CaO formation at the cathode will hinder the electron injection.
Increased amounts of calcium in the PPV will also affect the device performance, because
calcium forms charge carrier traps and exciton quenching sites [19,32]. In section VI.3.2 we
showed that deposition in an oxygen atmosphere is more devastating than the effect of
calcium doping and trap formation in untreated devices. From impedance spectroscopy it was
found that the hole mobility was unchanged in all the devices, thus the lower total currents
can only be explained by either lower electron mobility or lower electron injection. We also
concluded that a mixed interface layer of Ca, Ca-O-C and PPV of ~7 nm was formed, leading
to increased numbers of exciton quenching sites [32].
For the PPV treated with atomic oxygen it was found in Neutral Impact Collision Ion
Scattering Spectrometry (NICISS) measurements that not only the interface but also the first
~10 nm of the polymer where oxidised. Oxidation of the PPV leads to a strong decrease of the
(electron) conductivity [23]. The sharper Ca/PPV interface layer observed with LEIS
immediately after calcium deposition would lead to less exciton quenching [19,32], this
apparently does not compensate for the lower electron mobility.
The electroluminescence spectra for atomic oxygen treatment and devices with cathodes
prepared in an oxygen atmosphere were comparable. The largest difference compared to
untreated devices is the decrease of the (0-0) vibronic transition. Apparently, the (0-0)
transition is largely influenced by the cathode and the electron injection. It was shown by Hu
et al. [28] that a deposition of different cathode materials resulted in different EL spectra.
These authors suggested that the first vibronic transition (0-0) is dominated by interface
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effects. This is in agreement with our observations that the intensity of the first vibronic
transition changes as the interface is treated with oxygen.
For ion bombardment treatment the damage of the sample is (probably) even more
devastating than for the atomic oxygen treatment. Probably, sputtering leads to the destruction
of the PPV leading to a strong decrease in conjugation length, resulting in a strong decrease of
the electron mobility, leading to a poor PLED performance.
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From the life-test experiments it can be concluded that a more stable cathode leads to slower
PLED degradation. But the influence is not very large and no point in time could be observed
were devices with treated cathodes had higher current, light output or efficiency than
untreated devices. Apparently the stabilisation of the interface by oxidation results in a larger
performance reduction than the gain that is obtained by the low metal diffusion in the PPV
film.
The electroluminescence spectra before and after life-test indicate that the degradation of
treated and untreated devices differs. For untreated devices the ratio between the (0-0) and the
(0-1) transition stays equal during life-test (see Table 4). For oxygen treated devices (atomic
oxygen or deposition in oxygen atmosphere) the (0-0) peak decreases faster than the (0-1)
peak. Probably the oxygen gettering at the cathode influences the (0-0) and the (0-1)
transitions different.
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Impedance measurements on oxygen treated devices (atomic oxygen or deposition in oxygen
atmosphere) show an increase of the capacitance at low voltages compared to untreated
devices. Two possible explanations for this behaviour were found in literature. First, similar
behaviour was observed (in a far more dramatic way) in polymer light emitting
electrochemical cells; ITO/MEH-PPV/Al devices in which the polymer was doped with an
electrochemical blend [34]. The behaviour was attributed to ionic polarizability of the
electrolyte. Following this idea, we attempted to explain the increase of the capacitance by
simulating the measured curves with the model discussed in [20] with an extra term for ionic
polarisation in the Debye dielectric constant ε(ω), the dielectric function. We assumed that the
oxygen present during deposition forms Ca-O-C complexes, which can be polarised in an
electrical field. Unfortunately, it was not possible to adequately model the observed
capacitance contribution. Apparently the contribution to the capacitance at low frequencies
does not seem to result from extra polarisation.
The second explanation for a capacitance contribution was given by Campbell et al. [35].
They also observed a contribution to the capacitance at low voltages and low frequencies and
claimed it to be due to charge carrier traps. It is well known that oxidation of PPV leads to
electron traps [23]. Furthermore, the observed oxygen gettering at the cathode can lead to an
increased trap concentration, by calcium induced oxidation of the PPV [24] and can therefore
explain the increased capacitance contribution after the life-test. Consequently the explanation
of Campbell et al. [35] seems to be consistent with our observation.
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We studied the dynamics of calcium/PPV interface formation and the influence of different
(oxygen) treatments. It was observed that in all cases calcium diffusion into the PPV
continues for hours after deposition. When oxygen was present during deposition or spin
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coating the diffusion coefficient of calcium after deposition was decreased considerably and
oxygen gettered at the calcium/PPV interface. The oxygen gettering process surprisingly
continued for hours after deposition.
The depth of the calcium diffusion during deposition for deposition in oxygen ambient is
comparable to deposition in oxygen free ambient. This is in contradiction with [3,4,10] where
it was found that a thin CaO film on top of the PPV layer was formed and blocked further
calcium diffusion. Treatment of PPV with atomic oxygen also resulted in a strong decrease of
the calcium diffusion coefficient after deposition. The calcium diffusion depth during
deposition was also decreased in this case.
These observations are consistent with a diffusion model in which the calcium diffuses into
PPV and is trapped (not irreversible) at the PPV as an ion [19] or forms a Ca-O-C complex. A
higher concentration of oxygen in the chain decreases the ion diffusion coefficient resulting
from smaller distance between potential minima and from an increase of the average binding
energy between PPV (oxygen) and calcium.
PLEDs produced with oxygen present either during spin coating or during deposition and
PLEDs in which the PPV is treated with atomic oxygen have worse initial performance (light
output and current) than untreated devices. The stability during life-test is however improved,
but no point in time could be reached were the performance of untreated PLEDs is worse than
treated PLEDs.
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In this chapter we address the dynamics and stability of calcium/PPV and barium/PPV
interfaces during and after deposition of the metal. Diffusion of calcium and barium into
OC1C10 PPV is studied with Low Energy Ion Scattering (LEIS) and X-ray Photoelectron
Spectroscopy (XPS).
During deposition the diffusivity is found to be orders of magnitude higher (>103) than after
deposition and the diffusion coefficient was found to be dependent on the metal concentration
in the PPV. Furthermore, the amount of metal inside the polymer films was found to depend
on the deposition rate. These observations were explained in a two-stage diffusion model. In
the first stage atoms land on the surface and diffuse fast into the polymer and in the second
stage metal ionises and is trap and diffusion is strongly decreased.
The diffusion coefficient of barium into PPV at T = 298 K is found to be almost an order of
magnitude lower than the diffusion coefficient of calcium into PPV ((0.35 ± 0.05)·10-23 m2/s
and (2.7 ± 0.4)·10-23 m2/s, respectively). Furthermore, the activation energy of the diffusion
process of barium into PPV (0.75 ± 0.07 eV) is significantly higher than the activation energy
of the diffusion process of calcium into PPV (0.62 ± 0.05 eV). The difference in diffusion
coefficient and activation energy between calcium and barium in PPV are discussed in terms
of an Arrhenius law of diffusion.
Finally polymer LED performance was studied as a function of the amount of metal diffused
into the polymer layer. It was observed that the light output and the efficiency decreased as
the amount of metal in the PPV increased. This indicates that the metal ions form charge
carrier traps and exciton quenching sites in the PPV.
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Since the discovery of light emitting conjugated polymers [1], polymer light emitting diodes
(PLEDs) have received much attention [e.g. 2,3,4]. Polymer based devices are considered
promising candidates for full colour, cheap and flexible displays. The most simple PLEDs
consist of an emitting polymer layer (often derivatives of poly-p-phenylene-vinylene (PPV))
sandwiched between an anode (usually ITO, (Indium Tin Oxide)) and a cathode (e.g. Ca, Ba,
Al).
In previous studies on interface formation between calcium and PPV the focus was mainly on
the electronic structure of the interface [5,6]. The dynamics and the stability of the metal/PPV
interface have not received much attention so far. However, in [7] it was suggested that the
interface stability does play an important role in PLED degradation. Diffusion of metals into
PPV derivatives and PPV model systems during deposition has been observed [8,9,10,11,12],
but the dynamics of the diffusion process were not investigated. Furthermore, it has been
shown that PLEDs with barium cathodes have better efficiencies and longer life-times than
devices with calcium cathodes [7]. The suggestion was made that metal diffusion and doping
could be the reason for this observation. In [12] it is found that a BaO overlayer forms when
barium is deposited on a PPV derivative with oxygen containing side groups; this BaO
inhibits diffusion.
In this chapter we focus on the diffusion of calcium and barium into OC1C10-PPV. Diffusion
coefficients are derived from time-dependent Low Energy Ion Scattering (LEIS)
measurements and activation energies of diffusion are derived from temperature dependent
measurements. The diffusion coefficients and activation energy are used to describe the
diffusion of calcium and barium into PPV with a diffusion model.
For noble metals, it has been observed that low deposition rates lead to a higher amounts of
metal inside the polymer film [13], therefore we also investigated the influence of the
deposition rate on the interface formation.
Finally, the consequences of metal diffusion into PPV films on polymer LED performance
(efficiency and light output at a specific voltage) were investigated. Therefore polymer LEDs
with cathodes prepared under various conditions were characterised.
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In principle Low Energy Ion Scattering (LEIS) [14] characterises the elemental composition
of the outermost atomic layer of a sample. A beam of low energy noble gas ions (3 keV 3He+
and 4He+ in our case) is directed onto the sample and the energy spectrum of the backscattered
ions is measured for one specific scattering geometry (the scattering angle is 145°). The
energy of a backscattered ion depends on the mass of the target atom and, therefore, the
energy spectrum of scattered ions reflects the atomic mass distribution of the sample surface.
The incoming ions that do not scatter at atoms in the outermost layer, penetrate the sample
and are neutralised. LEIS is surface-sensitive because the analyser of the detection system
only accepts ions [14]. Furthermore, the analyser is rotational symmetric and accepts ions
over a 320° azimuthal range which greatly enhances the sensitivity (large solid angle) and
makes it possible to perform measurements with very low doses (~3·1012 ions/cm2) and thus
low sample damage [15].
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When measuring calcium or barium surfaces with LEIS the interpretation of the experiment
becomes more complex because the re-ionisation probability of these materials is very high
[16]. As a consequence, He ions that are neutralised upon penetration of the sample, can be reionised upon emerging from it. Thus not only calcium/barium atoms at the surface, but also
calcium/barium atoms which are located below the surface contribute significantly to the
LEIS spectrum. The He atoms lose energy along their trajectories in the sample and therefore
calcium/barium in deeper layers leads to a continuum at the low energy side of the
calcium/barium surface peak in the LEIS spectrum.
XPS measurements were performed with Mg Kα radiation (E = 1253.6 eV) from a VG twin
anode source. The samples were tilted 45º with respect to the analyser. The samples were
measured on consecutive times after deposition. Between two measurements the samples were
moved away from the X-ray beam to prevent extensive sample damage.
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Glass/ITO/PPV samples used for LEIS/XPS measurements were prepared as follows. The
glass/ITO (100 nm ITO, Merck) substrates were first cleaned by ultrasonic treatment and
successively with acetone (Uvasol, Merck) and 2-propanol (Uvasol, Merck) each for 10
minutes. Subsequently 20 minutes of ozone treatment was performed. After ozone treatment,
the preparation chamber was evacuated and flushed with nitrogen. Next, the samples were
transferred to a glove box (O2 and H2O < 1 ppm) without getting into contact with air and
OC1C10-PPV (poly (2-metoxy,5-(2`-ethyl-hexoxy)-p-1,4-phenylene vinylene)) was spin
coated from a 0.5 wt% PPV in toluene solution onto the glass/ITO substrates. Next, the
samples were transported in an airtight container in a nitrogen atmosphere to the LEIS/XPS
set-up. In a separate compartment of the LEIS/XPS set-up calcium or barium was deposited
and in some cases heat treatment was performed. The pressure during deposition of calcium
and barium was ~1⋅10-7 mbar. The evaporation process was done for one sample at the time.
The LEIS experiments were carried out with 3 keV He+ ions (3He+ for calcium and 4He+ for
barium) in a background pressure of 2⋅10-10 mbar and the dose was 3 to 5·1012 ions/cm2 per
measurement.
For PLED preparation, substrates of glass covered with ITO were cleaned as described above
and an OC1C10-PPV layer was spin-coated. Then, the specimens were transferred from the
glove box into the transfer chamber of the evaporation set-up without contact to air. Next, the
transfer chamber was pumped down to 5·10-7 mbar in about 20 minutes and the samples were
transported to the evaporation chamber. Here a 80 nm thick calcium cathode was deposited
from an effusion cell. The deposition rate was varied between 0.3 nm/s and 0.003 nm/s for
both calcium and barium, by varying the evaporation temperature between 380 °C and 500
°C. Note, that the sample was at room temperature during deposition. The pressure during
evaporation was ~1·10-7 mbar; the residual gas consisted almost entirely of hydrogen (the
partial oxygen and water pressures were lower than the detection limit of our mass
spectrometer (<10-9 mbar)). Electrical and optical characteristics were measured in the
glovebox and here also impedance spectroscopy was performed.
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Normalised LEIS signal (a.u.)

