
 Eindhoven University of Technology

MASTER

The migration of sulphur containing compounds in polymer leds and their role in pled
degradation

Stolk, R.P.

Award date:
2000

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/0578dae6-0639-47ef-a5a4-5dc19165caa4


THE MIGRATION OF SULPHUR CONTAINING 

COMPOUNDS IN POL YMER LEDS AND THEIR 

ROLE IN PLED DEGRADATION 

Supervision: 

Ir. M.P. de Jong 
Dr. L.J. van IJzendoom 
Dr. J.N. Huiberts 
Prof. Dr. M.J.A. de Voigt 

Eindhoven University ofTechnology 
Department of Applied Physics 

R.P. Stolk 
FTV-TIB 2000-07 

Group of Physics and Applications of Ion Beams 

April2000 



Abstract 

The major frame work of this graduation project is electro-optical degradation of Polymer 
Light Emitting Diodes (PLEDs). In order to improve PLED (operating) life time, a few years 
ago an additional (hole-injecting) layer was inserted in PLEDs at Philips Natlab Laboratones 
in Eindhoven, the PEDOT:PSS layer. This layer reduces oxidation of the light-emitting 
polymer layer and improves charge injection in the PLEDs. However it contains several 
sulphur-compounds that could spread out through the PLED during operation and accumulate 
at one of the interfaces. If this happens the PLEDs electro-optical performance can be 
reduced. 

In this report special attention is paid to possible negative implications of the introduetion 
of the PEDOT:PSS layer in PLEDs. The migration of sulphur-compounds is examined by 
means of a cryogenic Rutherford Backscattering Speetrometry (RBS)/Elastic Recoil Detection 
Allalysis (ERDA)-set-up. Model PLEDs with a deviant composition from the standard 
PLEDs, were used in these studies. Indium, present in the ITO (Indium Tin Oxide )-electrode 
of standard PLEDs namely causes difficulties in the detection of minute amounts of sulphur. 

It is shown that during PLED operation, migration of sulphur-compounds, foliowed by the 
formation of a sulphur containing layer at the low work function electrode takes place. Also 
the link between PLED exposure to ambient conditions ( oxygen and water) and the formation 
of a sulphur containing interface layer is shown. By means of an additional SIMS
measurement it is proved that also in standard PLEDs, which are encapsulated and thereby 
protected against oxygen and water, sulphur migration during operation takes place. The 
amount of sulphur that is detected is found to be limited to an areal density of 7 x 1014 S 
at/cm2 (about one monolayer). Moreover it is shown that a reactive low work function 
electrode is a requirement for the formation of a sulphur containing layer. Finaliy it is 
indicated that the sulphur containing layer can be formed on a very small time scale (in the 
order of only 1 second). 

Several mechanisms are discussed that could be responsible for sulphur migration. 
Diffusion of smali sulphur containing molecules through the PPV layer, foliowed by a redox 
reaction at the low work function metal electrode is found to be the most likely mechanism. 

After sulphur migration has been examined, PLED electro-optical degradation is studied. 
Degradation is visualised in the JV -curves of the samples. Besides a shift in the onset-voltage 
for current flow Vonseti and light-emission VonsetL also a change in the shape of the JV -curves is 
observed. Several mechanisms are discussed that could cause both effects. Experimental 
circumstances like degradation time, PPV layer thickness and the combination of applied 
electric field and current density are found to influence the shift in Vonsetl· It is argued that the 
formation and occupation of extra electron trapping sites ( especialiy near the cathode) eaus es 
the major part of the shift in Vonseti· lts argued that the presence of a sulphur containing 
interface layer strongly contributes to the formation of these traps. The presence of the 
trapping sites is supported by examination of the efficiency-behaviour for light-emission 
before and after PLED degradation time. Due to the presence of extra trapping sites also 
changes in the shape of the JV -curves can be induced. Finaliy another effect that can 
influence the shape of the JV -curves is the reduction of average charge carrier mobility. The 
latter effect tumed out to be the most important effect in the degradation of PLED samples 
without a PEDOT:PSS layer. In PLEDs with a PEDOT:PSS layer this effect is also important, 
but at lower applied voltages it is not the only important degradation effect, but also electron 
trapping plays a role (see above). 
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Chapter 1 Introduetion 

Polymers have been used for many years as isolating materials (e.g. PVC's). 
However in 1977, Chiang et al. [1] discovered conducting properties in a doped poly
acetylene structure. This discovery was the onset of a large number of research 
projects examining and varying the properties of all kinds of ( conducting) polymers. 

In 1990 Burroughes et al. [2] observed theemission of green light when a voltage 
was applied over a Poly(p-phenylene-vinylene) (PPV) conjugated polymer layer, 
which was sandwiched between two electrodes. Light emission was due to radiative 

Contents 
recombination of electrous and holes, that were injected into the PPV layer. In 

order to obtain balance between electron and hole injection, electrodes with different 
work functions were used. Because of the rectifying behaviour of the IV -curves, these 
devices were called Polymer Light Emitting Diodes (PLEDs). 

The ease of device fabrication, the low operating voltage and the possibility of 
using flexible substrates, makes PLEDs interesting candidates for all kinds of display 
applications. Nowadays the colour ofthe light a PLED emits can be chosen within the 
whole visible spectrum [3]. 

Nevertheless the issue of life-time of PLEDs has remairred very important and 
prevents commercial introduetion of PLEDs until now. An improverneut in life-time 
of more than one order of magnitude has been achieved by introducing a well 
conducting polymer layer, Poly-3,4-ethylenedioxythiophene (PEDOT):Polystyrene 
sulfonate (PSS), between the hole injecting electrode and the light-emitting polymer 
layer. This polymer complex layer consists of several sulphur containing compounds. 

The main purpose of this graduation work was to study the migration of these 
sulphur containing compounds in PLEDs and the relation between this migration and 
the decrease in electrical as well as light-emitting properties of the PLEDs. Therefore, 
at fiTst the conditions that influenced transport of sulphur compounds were examined. 
Current stress experiments at elevated temperatures were performed and the PLEDs 
were exposed to ambient conditions. With cryogenic RBS (Rutherford Backscattering 
Spectrometry)/ERDA (Elastic Recoil Detection Analysis) at the Eindhoven University 
of Technology, depth profiles of elements in the PLEDs were made in order to 
examine structural changes (see chapter 5 fora description ofthis set-up). In chapter 4 
the RBS technique is discussed extensively. In order to facilitate the sulphur 
compound migration studies with RBS, adapted samples have been produced, 
different from the standard PLEDs as normally produced at Philips Research 
Laboratones in Eindhoven. Therefore the PLEDs that were used in the sulphur 
transport studies had an adapted composition. Some additional Secondary Ion Mass 
Speetrometry (SIMS)-measurements were performed in order to examine the 
migration of sulphur compounds in standard PLEDs as well. Also the SIMS analysis 
technique is discussed (briefly) in chapter 4. In order to study the electrical and optica! 
degradation of PLEDs, IV -measurements and light-voltage measurements were 
carried out before and after a certain degradation time of the PLEDs and the voltage
time behaviour was monitored with a x-t-writer. For this purpose standard PLEDs 
were used. Chapter 2 describes the electro-optical behaviour of PLEDs. Here the 
injection of charge carriers into the PPV, the charge conduction mechanism in PPV 
and the process of electro luminescence are discussed. Chapter 3 discusses several 
causes of degradation of PLEDs and the positive effect that the introduetion of the 
new polymer layer (PEDOT:PSS) has on the reduction of PLED degradation. In 
chapter 5 the experimental set-ups and the way experiments were performed are 
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explained. The production of PLEDs, the performance of IV -measurements and 
current stress experiments, the properties of the RBS/ERDA set-up and finally the 
preparations for RBS-experiments are treated respectively. Chapter 6 shows the 
results of the sulphur compound migration studies. It shortly points out the role of 
halogens, detected in standard PLEDs, in PLED degradation. Chapter 7 discusses 
PLED electro-optical degradation and tries to explain the degradation that is observed. 
Escpecially the possible role of the migration of sulphur containing compounds in 
electro-optical degradation is examined. 
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Chapter 2 Electro-optical characterisation of PLEDs 

2.1 Composition of a PLED 

A Polymer Light Emitting Diode (PLED) basically consists of a conjugated 
polymer layer that is sandwiched between two metal electrodes. These layers are 
deposited on a substrate (e.g. glass). Apart from glass substrates in principle also more 
flexible substrates can be used. 

The conjugated polymer that is very often applied in PLEDs is Poly(p-phenylene
vinylene) (PPV). The polymers backbone does not solve in organic solvents. In order 
to improve the solubility several rest groups are attached (see figure 2.1 ). The 
composition ofthese rest groups also effects the colour ofthe light that is emitted (see 
also [3] page 828). Figure 2.1 shows the structural formula ofPPV. 

Figure 2.1 Structural formula of PPV Different types of PPV are used, with various 
rest groups R1 and R2 connected to the oxygen atoms. The colour of the light that is 
emitted is affected by these rest groups. 

The top electrode is a low work function metal, which injects electrans into the 
polymer (see section 2.2). In order to proteet this reactive electrode, another (less 
reactive) metal layer is deposited on top of it. The bottorn electrode, usually Indium 
Tin Oxide (ITO), has a higher work function and is suitable for hole injection into the 
polymer. The principle of light emission from a PLED is radiative recombination of 
electron-hole pairs (see also section 2.5). The ITO electrode and the glass substrate 
are transparent for the light that is emitted from the PPV-layer. 

In order to improve life time and efficiency of PLEDs a few years ago a new layer 
was introduced in the device, the PEDOT(poly-3,4-ethylenedioxythiophene):PSS 
(polystyrene sulfanate) polymer layer. EDOT monomers are oxidised and the 
resulting PEDOT polymer becomes positively charged. PSS is added as doping and is 
negatively charged. In order to maintain charge neutrality PEDOT is surrounded by 
the charge compensating PSS (see section 3.2 for more details about the production 
and properties ofthe PEDOT:PSS layer). If a PEDOT:PSS layer is present in a PLED, 
hole injection takes place from this layer. Figure 2.2 shows a schematic picture of the 
composition of a PLED, the order of magnitude of the thickness of each layer and the 
principle of radiative electron-hole recombination ( electro luminescence ). 
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Metal (protective layer) -100 nm 

Metal (low workfunction) -1-10 nm 

Conjugated polymer (PPV) -100 nm 
-------------------------;-

PEDOT:PSS h~" -100 nm 

ITO (transparant) -100 nm 

Substrate (glass) 1mm 

Figure 2.2 The composition of a PLED. The order of magnitude of the thickness of 
each layer is given. From the top electrode electrans are injected into the polymer, 
whereas from the bottorn electrode (ITO} holes are injected. In presence of a 
PEDOT:PSS layer, hole injection takes place from this layer. Radiative 
recombination of electron-hole pairs (excitons) causes light emission. 

2.2 Model for electron and hole injection in PPV 

If a contact between a metal and an organic layer is established a dipole interface 
layer will be formed [ 4]. In analogy to this, the formation of such a dipole layer is also 
expected to be formed at both seperate electrode/PPV interfaces in a PLED. 

Now the injection of charge carriers in a PLED with a PEDOT:PSS layer is 
discussed. The conduction ofPEDOT:PSS is comparable to the conduction of a metal 
and therefore PEDOT:PSS is assumed to show metal like behaviour. Figure 2.3 
schematically shows the energy band diagrams of the two seperate electrode/PPV 
interfaces (here PEDOT:PSS is shortly denoted as PEDOT and the low work function 
electrode is denoted as X). The effect of band bending at the interfaces is neglected, 
because the amount of free charge carriers in the PPV layer at zero bias voltage is 
very low. Dipole formation at the electrode/polymer interfaces results in a shift in the 
vacuum level (VL) of PPV with respect to the vacuum levels ofthe electrades [4]. 

In a PLED the PPV layer is sandwiched between the two electrodes. Possibly 
through pinholes in the PPV-film, electrans will flow from the low work function 
electrode to the high work function electrode and the Fermi levels of the electrades 
will align (see [5]). This results in the existence of a build-in voltage across the 
polymer (see figure 2.4). 
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VL VL 

VL ~I 7 
IP EA 

VL~z ~ 
<J>Pedot 

x 
LUMO 1; -r----

--
-i~r---

LUMO 

--------
di pol e layer HOMO 

--------- HOMO PEDOT 

dipole layer 

Figure 2.3 Schematic energy band diagrams ofthe XIPPV interface (on the left) and 
the PEDOT:PSS/PPV interface (on the right). Dipale formation at bath 
electrode/PPV interfaces causes shifts (LiJ and L12) in the vacuum levels. The 
ionisation potential (lP) of the PPV, its electron affinity (EAJ and the work functions 
of the low work function electrode X ( cjJx) and PEDOT:PSS ( c/JPedoJ are indicated. 
HOMO means Highest Occupied Molecular Orbitals , whereas LUMO denotes 
Lowest Unoccupied Molecular Orbitals. The dashed lines indicate where the position 
ofthe HOMO and LUMO levels would be without the dipale shifts. 

VL 

VL~1 

<!>x 
x...._----1 1-----....L PEDOT:PSS 

Figure 2.4 The PPV-layer is sandwiched between two electrodes. The difference in 
work function between the two metal electrades is compensated by charge flow from 
the lower to the higher work function electrode. Therefore a build-in voltage in 
reversed bias direction is developed. This build-in voltage is reduced by the effect of 
bath dipale shifts (LiJ and L12) at the electrode/PPV interfaces, resulting in a net build
in voltage, c/Jbi· Dashed lines show the position of the HOMO and LUMO levels 
without the effect of the dipale shifts. 
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Figure 2.4 shows that, due to the contribution of the interface di po les, the net build-in 
voltage is smaller than the voltage due to the work function difference between the 
electrodes. 

In order to make charge injection possible the bias voltage that is applied must be 
larger than this net build-in voltage. At a certain moment when the applied voltage 
equals the net build-involtage the so-called flat band condition is reached (see figure 
2.5). 

~x 

x 

VL ~~-7 
VL ~2 

LUMO 

HOMO 

VL -
/ 

~Pedot 

PEDOT:PSS 

Figure 2.5 Flat band condition; the bias voltage that is applied completely 
compensates the build-in voltage. At this point no build-in voltage is present anymore 
(see also section 2.3). 

Finally figure 2.6 shows the situation where the forward bias voltage that is applied 
is higher than the initia! build-in voltage. Now a driving force for electron and hole 
injection exists and after recombination of electrans and holes light-emission starts. 
Because of the work functions of the low work function electrode and PEDOT:PSS, 
in principle no barrier for hole or electron injection exists (see also section 2.3). 

VL ~1 

~x 

x..L-----4 

~bi 

------rr 

~HOMO 

VL 

~Pedot 

+----~PEDOT:PSS 

Figure 2.6 The applied bias voltage is higher than the initia! build-in voltage. A 
driving force exists for the injection of electrans and holes and light emission starts. 
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2.3. Build-in voltage in a PLED 

Build-involtage in a PLED is important for the onset of current injection and light
emission. Furthermore a build-in voltage might induce ion migration towards the 
electrades of a PLED. For these reasons a capacitor model for PLEDs is treated in 
order to show the behaviour ofbuild-in voltage, withand without the application of an 
extemal bias voltage, vbias· 

Consider a plate capacitor with a dielectricum between the capacitor plates. Then 
the following formula is valid: 

. t:0 t:,A 
Qp1 =CV, wzth C = L . (2.1) 

Here Qp1 is the absolute value of the charge on each plate, C the capacitors 
capacity, V the potential difference between both plates, t:o the permittivity of vacuum, 
&r the relative permittivity of the dielectricum, A the area of the plates and L the 
distance between the plates. 