First the interface formation between calcium and OC1C10-PPV and calcium and silicon will
be described. Calcium was deposited onto PPV films and on silicon substrates until the
surface was for ~25% covered with calcium as measured with LEIS (see Figure 1). On silicon,
calcium will form an overlay at the surface while on PPV calcium will diffuse during
deposition [17]. Thus to achieve a surface coverage of ~25% on PPV much more calcium than
the equivalent of 25% of a monolayer is needed. The peak broadening at the low energy side
of the calcium peak measured on Ca/PPV samples (Figure 1 and [17]) indicates that no sharp
interface is formed, but that calcium diffusion into the PPV occurs during deposition. Note
that surface roughness of the PPV does not influence the width of the calcium peak in the
LEIS spectrum.
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Figure 1: Typical LEIS spectra of calcium on PPV and of calcium on silicon (Ca surface
3
coverage 24%) measured with 3 keV He ions. The calcium peak in the spectrum of the Ca/Si
sample is not broadened and represents the shape of the calcium surface peak. The calcium
peak in the spectrum obtained from the Ca/Si is fitted with a Gaussian peak. Width and position
parameters of this fit were used to derive the calcium surface peak from spectra measured on
Ca/PPV samples. The calcium peak measured on Ca/PPV samples is broadened at the low
3
energy side, because of re-ionisation of He ions scattered at calcium in deeper layers. Thus to
obtain equal surface coverage much more calcium is needed on PPV than on silicon.

The maximum of the calcium peak in the LEIS spectrum measured on a PPV film with a
surface coverage of 24% calcium is found at slightly lower energy compared to the calcium
peak in a LEIS spectrum measured on silicon sample covered with 24% calcium (Figure 1).
The calcium peak measured on the Ca/PPV sample results from He ions scattered at calcium
at the surface and He ions, which penetrated the sample, neutralise, scatter at sub surface
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calcium and re-ionise at calcium at the surface. This interpretation of the peak shift was
confirmed by measuring a LEIS spectrum for a thick calcium layer (>10 nm) on silicon. In
this case the maximum of the calcium peak was also shifted to lower energies. It is important
to note that conversion from the measured yield to a concentration depth profile involves two
different conversion factors. The surface contribution can be calculated using the scattering
cross section and ion survival probability, while for the subsurface calcium the scattering
cross section and the re-ionisation probability have to be taken into account. Note that the ion
survival probability of He ions penetrating in deeper layers is insignificantly small [14].
From spectra measured on silicon samples with a sub-monolayer of calcium the position and
width of the calcium surface peak can be derived using a Gaussian fit. With the shape
parameters of the Gaussian fit, a good estimation of the area of the surface peak in LEIS
spectra measured from calcium on PPV can be made.
By measuring LEIS spectra at consecutive times after deposition, it was found that calcium
disappears from the surface after deposition (see also [17]). It should be noted that the time
scale for the calcium disappearing from the surface is long (a few hours) compared to the
deposition time (120 s). It was verified that calcium really diffuses into the film and is not
oxidised. This was done following the calcium LEIS signal in time of a thick layer of calcium
on silicon. In this case the calcium signal did not drop significantly in time. In addition none
of the measurements showed an oxygen peak in the LEIS spectrum.
In order to get a better understanding of the diffusion mechanism a simple Fickian model has
been applied to fit the data. As a first approximation a model was adopted in which at t = 0 s a
planar layer of calcium is present at the surface (x=0) [18]:
c( x, t ) =

Mt
− 2
e x / 4 Dt
1/ 2
(πDt )

(1)

here c is the concentration, M the total amount of diffusing substance, D the diffusion
coefficient, x the depth and t the time. From LEIS measurements normally only information
about the outermost atomic layer is obtained. However, since calcium and barium have a high
re-ionisation probability [16], depth information can be obtained as well. The amount of
calcium below the surface is however difficult to quantify due to unknown re-ionisation
probabilities. Consequently, the diffusion of the calcium away from the surface was modelled
by fitting the decrease of the calcium surface peak area.
To describe mathematically the decrease of the calcium surface concentration by diffusion we
integrate equation (1) for x = 0 to x = xLEIS, this results in:
M LEIS (t ) =

1

2 M t erf

( x LEIS /( 4 Dt )1 / 2 )

(2)

The area of the surface peak was used to determine the diffusion coefficient and xLEIS is
chosen to be 0.2 nm (~1 monolayer). Note that xLEIS is directly related to the (square root of
the) diffusion constant D, so by keeping xLEIS constant, diffusion constants of different
measurements can be compared, even if xLEIS is not chosen correctly. Mt is set to be equal to
the normalised LEIS signal at t = 2 minutes (the first data point). The result of the fit of
equation (2) to the decrease of the calcium surface peak is shown in Figure 2. A diffusion
coefficient for calcium into PPV of (2.7±0.4)·10-23 m2/s was found. In paragraph VII.4.1 the
validity of the above-explained approach to describe the diffusion will be discussed.
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The diffusion of calcium into PPV was also studied with XPS. By incorporating the
concentration profile derived from the diffusion model (equation (1)) into the equation for the
intensity of the XPS signal [19], the diffusion coefficient can be derived from the XPS
measurements. The diffusion coefficient was derived by fitting the XPS Ca(2p) peak area
measured at consecutive times after deposition, with the equation for the intensity of the XPS
signal as a function of the concentration profile:
∞

I XPS

(3)

= FS ( E )σ ( E ) ∫ c( x)e − x / λ cos(θ ) dx
0

Ca surface peak area
(a.u.)

in which F is the flux of the incoming X-rays, S(E) is the efficiency of the spectrometer, σ(E)
the cross section for photo emission, λ the mean free path of the electron and θ the angle
between the surface normal and the direction in which the electrons are emitted (45° in all our
experiments). In order to simplify the problem, the carbon concentration is considered to be
constant in time and the pre-factors (F, S(E) and σ(E)) are collected in a normalisation factor,
the normalisation is done for the first measure point and used for all consecutive points. For
the mean free path of electrons (λ), 3 nm is used, which is an average obtained for polymers
[20].
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Figure 2: Calcium surface peak areas measured on a Ca/PPV sample with LEIS as a function of
time after deposition. The surface peak area is derived from a Gaussian peak fit to the calcium
peak. The diffusion model (equation (2)) is fitted through the measured points. A diffusion
-23
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coefficient of D = (2.7 ± 0.4)⋅⋅10 m /s is obtained.

In Figure 3 the peak area of the Ca(2p) peak is shown as a function of time. The Ca(2p) peak
area is normalised to the C(1s) peak area to compensate for fluctuations in the X-ray flux. By
doing this, an error is made because the carbon peak area is considered to be constant in time,
which is not the case, but this error is much smaller than using the uncorrected data. The
intensity of the XPS signal (3) with the concentration profile derived from the diffusion model
(1) incorporated is fitted through the data points. From the fit to the XPS measurements
(Figure 3) we obtained a diffusion coefficient for calcium into PPV of (3±2)⋅10-23 m2/s at
100

T = 298 K for a surface coverage of calcium of 25 %. From LEIS a diffusion coefficient of
D = (2.7±0.4)⋅10-23 m2/s was obtained. Thus with XPS and LEIS within experimental error
margins the same diffusion coefficients for calcium diffusion into PPV were obtained.
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Figure 3: Calcium (2p)/Carbon (1s) XPS peak area ratio measured as a function of time after
calcium deposition onto PPV (the initial surface coverage was 50%). The intensity of the XPS
signal (3) with the concentration profile derived from a diffusion model (1) incorporated, is
-23
2
fitted through the data points. A diffusion coefficient D of (3±2)·10 m /s is obtained.

Until now we focussed on the diffusion of calcium into PPV films, but it has been shown [7]
that barium as cathode material results in higher efficiencies and longer life-times for polymer
LEDs. Furthermore, it has been reported that small amounts of barium (equivalent to 3 nm)
give the best results for the PLED efficiency and life-time [7].
In order to investigate differences between calcium and barium diffusion for the used PPV
derivative, we studied barium diffusion in PPV using the same methods as explain before for
calcium in PPV. With LEIS we measured the decrease of the barium surface peak in time. It
was found that barium diffuses into the PPV and the diffusion coefficient of barium is found
to be (0.35±0.05)·10-23 m2/s at T = 298 K for a surface coverage of 20%. Thus, the diffusion
coefficient for barium in PPV is ~8 times smaller than the diffusion coefficient for calcium in
PPV.
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Physical insight into diffusion mechanisms is generally obtained by measuring the activation
energy of the diffusion process. Therefore, the diffusion coefficients of calcium and barium
into PPV were determined at different sample temperatures. These measurements were
performed by heating the sample after the first measurement and thus after the deposition of
the metal. This is done to avoid deposition on a hot substrate, which will change the diffusion
during deposition and therefore the initial conditions of the experiment.
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For a number of temperatures diffusion coefficients were derived as described in the previous
section (VII.3.1). The results for calcium and barium diffusion into PPV are shown in Figure
4 for a temperature range from 25 to 80 °C. Generally, an Arrhenius law can describe the
temperature dependence of the diffusion coefficients [13]:
D = D0 exp(−

Eact
)
kT

(4)

Diffusion coefficient .
2
(m /s)

in which D is the diffusion coefficient, D0 the pre-exponential factor and Eact the activation
energy. Eact is usually interpreted as the energy barrier the ion has to overcome to jump to the
next potential minimum. The interpretation of the pre-exponential factor D0 depends on the
diffusion model, but D0 is generally considered proportional to the vibrational frequency of
the diffusing species in the potential minimum, which is determined by the local environment.
D0 and Eact will be discussed in more detail for calcium and barium diffusion into PPV in
section VII.4.3.

1E-21

Calcium
1E-22

Barium
1E-23

1E-24
2.75E-03

3.00E-03

3.25E-03

3.50E-03

1/T (1/K)
Figure 4: Temperature dependence of the diffusion coefficient measured with LEIS for both
calcium and barium diffusion into PPV for surface coverage of 25% and 20% respectively.
-13
2
Equation (4) was used to fit the data; we obtained for calcium, D0 = 7⋅⋅10
m /s and
-11
2
Eact = 0.62 ± 0.05 eV and for barium, D0 = 3⋅⋅10 m /s and Eact = 0.75 ± 0.07 eV.

Calcium and barium diffusion into PPV are clearly found to be activated processes. From
Figure 4 an activation energy of 0.62 ± 0.05 eV is obtained for calcium into PPV and D0 was
determined to be 7·10-13 m2/s. For barium diffusion into PPV an activation energy of
0.75 ± 0.07 eV was found and D0 was determined to be 3·10-11 m2/s. The accuracy of the preexponential factor is typically within one order of magnitude.
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It is well known from literature that the diffusion of (non-reactive) metals into polymers can
depend on the metal deposition rate [13]. To find out whether the diffusion of Ca and Ba into
PPV also depends on the deposition rate a series of experiments was performed with different
deposition temperatures, thereby varying the flux of metal atoms onto the polymer surface. It
should be noted that the difference in thermal energy between the “ slow” and “ fast”
deposited atoms (Tslow ~ 380 °C and Tfast ~ 500 °C) is small (δkT is ~0.01 eV) compared to
the activation energy for diffusion as found in the previous paragraph.
Figure 5 shows LEIS spectra of calcium and barium deposited “ fast” (~3·1013 at/cm2s) and
“ slow” (~4·1012 at/cm2s) onto PPV. It is clear that right after deposition (2 minutes) a lower
amount of sub surface metal is present for “ fast” deposited samples than for “ slowly”
deposited samples.
The first spectrum measured on the “ slowly” deposited sample was compared to a series of
LEIS spectra measured on the “ fast” deposited sample. This was done to determine whether
the large amount of sub surface metal present in “ slowly” deposited samples directly after
deposition, was caused by the long time (~15 minutes) between the moment the first metal
atom impeded on the sample and the first measurement. In none of the “ fast” deposited
spectra the amount of signal at lower energies was found to be comparable to the amount of
signal in the “ slowly” deposited spectrum. This implies that during deposition much more
calcium penetrates the sample than after deposition. Note also that if the deposition time was
increased for the “ fast” deposition case, both the amount on the surface as well as the amount
in deeper layers increased (see section VII.3.4). Thus, the difference between “ slow” and
“ fast” deposition is a real physical one and not just a difference in timing of the processes.
If the re-ionisation probability for He on PPV is assumed to be zero and the fraction of He
atoms that are re-ionised by calcium is assumed to be linear with the surface calcium
coverage, calcium depth profiles can be calculated from a LEIS spectrum. First the complete
LEIS spectrum is scaled, making the calcium surface peak equal to the surface peak in a LEIS
spectrum of a sample with a thick calcium layer (>10 nm). Subsequently, the concentration is
obtained by dividing the signal of re-ionised He ions by the signal of the re-ionised He ions of
a thick layer of calcium. The depth scale is derived using the stopping power presented in
[21]. The results for the spectra of Ca on PPV presented in Figure 5 are shown in Table 1.
For barium on PPV simulations of the LEIS experiments are performed using a modified
version of the ion beam simulation program TRIM [22]. A precise description of the
simulations can be found in [23]. The obtained barium depth distribution for the LEIS spectra
presented in Figure 5 is shown in Figure 6. Clearly, the amount of metal below the surface is
larger for low deposition rates.
Note that the metal concentrations in the outermost layer of the polymer are smaller than the
metal concentrations directly below the surface. Diffusion of metal into the polymer is
enhanced because of the high surface energy of metals compared with polymers, making it
energetically favourable for metal atoms to be situated below the sample surface. This will be
discussed in more detail in section VII.4.2. For both fast and slow deposition, more calcium
than barium is present below the surface pointing to a higher calcium diffusion coefficient
during deposition (see Table 1 and Figure 6).
The results presented in this paragraph establish that interface formation depends on the flux
of metal atoms to the surface during deposition.
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Figure 5: Normalised LEIS spectra of calcium (a) and barium (b) on PPV measured with 3 keV
3
+
4
+
He and He respectively. The metal surface coverage was 24% for calcium and 20% for
13
barium. In the “ fast” deposition experiments the metal was deposited in ~60 seconds (~3·10
2
12
at/cm s) while in the “ slow” deposition experiments it was deposited in ~15 minutes (~4·10
2
12
2
at/cm s). The He ion dose was kept very low (~3·10 at/cm ) in order to prevent extensive
sample damage.
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Table 1: Amount of calcium at specific depths in the PPV layer, as a function of deposition rate.
The concentrations are retrieved from the LEIS spectra presented in Figure 5a, for the depth
scales, stopping powers from [21] were used.

Depth
Fast
Slow

Concentration at Concentration at
Concentration at
21
3
21
3
2 nm (·10 at/cm ) 4 nm (·10 at/cm ) 6 nm (·1021 at/cm3)
7.6 ± 0.5
4.2
2.2
7.7
6.0
3.3

Barium concentration
(1021 at/cm3)

5
4.5

Fast
Slow

4
3.5
3
2.5
2
1.5
1
0.5
0
0

2

4

6

8

Depth (nm)
Figure 6: Depth profiles of barium in PPV for slow and fast deposition (Figure 5b) as calculated
from fits to the LEIS data with an adapted version of TRIM [22]. A precise description of the
simulation procedures can be found in [23].
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In the previous paragraph we concluded that the metal diffusion in PPV depends on the flux
of metal atoms coming to the surface. In this paragraph the flux of calcium atoms coming to
the surface was kept constant but the deposition time was varied.
Figure 7 shows the dependence of the diffusion coefficient derived with equation (2), on the
amount of calcium deposited (concentration at the surface). Figure 7 indicates that the metal
diffusion coefficient is concentration dependent.
The measured data was fitted with an exponential equation implicitly assuming that the
diffusion coefficient changes linearly with the surface concentration:
∂D
= - ac s
∂c s

(5)
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Diffusion coefficient
(m2/s)

here cs is the initial surface concentration and a a constant, a is found to be 14.7 ± 0.5. By
extrapolation of the fit to zero surface coverage the diffusion coefficient of a single ion is
estimated to be 150⋅10-23 m2/s.
1.0E-21

1.0E-22

1.0E-23
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Initial surface peak area
Figure 7: Diffusion coefficients of calcium into PPV as a function of the initial surface coverage
at T =298 K as obtained from LEIS measurements. The deposition speed was kept constant for
all the coverages. The full line is an exponential fit through the data points.

To get an indication of the diffusion coefficient during deposition, we fitted the depth profile
(Figure 1), measured directly after deposition, with equation (1). The depth profile shown in
Figure 8 was made by subtraction of the fitted surface peak from the LEIS spectra and by
conversion of the energy scale with the stopping powers presented in [21]. This profile is
formed within 3 minutes, which results in a diffusion coefficient of (3000±500)·10-23 m2/s.
Note that by applying equation (1) a constant diffusion coefficient is assumed, while even
during the early stages of deposition the diffusion coefficient is expected to continuously
decrease when the metal concentration increases. Consequently the application of equation (1)
leads to an underestimation of the initial diffusion coefficient. Apparently the calcium
diffusion speed during deposition is even larger than the estimate based on Figure 8 and also
much larger than the single ion diffusion coefficient after deposition derived from Figure 7. It
can therefore be expected that the diffusion process during deposition differs from the
diffusion process after deposition (see section VII.4.2).
In order to find out more about the diffusion process during deposition, we derived the
amount of calcium at specific depths for different surface coverage, the flux of metal atoms to
the surface was again kept constant, the result is shown in Table 2. From Table 2 it can be
seen that during the early stages of deposition the diffusion coefficient is high and metal can
diffuse fast to large depths. In the later stages calcium also can diffuse to deeper layer but on
average more calcium is confined near the surface, indicating that the average diffusion
coefficient decreases.
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Figure 8: Depth profile of the calcium 2 minutes after deposition, the profile is obtained from
the LEIS measurement. The depth scale is calculated with the stopping powers measured in
[21]. The contribution of the He ions scattered from the surface was subtracted. A diffusivity of
-23
2
(3000±500)·10 m /s was found appropriate to fit the data. To indicated that the diffusion after
deposition is slowed down dramatically the calculated depth profile after 45 minutes with
-23
2
D = 3000·10 m /s is also shown (dotted line), the curve measured after 45 minutes (not shown
for clarity reasons) is only slighted different from the spectrum after 2 minutes.

Table 2: Calcium concentration at specific depths in the PPV layer, as a function of surface
coverage. The concentrations are retrieved from the LEIS spectra, for conversion from energy
to depth scales stopping powers presented in [21] were used.

Depth
16 % coverage
24 % coverage

Concentration at Concentration at
Concentration at
2 nm (·1021 at/cm3) 4 nm (·1021 at/cm3) 6 nm (·1021 at/cm3)
6.3 ± 0.5
3.6
2.0
7.6
4.2
2.2
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In the previous paragraphs we addressed the diffusion of calcium and barium into PPV. When
polymer LEDs with calcium and barium cathodes are compared it is difficult to interpret their
behaviour in terms of diffusion, because apart from differences in metal diffusion coefficients,
the work functions of the metals are different which alters the electron injection into the PPV
and the device efficiency. We found on comparing devices with calcium and barium cathodes
somewhat better performance for devices with barium cathodes (more light output and higher
efficiencies for comparable currents) as seen by [7]. However, it can certainly not be
concluded that diffusion is the (only) important parameter for this observation.
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However a comparison is possible between devices with the same cathode material deposited
on different deposition rates. PLEDs were produced with a calcium cathode of ~80 nm. The
deposition rate for “ fast” deposited devices was 0.3 nm/s. For the “ slowly” deposited devices
the deposition rate of the first 20 nm was 0.003 nm/s, the remaining 60 nm was deposited at
0.3 nm/s. In Figure 9 current-voltage and light output-voltage curves of these devices are
shown.
The PLEDs were electro-optically characterised in vacuum (~10-9 mbar) one hour after
calcium deposition to exclude thermal effects.
Figure 9 shows that devices with “ fast” deposited cathodes have the highest light output at
6 volt. Devices with “ slowly” deposited cathodes have a light output that is about 50% lower
at 6 volt and have an efficiency which is 15% lower. The time needed to deposit the cathode is
obviously different for the two deposition rates what could lead to different sample
temperatures during deposition as a result of radiative heating by the evaporator. This might
also influence the device characteristics (as shown in [17]). However, in our experiments the
temperatures measured on the glass of the PLED immediately after deposition are equal
(38 °C) for both deposition speeds. In the case of “ slow” deposition, the calcium at the PPV
interface is exposed longer to impurities, (e.g. oxygen), which might be present in the
vacuum. The decrease in current cannot be explained by oxidation during deposition since it is
not accompanied by a strong decrease in efficiency, which was observed in experiments
where oxygen was deliberately added during deposition [24]. In addition, our mass
spectrometer did not detect impurities in the vacuum, which means that the partial pressures
of oxygen and water vapour were below 10-9 mbar.
For barium similar behaviour as for calcium was observed, but the difference between “ slow”
and “ fast” deposition was considerable smaller. The current and light output dropped with
only 20% at 6 volt and the efficiency with 15%.
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Figure 9: Comparison between current-voltage and brightness-voltage characteristics for
PLEDs with calcium cathodes deposited “ fast” (0.3 nm/s) and “ slow” (0.003 nm/s). The lines
connecting the points are drawn to guide the eye.
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It can be concluded that “ slow” deposition, what leads to more metal in the polymer films
near the interface with the cathode (Figure 5), results in decreased PLED light output. As
already suggested in [25] the metal in the polymer near the interface may trap electrons and/or
lead to non-radiative exciton decay. To verify explicitly the influence of the metal on trapping
of electrons, impedance spectroscopy measurements were performed. In [26] it was shown
that hole and electron mobilities can be derived from the difference in the complex admittance
measured at zero bias and at a bias at which the devices operates. Figure 10 shows the
negative differential susceptance (-∆B = - ω(C-C 0), which is derived from the frequency
dependent capacitance at 0 volt (C0) and at 2.75 volt (C). The electron signal is strongly
influenced for “ slowly” deposited devices while the hole signal stays more or less equal,
indicating that the electron trapping and/or injection is altered.
In addition the effect of “ fast” and “ slowly” deposited cathodes on the electroluminescence
spectra were investigated for glass/ITO/PPV/calcium devices. Figure 11 shows that the
amount of calcium diffused into the layer does influence the process leading to
electroluminescence. Apparently “ slow” deposition selectively suppresses the (0-0) vibronic
transition.
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slow deposited
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Figure 10: Impedance spectroscopy measurements on devices with calcium cathodes
deposited “ fast” (0.3 nm/s) and “ slowly” (0.003 nm/s). The differential susceptibility
(-∆
∆B = - ω(C2.75-C0) is plotted as a function of the frequency. The frequency dependence of the
capacitance was measured at 0 V and at 2.75 V. The electron and the hole peak are indicated
[26].