Like explained in section 2.2 probably due to pinholes between the electrodes, the 
difference in work function between both electrades is compensated. This can be seen 
as charge accumulation at the low work function electrode X and the PEDOT:PSS 
electrode (at Vbias=O V), which are considered as the capacitor plates. PPV is treated 
as the dielectric medium, with permittivity &r present between the plates. Under the 
condition that charge injection takes place, the value of &r is assumed to be 
approximately 3 (see also [6]). The capacitor voltage in (2.1) equals the net build-in 
voltage (as defined insection 2.2). 

First consider the case that no interface dipole layers are present at the 
electrode/PPV interfaces. An expression for the resulting capacitor voltage at V bias=O 
V can be obtained by applying Gauss's law to surface Sin figure 2.7 and assuming a 
constant electric field, E in the capacitor: 

V = EL = QtotL . 
&oA 

(2.2) 

Here Qrot is the total charge within S. Substitution of (2.2) in (2.1) results in: 

Q _ &ot:rAQtotL _ Q 
pi - - t:, tot• 

Lt:0 A 
(2.3) 

The other electrode is negatively charged, with charge -t:rQrot· The charge on the 
electrades induces polarisation charge, bound to the PPV, according to: 
Qpol =Qrot -Qpl =(1-t:,)Qtot' (2.4) 
at the side of the positively charged electrode. The polarisation charge at the other 
electrode has equal magnitude but opposite sign (-(1-t:r)Q101). Due to this polarisation 
the electric field between the plates is smaller than the field between the plates of a 
capacitor without a polarising medium. See figure 2.7 for the capacitor model for a 
PLED at V bias= 0 V, without taking into account the effect of surface dipole layers. 

Once an extemal bias voltage is applied (Vbias>O) the voltage between the capacitor 
plates is reduced. Therefore according to (2.2) the total charge Qrot within the surface 
S decreases. Equation (2.3) and (2.4) show that the absolute values of Qp1 and Qpot 
also diminish. Wh en V bias equals the voltage corresponding to the work function 
difference between the electrodes, the build-in voltage has vanished and both Qpt and 
Qpot are zero. 
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+Qtot{ Er-1) -Qtot{ Er-1) 

I j ___ s_ 
+ + 
+ Ebi + 

-QtotEr _ + + +QtotEr 

+ + 

PEDOT:PSS PPV x 

Figure 2.7 Charge accumulation on the electrades of an ITOIPEDOT:PSS/PPVIX 
PLED. The initia/ difference in workfunction between the PEDOT:PSS electrode and 
electrode X, causes a build-in electric field E=Ebi in the reversed bias direction. 

Now the effect of the interface dipole layers (see also section 2.2) is taken into 
account. In our case where the area of the interface dipole layers is much larger than 
the distance between both capacitor plates, the potential between the plates, induced 
by the interface dipoles, can he regarded as constant [ 4]. The situation at V bias=O V is 
shown in figure 2.8. 

-Qtot{ Er-1) 

+Q .. ,(&,-tJ j_ _s_ 

+ 
+ 
+ 
+ 

PEDOT c:::J;> PPV ~ X 

Figure 2.8 Capacitor model for a PLED with surface dipales layers at the 
e/ectrode!PPV interfaces. The resulting e/ectric field due to the surface dipale layers 
(Edipoles) counteracts the electrical field E, thus reducing this field to Ebi· 

The induced potential of the interface dipole layers in case of Vbias>O does not 
change. Thus in order to obtain the behaviour of the build-in voltage as a function of 
applied bias voltage in the case of interface dipole layers, in equation (2.2) Vhas to he 
replaced by V-Vdipoles· This means that the effective build-involtage is reduced by the 
effect ofthe interface dipole layers. 

2.4 Space charge limited currents (SCLC) with traps in PPV 

In case of ohmic contacts between the electrades and the PPV layer ( contacts with 
negligible resistance in comparison with the bulk resistance ), the harriers for 
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electron/hole injection are negligible (see also [6]). Then electron/hole currents are 
not injection limited, but limited by the space charge produced in the PPV during 
charge injection. 

In order to study the behaviour of electron and hole currents in PLEDs one-carrier 
devices (hole-only or electron-only devices) have been made [6]. In these devices the 
electrodes were chosen in such a way that either the harrier to electron injection was 
high (hole-only devices) or the harrier to hole injection was high (electron-only 
devices). The JV(current density-voltage)-behaviour of both types of devices was 
compared with the JV -behaviour of double-carrier devices (PLEDs ). 

Hole-only devices: 

Consider the case that hole currents are dominant in a device, so-called hole-only 
devices. An example ofsuch a device is a PPV-layer sandwiched between an ITO and 
an Au electrode. Both electrodes have high work functions (q>Au =5.2 eV and q>JTo=4.8 
e V) comparable with the ionisation poten ti al of the PPV (IP=5 e V). Therefore the 
harrier for electron injection into the PPV is high and electron currents are much 
lower than hole currents. In this case the JV -behaviour can be modeled, by 
consictering hole currents as space charged limited currents (SCLC) [6]. For SCLC 
Child's law for solids (2.5) is valid ([7] page 44 and 45). 

9 V 2 

J = -&Jlp -3 0 (2.5) 
8 L 

In (2.5) J is the current density, V the bias voltage that is applied (not corrected for the 
preserree of a build-in voltage), L the thickness of the PPV polymer layer, & the 
permittivity of PPV (so&r) and /-lp the hole mobility. In case of injection limited 
currents the JV -behaviour for devices with a different PPV layer thickness would be 
the same. Equation (2.5) provides good agreement with experimental data ([6]) up toa 
certain value of the applied voltage. 

Above this value, the measured value of J exceeds the value calculated with (2.5). 
This effect can be explained by a field-dependent hole mobility and can be described 
by Poole-Frenkellike behaviour ([8]) 

Jlp(E) = Jlp(O)exp(-~)exp(y.JE). (2.6) 
kT 

Here, /-lp(O) is a temperature independent constant, T the temperature, k Bo ltzmann' s 
constant, E the electric field in the PPV and ~ an activation energy. 
The coefficient yis given by ([9]): 

1 1 r = B(---). (2.7) 
kT kT0 

Here B and T0 are coefficients that can be experimentally determined. The 
combination of a field-dependent mobility, Jl(E) and SCLC provides a good 
description ofthe JV-behaviour ofhole-only devices. 

Electron-only devices: 

An electron-only device can consist of a PPV layer sandwiched between two Ca 
electrodes. The work function of Ca ( q>ca=2.9 e V) is very close to the electron affinity 
ofthe LUMO levels in the PPV layer (EA=3.2 eV). Therefore hole injection into the 
PPV is negligible to electron injection. 
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The electron current is very strongly field dependent [6], which is characteristic for 
the presence of trapping sites. In a disordered structure (like PPV) not a single trap 
level (with a certain energy), but a distribution of trap-levelenergiesis expected. The 
exponential distribution given in (2.8) tumed out to agree with experimental results 
[6]. 

N E -E 
nt(Er)=(k;)exp( TkT c). (2.8) 

t t 

In (2.8), nt(ET) is the trap density of states at energy Er, Ec the energy of the LUMO 
levels in PPV, kT1 a characteristic energy for the trap distribution and N 1 the total 
density of traps. 

In the Trap-Filled Limit regime of this trap distribution this gives the following 
relation between J and V (see [7] page 72-76). 

& vr+J 

J = Ncefln(-Y -
2

-
1 

C(r). (2.9) 
qNt Lr+ 

Here, r=T/T, Ne, is the effective density of statesin the conduction band (actually in 
the LUMO levels) and C(r)=rr(2r+ 1)r+\r+ 1t-2

. 

Double-carrier devices: 

In a double-carrier device, electron and hole currents are comparable in magnitude. 
An ITO/PPV /Ca device (PLED) is usually described as a double-carrier device. The 
discussion above shows that in this case trapping of electrons, the effect of space 
charge and a field dependent mobility for holes should be taken into account. Also 
two new phenomena have to be considered, recombination and charge neutralisation. 
Because of (space) charge neutralisation, the total charge in a double carrier device 
can be much higher than the net charge. Therefore also the current density can be 
much higher than in a single carrier device. The double carrier current is limited by the 
recombination of charge carriers. 

In case of the absence of electron traps and a field-independent mobility, the 
current density can be written as (see [6]): 

I 

J = (97r)~ (2qf.1pf.ln(f.lp + fln)JÎ ~ 
8 o8 r 3 • 

8 ~~B L 
(2.10) 

In (2.1 0) B is the bimolecular recombination constant, which is expressed in cm3 /s. 
Bimolecular implies that two (quasi)-particles are involved in the recombination 
process ( electrans and holes). Here the assumption has been made that the average 
injected free electron and free hole concentrations are equal (the plasma limit). 

In order to incorporate trapping and a field-dependent mobility, the following 
equations can be applied. The current-flow equation, which is given by: 
J = JP + Jn = p(x)E(x)ef.lp (E(x)) + n(x)E(x)ef.ln (E(x)). (2.11) 

Here Jp is the hole current density, Jn the electron current density, p(x) the density of 
holes at position x, n(x) the density of free electrans at position x and E(x) the electric 
field at position x. 
The Poisson equation in this case is: 
& & dE(x) 0 

r =p(x)-n(x)-nt(x). (2.12) 
e dx 

In (2.12), nt(x) is the density of trapped electrons. Also conservation of charge 
carriers is valid: 
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1 dJn 1 dJP --= ---= Bp(x)n(x). (2.13) 
e dx e dx 
Equations (2.11 ), (2.12) and (2.13) can be solved numerically, resulting in a solution 
for the current density in the double-carrier problem. 

2.5 Hopping conduction and electroluminiscence in the PPV layer 

A conjugated polymer, like PPV, consists ofpolymer chains with large numbers of 
recurring units ofPPV (see figure 2.1 for the structural formula ofPPV). Conjugation 
on a polymer is possible due to the presence of double honds on the polymer 
backbone. The 7tz-orbitals of the C atoms overlap, resulting in dislocation of electrons 
over the PPV-monomers (altemating single and double honds). The conjugation is 
broken by imperfections in the polymerisation process resulting in the formation of 
single honds. When single honds are present, the distance between the 1tz-orhitals gets 
larger and the orbitals cannot overlap anymore at these positions obstructing the 
conjugation. 

Under influence of an applied electric field, electrons or holes can be injected and 
transported along the conjugated parts ofthe PPV (one dimensional conduction). Each 
conjugated part corresponds to a certain energy level for an electron or hole. In order 
to cross the harriers between conjugated parts electrons or holes need an activation 
energy. This energy can be obtained by interactions with phonons. In case of higher 
temperatures this hopping process from one conjugated part toanother can take place 
more easily. Hopping conduction occurs along the polymer chain (intrachain hopping) 
and between polymer chains (interchain hopping). Interchain hopping is only possible 
if the di stance between two conjugated parts on different chains gets in the order of 1 
A. 

Figure 2.9 schematically shows the hopping process of electrons and holes in PPV 
when an electric field is applied. The direction of hopping is strongly influenced by 
the electric field and the attraction between electrons and holes. Attraction between 
electrons and holes becomes more important ifboth types of charge carriers get closer 
toeach other. 

e 

-------LUMO 

HOMO-----

+ 

E 

Figure 2.9 Schematic picture of the principle of hopping conduction between 
conjugated parts in PPV polymer chains. Under injluence of an applied electric field 
charge carriers are transported towards the electrodes. The electric field between the 
charge carriers themselves stimulates the formation of excitons (excited states of the 
conjugated chain). 
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When charge carriers are injected into the PPV, positive and negative polarons are 
induced. A polaron is a local polarisation of the conjugated polymer chain. Due to the 
formation of a polaron, the electrans potential energy is reduced [ 1 0]. Figure 2.10 
schematically shows a positive and a negative polaron. 

negative polaron 

(a) 

positive polaron 

(b) 

Figure 2.10 Representation of a negative polaron (a) and a positive polaron (b). 
Electrans are shown as dots. The electrans respectively holes are delocalised over the 
regions between parantheses. Polarons can camprise many PPV recurring units. 

Because of the influence of po larons effectively the movement of the electron on the 
conjugated part remains limited to the polaron region (which can comprise several 
PPV recurring units). 

Upon recombination of electrans and holes both triplet and singlet excitons can be 
formed. An exciton can be considered an excited state of the conjugated chain, which 
can decay radiatively. Due to the longer life time of singlet excitons with respect to 
the life time of triplet excitons, only singlet excitons can decay radiatively. Singlet 
excitons are formed in 25 % of the cases. Figure 2.11 schematically shows an exciton. 

--

\ 

', + .... --- ------------

Figure 2.11 Schematic representation of an exciton or excited state of the conjugated 
polymer chain. Excitons can camprise one or more PPV recurring units. 
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2.6. Efficiency of electroluminescence 

The intemal quanturn efficiency for electralurninescence 7lint is defined as the ratio 
of the nurnber of photons produced within a PLED and the nurnber of electrans 
flowing in the extemal circuit: (see also [3] page 830): 
7lint = rrstq. (2.14) 
In (2.14) y is the ratio between the nurnber of excitons formed in the PPV and the 
number of electrans flowing in the extemal circuit, rst is the fraction of excitons that 
are formed as singlets (this fraction is 0.25) and q is the efficiency of radiative decay 
of these singlet excitons. 

The device efficiency is found to be bias voltage dependent At high voltages, the 
number of free electrans that contribute to recornbination will rise and also the 
intemal quanturn efficiency becornes higher. Moreover, at low bias voltages 
recornbination will take place rnostly near the cathode. In this region a lot of exciton 
quenching sites can be found, where non-radiative decay occurs. 

The extemal quanturn efficiency is defined as the ratio between the nurnber of 
photons actually leaving the PLED and the nurnber of electrans present in the extemal 
circuit. This nurnber is determined by the absorption of ernitted photons in the PPV
layer (self-absorption) or in other layers of the device. Typical values of the extemal 
quanturn efficiency are 1-2 %. 
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Chapter 3 Degradation of PLEDs and introduetion of 
PEDOT:PSS 

This chapter describes several mechanisms that are related to the degradation of 
PLEDs. Furthermore the effects of the introduetion of the PEDOT:PSS layer in 
PLEDs will be discussed. 

3.1 PLED degradation and failure 

3.1.1 Degradation of PLEDs operating under ambient conditions 

lf a PLED is operated under ambient conditions (in an atmosphere containing 
oxygen and water), the device oxidation is visualised by the formation of so-called 
black spots (spots were no light-emission takes place). These spots result from small 
( dust) particles that cause pinholes in the cathode during evaporation. The number of 
black spots decreases when the cathode thickness is increased. During operation the 
area of the black spots increases. 

By etching a shallow erater in the electrode and applying Auger Electron 
Speetrometry a high oxygen concentration is found at the position of the spots [ 11]. 
Total device failure occurs ifblack spot regions merge together and cover a large area 
of the PLED. In PLEDs operated in inert atmosphere no black spots are observed. 

Besides the formation of black spots under ambient conditions, PPV layers are 
subject to photo-oxidation. Under influence of an incident photon there is a 
probability that a vinyl bond is converted into a carbonyl bond. As a result the 
efficiency for light emission decreases due to exciton quenching. Also the resistance 
of the polymer is increased, due to reduced charge carrier mobilities. Experimental 
studies [ 11] have shown that oxygen plays an important role in this degradation 
process. In order to prevent PLEDs against these degradation mechanisms nowadays 
most devices are encapsulated. The following sections treat PLED degradation that 
still occurs after encapsulation. 