It was shown by Hu et al. [27] that deposition of different cathode materials resulted in
changes in the electroluminescence spectra. These authors suggested that the first vibronic
transition (0-0) is dominated by interface effects. This is in agreement with our observations.
The calcium that diffused into the PPV apparently quenches the excitons close to the Ca/PPV
interface were most of the calcium is present. This is also indicated by the decrease of the
device efficiency.
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Figure 11: Electroluminescence spectra of glass/ITO/PPV/Ca device with “ fast” and “ slowly”
deposited cathodes. The position of the (0-0) vibronic transition is indicated. For clarity, the
spectra of the “ fast” deposited curve has an off set of 0.1.
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Before the diffusion of calcium and barium into PPV is compared and discussed, first the
validity of the diffusion model will be discussed. In VII.3.1 we fitted the decrease of the
surface peak with a diffusion model with a concentration independent diffusion coefficient
and we assumed all the metal to be on top of the PPV a t = 0 s. With LEIS the diffusion
coefficient of calcium into PPV was found to be (2.7 ± 0.4)·10-23 m2/s. However, in the
paragraphs VII.3.3 and VII.3.4 it was found that the diffusion coefficient strongly depends on
the metal concentration. Besides, during deposition the diffusion coefficient is high and
relatively large quantities of metal diffuse into the polymer layer.
Consequently a model is required that describes the concentration dependent diffusion and
further takes into account the metal flux during deposition. Unfortunately no analytical model
is available to describe this behaviour [18]. More important, depth profiles during deposition
are required to obtain the dependence of the diffusion coefficient on the concentration during
deposition. However, after deposition the concentration profile near the surface does not
change over orders on the time scales at which our measurements are performed. Therefore
we assume that the diffusion coefficients we obtained are representative for the diffusion
coefficients of calcium and barium ions in a metal/PPV environment, close to the
cathode/polymer interface in a PLED.
In order to check whether the diffusion coefficient varies significantly over the depth range
studied, we estimated the diffusion coefficient near the front end of the calcium in the PPV. A
relatively high diffusion coefficient is expected at the low concentrations near the end of the
profile. We estimated the diffusion coefficient near the end of the profile by the shift of the
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depth at which the calcium concentration equals 10%. When the shift is assumed to be
proportional to (D∆t)1/2, the diffusion coefficient was found to be (10 ± 3)·10-23 m2/s, what is
only 3 times higher than the diffusion coefficient obtained from the decrease of the surface
peak.
It is also possible to derive the calcium diffusion coefficient from the change in the measured
depth profile after the deposition (similar as demonstrated in Figure 8). The diffusion
coefficient obtained for the change of the depth profile between t = 2 minutes and
t = 267 minutes is found to be (7 ± 3)·10-23 m2/s.
The three methods to estimate the diffusion coefficient of calcium into PPV indicate that the
diffusion coefficient varies less than a factor of 3 over the entire depth profile after metal
deposition. The high surface energy leading to lower concentration of metal at the surface
compared to metal in deeper layers (Figure 6), apparently does not influence the diffusion
after deposition significantly.
It can be concluded that in spite of the fact that the concentration dependent diffusion
coefficient is not incorporated in the mathematical model, it nevertheless can be used to
provide insight in the diffusion of calcium and barium into PPV.
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In sections VII.3.3 and VII.3.4 the diffusion coefficient of calcium into PPV was shown to
depend on the metal concentration. Furthermore, it was found that diffusion is particularly fast
during the early phases of deposition; after deposition an orders of magnitude lower diffusion
coefficient is found. Additionally, the metal diffusion depends on the deposition rate (see
Figure 5); lower deposition rates lead to more metal in the polymer film. Here, we try to
envisage a model describing all these observations.
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Clustering of metal atoms may be the origin of the difference in metal depth distribution
resulting from differences in deposition rate [13]. The physical origin of clustering is
minimisation of the contact area of metal atoms with the polymer or vacuum (reducing the
surface energy); the metal-polymer interaction must be relatively low for clustering to occur.
The formation of clusters has been found for non-reactive materials (Au and Ag) in TMC-PC
(polycarbonate bisphenoltrimethyl cyclohexane) layers and was found to depend on the
deposition rate; for fast deposition clusters are only found at the surface (finally a metallic
overlayer is formed), for slow deposition cluster formation also appeared subsurface [13].
For non-reactive materials (Au, Ag) cluster formation was also found on PTCDA [28]. For
reactive materials (Al, Ti, Sn and In) metal diffuses into the PTCDA in the early stages of
deposition, while in later stage a closed overlayer is formed. The number of reactive atoms
deposited before a closed overlayer is formed was found to depend strongly on the material
and it ranged from 2 Å (7.4·1014 at/cm2) for tin to 100 Å (3.8·1016 at/cm2) for indium. Calcium
and barium are reactive metals, consequently cluster formation is not likely to occur during
the early stages of deposition on PPV as considered in our experiments [28]. Furthermore,
ions do not tend to cluster due to Coulomb repulsion [28].
To investigate whether cluster formation plays a role in our experiments, transmission
electron microscopy (TEM) was performed. Glass/ITO/PPV substrates with calcium or
barium surface coverages of 3% up to 30% were prepared. Subsequently, the PPV film was
released from the ITO and TEM measurements through the complete film were performed
(the PPV thickness was ~30 nm in this case). No evidence of clustering was obtained. The
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resolution of the TEM images was ~5 nm. Thus these measurements provide us with an upper
limit for the size of clusters of approximately 5 nm (~1000 atoms).
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The temperature dependence of the diffusion coefficient of Au and Ag in BPA-PC (biphenol
A polycarbonaat) has been shown in [13] and no discontinuity was found at the glass
transition temperature of the polymer. This behaviour was explained in terms of cross-linking
of the polymer chain by the metal. In [29] cross-linking of polyethyleneterephthalate (PET) by
Al, Ag and Cu atoms is suggested to explain the increased of cohesion of the polymer film.
More reactive materials (Fe and Ni) are even reported to catalyse cross-linking of
polyethylene and poly(tetrafluoroethylene) (PTFE) systems [30].
Cross-linking will immobilise the polymer/metal system; decrease the mobility of the polymer
chains, and consequently lower the diffusion of the metal by increasing the activation energy
for conformational changes. The amount of metal in the polymer film is expected to determine
the degree of cross-linking and therefore an exponential relation can be expected between the
diffusion coefficient and the metal concentration. We found that the calcium/barium
concentration determines the diffusion coefficient and consequently metal ion induced crosslinking is able to explain the concentration dependence in our experiments. However the
observed deposition rate dependence of the metal depth profile is difficult to explain in terms
of cross-linking.
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Apparently, both the formation of small clusters and calcium/barium induced cross-linking of
polymer chains are required to explain all experimental observations. The experimental
findings are consistent with a qualitative model description that assumes two consecutive
processes to occur for metal atoms that land on the surface:
1. Fast migration/diffusion of the neutral atom, which can occur both at the surface, or into
the polymer matrix.
2. Ionisation of the reactive metal atom which traps the metal at a specific site in the polymer
matrix.
The initial fast migration process can be responsible for the measured concentration profile
immediately after deposition. Note that the high surface energy of the metals compared to the
polymers favours metal diffusion into the bulk. During this stage neutral atoms can also
cluster which explains the dependence of the metal depth profile on the deposition rate.
Shortly after this initial phase (estimate duration ~ seconds) the reactive calcium and barium
atoms will interact with the polymer matrix, ionise and become trapped. The trapping of metal
ions can be associated with the cross-linking of the polymer chains as described in section
VII.4.2.3. Note that the trapping is not irreversible, but leads to a higher activation energy for
diffusion and a higher pre exponential (D0) due to the reduced mobility of the polymer chains
in the cross-linked polymer network. As a result, an increasing number of calcium atoms that
land on the surface will be ionised at or near the surface (see Table 2) and experience both a
diffusion barrier by the ionised calcium trapped in the polymer as well as the reduced chain
mobility in the cross-linked polymer matrix. This process apparently reduces the formation of
large clusters near the surface for sub monolayer coverage and explains the relatively slow
diffusion process on the time scales measured in our LEIS experiments.
The decrease of the surface concentration, which is used to determine the diffusion
coefficient, can be considered to be the diffusion coefficient of metal ions into the polymer
layer. The diffusion coefficient is mainly determined by the trap depth, the Coulomb repulsion
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and the cross-linking. The higher calcium diffusion coefficient deep in the PPV layers (see
section VII.3.4) results from the fact that the Coulomb repulsion and cross linking is lower in
deep layers.
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Our experiments clearly show that the diffusion coefficient and activation energies for
diffusion of calcium and barium ions into PPV differ considerably. At room temperature the
diffusion coefficients differ an order of magnitude and the activation energy of barium is
higher than the activation energy of calcium (Figure 4).
In this paragraph we will discuss possible causes for the differences between calcium and
barium diffusion in terms of activated diffusion (equation 4). First the difference in the
activation energy (Eact) between calcium and barium will be discussed and subsequently the
differences in the pre exponential factor (D0).
We measured activation energies of diffusion for 0.62 ± 0.05 eV for calcium into PPV and
0.76 ± 0.07 for barium into PPV. The activation energy for diffusion has two contributions, a
component representative for the energy required to accommodate the diffusing species by
polymer deformation (straining the polymer matrix) and a component representative for the
binding at a site in the polymer matrix [31,32,33]. The first contribution is related to the size
of the diffusing species (radius: Ca = 0.12 nm, Ba = 0.14 nm) ; larger species require a higher
energy to migrate. The influence of the physical size of the diffusing species on the diffusion
coefficient has been shown for gases in polymers, which are characterised by little or no
interaction between gas and the polymer [34]. In this case, the activation energy was found to
be correlated with diameter; Eact ~ d2 [35]. To get an indication of the effect of size difference
on the activation energy for calcium and barium diffusion, we can estimate the difference in
activation energy between non-interacting species with the sizes of calcium and barium ions
and PPV. Unfortunately activation energy data of a non-interacting species in a PPV is not
available in literature. In glassy polymer however typically an activation energy of ~0.3 eV is
found for oxygen [13,36,37]. Using Eact ~ d2 and an activation energy of 0.3 eV for oxygen
molecules the activation energy of a non-interacting species with the size of a barium ion can
be estimated to be ~0.1 eV higher than the activation energy of a non-interacting species with
the size of a calcium ion. Note that for the non-spherical oxygen molecule a corrected
diameter was used [13].
Obviously, for metal diffusion in polymers, the interaction between the polymer and the metal
(related two the second contribution) is also important. From XPS measurements it has been
shown that interaction between PPV and calcium occurs [5,6,8,38]. The influence of
interaction on the diffusion can be determined by comparing diffusion coefficients from
interacting and non-interacting species in PPV, which are comparable in size. The diffusion
coefficient of (non-interacting) oxygen in OC1C10 PPV is many orders of magnitude higher
(D = 10-9 m2/s at T = 298 K, [39]) than the diffusion coefficient for calcium and barium into
PPV that we measured. The diffusion coefficient of calcium is lower than the diffusion
coefficient for oxygen in spite of the fact that the contribution to the activation energy of the
conformational rearrangement should be lower for calcium (d2O2>d2Ca). These observations
indicate that the chemical interaction is an important factor. In contrast to the large difference
between the binding energy of calcium and oxygen with PPV, the difference in binding
energy between calcium and PPV and barium and PPV is expected to be small, but probably
not insignificant and therefore can also explain (part) of the difference in activation energy
between calcium and barium.
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The diffusion coefficient of calcium and barium in PPV is not only determined by the
activation energy but also by the pre exponential factor D0 (see equation 4). For calcium we
obtained D0 = 7·10-13 m2/s and for barium D0 = 3·10-11 m2/s was found. The pre exponential
factor D0 can be expressed as [13]:
(6)

2
S /k
D0 = αa υe

in which a is the average jump distance of the ion, α a factor depending on structure of the
polymer and the correlation between successive jumps, ν is the vibration frequency, S the
entropy of diffusion and k the Boltzman constant; D0 can be considered as a fingerprint for the
environment [13]. If D0 behaves according to this model it will vary for elements with
different mass when the structure related parameters α and S are independent on the diffusing
species, because the vibration frequency (ν) is mass dependent (it varies as m-1/2 [13,31]). The
factor D0m1/2 should then be similar for calcium and barium diffusion into PPV. However, in
our case we find for barium D0m1/2 = 4·10-10 m2(amu)1/2/s and for calcium D0m1/2 = 4·10-12
m2(amu)1/2/s. Apparently the entropy (S) is the factor that dominates the value of D0. The
contribution of the entropy (S) in equation (6) is determined by the number of possible states
available to a diffusing metal ion and is linked to the mobility of the polymer chains in the
(cross linked) matrix. Thus the diameter of the diffusing ion will influence the entropy. Our
observation that D0,Ba > D0,Ca is consistent with [36] where for non-interacting species is
shown that D0 increases exponentially with increasing activation energy.
Concluding, the individual metal ions are most likely trapped in potential minima. Transport
occurs by hopping from site to site and both interaction between the metal and conformational
changes of the polymer matrix contribute to the activation energy.
The difference of D0 between calcium and barium diffusion into PPV is most likely correlated
with differences in perturbation of the local environment for calcium and barium (because
dCa<dBa), which is associated with a difference in entropy of diffusion.
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In the last paragraph of section (VII.3) it has been shown that devices fabricated with high
metal concentration in the PPV layer near the cathode (“ slow” deposition) have lower light
output at specific voltages and a slightly lower efficiency compared to devices with low metal
concentration in the PPV film (“ fast” deposition). Obviously, an increased concentration of
metal near the interface leads to more gap states and quenching sites for excitons [25]. Lower
injection and/or more trapping of electrons was observed from I-V characterisation and
impedance measurements.
Electroluminescence spectra show that not only the electron injection decreases with
increasing numbers of metal ions present in the film; in addition the electrically excited states
of PPV alters with the calcium/barium ion density leading to a change in the
electroluminescence spectrum.

114

üRýýþ ÿ   
During deposition the diffusivity is found to be orders of magnitude higher (> 103) than after
deposition; also the diffusion coefficient was found to be dependent on the calcium/barium
concentration in the PPV. Furthermore, the amount of calcium/barium inside the polymer
films was found to depend on the deposition rate. These observations were explained in a twostage diffusion model. In the first stage, the atoms land on the surface and diffuse fast into the
polymer; in the second stage the metal ionises and is trapped and diffusion is strongly
decreased. In this model clustering (in the first stage) can explain the dependence of the
amount of metal in the polymer on the deposition rate. Metal induced cross-linking and ion
repulsion can explain the dependence of the diffusion coefficient on the metal concentration.
The diffusion coefficient at room temperature of barium into PPV is almost an order of
magnitude lower than the diffusion coefficient of calcium into PPV. This was explained in
terms of the activation energy of diffusion (Eact) and the pre exponential factor D0, which
where obtained from temperature dependent measurements of the diffusion coefficient with
LEIS. The activation energy of barium is found to be higher than the activation energy of
calcium, the smaller size of the calcium ion and the difference in polymer-metal interaction
are the most likely causes for these observation. The D0 of barium is found to be higher than
the D0 of calcium which is most likely correlated with a different perturbation of the local
environment by calcium and barium, caused by the size difference between calcium and
barium ions.
The PLED performance is strongly related to cathode formation. It was found that reducing
the deposition speed, which results in an increase of the amount of calcium inside the PPV,
leads to lower electron injection and/or more electron trapping and consequently lower
efficiency and light output of the polymer LEDs.
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Metal – organic interface formation was studied for calcium (and barium) on a number of
soluble PPV derivatives. The differences between the studied PPV derivatives were the
molecular weight, oxygen content, conjugation length and the number of defects along the
conjugated chain. The diffusion process of deposited calcium and barium into these PPV
derivatives was studied with Low Energy Ion Scattering (LEIS) and diffusion coefficients and
activation energies were derived.
Large differences in the diffusion coefficients and activation energies were found and
explained in terms of variations in conformational rearrangement of the polymer matrix. The
molecular weight of the PPV derivative was found to be an important parameter concerning
the rearrangement. Chemical differences in the polymers, like phenyl rings in the side groups
and conjugation length, were found to be of minor importance.
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Semi-conducting conjugated polymers, which can emit light [1] have received much attention
during the last decade [e.g. 2,3,4]. Light emitting diodes (LEDs) based on conjugated
polymers are considered promising candidates for full colour, cheap, flexible displays. In the
simplest architecture polymer LEDs consist of an emitting polymer layer (often derivatives of
poly-p-phenylene-vinylene (PPV)) sandwiched between an anode (usually ITO) and a cathode
(e.g. Ca, Ba).
One of the important bottlenecks in the functioning of polymer LEDs is the electron injection
from the cathode into the PPV. Interface formation for calcium on different PPV derivatives
has not been investigated systematically, the electronic structure of the interface has been
studied for number of different PPV derivatives and PPV model systems [5,6], but no relation
between diffusion and polymer structure has been made. However, in [7] it was concluded
that the diffusion of aluminium in PPV depends on the chemical structure of the PPV
derivative; aluminium diffusion was only observed when the side groups of the PPV
derivative were bulky.
Previously, we addressed the dynamics and the stability of the metal/OC1C10-PPV interface
for both calcium and barium [8,9]. It was observed that different preparation conditions (e.g.
deposition rate and presence of oxygen) strongly influenced the interface formation process
and thereby the polymer LED performance. A decrease of metal diffusion into the polymer
was found when oxygen was present, either during evaporation or incorporated in the polymer
by photo-oxidation or atomic oxygen treatment. Furthermore we showed that an increase of
metal in the PPV film leads to lower efficiency and light output, most likely resulting from
more exciton quenching and electron trapping by metal ions [9,10].
In this chapter we study the influence of the polymer structure on the diffusion coefficient and
the activation energy for diffusion of calcium and barium into PPV derivatives. Five soluble
PPV derivatives were studied. These PPV derivatives differ in the amount of oxygen
incorporated in the chemical structure, the conjugation length, the molecular weight and the
number and type of defects along the chain. From all of the used PPV derivatives working
polymer LEDs could be made, however the characteristics of some are not quite good
(efficiency of ~0.1 Cd/A).
The diffusion coefficients and activation energies are determined with Low Energy Ion
Scattering (LEIS) as explained in [9] for diffusion of both calcium and barium in all five PPV
derivatives.
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Five chemically different soluble PPV derivatives (denoted as PPV A to PPV E as labelled in
Figure 1) have been studied. PPV A has been well studied before [11] and it was synthesised
via the GILCH route [12]. PPV A has 1.6 ± 0.5 % TBB defects ((tolane-bisbenzyl moieties)
[12] and a typical molecular weight of 200–800 kg/mol. PPV B is a "biphenyl PPV" which
was also synthesised via the GILCH route. PPV B has 8.3 ± 0.5% TBB defects and the
molecular weight is comparable to PPV A. PPV C has an almost identical chemical structure
as PPV A, but it is synthesised via the Wittig-Horner route [13]. PPV C has molecular weight
of 15.1 kg/mol and the number and kind of defects are unknown but expected to amount upto
10%. PPV D is similar to PPV C but oxygen is absent in the alkyl side groups. PPV D was
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synthesised via the Wittig-Horner route. The molecular weight of PPV D was found to be
20.0 kg/mol. PPV E has a reduced conjugation length and was synthesised via the WittigHorner route. PPV E has a molecular weight of 26.4 kg/mol.
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Figure 1: PPV derivatives used in this research. A) The commonly used red emitting OC1C10
PPV poly(dialkoxy-p-phenylene vinylene) with (R = C10; 3,7-dimethyloctyl). B) Yellow emitting
“Biphenyl” PPV (R = C10; 3,7-dimethyloctyl). C) as A but with (R = C12; dodecyl) and
synthesised following the Wittig-Horner Route in stead of the GILCH route (PPV A). D) as PPV
C but without oxygen incorporated in the side chains (R = C12; dodecyl). E) a PPV derivative
with a reduced conjugation length (R = C10; 3,7 3,7-dimethyloctyl) synthesised via the WittigHorner route. The PPV derivatives will be denoted in the text according to this figure.
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All the polymers were solved in toluene (~ 0.5 wt% polymer ) for processing. The solution
was prepared inside a glovebox (H2O and O2 < 1 PPM) [14]. Glass/ITO substrates were first
cleaned in an ultrasonic bath successively with acetone (Uvasol, Merck) and 2-propanol
(Uvasol, Merck) each for 10 minutes and subsequently exposed to UV-ozone for 20 minutes.
Next, the samples were transferred into the glovebox and the PPV derivative was applied by
spin coating. Subsequently, the samples were transported in an airtight suitcase (in a nitrogen
atmosphere) to the Low Energy Ion Scattering (LEIS) set-up. In a separate compartment of
the LEIS set-up calcium or barium was deposited. Metal deposition was carried out until a
surface coverage of ~25% was reached. Note that during deposition metal diffused into the
polymer layer, consequently the deposited areal density largely exceeded that corresponding
to 25% of a monolayer of metal [8,9].
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With Low Energy Ion Scattering (LEIS) the elemental composition of the outermost atomic
layer of a sample can be characterised [15]. A beam of low energy noble gas ions (3 keV 3He+
and 4He+ in our case) was directed onto the samples and the energy spectrum of the
(back)scattered ions was measured at a scattering angle of 145°. The energy of a scattered ion
depends on the mass of the target atom and therefore the energy spectrum of scattered ions
reflects the atomic mass distribution of the sample surface. The incoming ions that are not
scattered by atoms in the outermost layer penetrate the sample and are neutralised. LEIS is
surface sensitive because the analyser of the LEIS set-up only accepts ions. The analyser has a
circular geometry and accepts ions over a 320° azimuthal range, which greatly increases the
sensitivity and allows to perform measurements with very low doses (~3·1012 ions/cm2). The
LEIS experiments were carried out at a pressure of 2⋅10-10 mbar and the dose per
measurement ranged from 3·1012 to 5·1012 ions/cm2. The dose was kept low, to reduce sample
damage as much as possible.
When measuring calcium and barium with LEIS the interpretation of the spectra becomes
complex, because of the high re-ionisation probability of these materials [16]. As a result, He
ions that are neutralised upon penetration of the sample and scattered below the surface, can
be re-ionised upon emerging from the sample. Thus not only calcium at the surface, but also
calcium which is situated below the surface contributes significantly to the LEIS spectrum,
resulting in a continuum at the low energy side of the calcium surface peak [8,9]. The height
of the continuum depends on two parameters: on the amount of metal in deeper layers and on
the re-ionisation probability. The reionisation probability depends on the amount of calcium
or barium present at the surface; thus more metal at the surface leads to more signal from
deeper layers.
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As described in [9] it is possible to derive diffusion coefficients from LEIS data. Here only a
short summary of the data handling will be given.
The LEIS spectrum of a sub-monolayer coverage of calcium on silicon was fitted with a
Gaussian curve to obtain parameters for the (energy) position and width of the calcium
surface peak. The width and the position derived from this fit were used to obtain the area of
the calcium surface peak from the spectra measured on Ca/PPV samples. From the calcium
surface peak area measured at consecutive times after deposition and by fitting the decrease of
surface peak area with a standard Fickian diffusion model the diffusion coefficient for
calcium in PPV was derived. By measuring samples heated to various temperatures after
deposition and deriving the corresponding diffusion coefficients, the activation energies of the
diffusion process were obtained.
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Diffusion coefficient
(m2/s)

We showed in [9] that calcium and barium diffuse into PPV A (OC1C10-PPV) during and after
deposition of the metal. The diffusion coefficient and the activation energy of metal diffusion
in PPV after deposition, were derived from the LEIS measurements.
Here we compare diffusion of calcium in PPV A with diffusion of calcium in PPV B (see
Figure 1 for the chemical structures) for a calcium surface coverage of ~25%. PPV A and
PPV B differ in their oxygen content, PPV B has only one alkyl side group in contrast to PPV
A that has two. Furthermore, PPV B contains more TBB defects ((tolane-bisbenzyl moieties)
than PPV A (PPV A has 1.6 ± 0.5 % and PPV B 8.3 ± 0.5% (measured as in [12]). For both
PPV A and PPV B the diffusion coefficients have been measured for a number of sample
temperatures and the results are shown in an Arrhenius plot (see Figure 2).

1E-20

"PPV B"
1E-21

OR

*
n

*

OR

1E-22

*
n

O

*

"PPV A"
1E-23
0.00275

0.003

0.00325

0.0035

1/T (1/K)
Figure 2: Temperature dependence of the diffusion coefficients measured with LEIS for both
calcium diffusion in PPV A and PPV B (Figure 1). The full lines are fits to the data points with
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equation (1). We obtained for PPV A: D0 = 7⋅⋅10 m /s, Eact = 0.62 ± 0.05 eV and for PPV B: D0 =
-12
2
2⋅⋅10 m /s, Eact = 0.61 ± 0.06 eV.

The Arrhenius law for the activated diffusion process is fitted to the data in Figure 2:
D = D0 exp(−

E act
),
kT

(1)

here D is the diffusion coefficient, D0 the pre exponential factor, T the temperature, k
Boltzmann’s constant and Eact the activation energy. The diffusion parameters D0 and Eact will
be discussed in more detail in section VIII.4.
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In Figure 2 the Arrhenius plots for calcium diffusion in PPV A en PPV B are shown.
We obtained: PPV A: D0 = 7⋅10-13 m2/s, Eact = 0.62 ± 0.05 eV
PPV B: D0 = 2⋅10-12 m2/s, Eact = 0.61 ± 0.06 eV (see Table 1).
Note also that the diffusion coefficient (D) is significantly higher for calcium in PPV B than
for calcium in PPV A, thus different calcium/PPV interfaces are formed on deposition of
calcium on PPV A and PPV B (more metal diffuses into PPV B). Apparently the chemical
structure of the polymer is an important parameter in the diffusion process.
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Diffusion coefficient
(m2/s)

In the previous paragraph it was found that small chemical changes lead to significant
differences in interface formation between calcium and PPV. In order to relate diffusion
parameters (D0 and Eact) of calcium diffusion in PPV to structural properties of the PPV
derivative, we attempted to change only one parameter of the PPV derivative, while all the
others properties were kept the same.
To separate the role of the synthesis routes (e.g. defects and molecular weight) from the
differences in (chemical) structure (e.g. conjugation length and structure of side groups) the
diffusion of calcium into PPV A and PPV C was compared. PPV A and PPV C have nearly
equal chemical structure but were synthesised via the GILCH route and the Wittig-Horner
route respectively. An important difference between PPV A and PPV C is the molecular
weight; PPV C has a molecular weight of 15.1 kg/mol, this is more than ten times lower than
the molecular weight of PPV A. The kind and concentration of defects are also different for
PPV A and PPV C, unfortunately no exact knowledge is available about the kind and
concentration of defects in PPV C.
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Figure 3: Temperature dependence of the diffusion coefficient measured with LEIS for both
calcium diffusion in PPV A (GILCH) and PPV C (Wittig-Horner). The full lines are fits to the data
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points with equation (1). We obtained for PPV A: D0 = 7⋅⋅10 m /s, Eact = 0.62 ± 0.05 eV and for
-15
2
PPV C: D0 = 1⋅⋅10 m /s, Eact = 0.45 ± 0.04 eV.
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The Arrhenius plots of calcium diffusion in PPV A and PPV C are shown in Figure 3.
We obtained: PPV C: D0 = 1⋅10-15 m2/s, Eact = 0.45 ± 0.04 eV,
PPV A: D0 = 7⋅10-13 m2/s, Eact = 0.62 ± 0.05 eV (see Table 1).
The values of D0 and Eact for PPV A en PPV C differ considerably. Apparently, the molecular
weight and/or the kind and number of defects influences both the diffusion coefficient as well
as the activation energy.
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Diffusion coefficient
2
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In order to investigate whether the presence of oxygen in side groups plays an important role
in the diffusion of calcium in the PPV, we measured the diffusion parameters of PPV D, a
PPV derivative without oxygen in the side groups (Figure 1). This PPV derivative was
synthesised via the Wittig-Horner route and therefore the diffusion parameters are compared
with PPV C, which has a comparable molecular weight. The type and amount of defects can
expected to be the similar for PPV C and PPV D.
The diffusion coefficients of calcium in PPV D are measured at a number of temperatures and
are plotted in Figure 4 together with the diffusion coefficients of calcium in PPV C.
We obtained: PPV D: D0 = 1⋅10-9 m2/s, Eact = 0.74 ± 0.06 eV,
PPV C: D0 = 1⋅10-15 m2/s, Eact = 0.45 ± 0.04 eV (see Table 1).
Obviously the diffusion parameters (Eact and D0) for calcium diffusion in PPV D are totally
different from diffusion parameters for calcium diffusion in PPV C. In order to give an
impression of the effect on the interface formation resulting from the difference in the
diffusion parameters, LEIS spectra measured after 0, 15 and ~35 minutes of heating on 55°C
are shown for calcium on PPV D and PPV C (see Figure 5 and Figure 6, respectively). The
LEIS spectra are normalised to the incident ion dose. At a sample temperature of 55 °C (=
3.05·10-3 1/K) the diffusion coefficient (D) of calcium into PPV D is much higher (~12 times)
than for calcium in PPV C (Figure 4).
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Figure 4: Temperature dependence of the diffusion coefficient measured with LEIS for both
calcium diffusion in PPV C and PPV D. The full lines are fits of the data points with equation (1).
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We obtained for PPV C: D0 = 1⋅⋅10 m /s, Eact = 0.45 ± 0.04 eV and for PPV D: D0 = 1⋅⋅10 m /s,
Eact = 0.74 ± 0.06 eV.
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Figure 5: Low Energy Ion Scattering spectra (3 keV He ~5·10 at/cm ) of calcium on PPV D
measured 0, 15 and 35 minutes after the start of the heat treatment, the sample was heated to
55 °C. The initial surface coverage was 25%. The spectra are normalised to the ion dose.
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Figure 6: Low energy ion scattering spectra (3 keV He ~3·10 at/cm ) of calcium on PPV C
measured 0, 15 and 37 minutes after the start of the heat treatment, the sample was heated to
55 °C. The initial surface coverage was 25%. The spectra are normalised to the ion dose.
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After 35 minutes annealing at 55 °C very little calcium is observed at the surface for PPV D
(see Figure 5). Here, only a continuum is present and the maximum of the continuum is
situated at a lower energy than the position of a peak corresponding to calcium at the surface,
indicating that almost all the calcium is situated sub surface. Note that, the height of the
continuum in the spectra depends on the amount of calcium present (see section VIII.2.3) at
the surface and thus great care should be taken on comparing spectra with different surface
coverages [8,9].
With the stopping power derived in [17] an indication of the depth scale can be obtained: an
energy of 1800 eV corresponds to a depth of ~5 nm. At t = 0 (this is equivalent to 2 minutes
after deposition) the amount of calcium at 5 nm in PPV C is only ~50% of the amount present
in PPV D. Consequently, during deposition the diffusion speed is also considerably higher in
PPV D, resulting in a significantly higher amount of calcium in the polymer film.
In conclusion, it is found that the polymer with the highest oxygen content has the lowest
diffusion coefficient (D) during and after deposition, this will be discussed in section
(VIII.4.2).
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In the previous paragraph it was observed that the oxygen content in the chemical structure of
the polymer backbone is an important parameter for diffusion of metal into the PPV film. In
VIII.3.2 it was shown that differences in the chemical synthesis procedure also lead to
differences in the diffusion coefficient and the activation energy.
In this paragraph we will focus on the influence of the conjugation length of the PPV
derivative on the diffusion parameters. This parameter might be of interest, because calcium
atoms ionise when they are deposited onto the film and dope the PPV [5,6]. One of the
proposed mechanisms for diffusion involves a close proximity of the ion to (the electrons on)
the polymer backbone, like in polymer electrolytes [18]. If this mechanism holds, the
diffusion parameters may depend on the conjugation length of the PPV. Consequently,
diffusion experiments have been done with PPV E (short conjugation length) and compared
with PPV C (large conjugation length).
Both PPV C and PPV E are prepared via the Wittig-Horner synthesis route and have
comparable molecular weights and are expected to have similar amounts of defects. In Figure
7 the diffusion coefficients determined as a function of sample temperature are shown in an
Arrhenius plot.
We obtain:
PPV E: D0 = 7⋅10-15 m2/s, Eact = 0.50 ± 0.09 eV
PPV C: D0 = 1⋅10-15 m2/s, Eact = 0.45 ± 0.04 eV.
The differences in diffusion parameters between PPV C and PPV E are small, the D0 is
slightly higher for the PPV derivative with the reduced conjugation length (PPV E) and the
activation energies are equal within the error margins.
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Figure 7: Temperature dependence of the diffusion coefficient measured with LEIS for both
calcium diffusion in PPV C and PPV E. The full lines are fits to the data points with equation (1).
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We obtained for PPV C: D0 = 1⋅⋅10 m /s, Eact = 0.45 ± 0.04 eV and for PPV E: D0 = 7⋅⋅10 m /s,
Eact = 0.50 ± 0.09 eV.