3.1.2 lnstability at the ITO/PPV interface 

The ITO electrode acts as a hole injector in PLEDs (see section 2.1). Before the 
PPV layer is spin coated on top of ITO, the ITO electrode is treated with UV ozon in 
order to remove organic surface impurities (see section 5.1). However the ITO/PPV 
interface tums out to be unstable. During operation of the PLED, oxygen from the 
ITO electrode penetrates into the PPV-layer and oxidises the PPV, resulting in the 
conversion of vinyl honds to carbonyl honds. Apparently the ITO electrode is a souree 
of oxygen and the direct contact between the ITO and the PPV limits the life time of 
PLEDs. Moreover the work function of ITO is found to decrease during operation, 
which is unfavourable for hole injection into the PPV. 

3.1.3. Cross-linking in the PPV layer 

Apart from conversion of phenyl honds into carbonyl honds, two polymer chains 
can also attach toeach other at the position ofthe phenyl bonds.This processis called 
cross linking. Because the number of double honds in the polymer chains is reduced, 
the hopping distance and therefore also the resistance ofthe polymer increases. 
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3.1.4 Electrical shorts 

Another degradation mechanism in PLEDs is the formation of localised electrical 
shorts. Because of the low impedance of a short, a high current passes through it. In 
the remairring active area of the device the current is reduced exponentially [12]. At 
the position of a short temperature can rise fast and the metal of the cathode can melt. 
This melted metal can fuse around the area of the short. This way no current can pass 
through the short any more (the short is reopened) and the active area of the device is 
decreased. Shorts can easily occur at positions in the PLED where the PPV layer is 
thin and therefore has a small resistance. 

3.1.5 Electric field induced degradation 

During operation of the PLED an electric field is applied over the device structure. 
The effect of application of an electric field on degradation of ITO/PPV I Al PLEDs 
has been examined [13]. In this study a PLED was considered to operate like an 
electrochemical cell and PPV acted as a weak electrolyte containing several ions 
remairring from the synthesis process (e.g. er, S+ and Na+). The ions that are present 
in PPV strongly depend on this synthesis process. 

Under influence of an electric field, the electrades partly dissolved ( especially the 
Al electrode was very reactive ), increasing the ion concentration in the PPV until an 
ion equilibrium was reached. Ionic conduction became competing with electron and 
hole conduction, the PLED electrical performance decreased, also because the active 
surface of the cathode was reduced. 

3.1.6 The effect of experimental circumstances on PLED degradation 

Constant current stress experiments (see e.g. [14]) have shown the influence of 
applied current density/electric field on the reduction of operating life time in PLEDs. 
Also higher stress temperatures accelerate PLED degradation. 

Due to the degradation processes described above, the PLED life-time remairred 
too short for most commercial applications. 

3.2 Introduetion of the PEDOT:PSS layer 

3.2.1 Properties and synthesis of PEDOT:PSS 

In order to reduce the effect of the instability of the ITO/PPV interface, which 
leads to polymer oxidation, an additional layer had to be inserted between the ITO 
electrode and the PPV layer. Apart from the proteetion against oxidation of the PPV 
layer, this layer should be conductive and transparent for the light that is emitted. 
PEDOT (Poly-3,4-ethylene-dioxythiophene):PSS (polystyrene sulfonate) is a suitable 
candidate for application in PLEDs. 

At first it is thermally a very stabie polymer [15]. Secondly in its doped state it is 
transparent to visible light. Furthermore it shows good conducting properties and 
finally its workfunction (<pPEo01=5.2 eV) is very close to the ionisation potential ofthe 
PPV (IP=S eV). The energy harrier for hole injection (which exists if ITO acts as a 
hole injector in a PLED) vanishes. The conduction of the ITO electrode however is 
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much higher than the conduction of PEDOT:PSS. Therefore the ITO electrode is 
maintained in the devices in order to have suff'icient lateral charge transport. 

PEDOT is fabricated by oxidation of morromer (EDOT) units by strong oxidants 
e.g. K2S20 8• After the polymerisation process, PEDOT is in its doped, positively 
charged state (see figure 3.1). Negatively charged PSS polymer chains are added as 
dopants around the PEDOT -chains. This way charge neutrality is maintained and a 
PEDOT:PSS suspension in water is formed. The PEDOT/PSS ratio determines the 
properties ofthe suspension. The conduction ofPEDOT:PSS is strongly influenced by 
the pH of the PEDOT:PSS solution. Measurements [16] have shown that fora pH
value of one the conductivity of PEDOT:PSS is optimal. 

1\ 
0 0 

1\ 
0 0 

0 0 0 0 
\_/ \_/ -

EDOT monomer 

PEDOT:PSS 

Figure 3.1 EDOT-monomers are linked and oxidised and PEDOT is formed. PSS 
acts as a counter-ion, in order to maintain charge neutrality in the PEDOT:PSS layer 

3.2.2 The role of PEDOT:PSS in the rednetion of PLED degradation 

The introduetion of the PEDOT:PSS layer has increased the PLED life time with 
about one order of magnitude [ 11]. 

Due to the insection of a PEDOT:PSS layer in between ITO electrode and PPV 
light emitting layer oxygen from the ITO is prevented to reach the PPV. Therefore 
PPV oxidation due to oxygen coming from the ITO surface is reduced. At the same 
time, by changing the position of electron-hole recombination, the effect of quenching 
of excitons by oxygen at the ITO surface is decreased drastically. Introduetion of a 
PEDOT:PSS layer in a PLED also offers the possibility of producing PLEDs with thin 
PPV layers (ha ving a low operating voltage), without ha ving a large risk on electrical 
shorts. 

However electric-field induced degradation still can occur and may even be more 
likely in preserree of PEDOT:PSS, which is a poly-electrolyte, containing a lot of 
ions (see section 3.2.1). 
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Chapter 4 Ion beam analysis techniques 

4.1. Rutherford Backscattering Speetrometry (RBS) 

4.1.1. Mass separation by backscattering speetrometry 

Rutherford Backscattering Speetrometry (RBS) is anion beam analysis technique 
that is based on binary, elastic collisions between high en ergetic (Me V), light 
projectile ions (e.g. alfa particles or protons) and heavier target atoms. In such a 
collision energy is transferred from projectile to target atom. The ratio between the 
energy of the projectile before and after the collision is defined as the kinematic 
factor, K: 

K=~=[xcosB+.J1-x2 sin 2 0]
2 

(x=m1 ~ 1). (4.1) 
E0 1+x m2 

In this formula, 0 is the scattering angle of the projectile, m1 is its mass and m2 is the 
mass of the target atom. 

In an RBS experiment (see figure 4.1), a partiele detector is placed at a fixed angle 
0 with respect to the ion beam, and the energies of all projectiles that scatter under 
this angle are measured. From the energy spectrum that is obtained, the mass of the 
target atoms m2 can be determined. 

partiele 
detector 

Figure 4.1 Schematic representation of an RBS experiment. Projecti/es in the incident 
beam are scattered at target atoms. A detector is placed at a fixed angle 0 between 
incident beam and sample normal, and the energies of the scattered particles that hit 
the detector are measured. 

Especially for targets containing elements with almost equal mass numbers, it is 
important to have a good mass separation. Best mass separation is obtained when a 
small change in the mass of target atoms, results in a maximum difference in the 
projectiles kinetic energy after a collision. This is the case at a scattering angle of 
8=180°. For practical reasons, the detector is often placed at an angle of8=170°. 
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Ifm2 >> m1 and ö=n-8 << 1 then (4.2) is valid ([17] page 22 to 25): 

MI =Eo(4-82) miz 
!1mz mz 

(4.2) 

In (4.2) Llli1 is a change in the projectiles energy, before and aftera collision, and L1m2 

a small mass difference between target atoms. This equation indicates that higher 
mass selectivity is obtained by increasing the mass of the projectiles, m1, or their 
incident energy, Eo. 

4.1.2. Depth information obtained in RBS 

Incident particles that penetratea sample loose energy along their trajectory due to 
small angle scattering at target atoms and interactions with electrons. Both 
contributions to the energy loss are dependent on the energy of the incident partiel es. 
The latter contribution is by far the most important for the energy loss (stopping) of 
light, high energetic (MeV) particles. 

The stopping cross section & is given by: 
1 dE 

&=--. (4.3) 
N dx 

HereN is the atomie density of the sample and dE/dx the energy loss of the projectile 
per unit of depth in the sample. 
The total energy loss of an incident projectile, Llliin, is given by: 

Min = s: dx ( 4.4) 
0 

Here t is the thickness of the sample. Figure 4.2 schematically shows an incident 
projectile that penetrates a sample at incident angle el and scatters at an angle e2 after 
collision with an element at depth x. Here the surface approximation for the stopping 
cross section is used, which is valid in case that Llliin < < E. Before scattering, the 
stopping cross section is taken at constant energy E0. Along the outgoing trajectory, 
its value at energy KE0 is taken. 

x 
E(Eo) 

Figure 4.2 An incident projectile penetrating a sample. In the surface approximation 
the stopping cross section is taken at constant energy Eo, during the incident 
trajectory. After the callision with an element at depth x, it is taken constant at energy 
KEo. 
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In the surface approximation (see figure 4.2), the stopping cross section factor & is 
given by: 

x 1 
& =-- s(E0 )+ s(KE0 ). (4.5) 

cosB1 cosB2 

In this equation Kis the kinematic factor, s(Eo) the stopping cross section at energy Eo 
and s(KE0) the stopping cross section at energy KE0. The variables B1 and 82 are 
respectively the incident and scattering angles of the projectile with respect to the 
sample normaL 

Depth resolution is fundamentally limited by straggling [17]. Straggling means that 
i ons in an incident ion beam have interactions with the sample material ( electronic or 
nuclear interactions), which results in variations in energy losses of these ions when 
penetrating the sample. 

The Bohr value of energy straggling only takes into account interactions with 
electrans and is given by: 

((8M) 2
) = NZ2 47r(Z1e

2
)

2 L1x (4.6) 

Here N is the atomie density of the target element, Z2 its atomie number, Z1 the 
projectiles atomie number, e the charge of one electron and L1x the penetration depth 
in the sample. It is important to note that equation 4.6 indicates that the energy 
straggling increases as a function of depth (L1x) in the sample. 

In the Bohr model for energy straggling the effect of different energies of ions in 
the incident ion beam is not incorporated. Moreover interaction between individual 
free electrans and fully ionized projectiles is assumed. However at MeV projectile 
energies, used in Rutherford Backscattering Speetrometry ( 4.6) is a good 
approximation for energy straggling. 

When a projectile penetrates a sample, it may collide with several atoms 
subsequently, before it is detected. This means that energy is transferred after each 
callision and therefore the energy loss of the proj ectile is larger than due to the 
callision with only one atom. This effect is called multiple scattering. The influence of 
multiple scattering gets larger upon longer ion path lengths in a sample. Due to 
multiple scattering a tail extends to the left of a RBS peak, towards lower energies. 

4.1.3 Quantification of RBS spectra 

In case of an incident ion beam on a sample, the yield of the RBS peak of surface 
element i is given by [ 18]: 

r; = Q(da) QdetAi coscp. (4.7) 
dQ i 

In this formula Q represents the incident ion dose, (dald,Q)i the scattering cross 
section for element i, Qdet the detectors solid angle, Ai the areal density of element i 
and cp the angle between incident beam and sample normaL The ( differential) 
scattering cross section da/dQ(B) denotes the probability that a projectile approaching 
a target nucleus at a certain distance will be scattered at this nucleus under an angle B . 

For RBS experiments the so called Rutherford scattering cross section in centre of 
mass coordinates is given by: 
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drr ( Z1Z2e
2 J2 

1 
dO.= 4.7r&0 4Ecm · 4(.!_8 ) . 

sm 2 cm 

(4.8) 

This formula can be transformed to the equivalent formula in laboratory coordinates 
([19]): 

drr -- ( ZIZ2e
2 J2 4 (~1- Jl-

2 
sin 

2 
elab + coselab r 

dO. 4.7r&0 4E0 sin
4

(Btab) ~1- Jl- 2 sin 2 Btab 
(4.9) 

Equations ( 4.8) and ( 4.9) are valid in the Rutherford regime, where the energy of the 
projectiles is assumed to be large enough to penetrate through the electron cloud of 
the atom and small enough to avoid interactions with the nucleus (nuclear reactions). 

In case of elements distributed over a thick sample layer, formula (4.7) is not 
applicable anymore, due to the effect of stopping. Instead of a peak, an edge is found 
in the RBS spectrum and (4.10) can be applied: 

H. = Npc·(drr) 0. dE (4.10) 
' ' dO. ; scosB1 

In ( 4.1 0) Hi is the height of the edge, dE the channel width in energy ( obtained from 
the energy calibration) and & the stopping cross section factor, given by ( 4.5). 

4.1.4 Example of a RBS spectrum 

Like explained in the sections above, RBS is a (quantitative) ion beam analysis 
technique, used to identify elements present in a sample at different depths. Figure 4.3 
shows an example of a RBS spectrum. The spectrum corresponds to a PLED 
consisting of glass/ Al/PEDOT:PSS/PPV I Al. 
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Figure 4.3 Example of a RBS spectrum. The spectrum corresponds to a 
glass/Al/PEDOT:PSSIPPV/Al sample. The RBS surface energiesofAland C (at the 
osition ofthe arrows), the beam geometry (angle ofincidence and detector scattering 
angle) and the kind of projectile i ons are indicated. 
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In tigure 4.3 the surface energies of Al and C are indicated. The surface energy of a 
certain element equals the energy of the projectile that hits the element times the 
kinematic factor (taken at a backscattering angle of 170°). The surface energy of Al is 
1105 keV and the surface energy ofC is 505 keV). 

Due to ion beam stopping in the polymer layers, the peak corresponding to the Al 
bottorn electrode is found at significantly lower energy in the spectrum (at about 700 
keV) compared with the peak indicating the Al top electrode (at approximately 1125 
ke V). A large edge, ex tending to the left of the Al bottorn electrode peak indicates Si 
in the glass substrate. Moreover carbon in the polymer layers forms a step on top of 
the Si-edge. Also this step is shifted to the left with respect to the surface energy of 
carbon. 

4.1.5 Simulations of RBS experiments with RUMP 

In order to simulate RBS experiments the computer simulation program RUMP 
can be used [20]. In the so-called SIM-mode of this program it is possible to make 
simulations for multi-layer samples. The areal density and the composition of each 
sample layer can be entered. Also straggling can be computed (Bohr straggling) and 
stopping power tables are used to calculate the stopping of ions when penetrating the 
sample. 

In the normal mode, data like projectile ion, projectile energy, angle of incidence 
with respect to the sample normal, detectors backscattering angle and the detectors 
full width at half maximum (FWHM) can be entered. 

A limitation of the program is that the effect of pile-up and multiple scattering can 
not be simulated. Pile-up means that two different charge pulses are detected at the 
same time, resulting in a pulse corresponding to an energy which is the sum of both 
pulses. For higher beam currents the effect of pile-up becomes more important. 

In this thesis work, RUMP has been used to simulate RBS experiments carried out 
on PLED structures with several compositions. 

4.2 Secondary Ion Mass Speetrometry (SIMS) 

SIMS is an ion beam analysis technique based on sputtering that is suitable to 
make depth profiles of elements in samples. In a SIMS experiment low energetic (0.5-
20 keV) heavy ions (e.g. Ar+) bombard the surface of a sample. This results in a 
collision cascade in which certain target atoms obtain momenturn perpendicular to the 
sample and leave the sample as ionised or neutral atoms. Secondary ions are passed 
through an electrostatic energy filter and a mass spectrometer and are finally detected 
in a secondary ion detector (see e.g. [19] page 69 to 86 for more detailed information 
about the SIMS technique ). With SIMS it is also possible to make a mass scan which 
provides information about clusters of elements that are present at a certain depth in 
the sample. Figure 4.5 schematically shows a typical SIMS-set-up. 