For clarity the obtained diffusion parameters (D0 and Eact) for calcium in all five PPV
derivatives are summarised in Table 1.

Table 1: Activated diffusion parameters (equation 1) for calcium diffusion in the studied PPV
derivatives as obtained from LEIS studies (see Figure 2, Figure 3, Figure 4 and Figure 7). For
clarity the diffusion coefficients (D) at room temperature are also given.

Polymer

D0 ·10-12 (m2/s)

Eact (eV)

PPV A
PPV B
PPV C
PPV D
PPV E

0.7
2
0.001
1000
0.007

0.62 ± 0.05
0.61 ± 0.06
0.45 ± 0.04
0.74 ± 0.06
0.50 ± 0.09

D ·10-23 (m2/s)
at T = 298 K
2.7 ± 0.3
6.2 ± 0.5
2.3 ± 0.3
15 ± 2
2.3 ± 0.3
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In the previous paragraphs measurements were presented from which the diffusion parameters
(D0 and Eact) of calcium in five different PPV derivatives were determined. A similar set of
experiments has been carried out with barium as diffusing ion. Table 2 lists the diffusion
coefficients and activation energies of barium in PPV as determined from these experiments.
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Table 2: Activated diffusion parameters (equation 1) for barium diffusion in the five studied
PPV derivatives obtained from LEIS studies. For clarity the diffusion coefficients at room
temperature are also given.

Polymer

D0 (m2/s)
·10-12

Eact (eV)

PPV A
PPV B
PPV C
PPV D
PPV E

30
60
1
1000
-

0.75 ± 0.07
0.73 ± 0.07
0.66 ± 0.07
0.79 ± 0.07
-

D (m2/s)
at T = 298 K
·10-23
0.35
1.8
0.5
3
0.6

Comparison of the diffusion parameters listed in Table 1 and Table 2 demonstrates that the
chemical structure of the PPV derivatives has a strong and very similar influence on the
diffusion of calcium and barium. PPV C has e.g. relatively low activation energies (Eact) and
pre exponential factors (D0) for diffusion of both calcium and barium when compared to PPV
A and PPV B. Both for calcium and barium, the pre exponential factor (D0) and the activation
energy (Eact) are highest in PPV D and lowest in PPV C.
These experiments clearly indicate that general properties of the chemical structure of the
polymer can be linked with the mobility of the metal ions near the cathode/polymer interface
in a polymer LED.
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We concluded from LEIS analysis [9] that the diffusion of calcium and barium in PPV A is an
activated process in which the interaction of the calcium and barium with the polymer
backbone plays an important role. The exact nature of the interaction between metal and PPV
is however difficult to determine. The measured metal depth profiles are consistent with a
model in which metal lands on the surface and diffuses as an atom [9]. Next the reactive metal
atom is ionised and trapped at a specific site in the polymer matrix. The neutral metal atom is
assumed to have a high mobility before it is ionised (estimate duration ~ seconds). When a
metal atom is ionised and (not irreversible) trapped it will diffuse in the polymer matrix from
site to site by a hopping mechanism (low mobility). Metal induced cross-linking of the
polymer matrix and the formation of small clusters can influence the diffusion of metal ions
[9].
This situation has similarities with ion diffusion in polymer electrolytes. Polymer electrolytes
are polymers with a high concentration of sequential polar solvating groups and the diffusion
(conductivity) is related to the amount of trapping sites [19]. Diffusion models are separated
here for diffusion below and above the glass temperature of the polymer. Above the glass
temperature the diffusion is governed by movement of the polymer chains. Below Tg the ions
diffuse (in an electrical field) by hopping from one to the next polar group along the polymer
chain [18]. In our experiments no electrical field is applied. However, apart from a term
proportional to the electrical field the equations for diffusion with [18] and that without the
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presence of an electrical field [20] have exactly the same form. The diffusion coefficient in a
hopping model is given by [20]:
 − E act 
 − E act 
2
/
D = D0 exp
 = a αν exp S k exp

 kT 
 kT 

(2)

In which a is the hopping distance, α a factor that depends on the geometrical structure and on
the correlation between successive jumps, ν the vibration frequency, S the entropy of
diffusion, k the Boltzman factor, Eact the energy required for a jump to the next potential
minimum and T the temperature. We will attempt to explain the differences between metal
diffusion in the five PPV derivatives on the basis of equation (2). First the separate parameters
of D will be considered one by one.
The vibrational frequency (ν) depends on the shape of the potential minimum in which the
calcium ion is situated. When the vibration frequency (ν) is represented by a classical
harmonic oscillator, the frequency is proportional to the square root of the force constant and
inversely proportional to the mass of the attached ion. Thus the frequency depends on the
interaction between metal and PPV and on the mass of metal, thus for similar interaction
between metal and the PPV derivatives similar behaviour can be expected.
For the energy required to jump to the next potential minimum (Eact) in the polymer matrix
two contributions can be distinguished. The first contribution is a quasi-chemical interaction
between the calcium ion and the PPV derivative (Ei). The second contribution involves the
energy required for a rearrangement of the conformation of the polymer matrix to
accommodate the jump of the metal particle (Er). This latter factor has been identified as the
dominant contribution to the activation energy for non-interacting species (gases) in polymers
[21,24,25]. Both the interaction as well as the rearrangement energy are expected to depend
on the PPV derivatives.
The contribution of the entropy (S) in equation (2) is determined by the number of possible
states available to a diffusing metal ion. In the theory describing the diffusion of noninteracting species this entropy is directly related to the energy (Eact) required for the jump
(note that for non-interacting species Eact = Er) [21,25]. The entropy factor has a unique value
for each of the PPV derivatives studied in this paper. This will be discussed in more detail in
the next paragraph (VIII.4.2).
In the framework that metal ions hopping from site to site, the distance between two potential
minima (a) can be different for the PPV derivatives. In order to estimate a, the physical origin
of the interaction between the polymer and the metal ions must be known. The shift of the
O(1s) peak relative to the C(1s) in the XPS spectrum [8] shows clear evidence for interaction
of calcium with the oxygen atoms in the PPV alkoxy side groups. However, evidence for
charge transfer of calcium to the polymer backbone has been proven for PPV derivatives
without oxygen in the side chain and for PPV model systems [6,22,23] leading to calcium
ions, which interact with the polymer backbone.
Consequently a distribution of trap depths for metal ions in the polymer matrix can be
identified which determines the value of the activation energy and pre exponential factor. In
this context we can compare the number of oxygen atoms in the polymer matrix, which are
likely to act as deep traps, to the metal concentration obtained with LEIS. The amount of
calcium deposited on all the PPV derivatives exceeds the amount of oxygen groups present at
the PPV surface, e.g. 25% surface coverage for calcium is equal to 2·1014 at/cm2, while for
PPV A only 0.86·1014 at/cm2 oxygen are present in a monolayer and in PPV B only
0.43·1014at/cm2. For PPV A for depths upto ~5 nm the calcium concentrations exceeds the
oxygen concentration.
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It can be envisaged that both a and α in (2) are determined by the trap depth distribution and
vary for the different PPV derivatives.
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The differences in the studied PPV derivatives can be separated in two categories: PPV
derivatives with differences in the side groups and conjugation length (e.g. PPV A and PPV
B) and PPV derivatives with differences in their molecular weight and (number and kind of)
defects (e.g. PPV A and PPV C).
PPV A and PPV C differ in their molecular weight and number and kind of defects, the
difference in the lengths of the side chains (C10 versus C12) is supposed to be too small to
influence the interaction between Ca and PPV significantly. Large differences in the
activation energy (Eact) and the pre exponential factors (D0) were found for PPV A and PPV C
(Figure 3, Table 1), however the diffusion coefficients (D) at room temperature were found to
be similar. The interaction between the PPV derivative and calcium will mostly dependent on
the chemical structure and is expected to be similar for PPV A and PPV C. The difference in
activation energy (Eact) is therefore likely to originate from the difference in the energy
required for the conformational rearrangement (Er) during the diffusion process (see section
VIII.4.1). In this respect it is interesting to note that the activation energy for diffusion of
gases in polymers is also regarded to be dominated by conformational rearrangement energy
(the interaction between gas and polymer is assumed to be absent, Ei ≈ 0). For gas diffusion in
polymers an exponential relation between Eact (= Er) and D0 was found [24,25] and assumed
to be related to the conformational changes of the polymer matrix [21,25]. For PPV
derivatives with the same interaction between PPV and calcium (e.g. PPV A and PPV C) the
exponential relation between D0 and Eact (as found for non-interacting species) will still be
present. Note that the measured Eact consists of the sum of Ei and Er and consequently when
for a series of polymers with a similar Ei a curve of D0 versus Eact is constructed the Ei is only
reflected by a shift of the line along the energy axis.
In Figure 8, D0 is plotted as a function of Eact for both calcium and barium diffusion in all
studied PPV derivatives. For calcium and for barium, an exponential relation is found
between Eact and D0, and the slope of the Log(D0) versus Eact (20 ± 5) was found to be
comparable to the slope found for non-interacting species in polymers (12 ± 2 [24]). This
implies that the difference in diffusion coefficient of e.g. calcium in the five studied PPV
derivatives can be explained in terms of differences in the energy required for conformational
rearrangement energy and the differences in interaction energy between calcium and the
various PPV derivatives must be small.
The differences in the energies required for the conformational rearrangement should be
related to the characteristics of the PPV derivatives. Before the difference between PPV A and
PPV C is discussed more thoroughly, we first focus on the difference between PPV A and
PPV B and the difference between PPV C and PPV E.
In Figure 8 the points derived from calcium diffusion in PPV A and PPV B are situated
relatively close together, what implies similar rearrangement energies. PPV A and PPV B are
both synthesised via the GILCH route and are therefore expected to have similar molecular
weight. In contrast the number of TBB (tolane-bisbenzyl moieties) defects in PPV A and PPV
B are 1.6 ± 0.5 % and 8.3 ± 0.5% respectively. The difference in D0 between PPV A and PPV
B can therefore be ascribed to the different numbers of defects as well as the structure and
oxygen concentration of the side groups leading to differences in a and α.
The points measured for calcium diffusion in PPV C and PPV E are also situated relatively
close together in Figure 8. PPV C and PPV E are both synthesised via the Wittig-Horner route
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and therefore have similar molecular weight (15.1 kg/mol and 26.4 kg/mol respectively), the
number of defects and kind of defects are not known for this type of polymer. The small
differences in D0 and Eact may be explained by the somewhat higher molecular weight or the
reduced conjugation length for PPV E. Again it can be concluded that the differences in
chemical structure are of minor importance.
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Figure 8: Relation between the pre exponential factor (D0) and the activation energy (Eact) for all
five PPV derivatives for both calcium and barium diffusion in PPV. The full lines are
exponential fits to the data. The characters (A, B, C, D and E) denoted the PPV derivative (see
Figure 1) from which the point is obtained.

As explained at the beginning of this paragraph, the difference in activation energies for
diffusion in PPV A and PPV C is most likely to be caused by differences in conformational
rearrangement. In this context two differences between PPV A and PPV C can be appointed:
number and type of defects and molecular weight. From the comparisons between PPV A
and PPV B it was found that TBB defects are of minor importance. It seems likely that the
difference in molecular weight between PPV A and PPV C causes the differences in
activation energy (Eact) and in the pre exponential factor (D0). The molecular weight of PPV
A is more than a factor 10 higher than PPV C. Lower molecular weight will lead to a lower
activation energy for the conformational rearrangement; the polymer can rearrange more
easily. This is also supported by the description of the diffusion coefficient (D) for the selfdiffusion in polymers. The self diffusion D is a function of DsN-λ [21], with Ds the diffusion
coefficient of a chain segment, N the number monomer units and λ a factor between 1 and 2.
Thus the difference in molecular weight can explain the difference between the activation
energy and the pre exponential factor (D0) of PPV A (and PPV B) compared with PPV C (and
PPV E). The comparison also holds for barium diffusion in these PPV derivatives.
PPV D has comparable molecular weight (20 kg/mol) and defects as PPV C (15.1 kg/mol)
and PPV E (26.4 kg/mol), therefore the measured D0 and Eact can expected to be similar to
PPV C and PPV E. However, both Eact as well as D0 of PPV D are found to be significantly
higher (Table 1, Figure 4). In Figure 8 the point indicating PPV D sits on the extrapolation of
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the exponential fit through the points of the other four PPV derivatives, suggesting that the
interaction between calcium and PPV D does not differ from the interaction of the other PPV
derivatives with calcium. Apparently, the difference in D0 and Eact must still be caused by
differences in conformational rearrangement energy. The physical cause of the difference in
rearrangement energy between PPV C and PPV D must be related to the absence of oxygen in
the alkyl side chain for PPV D.
Comparing Figure 5 and Figure 6 shows that immediately after deposition more calcium is
present in PPV D compared to PPV C. This indicates that the diffusion coefficient during
deposition is also higher in PPV D than in PPV C. In [9] we suggested that the presence of
calcium leads to cross-linking of the polymer system, it was observed that the diffusion
coefficient was found to decrease with an increase of the amount of calcium in the polymer
film. More cross-linking would lead to a higher conformational rearrangement energy. The
higher diffusion coefficient during deposition is likely to be caused by a much lower
concentration of deep potential minima, because of the absence of oxygen.
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We discussed the diffusion of calcium and barium in PPV A before [9] and showed that
D0,Ba > D0,Ca and Eact,Ba > Eact,Ca. The results summarised in Table 1 and Table 2 show that the
studied PPV derivatives have similar behaviour concerning Eact and D0.
The difference in activation energy for calcium and barium diffusion in PPV can be explained
in terms of different energies for conformational rearrangement of the polymer matrix (Er),
caused by differences in the size of calcium and barium. The difference can also be explained
in terms of different interaction between the calcium and PPV and barium and the PPV (Ei).
We estimated in [9] that the size difference between calcium and barium would lead to a ~ 0.1
eV higher activation energy (Er) for barium diffusion in PPV (this was done using E ~ d2 and
assuming an activation energy of 0.3 eV for (non-interacting) oxygen in PPV and assuming
calcium and barium to be non-interacting with the PPV matrix). The energy shift in Figure 8
between the curves of calcium and barium can be interpreted as the difference in interaction
energy (Ei) between barium and PPV and calcium and PPV. The average energy shift is found
to be 0.07 ± 0.05 eV (Figure 8). Leading to an expected average difference in Eact (=Ei + Er)
between calcium and barium of 0.2 ± 0.1 eV, this is in error margins with the obtained results
(see Table 1 and Table 2).
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The observed differences in the diffusion parameters (D0 and Eact) of calcium and barium in
the PPV derivatives can be explained in terms of differences in conformational rearrangement
energy of the polymer matrix. The molecular weight of the PPV derivative is found to be an
important parameter for the conformational rearrangement energy. Chemical differences in
the polymer like extra phenyl rings in the side groups, small differences in oxygen
concentration and conjugation length are found to be of minor importance. However, for a
PPV derivative in which oxygen was totally absent, D (at room temperature), D0 and the
activation energy (Eact) were found to be significantly higher. Also the diffusion during
deposition was found to be significantly higher, leading to more metal in the polymer matrix.
The differences between diffusion behaviour for barium and calcium was found to be similar
in all the PPV derivatives (see Table 1 and Table 2), both the pre exponential factor (D0) and
the activation energy were found to be higher for barium. This was explained by both a higher
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interaction energy of barium and PPV compared to calcium and PPV and a higher
rearrangement energy for barium diffusion in PPV (caused by the large size of barium ions
compared to calcium ions).
In conclusion it can be stated that the metal distribution in the PPV near the metal/PPV
interface depends strongly on the characteristics (molecular weight and oxygen content) of the
PPV derivative. Differences in metal distribution in the PPV will certainly causes differences
in electron injection and exciton quenching in PLEDs [10] leading to differences in PLED
efficiency.



   

We would like to thank Dr. Bea Langeveld, Ing. Jolanda Bastiaansen and Dr. Herman Schoo
for the synthesis of the PPV derivatives and useful discussion.

134

 !#"$
1

J. H. Burroughes, D.D.C. Bradley, A.R. Brown, R.N. Marks, K. Mackey, R.H. Friend,
P.L. Burn, A.B. Holmes, Nature 347, 539 (1990)

2

D. Braun, A.J. Heeger, Appl. Phys. Lett. 58, 1982 (1991)

3

R.H. Friend, R.W. Gymer, A.B. Holmes, J.H. Burroughes, R.N. Marks, C. Taliani,
D.D.C. Bradley, D.A. dos Santos, J-L. Brédas, M. Lögdlund, W.R. Salaneck,
Nature 397, 121 (1999)

4

C.D Muller, A. Falcou, N. Reckefuss, M. Rojahn, V. Wiederhirn, P. Rudati,
H. Frohne, O. Nuyken, H. Becker, M. Meerholz, Nature 421, 829 (2003)

5

W.R. Salaneck, M. Lögdlund, Polym. Adv. Technol. 9, 419 (1998)

6

E. Ettedgui, H. Razafitrimo, K.T. Park, Y. Gao, B.R. Hsieh,
Surf. Interface Anal. 23, 89 (1995)

7

A. Crispin, A. Jonsson, M. Fahlman, W.R. Salaneck, J. Chem. Phys. 115, 5252 (2001)

8

F.J.J. Janssen, A.W. Denier van der Gon, R. Thoelen, L.J. van IJzendoorn,
M.J.A. de Voigt, H.H. Brongersma, submitted, also chapter 6 of this work

9

F.J.J. Janssen, L.J. van IJzendoorn, A.W. Denier van der Gon, M.J.A. de Voigt,
H.H. Brongersma, submitted, also chapter 7 of this work

10

Y. Park, V.E. Yong, B.R. Hsieh, C.W. Tang, Y. Gao, Phys. Rev. Lett. 78, 3955 (1997)

11

P.W.M. Blom, M.C.J.M. Vissenberg, J.N. Huiberts, H.C.F. Martens, H.F.M. Schoo,
Appl. Phys. Lett. 77, 13 (2000)

12

H. Becker, O. Gelsen, E. Kluge, W. Kreuder, H. Schenk, H. Spreitzer,
Synthetic Metals 111-112, 145 (2000)

13

M.B. Smith, J. March, Marchs Advanced Organic Chemistry: Reactions Mechanisms,
and Structure, Chichester: Wiley-Interscience, (2001)

14

G.G. Andersson, M.P. de Jong, F.J.J. Janssen, J.M. Sturm, L.J. van IJzendoorn,
A.W. Denier van der Gon, M.J.A. de Voigt, H.H. Brongersma,
J. Appl. Phys. 90, 1376 (2001)

15

H.H. Brongersma, H.J. van Daal, Analysis of Microelectronic Materials and Devices,
ch. 2.8, Editted by M. Grasserbauer and H.W. Werner, John Wiley & Sons (1991)

16

R. Souda, T. Aizawa, C. Oshima, Y. Ishizawa, Nucl. Instr. Meth. B 45, 364 (1990)

17

G. Andersson, H. Morgner, Nucl. Instr. Meth. B 155, 357 (1999)

18

J.L. Souquet, M. Duclot, M. Levy, Solid State Ionics 105, 273 (1998)
135

19

D. Baril, C. Michot, M. Armand, Solid State Ionics 94, 35 (1997)

20

Graeme E. Murch, Arthur S. Nowick, Diffusion in Crystalline Solids,
Academic press Orlando, (1984)

21

F. Faupel, R. Willecke, A. Thran, Material Science and Engineering R22, 1 (1998)

22

P. Dannetun, M. Löglund, C. Fredriksson, R. Lazzaroni, C. Fauquet, S. Stafström,
C.W. Spangler, J-L. Brédas, W.R. Salaneck, J. Chem. Phys. 100(9), 6765 (1994)

23

P. Dannetun, M. Fahlman, C. Fayquet, K. Kaerijama, Y. Sonada, R. Lazzaroni,
J-L. Brédas, W.R. Salaneck, Synthetic Metals 67, 133 (1994)

24

D.W. Krevelen, P.J. Hoftyzer, Properties of Polymers, Elsevier Amsterdam (1976)