SIMS is a very sensitive ion beam analysis technique. As an indication: the 
sensitivity for boron in bulk silicon is 1.8 x 1014 B at/cm3 and for magnesium in bulk 
silicon as low as 4.5 x 1012 Mg at/cm3 [21]. Due to the strong influence ofthe matrix 
in which elements are present in a sample on the emission of these elements as ions, 
problems with quantification of elements can arise. If e.g. a pure Al layer is irradiated 
a lot of neutral Al atoms will be emitted which are not detected. The number of Al
ions that is detected therefore underestimates the total amount of Al that was present 
in the sample. However if an Alz03 layer is bombarded, the ratio between charged Al-
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atoms and neutrals that are emitted is much higher. Therefore the number of detected 
ions comes closer to the real amount of Al-atoms present in the sample layer. 

Figure 4.4 Schematic picture of a typical SIMS set-up. Incident ions sputter charged 
elements from a sample (a thin film on a substrate). The secondary ions are passed 
through an energy filter and a mass spectrometer. Finally these ions are detected in a 
secondary ion detector. 

In this graduation work, some additional SIMS measurements on a standard PLED 
( see section 2.1) were performed in cooperation with the faculty of Chemie al 
Technology at the Eindhoven University of Technology. The purpose of these 
measurements was the detection of sulphur in standard PLEDs ( see section 2.1 ), 
which could not be detected in these PLEDs with RBS (see section 6.1.1 ). 
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Chapter 5 Experiments 

5.1 The production of PLEDs 

5.1.1 Manufacturing of PLEDs for sulphur transport studies with RBS 

In order to facilitate sulphur transport studies with RBS on PLEDs, the standard 
composition of the PLEDs as produced at Philips Research Laboratories, 
glass/ITO/PEDOT:PSS/PPV/X/Al was modified. Multiple scattering ofprojectiles in 
the ITO film severely limits the detection of minute amounts of sulphur at the X/PPV 
interface ( see section 6.1.1 ). In the samples considered, different metal electrodes 
were used. For the detection of S with RBS the most favourable situation is the 
application of two Al electrodes. In this situation, S is the heaviest element in the 
sample and a hole-only device is produced. Later on thin Ag and low work function 
metal electrodes were added to these structures as bottorn and top electrodes 
respectively, for reasons explained in section 6.1.1. These devices behave as double
carrier devices. The samples were producedas described below. 

Square silicon or glass plates which measured 3 x 3 cm were used as substrates for 
the PLEDs. After cleaning the plates with several detergents and rinsed with water. 
UV ozon treatment for 15 minutes removed organic impurities from the surface. 

The next step in the production process is the deposition of the Al bottorn 
electrodes on top of the substrates. The substrates were introduced into a glove box 
with a build-in metal deposition set-up (see figure 5.1 ). A maximum of twelve 
substrates could be placed in a sample holder to be covered with an Al film at the 
same time (see figure 5.1). In order to produce electrodes with well defined 
dimensions a mask was placed over the samples. Four electrodes with different sizes 
were produced (see figure 5.2). During metal deposition, the thickness of the metal 
layer was measured with a calibrated quartz crystal monitor. The Al-deposition rate 
initially was about 1 Á/s, but when the electrode thickness exceeded 10 nm, the 
evaporation rate was increased to 5 Á/s in order to makesure that the temperature of 
the sample holder would not reach too high values during evaporation of the metal 
(less than approximately 110 oe). The final thickness of the Al bottorn electrode 
approximately was 200 nm. 

In some samples a silver layer was deposited on top of the Al bottorn electrode ( see 
section 6.1.1 ). The deposition rate of Ag approximately was 1 Á/s and the final 
thickness of the layer was 7.5 nm. 

After deposition of the bottorn electrodes, the samples were transported to a 
PEDOT:PSS spin coater which operated under ambient conditions. The PEDOT:PSS 
solution was fittered with a 0.45 J.tm hydrofylic filter. The rotation speed of the spin 
coater was set to about 2200 rpm. The resulting PEDOT:PSS layer thickness was 
about 200 nm. The PEDOT:PSS suspension (see also section 3.2) was poured on the 
samples and the spin coating was started. 

In order to remove the major part of the water from the PEDOT:PSS layer, the 
samples were heated to a temperature of 150 oe for 5 minutes under ambient 
conditions. Immediately after heating, the samples were transferred into a glove box 
with a build-in spin coater. Here the samples were heated again at 150 oe for about 5 
minutes. 

Subsequently a PPV layer was spin coated on top of the PEDOT:PSS from a 
solution of PPV in toluene, typically 1 mass percent PPV. The PPV solution was 
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heated to a ternperature of 70 oe and stirred with a rnagnetic stirrer. At this 
ternperature the viscosity of the solution was low enough to be filtered with a 5 J.trn 
hydrofobie filter. The filtered solution was stirred and cooled down to a ternperature 
of 50 oe. At this ternperature the solution was poured on the samples and the spin 
coating was started at about 2000 rprn, which resulted in a PPV layer thickness of 
approxirnately 200 nm. 

Directly afterwards, the samples were transferred to the evaporation charnber. In 
sorne samples, thin low work function rnetal electrades (thickness approxirnately 5 
nm) were deposited on top of the PPV applying an evaporation rate of about 1 Á/s. A 
rnask with sirnilar rectangular holes as used for the deposition of the bottorn 
electrades was used. However the rectangular holes were positioned perpendicular to 
the bottorn electrades as shown in tigure 5.2. The Al top layer, thickness 
approxirnately 70 nm, was deposited using the sarne rnask, with an evaporation rate of 
about 5 Á/s. Electrades were produced with overlapping areas of 2x2, 3x3, 5x5 and 
9x9 mm, cornpleting four PLEDs with different sizes on the same substrate. 
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Figure 5.1 Metal deposition set-up used for the production of PLEDs. Befare the 
metal deposition was started the evaporation chamber was evacuated by a rotation 
pump to a pressure of about 1 o-3 mbar. Then the high vacuum valve was opened and a 
turbo molecular pump evacuated the chamber to approximately 1 o-7 mbar. At this 
pressure the metal evaporation and deposition took place. 
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Figure 5.2 Overlapping of bottam (solid rectangles) and top electrades (dashed 
rectangles). The width of the electrades is indicated, the length was approximately 
12mm. 

5.1.2 Manifacturing standard PLEDs 

For the manufacturing of standard PLEDs at Philips Research Labortories (PRL), 
ITO-coated glass plates (Balzers Inc.) of 15 x 15 cm are used. Pattemed ITO bottorn 
electrades are produced as follows by lithographic methods. A photo resist layer is 
spin coated on top of the ITO. Exposure to UV -light through a mask is applied to 
obtain a pattemed coverage of photo resist. Subsequently, the uncovered ITO is 
removed by chemical etching in an acid solution. Finally the photo resist is removed 
and six pattemed ITO electrades are obtained. 

In order to enable encapsulation of the PLEDs later on, six metal strips surrounded 
the ITO electrodes (see tigure 5.3). 

D 
D 
D 

Figure 5.3 Glass plate used for the production of standard PLEDs. On the plate six 
areas with patterned ITO electrades are present, surrounded by thin metal strips to 
enable P LED encapsulation. 

After the surface is treated with UV-ozon, a PEDOT:PSS layer and a PPV-layer 
are spin coated subsequently under ambient conditions. The low work function 
electrode X is deposited and covered with a protecting Allayer (thickness about 100 
nm). For encapsulation ofthe PLEDs, another glass plate with metalstrips at the same 
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position as the bottorn plate was placed on top of the bottorn plate and the whole was 
heated. 

5.2 Determination of IV -characteristics 

After preparatien ofthe PLEDs the samples were placed in a vacuum container and 
transported to a glove box equipped with an IV -set-up. Electrical centacts could be 
made to the bottorn and top electredes of the PLEDs using a sample holder as shown 
in tigure 5.4. The IV-data were obtained with a HP4140B pA meter/DC voltage 
souree and stored in a computer. The step size of the applied bias voltage could be 
adjusted as we11 as the limit for current through the device. The maximum current that 
can be detected is 10 mA. A photo diode was used in order to measure the light-output 
as a function of voltage. 

Figure 5.4 also shows the sample holder that was used for performing IV
measurements on standard PLEDs. The remainder of the set-up was equal to the set
up used for adapted PLEDs. 

• • • • 

• • • • 
Figure 5.4 Sample holders used in IV-measurements performed on adapted PLEDs 
(at the left) and standard (backlight) PLEDs (at the right). 

5.3 PLED current stress experiments 

In order to study PLED degradation current stress experiments were performed 
under a contro11ed atmosphere in a glove box. In these experiments the PLEDs were 
operated at a constant voltage or constant current. Figure 5.5 schematica11y shows the 
set-up that was used for constant current stress experiments. 
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Figure 5.5 Set-up used for constant current stress experiments performed in a glove 
box. From a vacuum sluice PLEDs were transferred into the glove box. The PLEDs 
were connected to a 6177 B Hewlett Packard DC current source. A hotplate was used 
to keep the sample temperafure at 70°C. The voltage-time behaviour was manilored 
on a x,t-recorder. 

The PLED samples were transferred to the glove box in a vacuum container 
containing N2 gas. In the glove box the oxygen and water levels were about 1 ppm. 
After three cycles of evacuating and refilling the load loek, the vacuum container was 
taken into the glove box and opened. Current stress experiments were performed by 
connecting the samples to a 6177 B Hewlett Packard DC current source. The samples 
were put on a hotplate at an elevated temperature of 70°C. This temperature is a 
characteristic temperature used to accelerate sample degradation processes, 
approximately by a factor of 2 per 10 degrees of temperature rise (private 
communciations with dr. J.N. Huiberts at Philips Research Laboratones Eindhoven 
d.d. february 201

h 2000). The voltage behaviour was monitored in time by means of a 
x,t-recorder. 

Standard PLEDs were encapsulated and could therefore be transported to the 
glovebox under ambient conditions. The procedure of the constant current 
experiments was the same as described for adapted PLEDs. 

For constant voltage experiment the same set-up was used, but the voltage was 
applied with a Yokogawa 7651 programmabie DC souree and the current was 
measured with a Yokogawa 7552 Digital Multimeter. 

5.4 RBS experiments 

5.4.1 The Eindhoven erygonie RBS/ERDA set-up 

In order to perform RBS measurements on PLEDs a cryogenic RBS/ERDA set-up 
was used. A schematic picture ofthis set-up is shown in figure 5.6. 
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Figure 5.6 Schematic overview of the Eindhoven cryogenic RBSIERDA set-up. The 
part within the dashed ellipse indicates the caoled sample holder and the cold shields 
surrounding it (see also figure 5. 7). 
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Figure 5. 7 Schematic picture of the sample holder connected to a helium gas cooler. 
The jirst and the second stage of the coating are indicated. Six samples are attached 
to the sample holder by means of leaf springs. 

Sample cooling to cryogenic temperatures occurred by means of a commercial 
closed cycle helium gas refrigerator by APD Cryogenics Inc. The expander, model 
Displex 204SLB-6.5 was connected to a compressor HC-4 MK2-1 and received 
helium gas at a pressure of 1700 kPa from the compressor (see tigure 5.6). The 
cooling took place in two expansion stages and after one cooling cycle the gas was 
retumed to the compressor. A sample mount (made of copper) was connected to the 
end of the second expansion stage (see tigure 5.7). By means of magnetic transfer 
rods the sample holder was transferred into a load loek, were it was rotated over 90 
degrees and transferred into the analysis chamber. Due to this load loek it was 
possible to exchange samples between the setup and a vacuum container that could 
he attached to a glove box. The molybdenum sample holder was placed in the sample 
mount at room temperature. The sample holder was connected to the sample mount by 
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leaf springs (see tigure 5.7). When the cooler was tumed on the sample mount shrunk 
over the sample holder ( due to the difference in thermal expansion of copper and 
molybdenum) and a tight coupling was formed between sample mount and sample 
holder. This coupling resulted in a good thermal contact. 

In steady state operation ofthe cooler (approximately one and a halfhours after the 
moment the cooler was tumed on) the cooling power was 17 W/77 K at the tirst 
expansion stage and 2W/10 Kat the second stage. 

In the tirst stage two cylindrical cold shields with slits ofwidth 5 mm were cooled. 
These slits enabled RBS detection in a scattering plane of 0-180° with respect to the 
incident ion beam. The detection angle could be changed by a rotatable detector ring 
with two detectors attached to it. The inner cold shield was attached to the expander, 
whereas the outer colrlshield was tixed to the analysis chamber and connected to the 
expander by means of a flexible copper braid. By rotation of the expander the angle 
between sample normal and incident ion beam could be varied between 0-90°. The 
expander could also be moved forward and backward allowing each of the six 
samples to be placed in the ion beam line. In our experiments 2 Me V He+ i ons were 
used, produced in a 2-30 MeV AVF cyclotron. 
At the second cooling stage, the sample holder itself was cooled. Heat conduction 
between coolerand samples was improved by applying cryo-con thermal conductive 
grease supplied by Lake Shore Cryotronics Inc., between the samples and the sample 
hol der. 

5.4.2 Preparations for RBS experiments 

PLEDs produced at Philips Research Laboratories in Eindhoven (see section 5.1) 
were used in RBS studies. By means of a glass cutter, the PLEDs were cut into pieces 
which measured approximately 1 x 1 cm. Both glass cutting of the samples and 
sample mounting on the sample holder were carried out in a glove box containing 
about 1 ppm 0 2 and H20. Small screws with leaf springs pressed the samples tirmly 
on the sample holder. 

After the samples were mounted on the sample holder, the sample holder was 
transferred to the RBS/ERDA set-up in a portable vacuum container, which was 
connected to the load loek ofthe set-up (see tigure 5.6). 

The sample holder was taken from the container by means of a magnetic transfer 
rod and transferred into the load loek. A turbo molecular pump was used to evacuate 
the load loek. At a pressure of approximately 10-7 mbar the valve between the load 
loek the analysis chamber was opened and the sample holder was transferred into this 
chamber. When the pressure had reached a value of 1 o-8 mbar, the cooler was tumed 
on (see 6.1.2 for the importance of sample cooling for the reduction of ion beam 
damage in a measurement). Like explained inthelast section the temperature that was 
reached after the second cooling stage approximately was 10 K. However due to 
imperfect heat conduction of the sample substrates, the actual sample temperature in 
an experiment was higher (about 20-30 K). 

A beam guidance system containing several bending magnets and quadrupole 
lenses was used to guide the 2 MeV He+ ion beam to the set-up. By means of 
adjusting bending and quadrupole magnets, the ion beam was focussed through the 
diafragm in the sample holder (see tigure 5.7). A backscattering detector was used in 
this focussing procedure. The count rate of particles scattered from the Ni-coated cold 
shield was minimised while the beam current through the diafragm, measured with a 
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Faraday-cup was maximised. After focussing the beam, the actual RBS measurement 
was started. 
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Chapter 6 Sulphur migration in PLEDs 

In this chapter the migration of sulphur containing compounds to the top 
electrode/PPV interface in PLEDs is discussed. The chapter starts to describe why 
samples with the standard composition as manufactured by Philips Research 
Laboratones pose difficulties for the application ofRBS in these studies. 

Consequently, model PLEDs with an adapted sample composition have been 
constructed. A requirement for the layer structure of these model PLEDs was the 
possibility of detection of minute amounts of sulphur at the top electrode/PPV 
interface with RBS. Both the effect of PLED current stress experiments on the 
formation of a sulphur containing layer and the influence of exposure to ambient 
conditions were examined. 

At first PLEDs were made in which the effect of an electrical field over the PPV 
film on the formation of a sulphur containing layer at the top electrode/PPV interface 
was investigated. The current density in these samples was very low. 

Later on the sample composition was fluther modified and samples were produced 
that allowed higher current densities. 

In this chapter also the results of a Secondary Ion Mass Speetrometry (SIMS)
measurement on a standard PLED are shown. In contrast to RBS measurements a 
SIMS measurement can offer information about the presence of small amounts of 
sulphur at the top electrode/PPV interface in standard samples. 

Several mechanisms that may cause the transport of sulphur containing compounds 
to the low workfunction electrode X, foliowed by the formation of a sulphur 
containing interface layer are discussed. 

Finally some RBS spectra of standard PLEDs are added in which halogens were 
detected. The possible role ofhalogens on PLED degradation is briefly discussed. 

6.1 Sulphur migration RBS studies 

6.1.1 Motivation for PLED sample compositions 

A Philips standard PLED consists of glass/ITO/PEDOT:PSS/PPV/X/Al (see 
section 2.1 ). In order to be able to perform sulphur transport studies with RBS on 
PLED samples, the sample composition has to allow the detection of small amounts 
of sulphur, present at the low work function metal X/PPV interface. In figure 6.1 a 
RBS spectrum of a standard PLED is given. The figure shows that the detection of 
small amounts of sulphur at the XIPPV interface is difficult, due to the large tail that 
is extending to the left of the indium peak. This tail is caused by multiple scattering 
effects in the ITO layer (see section 4.1), which can not be suppressed. Due to this 
multiple scattering tail, the detection limit for the detection of sulphur at the 
conceming interface is approximately -1 x 1015 S at/cm2 in standard samples. 
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Figure 6.1 RBS spectrum of a glass/IT0(165 nm)/PEDOT:PSS(200 nm)/PPV/(260 
nm)IX(5 nm)/Al(l 00 nm) sample. The surface energies of several elements and the 
position where sulphur would appear if present at the XIPPV interface are indicated 
with arrows. A large indium multiple scattering tail (extending to the left of the large 
indium peak) overlaps the region where sulphur at the XIPPVinte'face would appear. 
The detection limit for sulphur at this interface is 1 x 1015 S at/cm . 

Two effects that may have influence on the formation of a sulphur containing layer 
at the electrode/PPV interface in a PLED are the electric field over the PPV layer and 
the injection/transport of charge. 

In order to study both effects, modified (model) PLEDs of different compositions 
were used and studied with RBS. PLEDs haven been produced with either Si or glass 
substrates. Initially Si/ Al/PEDOT:PSS/PPV I Al samples were produced. Due to the 
high work functions of Al (<pAJ=4.3 eV) and PEDOT (<pPEnor=5.2 eV) these PLEDs 
can be considered as hole-only devices. In these hole-only devices the device current 
was low (see section 6.1.3). 

In order to improve charge inj eetion from the bottorn electrode and to make charge 
injection possible from the top electrode this sample composition was further 
adjusted. This resulted in glass/Al/Ag/PEDOT:PSS/X/Al samples, with X a (reactive) 
low work function metal electrode, which was protected by an Al layer. In these 
devices the effect of high current densities on the formation of a sulphur layer was 
examined. 

Both types of model PLEDs described above are suitable for RBS studies. For 
glass/ Al/PEDOT:PSS/PPV I Al samples and glass/ All Ag/PEDOT:PSS/PPV /XI Al 
samples the detection limit for sulphur at the Al/PPV -interface respectively the 
X/PPV interface is -1 x 1014 S at/cm2

. In tigure 6.2 and 6.3 RBS spectra ofboth types 
of model PLEDs are given. 
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Figure 6.2 RBS spectrum of a glass/Al(200 nm)/Pedot:PSS(550 nm)IPPV(200 nm)/Al 
(70 nm) sample. The RBS surface energies of some elements are indicated by arrows. 
Also the position where S at the Al/PPV interface would appear in the spectrum is 
shown. The defection limit for sulphur at this interface is ~ 1 x 1014 S at/cm2
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Figure 6.3 RBS spectrum of a glass/Al(120 nm)/Ag(7.5 nm)/PEDOT:PSS(200 
nm)/PPV(250 nm)IX(5 nm)/Al(25 nm) sample. Arrows indicate the position of surface 
energies of several elements and the position of sulphur at the XIPPV interface in the 
spectrum. The defection limit for sulphur at this interface is~ 1 x 1014 S at/cm2

. 

In this report samples with two aluminium electrades are denoted as Al/ Al 
samples, samples with a Ag and a low work function electrode X as Ag/X samples, 
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whereas standard PLEDs (samples with an ITO electrode and a low work function 
electrode X) are called ITO/X samples. It should be noted that PEDOT:PSS acts as 
the hole injecting electrode in all samples. 

6.1.2. Reduction of ion beam damage by sample cooling in RBS experiments 

A known problem in RBS experiments with organic samples is ion beam damage 
to the samples during irradiation, resulting in (among others) hydrogen loss from the 
samples [22]. This hydrogen loss limits the accuracy of depth profiling. 

In order to examine the effect of ion beam damage on RBS measurements of 
PLEDs an RBS experiment with a PLED was performed at room temperature (see 
figure 6.4). 
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Figure 6.4 RBS spectrum of a Si/Al(70 nm)/PEDOT:PSS(250 nm)IPPV(240 
nm)/Al(60 nm) sample, irradiated with He+ ions at room temperature. A step is 
present at the right hand si de of the Al surface peak, which can be assigned to sulphur 
in the depth interval corresponding to the PPV layer. Also the position where sulphur 
would appear ifpresent at the Al!PPV interface is indicated. 

A step is observed at the right hand side of the Al surface peak, which can be 
assigned to sulphur in the depth interval corresponding to the PPV layer. 

To investigate whether the preserree of sulphur in the PPV layer is due to ion beam 
damage, the relative height of the sulphur step was examined as a function of ion 
dose. To eliminate beam current fluctuations, the yield in the sulphur step was 
normalised on a damage insensitive peak. The normalised yield of the sulphur step 
(between channel 453 and 490), is plotted as a function of the Al yield (which is a 
measure ofthe dose between channel420 and 447) and shown in figure 6.5. 
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Figure 6.5 Normalised sulphur step as a function of ion dose. An increasing 
normalised sulphur yield upon higher ion dose is observed, indicating ion beam 
damage in the sample. 

Figure 6.5 shows an increasing normalised sulphur yield as a function of dose, 
indicating that the presence of S in the corresponding depth interval is due to ion 
beam damage. 

During ion beam irradiation H radicals are formed in the polymer layer, resulting 
in the formation of H2 gas. Due to the presence of the top electrode, this gas can not 
easily escape from the samples and gas bubbles are formed under the electrodes 
surface. The net result of this process is the apparent mixing of the PEDOT:PSS and 
the PPV layer. Figure 6.6 displays an optical photograph of gass bubbles in the 
polymer layers of a PLED. 

~ 100 ~-tm 

Figure 6.6 The presence of gass bubbles in an Al/Al PLED Due to these bubbles the 
PEDOT:PSS layer and the PPV layer appear mixed in the RBS spectrum. 

In order to prevent the formation of gas bubbles, samples were mounted on a 
closed cycled He refrigerator reaching a temperature of 6 K. The temperature of the 
samples during irradiation, dependent on factors like the beam current and the heat 
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conductance ofthe sample substrates, is estimated to be 20-30 K. The H-radicals that 
are formed during irradiation remain almost immobile. 
The effect of cooling on the rednetion of ion beam damage in a measurement is shown 
in tigure 6.7. 
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Figure 6.7 RBS-spectrum of a glass/Al(200 nm)/Pedot:PSS(550 nm)/PPV(200 nm)/Al 
(70 nm) sample that was caoled (to about 20-30 K) during ion beam irradiation. Ion 
beam damage has reduced drastically and no sulphur step is visible anymore. 

No sulphur step corresponding to sulphur at the depth of the PPV layer is seen in the 
spectrum of tigure 6.7. Ion beam damage has been reduced drastically. Therefore in 
all RBS measurements performed later on, samples were cooled to cryogenic 
temperatures. 

6.1.3 Low current stress experiments 

In order to examine the effect of the application of a bias voltage over a PLED on 
sulphur migration, current stress experiments were performed. Figure 6.8 shows the 
RBS spectrum of an All Al sample that was not stressed and therefore taken as a 
reference. Since the current stress experiments were performed at a temperature of 70 
°C, this sample was heated for a period of 23 hours and 45 minutes. No sulphur was 
found at the Al/PPV interface. Apparently, no observable sulphur migration towards 
the Al/PPV interface occurs during PLED sample production including sample 
heating. 

It is important to note that even if no voltage is applied over an Al/ Al sample, a 
small build-in voltage due to the work function difference between PEDOT:PSS and 
Al (5.2 eV- 4.3 eV = 0.9 eV) exists. This voltage is in the reversed bias direction and 
did apparently not result in the transport of sulphur containing compounds to the 
Al/PPV interface. 
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Figure 6.8 RBS spectrum of an as-prepared AllA/ sample: g/ass/A/(200 
nm)/Pedot:PSS(550 nm)/PPV(200 nm)IA/ (70 nm). The sample was heated at T=70 
oe for a period of 23 hours and 45 minutes. No sulphur at the Al/PPV interface is 
detected. 

Like explained above, current stress experiments were performed at a temperature 
of 70 °C. Figure 6.9 shows the RBS spectrum of an All Al sample that was stressed 
with a forward bias voltage of 10 V (with the Al bottorn electrode positive) for a 
period of23 hours and 45 minutes with a current density ofabout 12 ).1A/cm2

. During 
the experiment the current density approximately remained constant. Figure 6.9 shows 
the RBS spectrum of the sample after the stress experiment and no sulphur was found 
at the Al!PPV interface. 

However the tigure shows the presence of an oxygen containing corroded layer 
(probably AlxOySz) on top of the Al bottorn electrode. Corrosion could take place 
during spin coating of the acid PEDOT:PSS solution (pH= 1) on top of the Al bottorn 
electrode. The oxygen areal density approximately corresponds to (1.0 ± 0.2) x 1017 

0 at/cm2
. In case the oxidised layer purely consists of Ah03 this corresponds to an 

areal density of (1. 7 ± 0.3) x 1017 Ah03 at/cm2
, which can be converted to a thickness 

of (18 ± 3) nm. This layer is present on top of approximately (8.5 ± 0.2) x 1017 Al 
at/cm2 

, corresponding to a thickness of (141 ± 3) nm. The insulating AlxOySz layer 
probably is the cause for the low current density that was measured in the sample (12 
x 10-6 A/cm2

), compared with a current density ~ 10-3 A/cm2 in case of standard 
PLEDs operating at the same voltage. 
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Figure 6.9 RBS spectrum of a g/ass/A/(200 nm)/Pedot:PSS(550 nm)IPPV(200 nm)IA/ 
(70 nm) sample (solid line) and its simu/ation (dashed line). The sample was stressed 
during 23 hours and 45 minutes at a constant voltage of 10 V and a current density of 
about 12 11A!cm2

. No sulphur at the Al/PPV interface was detected. An oxygen 
containing corroded /ayer on top of the Al bottam electrode was found. 

In order to check whether a reversed electric field initiates migration of sulphur 
towards the Al/PPV interface, another Al/ Al sample was stressed with a reversed bias 
voltage of -10 V. The corresponding current density was -30 J.!Ncm2 and the 
operation time was 18.5 hours. Figure 6.10 shows the corresponding RBS spectrum. 
As with forward bias, no migration of S towards the Al/PPV interface is observed. 
Note that again a corroded layer is present on top of the Al bottorn electrode, 
corresponding to (1.0 ± 0.2) x 1017 0 at/cm2

. 
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Figure 6.10 RBS-spectrum (solid /ine) of a glass/A/(200 nm)/Pedot:PSS(550 
nm)IPPV(200 nm)/Al (70 nm) sample which was stressed during 18.5 hours with a 
constant negative bias voltage of -JO V and current density -30 11Aicm2 and its 
(RUMP) simu/ation (dashed line). No sulphur wasfound at the Al/PPVinterface. Also 
here an oxidised layer is visible on top of the Al bottam electrode) corresponding to 
(1.0 :t 0.2) x 1017 0 at!cm2

. 

As an illustration of the low current density of Al/ Al PLEDs with respect to 
standard PLEDs the JV -behaviour of an All Al PLED is compared to the JV -behaviour 
of a standard PLED with approximately equal PPV thickness. 
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Figure 6.11 Comparison between JV-behaviour of an Al/Al PLED (to the left) and a 
standard PLED with approximately the same PPV thickness of about (200 :t 20) nm 
(to the right). The current density ofthe standard PLED is higher than in case ofthe 
Al/Al PLED. ,. 

In the samples corresponding to the spectra of figure 6.9 and 6.10 no sulphur 
containing layer was observed at the top electrode/PPV interface, whereas a voltage of 
10 V was applied over the samples. Neither the application of forward bias nor the 
app1ication of reversed bias voltage resulted in the formation of a sulphur containing 
layer at the top electrode/PPV interface. 
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In the current stress experiments corresponding to tigure 6.9 and 6.10 a voltage of 
10 V was applied, resulting in a current of approximately 10 J.lA. According to Ohms 
law, the resistance of the layer through which the current has flown is 1 MQ. It is 
interesting to estimate the resistance of the corroded Al bottorn electrode. If the oxide 
layer is assumed to consist of A}z03, the resistance can be calculated. The specitic 
resistance of A}z03 is 1 x 1014 Qm at a temperature of 287 K and 3 x 1012 Qm at 473 
K [23]. The current stress experiments have been carried out at a temperature of 343 
K. The specitic resistance of the oxide layer therefore is larger than 3 x 1012 Qm. lf 3 
x 1012 Qm is taken, the resistance of an A}z03 layer with an area of approximately 1 x 
1 o-4 m2 and a thickness of 18 x 1 o-9 m equals 6 x 108 Q. Thus the presence of a pure 
A}z03 layer ofthickness (18 ± 3) nm would result in a current ofless than 101(6 x 108

) 

= 2 x 10-8 A. 
It seems likely that in the reaction between PEDOT:PSS and Al impurities are 

incorporated in the corroded layer. Therefore the band gap of the insulating corroded 
layer may become partly tilled with energy states, which improves the conduction of 
the oxide layer, resulting in a higher current. However it seems likely that the voltage 
drop over the PPV layer can be neglected compared to the voltage drop over the 
corroded layer. 

Another possibility is current flow along the rim of the PLED ( creep currents) or 
through direct contacts (see also section 6.2.2). In this case the Al/Al PLED structure 
can be regarded as a capacitor with a resistance in parallel to it. The corroded layer, 
and the PPV layer canthen be considered as capacitors. For two capacitors in series, 
the voltage drop over the PPV tilm(V PPV) and over the corroded layer (V cor) can be 
expressed as: 

VPPV Qtot I C PPV 8 PPV d cor = = __.:;_;;...:....._-='--

vcor Qtot I ccor 8cord PPV 

Here Q101 is the total capacitor charge, Cppv is the capacity of the PPV layer, Sppv 
its relative permittivity, dppv the thickness of the PPV layer, Ccor the capacity of the 
corroded layer, 8cor its relative permittivity and tinally dcor the thickness of the 
corroded layer. With the relation: V= Vppv + Vcar, the voltage drop over the PPV layer 
can then be determined. 
lt can be concluded that the experiments with low current densities did not result in 
the transport of sulphur containing compounds to the top electrode/PPV interface. 