25

C. Wert, C. Zener, Phys. Rev. 768, 1169 (1949)

136

   
Polymers (plastics) are known to be good electrical insulators. A sub class of polymers, the
conjugated polymers, however show semi-conducting properties. Apart from semi-conducting
properties, some of these polymers emit light when a potential is applied. Conjugated emitting
polymers can be used in PLEDs (Polymer Light Emitting Diodes). PLEDs are considered to
be very promising candidates for commercial application, because they are easy to produce at
low costs, mechanically flexible LEDs can be made, large areas can be produced and the
colour of the emitted light can be tuned easily by small adjustments to the polymer structure.
One of the main problems for commercial application of the PLEDs is the relatively low lifetime. Currently the life-time of red and yellow emitting polymers LEDs is high enough for
commercial application.
In this thesis electrical and optical PLED characteristics are correlated with ion beam
measurements at complete and at semifinished devices. Ion beam techniques were used to
measure structural properties, like e.g. oxygen distribution in the PLED and metal/polymer
interface structure from the cathode. The most important ion beam techniques used were
Elastic Recoil Detection Analysis (ERDA) en Low Energy Ion Scattering (LEIS).
Oxygen is an important cause for PLED degradation, resulting in low device life-time. We
determined the oxygen uptake in a number of polymers (PPV’s (Polypara(PhenyleneVinylene))) derivatives using ERDA. Both oxygen treatments in the dark as
well as oxygen exposure simultaneous with light exposure were considered.
The oxygen uptake was found to be correlated with the chemical structure of the PPV.
Exposures of PPV to oxygen and light resulted in a reduction of the current and light output,
which can be explained in terms of photo-oxidation. By photo-oxidation, vinyl bonds in the
polymer backbone are broken, leading to a reduced conjugation length, resulting in lower
charge carrier mobilities and more electron traps. Oxygen uptake in the dark points to Van der
Waals interaction between the polymer and oxygen. The oxygen concentration in the PPV
layer was found to be correlated to the polarizability of the polymer.
Water is also a cause for PLED degradation. In order to measure small amount of water in
PEDOT-PSS (Poly(3,4-EthyleneDioxyThiophene)) - (Poly(4-StyreneSulfonate) and PPV
layers in PLEDs, water was exchanged with deuterium oxide (D2O).
It is found that most of the water can be removed by heat treatment of the PEDOT-PSS layer,
but in atmospheric conditions water reabsorbs within 3 minutes. It was also observed that in
PLED production most of the water is removed from the PEDOT-PSS layer when the sample
is placed in vacuum for application of the cathode. After cathode application, small amounts
of water (~1·1016 at/cm2) diffuse from the PEDOT-PSS layer to the calcium cathode. No
closed Ca(OH)2 layer is formed at the cathode but Ca(OH)2 is distributed homogeneously
through the cathode.
PLEDs are required to have specific temperature stability. Heat treatment of PLEDs
(ITO/PPV/Ca, 30 minutes 65°C) leads to reduction of the current and light output at a specific
potential. We concluded from measurements on samples annealed at different stages in the
production process, that the current and light output reduction is caused by degradation of the
ITO/PPV and the PPV/Ca interface. The PPV itself is hardly influenced. It was found from
modelling of the current characteristics that a hole barrier is formed, most likely by oxygen
diffusion from the ITO. From LEIS measurements it can be concluded that the calcium
diffuses into the PPV by heat treatment. This leads to an electron injection barrier.
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The polymer/cathode interface in PLEDs is of critical importance, because most of the light is
emitted near the cathode due to the imbalance between the electron and hole currents. We
enhanced the light output and the efficiency of PLEDs by incorporation of a lithium doped
large bandgap polymer between the PPV and the cathode. The large bandgap polymer shifts
the recombination zone away from the cathode and the doping increases the electron injection
and reduces the hole current. PLEDs prepared with doped large bandgap polymers have a
much higher efficiency than ITO/PPV/Al LEDs.
In the view of the imbalance between electron and hole currents the stability of the
calcium/PPV interface is of crucial importance. We tried to reduce calcium diffusion from the
PPV surface into the bulk using a number of (surface) treatment methods: treatment of the
surface with atomic oxygen, evaporation of calcium in oxygen ambient (10-7 mbar), spin
coating of PPV in air and ion beam treatment of the PPV. LEIS measurements showed that all
these treatments reduce the calcium diffusion from the surface into the PPV after evaporation.
In none of the cases a closed CaO diffusion barrier was formed. PLEDs prepared with treated
cathodes had a reduced initial light output, but the stability in the life test was improved.
In order to get a better understanding of the diffusion process of calcium into PPV, LEIS
measurements were performed. During deposition the diffusivity is found to be orders of
magnitude higher than after deposition. We explained these observations in a two-stage
diffusion model. In the first stage atoms land on the surface and diffuse relatively fast into the
bulk and in the second stage metal ionises and is trapped and diffusion is strongly slowed
down.
In order to determine the difference between calcium and barium diffusion, we measured
diffusion coefficients at different sample temperatures, from this data we derived the
activation energy of the diffusion process. The diffusion coefficient of calcium in PPV was
about one order of magnitude higher than the diffusion coefficient of barium in PPV and the
activation energy of calcium in PPV was 0.15 eV smaller than the activation energy of barium
in PPV. This was explained in terms of difference in interaction between calcium and PPV
and barium and PPV and by the smaller diameter of the calcium ion compared to the barium
ion.
In order to determine the influence of the chemical structure of the polymer on the metal
diffusion coefficient we measured the calcium and barium diffusion coefficient in five PPV
derivatives with different side groups and molecular weights. The calcium and barium
diffusion coefficients were found to depend strongly on the structure of the polymer. The
differences in diffusion coefficients and activation energies were described in terms of
rearrangement energies of the polymer chains. The polymer molecular weight and the amount
oxygen in the polymer were found to be critical parameters.
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Polymeren (pastic) staan bekend als elektrische isolatoren. Een sub klasse van polymeren, de
geconjugeerde polymeren, hebben echter halfgeleidende eigenschappen. Behalve
halfgeleidende eigenschappen hebben sommige van deze polymeren ook emitterende
eigenschappen. Geconjugeerde emitterende polymeren kunnen toegepast worden in
zogenaamde PLEDs (Polymer Light Emitting Diodes). PLEDs zijn veelbelovend voor
commerciële toepassing, omdat ze gemakkelijk en goedkoop te produceren zijn, flexibele
LEDs zijn mogelijk, grote oppervlakken kunnen gemaakt worden en de kleur van het
geëmitteerde licht kan relatief gemakkelijk veranderd worden door kleine aanpassing aan de
chemische structuur van het polymeer.
Een van de belangrijkste obstakels voor commerciële toepassing van PLEDs is de (te) korte
levensduur. Momenteel is de levensduur van rood en geel emitteren polymeren LEDs lang
genoeg voor commerciële toepassing.
In dit proefschrift worden elektrische en optische PLEDs karakteristieken gecorreleerd aan
ionen bundel meting aan complete PLEDs en half fabrikaten. Met ionen bundel technieken
hebben we structuur eigenschappen gemeten, zoals bv. de zuurstofdistributie in de LED en de
structuur van de metaal/polymeer grenslaag. De belangrijkste twee ionen bundel technieken
die we gebruikt hebben zijn Elastic Recoil Detection Analysis (ERDA) en Low Energy Ion
Scattering (LEIS).
Zuurstof is een belangrijke oorzaak van PLED veroudering en dus van de beperkte
levensduur. We hebben de opname van zuurstof in verschillende soorten emitterende
polymeren (PPV’s (Poly-para(PhenyleneVinylene))) bepaald met behulp van ERDA. We
hebben zowel blootstelling aan zuurstof in het donker als simultaan met licht bestudeerd.
De zuurstof opname bleek gecorreleerd te zijn met de chemische structuur van het PPV.
Blootstelling van PPV aan zuurstof en licht leidt tot een lagere stroom en licht opbrengst van
de PLED, dit wordt veroorzaakt door foto-oxidatie: vinyl bindingen in de polymeren keten
worden verbroken. De gemiddelde conjugatie lengte wordt hierdoor kleiner wat leidt tot een
lagere mobiliteit van de ladingsdragers, bovendien kunnen de gevormde carbonyl groepen
elektronen invangen. De zuurstof opname in het donker wijst op Van der Waals binding
tussen polymeer en zuurstof. De zuurstof concentratie in de PPV film is gecorreleerd aan de
polariseerbaarheid van het polymeer.
Water kan ook PLED veroudering veroorzaken. Om kleine hoeveelheden water te detecteren
in PEDOT-PSS (Poly(3,4-EthyleneDioxyThiophene)) - (Poly(4-StyreneSulfonate) en PPV
films in PLEDs, hebben we het water uitgewisseld met deuterium oxide (D2O).
Het meeste water in de PEDOT-PSS lagen kan verwijderd worden door verhitting van de
laag, maar in lucht wordt het water binnen 3 minuten opnieuw geabsorbeerd. Uit de ERDA
metingen bleek dat tijdens de productie van PLEDs het meeste water uit de PEDOT-PSS laag
verwijderd wordt, wanneer het preparaat in vacuüm wordt gebracht om de kathode te
deponeren. Tijdens en na het aanbrengen van de kathode diffundeert een kleine hoeveelheid
water (~1016 at/cm2) van de PEDOT-PSS laag naar de kathode. Er wordt dan geen Ca(OH)2
laag gevormd aan de kathode, maar het Ca(OH)2 zit verdeeld in de kathode.
Ook temperatuur bestendigheid is belangrijk voor PLEDs. Verwarming van PLEDs
(ITO/PPV/Ca, 30 minuten 65°C) leidt tot een afname van de stroom door de PLED en de
hoeveelheid licht geëmitteerd door de PLED, gemeten bij een specifieke spanning (5 volt).
Uit metingen aan PLEDs, verwarmt in verschillende fases tijdens het productieproces, blijkt
dat de afname van stroom en licht wordt veroorzaakt door degradatie van het ITO/PPV en het
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PPV/Ca grensvlak. Het PPV zelf wordt nauwelijks beïnvloed. Uit modellering van stroom
karakteristieken kan geconcludeerd worden dat door verwarming van de PLED een gaten
barrière wordt gevormd, waarschijnlijk door zuurstof diffusie vanuit het ITO. Uit LEIS
metingen blijkt dat calcium het PPV in diffundeert als gevolg van verwarming, wat leidt tot
een elektron injectie barrière.
Het polymeer-kathode interface in PLEDs is erg belangrijk omdat de elektronen mobiliteit in
PPV veel lager is dan de gaten mobiliteit, waardoor het licht dicht bij de kathode geëmitteerd
wordt. We hebben de licht opbrengst en de efficiency van een PLED vergroot door tussen het
PPV en de kathode een lithium gedoteerde polymeer laag in te voegen. Het ingevoegde
polymeer dat een grote band afstand heeft, zorgt ervoor dat de recombinatie zone verder van
de kathode komt te liggen en de lithium dotering zorgt ervoor dat de elektronen injectie
efficiënter en dat de gaten mobiliteit lager wordt. PLEDs die op deze wijze vervaardigd zijn,
blijken vele male efficiënter dan normale ITO/PPV/Al LEDs.
De stabiliteit van het polymeer-kathode interface in PLEDs is van groot belang voor een
optimale elektronen injectie. Om de calcium diffusie van het PPV oppervlak naar de bulk te
reduceren hebben we een aantal methodes geprobeerd: het PPV oppervlak is behandeld met
atomaire zuurstof, calcium is opgedampt in een zuurstof atmosfeer (10-7 mbar), PPV is gespin
coat in lucht en PPV is met helium ionen gebombardeerd. Uit LEIS metingen bleek dat al
deze behandelingen de calcium diffusie, van het oppervlak het PPV in, reduceren. In geen van
de gevallen werd echter een gesloten CaO diffusie barrière gevormd. PLEDs gemaakt met
behandelde kathodes hadden een gereduceerde initiële licht opbrengst, maar de levensduur
was groter.
Om het diffusie proces van calcium in PPV beter te begrijpen hebben we LEIS metingen
uitgevoerd. We vonden dat tijdens de calcium depositie de diffusie snelheid ordes van
groottes hoger is dan na de depositie. Deze observatie hebben we verklaard in een twee stap
diffusie model. In de eerst stap landt het neutrale metaal atoom op het polymeer oppervlak en
heeft een hoge diffusie snelheid. In de tweede stap ioniseert het atoom en wordt de PPVmetaal interactie veel groter wat leidt tot een lage diffusie snelheid.
Om het verschil tussen calcium en barium diffusie te begrijpen hebben we de diffusie
coëfficiënt bij verschillende temperaturen bepaald, uit deze gegevens is de activeringsenergie
van het diffusie proces afgeleid. De diffusie coëfficiënt van calcium in PPV is ongeveer een
orde groter dan de diffusie coëfficiënt van barium in PPV en de activeringsenergie van
calcium diffusie in PPV was 0.15 eV kleiner dan die van barium in PPV. Deze waarnemingen
kunnen worden verklaard door het verschil in interactie tussen calcium en PPV en barium en
PPV en de kleinere diameter van het calcium ion ten opzichte van het barium ion.
Om de invloed van de structuur van het PPV op de diffusie coëfficiënt te bepalen zijn de
calcium en barium diffusie coëfficiënten in vijf PPV's met verschillende zijgroepen en
molecuul gewichten gemeten. Er is gevonden dat de calcium and barium diffusie
coëfficiënten sterk afhangen van de structuur van het polymeer. De verschillen in diffusie
coëfficiënt en activeringsenergie kunnen beschreven worden met behulp van organisatie
energie van de polymeerketens. Het molecuul gewicht en de hoeveelheid zuurstof van het
polmeer bleken hierin een belangrijke rol te spelen.
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Een promotie onderzoek uitvoeren en een proefschrift schrijven kun je niet alleen, daarom wil
ik de volgende mensen bedanken voor hun bijdrage.
Allereerst, Arnoud Denier van der Gon voor de vele waardevolle discussies en het me
wegwijs maken met de opstellingen. Het was een heel erg groot gemis dat je de laatste fase
van mijn onderzoek niet meer mee kon maken.
Daarnaast Leo van IJzendoorn, voor de enthousiasme manier van samenwerken, voor de vele
waardvolle discussies en met name voor de hulp bij opschrijven van mijn werk.
Wat meer op de achtergrond opereerde de groepsleiders van FOG en TIB, Hidde Brongersma
en Martien de Voigt. Ondanks dat jullie wat verder van het onderzoek stonden waren jullie
erg geïnteresseerd in de resultaten, ook kon ik altijd direct te recht met allerlei vragen.
Zonder technische ondersteuning was dit proefschrift er nooit gekomen. Gerard Wijers stond
altijd direct klaar als er iets aan de (vacuüm)opstellingen gebeuren moest, bij Erwin
Timmerman kon ik altijd terecht als mijn computer het niet deed en Gunther Andersson heeft
me wegwijs gemaakt met de glovebox en de PLED productie. Als er verder nog “problemen”
waren, dan waren Wijnand Dijkstra, Marzenna Schoutese-Brzezinska, Gadisa Oudezul en
Rein Rumphorst altijd bereid om de helpende hand te bieden.
De technische ondersteuning van de groep TIB heeft een ook een grote bijdrage geleverd aan
dit werk, met name Frits van Hirtum, Eric van Eerden en Peter Mutsears die geholpen hebben
bij het opbouwen van de ERDA opstelling en met het werken met het singletron.
De polymeren werden verstrekt door de groep van Herman Schoo die me ook de nodige
kennis op het gebied van polymeren heeft bijgebracht. De mensen die de materialen
gesynthetiseerd en gebruiksklaar gemaakt hebben zijn: Jolanda Bastiaansen, Bea Langeveld,
John van Haare, en Kornel Hoekerd.
Tijdens mijn promotie onderzoek heb ik een aantal stagiaires en afstudeerders mogen
begeleiden. Allereerst Marco Sturm die als afstudeerder in het begin van mijn promotie erg
veel werk heeft verzet en met wie het bovendien erg prettige samenwerken was. Verder
stagiaires Ronald Thoelen, Pietro Ferretti en Nico Vanhove behalve dat jullie goed werk
hebben geleverd was de samenwerking erg plezierig.
Delen van mijn onderzoek zijn gedaan in samenwerking met mensen van andere
onderzoeksgroepen. Het onderzoek aan PLEDs met een "large band gap" polymeren laag
(H5) is samen gedaan met Jonas Birgerson en Bill Salaneck van Linköping University,
Zweden. Het werk aan PEDOT-PSS (H3) is samen gedaan met Margreet de Kok en Eric
Meulenkamp van Philips Research. De medewerkers van Calipso bv; Anja Gildenpfennig en
Marco de Ridder hebben een bijdrage geleverd aan het werk in H6 en H7 en Marco heeft met
name ook erg geholpen met vele tips met het betrekking tot het schrijven van een proefschrift.
Xiaoniu Yang en Joachim Loos van Scheikundige Technologie hebben TEM metingen
uitgevoerd (H7). De modelering van elektrische PLED karakteristieken (H4) is samen met
Martijn Kemerink (TU) gedaan en de impedancy spectroscopy is uitgevoerd in samenwerking
met Hans Brom en Iulian Hulea van de universiteit van Leiden. Iedereen heel erg bedankt!
Een plezierige werkomgeving is heel erg belangrijk, iedereen van FOG, TIB, M2N, h* en
Calipso, bedankt voor een mooie tijd.
En tenslotte, erg belangrijk, mijn ouders, familie, vrienden en natuurlijk met name Marlies
voor je ondersteuning en belangstelling!
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