6.1.4 High current stress experiments 

In order to proteet the bottorn Al electrode against corrosion and to facilitate 
charge injection into the PEDOT:PSS layer, a Ag layer was deposited on top of the 
bottorn Al electrode. In addition an electron injecting low work function metal 
electrode X was added on top ofthe PPV-layer (see section 6.1.1). 

Figure 6.12 shows the RBS spectrum of a Ag/X sample which had not been 
electrically stressed, but was heated at 70 oe for a period of 25 hours. This sample is 
taken as a reference, since no sulphur migration was observed towards the X/PPV 
interface. This means that sample heating on itself is not responsible the migration of 
S-compounds in PLEDs. lt should also be noted that Ag mixes with the Al bottorn 
electrode. As an indication: about (20 ± 2) x 1015 Ag atlcm2 are found in the Ag layer 
and about (15 ± 2) x 1015 in the Al bottorn layer. A similar Ag/X sample was stressed 
at a constant voltage of 30 V fora period of 40 hours (see tigure 6.13). 
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6.12 RBS spectrum of an as-prepared Ag/X sample: glass/A/(120 nm)/Ag(7.5 
nm)/PEDOT:PSS(200 nm)/PPV(250 nm)/X(5 nm)/A/(25 nm) and its simu/ation 
(dashed line). The sample was heated for 25 hours at 70 °C. No sulphur at the 
XIPPVinterface was detected. 
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Figure 6.13 RBS spectrum of a Ag/X sample and its simulation: glass/A/(1 20 
nm)/Ag(7.5 nm)/PEDOT:PSS(200 nm)/PPV(250 nm)IX(5 nm)/A/(25 nm). The sample 
was stressedfor 40 hours at 30 V. The current density initially was 28 mA/cm2 and 
decreased to 5.2 mA/cm2

. At the XIPPV interface, (7 :t 1) x 1014 S at/cm2 were 
detected. 
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The initia! current density approximately was 28 mA/cm2 and after 40 hours it had 
decreased to 5.2 mA/cm2

. In all experiments described in this section, the PLED stress 
temperature was 70°C. In tigure 6.13 a sulphur peak is found, corresponding to 
sulphur at the X/PPV interface. The sulphur areal density approximately is (7 ± 1) x 
1014 at/cm2

. Mixing between the Al bottorn layer and the Ag layer is also observed 
(the tail at the left side ofthe Ag-peak). 

In order to reproduce the result shown in tigure 6.13 another Ag/X sample was 
stressed at 30 V. However forabout a second a high current was flowing, immediately 
foliowed by a decrease to 0 ~-tA. The RBS spectrum is shown in tigure 6.14. 
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Figure 6.14 RBS spectrum of a Ag/X sample ofthe samebatch that was stressed at 30 
V and its simu/ation (dashed fine). Aftera short rise of the current density after the 
voltage had been applied, the current density decreased to 0 p.A. Also after this short 
period (in the order of one second) a sulphur peak, indicating sulphur at the XIPPV 
interface is visible (corresponding toa sulphur area/ density of approximately (6:tl) x 
1014 at/cm2

). 

Also in the spectrum of tigure 6.14 sulphur at the X/PPV interface of the Ag/X 
sample is found. This suggests that sulphur migration can take place in a very short 
time. The areal density of the sulphur, found at the X/PPV interface of the sample 
corresponding to tigure 6.12, approximately is (6 ± 1) x 1014 S at/cm2

. Again mixing 
between the Ag layer and the Al bottorn electrode is observed. 
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In order to study the influence of the direction of the applied field during current 
stress, a similar Ag/X sample was stressed with a negative bias voltage of 30 V (see 
figure 6.15). 
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Figure 6.15 RBS spectrum of a Ag/X sample: glass!Al(120 nm)/Ag(7.5 
nm)IPEDOT:PSS(200 nm)/PPV(250 nm)IX (5 nm)/A/(25 nm) that was stressed with a 
negative bias voltage of 30 V for a period of about 24.5 hours and its simu/ation 
(dashed line). The initia! current density was about 4.9 mA/cm2 and decreased to 1.5 
mA/cm2 after 24.5 hours. In this case a smalt sulphur feature is visible corresponding 
to sulphur at the XIPPV interface (approximately (3:tl) x 1014 at/cm2

). 

A small amount of sulphur was detected at the X/PPV interface of the sample 
corresponding to figure 6.15, approximately (3 ± 1) x 1014 at!cm2

. Moreover 
surprisingly silver was found in the PEDOT:PSS layer. 

Finally figure 6.16 shows the JV -behaviour of a Ag/X sample compared with the 
JV -behaviour of a standard sample with approximately the same PPV layer thickness 
(about 240 ± 20 nm). 
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Figure 6.16 JV-characteristics of a Ag/X sample (to the left) and a standard PLED 
sample (to the right). Bath devices show high current densities, compared to Al/Al 
devices. 

Summarising it must he concluded that during current stress at temperatures of 70 
oe, migration of S-compounds from the PEDOT:PSS layer to the X!PPV interface 
takes place. More sulphur is found in case of a positive bias voltage compared with 
negative applied bias voltage. The amount of sulphur that is typically detected at the 
interface is very small (~7 x 1014 S at/cm2 about one monolayer). 

6.1.5 The role of oxygen/water in sulphur migration 

Since exposure to oxygen and water is known to result in PLED degradation (see 
section 3.1) and might play an important role in the transport of sulphur containing 
compounds, their possible influence on sulphur migration is examined. 

Figure 6.17 shows the RBS spectrum of a Ag/X sample which was not electrically 
stressed and stored in a glovebox for a period of about 5 months. The storage in the 
glovebox represents an exposure to ~ 1 ppm 0 2 and ~ 1 ppm H20 in a nitrogen 
atmosphere. The sample was heated at a temperature of 70 oe for a period of 49 
hours. 
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Figure 6.17 RBS-spectrum of a Ag/X sample (solid fine) and its simu/ation (dashed 
fine): glass/A/(1 20 nm)/Ag(7.5 nm)/PEDOT:PSS(200 nm)IPPV(250 nm)IX (5 nm) 
/A/(25 nm). Also the (simulated) oxygen depth profile is shown. The sample was 
stared in a glove box for a peri ad of 5 months and heated at T= 7 0 oe for a period ct 
49 hours. A smal/ amount of sulphur (in the order of the defection limit (~ 1 x 10 4 

at/cm2
) at the X!PPV interface is visible. Moreover at the position of the X!PPV 

interface a large amount of oxy~en is present (corresponding to an area/ density of 
approximately 20 x 1015 0 at/cm ). 

A small amount of sulphur at the X/PPV interface ~1 x 1014 at/cm2
, was found. 

Moreover a large amount of oxygen was detected at the position of the X/PPV 
interface ( corresponding to an areal density of about 20 x 1015 0 at/cm2

). 

Figure 6.18 shows a similar PLED which had also been exposed to 1 ppm 0 2 and 1 
ppm H20 for five months in a glove box. After this period, the sample was stressed 
with a forward bias voltage of 30 V (again at 70 °C) and the current density initially 
was 6.4 mA/cm2

• After 49 hours the current density had decreased to 1.6 mA/cm2
. 

The low currents through this sample (as compared to e.g. the performance of the 
sample corresponding to tigure 6.11) may be explained by the fact that much oxygen 
is present at the X/PPV interface, forming a harrier to charge transport. 
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Figure 6.18 RBS-spectrum of a Ag/X sample exposed to 1 ppm 02 and 1 ppm H20 for 
jive months: glass/Al(l20 nm)/Ag(75 A)IPEDOT:PSS(200 nm)IPPV(250 nm)IX(50 
A)IA1(25 nm). The sample was stressed with a forward bias voltage of 30 V and the 
current density decreased from 6.4 mA/cm2 initially to 1. 6 mA/cm2 after 49 hours. A 
smal/ amount of sulphur -1 x 1014 S at/cm2 was detected. Just like in figure 6.15 si/ver 
is found in the PEDOT:PSS-layer. An oxide layer is present at the position of the 
XIPPV interface. 

In addition to the formation of a mixed All Ag electrode, some of the experiments 
show the presence of Ag in the PEDOT:PSS layer as indicated in figures 6.18, 6.17 
and 6.15. The presence of Ag in the PEDOT:PSS film seems to he uncorrelated with 
PLED operation and is ignored. 

Also some experiments were performed in which PLEDs were directly exposed to 
air. These samples were not heated. Figure 6.19 shows an experiment of a Ag/X 
sample after exposure to airfora period of approximately 4.5 days. Again sulphur is 
detected at the position of the X!PPV interface, corresponding to an areal density of 
(7±1) x 1014 S at!cm2

. 

In order to check whether the low work function electrode is a prerequisite for the 
formation of a sulphur containing layer at the electrode/PPV interface, also an All Al 
sample was exposed to air for the same period (4.5 days). The RBS spectrum of this 
sample is shown in figure 6.20. In this sample no sulphur is observed at the 
electrode/PPV interface. 
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Figure 6.19 RBS spectrum of a Ag/X sample: glass/A/(120 nm)/Ag(7.5 nm) 
IPEDOT:PSS(200 nm)IPPV(250 nm)IX(5 nm)/A/(25 nm) after exposure to airfora 
period of 4.5 days. Sulphur is detected at the XIPPV interface. The amount of sulphur 
corresponds to an area! density of about (7:±1) x 1014 S at/cm2

. 
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Figure 6.20 RBS-spectrum of an Al/Al sample after exposure to airforabout 4.5 
days: glass/A/(200 nm)/Pedot:PSS(550 nm)IPPV(200 nm)/Al (70 nm). No sulphur is 
detected at the Al/PPV interface. 
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The RBS spectra shown in figure 6.19 and 6.20 show that the presence of the low 
work ~ction electrode is necessary for the formation of a sulphur containing layer at 
the electrode/PPV interface! 

In the experiments described in section 6.1.4 and 6.1.5 a sulphur peak was 
detected, at an energy in the RBS spectrum corresponding to the depth of the X/PPV 
interface. It should he noted that this does not necessarily imply that all of the sulphur 
contributing to this peak should he exactly located at the X/PPV interface. 

The depth resolution in RBS corresponds to about 10 nm at the position of the 
X/PPV interface in case <p=45° and 9=170°. Therefore, it can not he excluded that 
some sulphur in the top of the PPV layer can contribute to the formation of the peak. 

In addition, the detection limit for sulphur in the bulk of the PPV layer is 
determined. The spectrum ofthe unstressed sample as displayed in figure 6.12 is used 
in this calculation. Figure 6.21 shows a region in this spectrum near the surface 
energy of sulphur. 
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Figure 6.21 Determination of the defection limit for sulphur in the bulk of the PPV 
layer. Th is detection limit corresponds to a bulk atomie fraction of a bout 2. 4 x 1 o-4

. 

Integrated over the tata/ thickness of the PPV /ayer this corresponds to a sulphur 
area/ density of a bout 6 x 1014 S at/cm2

. The sulphur surface energy and the energy 
corresponding toS at the XIPPV interface are indicated. A dashed fine indicates the 
average number of counts in the region between channel 344 and 354, which is (11 :t 
1) counts/channel. In order to be detected the height of the sulphur step has to be at 
least 3 x sqrt(1)=3 counts. 

The (sulphur free) average background in this region can he determined by 
averaging the number of counts of channel 344 up to 354 in which the background is 
assumed to fluctuate around an average value. Above channel 354 the background is 
strongly influenced by the multiple scattering tail, due to the presence of the Ag peak. 
The total number of counts that are detected in each of these channels is added which 
results in an amount of (123 ± 11) counts, corresponding to (11 ± 1) counts/channel. 
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The LOD (limit of detection) of the S edge that appears in the spectrum if sulphur is 
present in the bulk of the PPV then equals an atomie fraction of 2.4 x 1 o-4 (which 
follows from a simulation in RUMP and is defined as the areal density of sulphur 
which results in a sulphur edge height equal to 3*sqrt(1), with 1 the error in the 
average number of counts per channel). This atomie fraction is an upper limit for the 
actual atomie fraction of sulphur present in the PPV layer and corresponds to a 
sulphur areal density of6 x 1014 S at/cm2

. 

6.1.6 SIMS depth profiling of ITO/X samples for the detection of sulphur at the 
X/PPV interface 

In order to check whether a sulphur containing layer would also he formed in an 
ITO/X standard PLED after operation, depth profiles of a PLED sample with SIMS 
were made. The sample was stressed for a period of 20 hours at a current density of 
0.875 mA/cm2

• Two seperate depth profiles were made in the same sample. Figure 
6.22 shows the depth profile detecting negatively charged fragments, whereas figure 
6.23 displays the depth profile in case of the detection of positively charged 
fragments. 

In the experiment Ar ions were used in order to sputter fragments from the sample 
(sputter rate ~ 1 Als). 
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Figure 6.22 SIMS depth profile of an ITO/X sample: glass/ITO (165 
nm)IPEDOT:PSS(200 nm)/PPV (240 nm)IX (5 nm)/Al (1 00 nm) that was stressed for 
a period of about 20 hours at a current density of0.875 mA/cm2

. One cycle means one 
scan for several negative fragments. A smal/ amount of sulphur is found at the 
position ofthe XIPPVinterface. 

Figure 6.22 shows the depth profile of several negatively charged fragments 
present in an ITO/X PLED. The rising flank for Cz- and C3- fragments is a good 
measure for the depth in the sample corresponding to the top of the PPV layer. A 
small sulphur peak is detected at the position of the X/PPV interface. An increased 
number of cycles, means that more scans for the negatively charged fragments have 
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been performed. The higher the number of the cycle, the greater the depth in the 
PLED sample. 

In tigure 6.23 the depth profiles of electrode X, Al and Indium are shown. The 
rising flank of Indium approximately corresponds to the top ofthe ITO layer. 
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Figure 6.23 SIMS depth profile of the same ITO/X sample: glass/ITO (165 
nm)/PEDOT:PSS(200 nm)IPPV (240 nm)IX (5 nm)/Al (1 00 nm) as shown in figure 
6.22. One cycle means one scanfor several positivefragments. 

Concluding this subsection, it is interesting to note, that also in encapsulated ITO/X 
samples apparently sulphur migration can take place after current stress. 

6.2 Mechanisms for sulphur transport to the X/PPV interface 

6.2.1 Candidates for tbe formation of a sulpbur containing layer 

As shown in section 6.1.4 and 6.1.5 a sulphur containing layer can be formed at the 
X/PPV interface under certain circumstances. The importance of current stress, 
exposure to ambient and the presence of a reactive electrode X has been shown. An 
important question is: What sulphur containing compounds can migrate towards the 
X/PPV interface? 

Upon preparation, only the PEDOT:PSS layer contains several sulphur containing 
compounds. Sulphur is present in the polymer chains of both PEDOT and PSS (see 
tigure 3.1 ). lt should also be noted that in the oxidation process of EDOT K2S20s is 
used. After the synthesis of PEDOT, potassium is removed ( although not completely 
[24]) by an ion exchange reaction in which H2S20 8 is formed. Moreover EDOT 
monomers, which did not take part in the polymerisation process or EDOT oligomers 
(very short chains, formed by a few EDOT monomers), might be present in the 
PEDOT:PSS layer. Also the presence of PSS chains (monomers or oligomers) can 
not be excluded. 

Since PEDOT:PSS is spincoated from a H20 solvent a ( desulfonation) reaction 
between PSS and water can occur which is supported by the low pH (~1) of the 
solution (see tigure 6.24 and [25]): 
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Figure 6.24 Desulfonation reaction between PSS and water. In this reaction H2S04 is 
Jormed. 

Summarising, there are several sulphur containing compounds, that can be 
responsible for sulphur transport to the X/PPV interface and the formation of a 
sulphur containing layer at this interface: 
-PEDOT:PSS monomers/oligomers 
-K2S20s/H2S20s 
-H2S04 

Due to the acid character of H2S04 and H2S20s, these compounds can split off H+
ions in the presence of water. As a result also SO/- and 820 8- ions can then be 
formed. 

An interesting question is: How canthese sulphur containing compounds, reach the 
electrode X/PPV interface? In the following sections, several mechanisms for sulphur 
transport towards this interface and the formation of a sulphur containing layer are 
discussed. 

6.2.2 Direct contacts between PEDOT:PSS and the low work function electrode 

At specific spots in a PLED, direct contacts between PEDOT:PSS and the low 
work function electrode can exist. This means that at these positions in the PLED no 
PPV layer is present on top ofthe PEDOT:PSS. 

Direct contacts can e.g. evolve by the presence of small dust particles on top of the 
glass substrates of the PLEDs. During PLED production, all sample layers (the top 
and bottorn electrodes, the PPV layer and the PEDOT:PSS layer) are deposited on top 
of the glass substrate. Figure 6.25 schematically shows the possible layer structure of 
a PLED at the position of a direct contact between PEDOT:PSS and the low work 
function electrode. 
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Figure 6.25 Schematic representation of a direct contact between PEDOT:PSS and 
the low work function electrode. A dust partiele is present on top of the glass 
substrate. The Al bottorn layer and the Ag electrode are deposited on top of ( and 
around) the partiele. At the position of the partiele the PEDOT:PSS layer is thinner 
than in the remaining part of the device. No PPV is assumed to be present at this 
position. For elarity bath bottorn metallayers are indicated as one layer as wel/ as 
bath top metallayers. 

Another way of representing a direct contact between PEDOT:PSS and the low work 
function electrode is shown in tigure 6.26. Here a direct contact is shown without the 
presence of a dust particle. 

top metallayers (Al/X) ---------
PPV 

PEDOT:PSS ------------------------------------------
bottom metallayers (Al/ Ag) 

------------------------------------------ glass 

Figure 6.26 Schematic representation of a direct contact between PEDOT:PSS and 
the low work function electrode. The direct contact is caused by the local absence of 
PPV after spincoating. 

Figure 6.26 shows a direct contact between PEDOT:PSS and the low work function 
electrode, without the presence of a dust particle. 

Like described in section 6.1.4, the amount of sulphur that was found at the 
interface of the low work function electrode and the PPV corresponds to an areal 
density of (7 ± 1) x 1014 S at/cm2

• The question can be posed whether this S-interface 
peak can be attributed to the presence of direct contacts (see tigure 6.25 and 6.26). 

In the situation shown in tigure 6.26 no sulphur interface peak would be detected 
in RBS experiments, but instead a sulphur tail would be found (see tigure 6.27). This 
tail is caused by the presence of sulphur at a depth corresponding to the PPV layer. 
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Figure 6.27 Sulphur tail, extending to the left from the position where S would be 
detected at the low workfunction metal electrode/PPV interface, corresponding to the 
situation shown in figure 6.26. 

Now the situation shown in tigure 6.25 is considered. Firstly the minimal surface 
coverage of dust particles that would result in the detection of 7 x 1014 S at/cm2 is 
calculated. 

Since the molecular formula of a PEDOT:PSS suspension (assumed to contain 62 
wt% PSS and 38 wt% PEDOT) is given by C66H5z0z6SIO, (7 ± 1) x 1014 S at/cm2 can 
be calculated to correspond to (11 ± 2) x 1015 PEDOT:PSS at/cm2

. Since sulphur at a 
depth of 10 nm can also contribute to the detection of S in the peak, it is assumed that 
the thickness of the PEDOT:PSS layer above the dust particles equals 10 nm. Using 
the fact that 10 nm of PEDOT:PSS roughly corresponds to an areal density of 100 x 
1015 PEDOT:PSS at/cm2

, the surface coverage of PEDOT:PSS (on top of the dust 
particles) then needs to be about 11%, which is very high. 

Moreover since PEDOT:PSS is spincoated on top of the dust particles, these 
particles are surrounded by PEDOT:PSS (see tigure 6.25). This means that 
PEDOT:PSS fragments are also detected at a depth corresponding to the thickness of 
the PPV layer. This would result in a sulphur continuurn in the RBS spectrum 
ex tending to the left of the sulphur interface Beak, once the areal density of sulphur is 
higher than the detection limit of 6 x 10 4 S at/cm2

. The total areal density of 
PEDOT:PSS corresponding to the detection of 6 x 1014 S at/cm2 equals 9 x 1015 

PEDOT:PSS at/cm2
• The total areal density of the PPV layer is 2500 x 1015 PPV 

at/cm2
• The surface coverage ofthese PEDOT:PSS fragmentsextending from the top 

to the bottorn of the PPV layer then equals only 0.4%, which is much smaller than 
11%. 

It should be noted that samples which are not electrically stressed, should also 
show the sulphur interface peak, since the presence of this peak would purely depend 
on the properties of the PLED substrates. However in the spectrum displayed in tigure 
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6.12 no peak corresponding to sulphur at the position of the PPV/X interface is 
visible. 

Moreover lately, in an Auger Electron Spectroscopy experiment, performed at 
Philips Research Laboratones in Eindhoven, no indication was found for an 
inhomogeneous distribution of sulphur containing compounds below electrode X. 

However the detection of the sulphur interface peak might be explained by the 
presence of only a few direct contacts, from which PEDOT:PSS compounds are 
spread out along the X/PPV interface during PLED operation (see figure 6.28). 

top metallayers (Al/X) 
--------·~====~?~------~$~==~~~-------

-------------i~~ ~~- ------------- :::OT:PSS 
bottorn metallayers (Ag on top of Al) 

------------------
glass 

dust partiele 

Figure 6.28 PEDOT:PSS fragments spreading out over the XIPPV interface from the 
position of a direct contact. The dashed lines schematically show that a PEDOT:PSS 
layer is formed below the low work function electrode. 

Like calculated above, the amount of direct contacts that can be present, without 
the detection of a sulphur step corresponding to the depth of the PPV layer equals a 
surface coverage of 0.4% PEDOT:PSS extending from the top to the bottorn of the 
PPV layer. 

This already indicates that a small amount of glass particles, surrounded by a thin 
layer of PEDOT:PSS can be present on top of the glass substrate, without the 
detection of a sulphur edge extending to the left of the sulphur peak. 

Based on RBS spectrum considerations, in principal this mechanism can lead to the 
detection of a sulphur layer, located at the bottorn of electrode X. 

However what could be the driving force behind this mechanism? From the 
experiments performed in section 6.1.4 and 6.1.5 it is clear that without the 
application of a (high) current density or the exposure to ambient conditions no 
sulphur containing layer is detected. Sulphur migration is observed in stress 
experiments with a high bias voltage and current density. At the positions of direct 
contacts, the resistance is expected to be quite low ( due to the absence of a PPV layer) 
and therefore the local current density is probably high. It can not be excluded that 
due to heat dissipation PEDOT:PSS monomers or oligomers can be activated to 
diffuse towards the X/PPV interface. This can explain why a sulphur containing layer 
is not detected in an as-prepared Ag/X sample (which was not exposed to ambient 
conditions ). However the fact that a sulphur containing layer is formed due to 
exposure to ambient conditions is unclear, since water probably does not increase the 
diffusivity ofPEDOT:PSS compoundsin a hydrofobie polymer like PPV. 
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6.2.3 Electric field-driven ion migration of S-compounds 

As discussed in section 6.2.1, the presence of water implies that ionic sulphur 
containing compounds can exist in the PEDOT:PSS film (Soi- and Szol-). If these 
ions are mobile in the polymer layers they would move to the positive electrode under 
influence of an applied electric field. Positive ions (like H+) would move to the 
negative electrode. The PLED then behaves like an electrochemical cell. 

However under normal operation of a PLED, the low work function electrode acts 
as the negative electrode and PEDOT:PSS as the positive (hole injecting) electrode. 
Therefore the negatively charged ions would be rejected from the low work function 
electrode instead of moving towards it. 

Consequently, this mechanism is unlikely to explain the formation of a sulphur 
containing layer at the electrode XIPPV interface. Only positively charged sulphur 
containing compounds might be able to migrate towards the XIPPV interface. The 
only sulphur containing compounds that could be positively charged are PEDOT 
oligomers. These fragments are large and therefore their mobility through the PPV 
layer is expected to be low. 

6.2.4 Transport/diffusion of (small) S-containing compounds through the PPV 
layer foliowed by a redox reaction 

It is interesting to consider the mechanism of diffusion of small sulphur containing 
fragments from the PEDOT:PSS layer into the PPV layer. The PPV film then acts as a 
membrane for diffusion towards the low work function metal electrode. 
If a molecule diffuses through a membrane, the rate of diffusion, F in a steady state 
situation (where dC/dx is a constant), is given by (see [26]): 

F = -D dC (6.1) 
dx 

Here D is the diffusion coefficient and dC!dx the concentration gradient of the 
diffusing molecule over the membrane. 
A factor that stimulates diffusion is temperature. At higher temperatures the diffusion 
constant, D increases according to: 
D = D 0 exp(-Ed IRT) (6.2) 
Here Do is the pre-exponential factorand Ed the activation energy, R the gas constant 
and T the temperature. In case that the size of the penetrating molecule is equal or less 
than the dimension of the free volume in a polymer, the activation energy for 
diffusion approximately equals zero. 

The presence of unsaturation in the polymer back bone, increases polymer chain 
rotation and therefore increases the diffusivity through the polymer. In the PPV 
backbone a lot of unsaturated honds are present (see section 2.1). However this 
favourable effect on diffusivity is counteracted by the large side chains, connected to 
the backbone, which reduce rotation [26]. 

In principal all sulphur containing compounds present in the PEDOT:PSS layer can 
penetrate into the PPV layer. However the diffusivity and therefore also the mobility 
of rather small molecules like H2S04 ( and H2S20 8) is expected to be higher than that 
of larger PEDOT:PSS monomers/oligomers. 

The time scale of diffusion of small S containing molecules through the PPV layer 
can be estimated, in order to determine whether it is likely that small amounts of these 
molecules have diffused through the PPV layer, before a current stress experiment 
was performed. 
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The rate of diffusion, F (see (6.1)) can be expressed in the unit [molecules cm-2s-1
]. 

This can beseen as a molecular flux through an area of 1 cm2. Therefore Fis given 
by: 

dC 
F = pv = -D- (6.3) 

dx 
Here p is the molecular density of S containing compounds initially present in 
PEDOT:PSS, expressed in [molecules cm-3

] and v diffusion velocity expressed in 
[cms-1

], the concentration gradient dC!dx [molecules cm-4] and the diffusion 
coefficient D [cm2s-1

]. 

The diffusion coefficients at T=25 oe of several gases in different polymers are 
shown in Table 6-1 ( see also [26] page 46), in order to indicate the magnitude of the 
diffusion coefficients of gas molecules in polymers. 

Table 6-1 Diffusion coefficients of several gases in different polymers at T=25 ° C 

Gas Polyethylene Polyethy- Polyethylene Natura! rubber 
terephthalate I ene (density (density 0.914) 
(glassy 0.964) 
crystalline) 
D x 106 cm2s-1 D x 106 cm2s-1 D x 106 cm2s-1 D x 106 cm2s-1 

He 1.7 3.07 6.8 21.6 
02 0.0036 0.170 0.46 1.58 
N2 0.0014 0.093 0.320 1.10 

co2 0.00054 0.124 0.372 1.10 
c~ 0.00017 0.057 0.193 0.89 

Table 1 clearly shows the effect of diffusant molecule size, which results in lower 
diffusion coefficients for larger molecules. Also the diffusivity in polymers with high 
polymer density ( corresponding to a smaller free volume) is lower compared to 
polymers with lower polymer density. Diffusion coefficients displayed in table 1 
roughly vary between -1 o-Io cm2s-1 and -1 o-5 cm2s-1. Also the diffusion coefficient of 
larger compounds like benzene in amorphous ethylene-propylene is within this range. 
Based on these data the diffusion coefficient of sulphur containing compounds like 
H2S04 and H2S20s in PPV is estimated to be above -10-11 cm2s-1

. 

The concentration gradient (see 6.3) is approximated by dividing the molecular 
density ofS containing compoundsin PEDOT:PSS by the thickness ofthe membrane, 
which is in the order of 10-5 [cm]. Since only the diffusion velocity is necessary for 
estimating the penetration time through the PPV membrane, the molecular density, p 
can be divided out (see 6.3) and vis in the order of 10-6 [cms-1

]. The estimated time to 
penetrate through a layer of thickness in the order of 1 o-5 [cm] assuming a diffusion 
coefficient of 10-11 cm2s-1 is in the order of 10 [s]. Another equation that is often 
applied to estimate the diffusion time of certain compounds through a membrane with 
thickness, Lis: 

L = .fDt (6.4) 
When using equation (6.4) with L=10-5 cm and D=10-11 cm2s-1 the estimated diffusion 
time also equals 10 s. 

This diffusion time implies that it is likely that small amounts of sulphur 
containing molecules have spread out over the PPV layer, before current 
stress/exposure to ambient experiments were started (the time period between sample 
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production and these experiments was at least more than one week). Like explained a 
maximum areal density of (6 ± 1) x 1014 S at/cm2 can already be present in the PPV 
layer, before a current stress experiment is started. 

During current stress experiments (performed at a temperature of 70°C) it is likely 
that more of these small sulphur containing fragments diffuse from the PEDOT:PSS 
layer into the PPV layer. However why would these compounds accuroulate at the 
position of electrode X? 

The experiments shown in tigure 6.19 and 6.20 show the importance of the 
presence of a low work function (reactive) electrode for the formation of a sulphur 
containing layer. This suggest that a chemical reaction, probably a redox reaction 
takes place between the sulphur containing compound(s) and electrode X, which is a 
strong reductor. A redox reaction can take place independent of the direction of 
applied bias voltage over the PLED, because only the contact potential determines the 
probability for a redox reaction to occur. The voltage drop over the XIPPV interface 
can namely be neglected. 

Depending on the presence of water in the PEDOT:PSS layer, several reactions can 
take place at the X/PPV interface. Redox potentials of these reactions are indicated 
below [27]. 
Without the presence of water the following reaction can take place: 
H2S20s + 2e- ~ S20s2-+ H2 
X ~ X2+ + 2e- + -2.90 eV 
H2S20s + X ~ XS20s + H2 
In the presence ofwater H2S20 8 will probably split offits H+ according to: 
H2S20s + 2 H20 ~ S20l + 2 H30+ 
Then the following redox reaction can take place at electrode X: 
S20{+2e- ~ 2 sol- +2.0 eV 
X ~ X2+ + 2e- + -2.90 eV 
x + s2ol ~ xso4 + sol-
Moreover in the presence of water H2S04 will be produced (see the desulfonation 
reaction insection 6.2.1). Also H2S04 will probably split off its H+ according to an 
acid/base reaction: 
H2S04 + 2 H20 ~ sol- + 2 H30+ 
In turn sol- can react with electrode x according to: 
sol-+ 2 H+ + 2e- ~ SOt + H20 -0.09 eV 
X ~ X2+ + 2e- + -2.90 eV 
x+ sol- + 2 H+ ~ xso3 + H20 

The probability of such self limiting reaction processes (limited by the presence of 
the low work function electrode), is supported by the fact that the detection of sulphur 
at the X/PPV interface seems to be limited to an areal density of about 7 x 1014 S 
at/cm2 (approximately one mono layer). 

The mechanism described in this section agrees with the detection of sulphur in the 
presence ofwater and without current stress. The molecular concentration ofH2S04 in 
the PEDOT:PSS namely is increased (see tigure 6.24). 

If a forward bias voltage is applied over the PLED, more electrons are injected at 
the position of electrode X. Therefore all reactions at electrode X described in this 
section probably take place more easily, stimulating the formation of a sulphur 
containing layer. 

Like explained above, the diffusion of small sulphur containing compounds from 
the PEDOT:PSS layer is stimulated by high temperatures ( applied during current 
stress experiments). 
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The mechanism described in this section is in agreement with all measurements 
described in section 6.1.4 and 6.1.5 and therefore with the current knowledge it is the 
most likely mechanism for the formation of a sulphur containing layer at the position 
of electrode X. 

6.3. Halogen impurities in standard PLEDs 

In addition to the analysis of model structures for PLEDs (Al/ Al and Ag/X 
samples), also RBS measurements on standard PLEDs (ITO/X samples) were 
performed. Figure 6.29 shows a RBS-spectrum of an ITO/X sample with PPV
thickness (8 ± 1) x 101 nm, measured after two hours of operating time at a constant 
current density of 2.5 mA/cm2 and a temperature of 70°C. The sample had notbeen in 
contact with air before the RBS experiment was performed. 
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Figure 6.29 RBS-spectrum of an ITOIX PLED (glass!ITO(l65 nm)/PEDOT:PSS (200 
nm)/PPV (80 nm)IX (5 nm)/Al (100 nm)) after 2 hours of operating time at a constant 
current density of 2.5 mA/cm2 and a temperafure of 70 °C. No sulphur at the XIPPV 
interface can be detected (indicated by SinJ, inslead a smal! peak indicates the 
presence of chlorine in the PPV-layer corresponding to an area! density of (3:1: 0.2) x 
1015 Cl at!cm2

• 

In the spectrum of tigure 6.29 an amount of chlorine was detected in the bulk of 
the PPV (approximately in the middle of the PPV layer), corresponding to an areal 
density of (3 ± 0.2) x 1015 Cl at/cm2

. This equals a bulk atomie percentage of (0.1 ± 
0.02) % Cl in PPV. A chlorine peak was not observed in the spectrum of a similar 
sample that was not electrically stressed, which might indicate the accumulation of 
chlorine present in PPV in the middle of the PPV layer during operation. 

The presence of halogen containing compoundscan he a reason for the degradation 
of PPV in PLEDS [22]. In [22] a process is described where a halogen containing 
compound (HA) traps an electron during PLED operation according to: 
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HA+ e- =>[HAr=> H- + A• 
Here H is the halogen and A an organic fragment. The radical A• can induce a 
polymerisation reaction, which results in cross linking and a decrease in the 
conjugation in the PPV layer. 

Also fluorine was found at the X!PPV interface in samples of another batch. Figure 
6.30 shows the RBS spectrum of an ITO/X sample that was stressed for 40 minutes at 
a constant current density of2.5 mA/cm2 and again a temperature of70 °C. 
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Figure 6.30 RBS spectrum of an ITOIX sample (glass/ITO(l65 nm)/PEDOT:PSS (200 
nm)/PPV (280 nm)IX (5 nm)) after 40 minutes of operating time with a constant 
current density of 2.25 mA/cm2 and a temperafure of 70 OC. Surprisingly fluorine is 
observed at the XIPPV interface of this sample corresponding to an area! density of 
about (1 0 :f 2) x 1015 F at!cm2

. 

The amount of fluorine that was found corresponds to an areal density of about ( 10 ± 
2) x 1015 F at/cm2

. Fluorine containing compounds can influence device degradation 
in the same way as chlorine containing compounds. 
Therefore it is important that the amount of halogens in a PLED is reduced to a 
mmtmum. 

In chapter 8 the conclusions of chapter 6 and 7 are summarised and recommendations 
for further research are given. 
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Chapter 7 Possible implications 
containing interface layer for the 
degradation of a Polymer LED 

of a sulphur 
electro-op ti cal 

In chapter 6 evidence was presented for the accumulation of sulphur-containing 
compounds at the low work function metal ( cathode )/PPV interface. A sulphur 
containing layer was detected under conditions of PLED operation at 70 oe and after 
PLED exposure to ambient conditions. Because charge injection takes place at the 
cathode, it might be expected that such an interface layer will influence the electro
optical behaviour of a PLED. This interplay between the sulphur containing interface 
layer and the electro-optical behaviour is the main theme ofthis chapter. 

In section 7.1 the electrical degradation time scale of the PLEDs is examined. In 
the subsequent sections changes in the JV(current density-voltage) and LV(light
voltage )-behaviour after degradation time are examined. Apart from the existence of a 
shift in the onset-voltage for current flow (Vonseti) towards a higher voltage, also a 
change in the shape of the JV -curves is observed. Sec ti on 7.2 describes the influence 
of PLED degradation time, PPV layer thickness and applied current density with 
corresponding electric field on the magnitude of Vanseti· Special attention is also paid 
to the importance of the preserree of a PEDOT:PSS layer in PLEDs, for the existence 
of the shift in Vanseti· 

In section 7.3 several mechanisms are discussed that might contribute to the shift in 
Vonsetl· The occupation and generation of electron trapping sites tums out to play an 
important role. In section 7.4 the efficiency-behaviour of the PLEDs is studied as 
function of the PLED degradation time in order to acquire information about the 
formation of extra trapping sites and the position of these sites in the PLED. 

A possible degradation mechanism in PLEDs that could influence the shape of the 
JV -curves is a reduction of the average charge carrier mobility in the PPV layer, due 
to crosslinking (see section 3.1). Insection 7.5 the influence of a decreased average 
mobility on a change in the shape of the JV -curves is discussed, both for PLEDs with 
and without a PEDOT:PSS layer. Whereas a mobility decrease seems to explain the 
difference between the JV -curves of the latter PLEDs, in the former on es also another 
mechanism seems to be important, especially at low bias voltages. Evidence is 
presented that the filling of electron traps (especially near the cathode/PPV interface) 
is the most important mechanism to explain the change in shape of the JV -curves at 
low applied voltages in these samples. 
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7.1 PLED degradation time scale 

In constant current ( density) stress experiments, PLED electrical degradation is 
visible as a rise of the voltage as a function of time. Figure 7.1 shows the degradation 
curve of an ITO/X PLED, that was stressed at a constant current density of 2.5 
rnNcm2 and a stress temperature of 70 oe during 40 hours. 

t=20h 

Figure 7.1 Typical degradation curve of an ITOIX standard PLED: glass/IT0(165 
nm)/PEDOT:PSS(200 nm)IPPV(260 nm)IX(5 nm)/Al(l 00 nm), stressed at a constant 
current density of 2. 5 mA/cm2 during 20 hours. The voltage is monitored as a function 
of degradation time. A Jast increase in voltage is foliowed by a more gradual 
increase. 

In figure 7.1 a fast increase in voltage is foliowed by a more gradual increase as a 
function of time. 

As a comparison figure 7.2 shows the degradation curve of a Ag/X model PLED, 
that was stressed at the same temperature, with a constant current density of 10 
mA/cm2

, fora period of approximately 20 hours. 
What can he concluded from both figures is that the shape of the electrical 

degradation behaviour of standard PLEDs is comparable with that of the Ag/X model 
PLEDs that were used in the RBS studies in chapter 6. This suggests that the same 
degradation process( es) are responsible for the electrical degradation in both standard 
PLEDs and Ag/X model PLEDs. It is important to note that the major voltage 
increase, typical for PLED electrical degradation takes place in the first 20-40 hours. 

Factors like temperature and the combination of current density and applied 
electric field strongly influence electrical degradation. 
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Figure 7.2 Typical degradation curve of a model Ag/X PLED: g/ass/A/(120 
nm)!Ag(7.5 nm) IPEDOT:PSS(200 nm)IPPV(250 nm)/X(5 nm)/A/(25 nm), that was 
stressed for a period of about 20 hours with a constant current density of 10 mA!cm2

. 

Again the voltage is monitored as a function of time. The degradation behaviour 
approximately has the same shape compared to the behaviour of the standard PLED 
shown infigure 7.1. 

7.2 Experimental parameters that influence Vonseti 

A series of experiments have been performed in which Vonsetl was investigated. The 
magnitude of Vonseti is influenced by the PPV layer thickness, the applied electric field 
and the corresponding current density and finally the PLED degradation time. Also 
the influence of the presence of a PEDOT:PSS layer in the PLEDs is examined in a 
sample which had been operating at a temperature of 30 °C. In order to be able to 
compare the degradation in all different measurements, the life time fraction, FL is 
introduced. Equation (7 .1) shows the relation between degradation temperature and 
PLED life-time (here PLED life time is defined as the time necessary to reduce the 
PLED light emission by one half). This relation was found empirically (P. v/d Weijer 
et al. Philips Natlab Laboratones Eindhoven): 
I= 3x10-7 e6869/T (7.1) 

In (7 .1) I is the life time in hours and T the temperature in K. Equation (7 .1) is 
based on an applied current density of 50 mNcm2

• In the determination of I for the 
experiments treated in this section it is assumed that PLED life time decreases linear 
as a function of applied current density. Tabel 7-1 gives a survey ofthe samples, used 
in this section and the fraction of the life time (FL) corresponding to the degradation 
experiments that were carried out with these samples. 

Table 7-1 PLED experiments and corresponding valnes of FL 

Sample thickness (nm) FL Found in figures: 
240 2.3 x 10-j 7.5 + 7.9 
80 6.7 x 10-j 7.6 (a)+ 7.10 (a) 
80 2.3 x 10-j 7.6 (b) + 7.10 (b) 
80 2.2 x 104 7.7 (a)+ 7.11 (a) 
80 3.4 x 10-j 7.7 (b) + 7.11 (b) 

130 1.9 x 10-j 7.8 
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Before showing any results, first the measurement procedure used to determine the 
JV curves is explained. In JV -measurements the current values were measured in a 
hysteresis cycle. First the applied bias voltage was increased in steps until the desired 
maximum voltage was reached. Then it was decreased to a voltage that is exactly the 
opposite of the maximum voltage. Finally the applied voltage was increased to zero 
again. Figure 7.4 illustrates the full cycle duringa JV-measurement. The current that 
is measured at negative bias voltage is regarded as leakage current. In order to obtain 
the net JV -characteristics for positive bias voltages, the current density values at the 
corresponding negative bias voltages are substracted. 
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Figure 7.4 In a JV-measurement a hysteresis cycle is determined. In order to obtain 
the net JV-characteristics at positive bias voltages, the current values at negative bias 
voltages are substracted from the forward characteristic. The sample composition is 
glass/IT0(165 nm)IPEDOT:PSS(200 nm)/PPV(240 nm)IX(5 nm)/Al(JOO nm). 

In figure 7.5 the increase in Vonsetl after degradation time is illustrated in a current 
stress experiment that was performed for a period of about 20 hours at a constant 
current density of0.875 rnNcm2

• The PPV thickness ofthe PLED was (240 ± 20) nm. 
The (net) JV -characteristics before and after the stress procedure are compared. Here 
Vonsetl is defined as the voltage corresponding to a current density of 5 x 10-7 A/cm2

. 

Below this value of the current density, leakage currents become important and the 
determination of the shift in Vonsetl gets less accurate. 

The shift in Vonseti that is observed in figure 7.5 equals about (0.7 ± 0.1) V 
(determinedjust above the noise level). In addition, the shape ofthe JV-curves differs, 
especially at low voltages. The (net) JV -characteristics after degradation time 
correspond to and can be derived from figure 7.4 as described above. 
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Figure 7.5 JV-characteristics of an ITOIX PLED: glass/ITO(l65 
nm)!PEDOT:PSS(200 nm)IPPV(240 nm)/X(5 nm)/A/(100 nm) PLED befare and after 
a stress procedure of 20 hours at a current density of 0.875 mA/cm2

. Apart from a 
shift in Vonsetl of about (0. 7 .:t 0.1) V towards a higher voltage, a difference in shape of 
the JV-curve is observed, especially between Vansetland a bias voltage of about 5 V. 

Another experiment was carried out, in which a sample with a thin PPV layer (of 
approximately 80 nm) was used. In order to obtain an electric field approximately 
equal to the field in the experiment corresponding to figure 7.5, the applied current 
density was set to 2.5 rnNcm2 (here the assumption has been made that J-E2/L, see 
also section 2.5). The JV -characteristics of this sample before and after 20 hours of 
degradation time are compared and shown in figure 7.6 (a). Because of the fact that 
leakage currents play an important role in thin samples at low current densities, the 
shift in Vonseti is determined at a current density of 5 x 10-7 A/cm2

, The shift observed 
in figure 7.6 (a) equals about (0.20 ± 0.02) V. 

Also a current stress experiment at a current density of 0.875 rnNcm2 was 
performed, in order to have the same current density compared to the experiment 
corresponding to figure 7.5. Figure 7.6 (b) shows the JV-behaviour of this sample 
before and after 20 hours of degradation time. Also in figure 7.6 (b) a small shift in 
Vonsetl is observed, which equals (0.12 ± 0.02) V. 

When the results ofthe two samples with a thin PPV layer (figure 7.6 (a) and (b)) 
and 7. 7), are compared, it is observed that the largest shift in Vonseti is induced in the 
sample which had been operating at the highest current density and corresponding 
electric field. 

Comparison between figure 7.5 and 7.6 shows that in case of the sample with the 
thick PPV layer, which had been operating at the lowest current density, the largest 
shift in Vonseti is found. Moreover a comparison between figure 7.6 and 7.7 again 
shows that the largest shift in Vonsetl exists for the sample with the thick PPV layer. In 
the experiments corresponding to these figures, the applied electric field was lower for 
the case of the sample with the thick PPV layer. The results presented above suggest 
that for a sample with a thicker PPV layer, even when a smaller electric field E or a 
smaller current density J is applied, a larger shift in Vonsetl is induced. Apparently the 
layer thickness of the PPV layer is a more important parameter determining the shift 
in Vonseti than the applied current density and electric field across the layer. 
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Figure 7.6 Comparison between the JV-behaviour of two ITOIX PLED 
:glass/ITO(l65 nm)IPEDOT:PSS (200 nm)/X (5 nm)IPPV (80 nm) after 0 and 20 
hours of degradation time at a current density of 2.5 mA/cm2 (a) and 0.875 mA/cm2

. A 
smal/ shift in Vonseaofrespectively (0.20 x0.02) Vand (0.12 x0.02) V 

The shift in Vonsetl also depends on PLED degradation time. Both for PLEDs with 
thick and thin PPV films, Vonseti increases with degradation time. For samples with 
thin PPV films this is illustrated in tigure 7.7. These samples were degradated at a 
current density of2.5 rnNcm2 fora period of 40 minutes (a) and 1 hour (b). 

Apart from the fact, that the shift increases with degradation time, it should be 
noted that within the first hour the rise in the shift is enormously large, compared to 
the period between 1 hour and 20 hours. 
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Figure 7.7 Comparison between the JV-behaviour oftwo PLEDs with PPV thickness 
80 nm: glass/IT0(165 nm)IPEDOT:PSS (200 nm)IX (5 nm)IPPV (80 nm) , after 0 and 
40 minutes of degradation time (a) and after 0 and 1 hour of operating time (b). The 
applied current density was 2.5 mA/cm2

• A smalt shift in Vonseti is observed, with a 
magnitude of respectively (0. 05 :!: 0. 02) V and (0. 09 :!: 0. 02) V. 

Finally the requirement of the presence of a PEDOT:PSS 1ayer in a PLED for the 
formation of a shift after degradation time is examined. A PLED, with PPV thickness 
130 nm, was stressed for a period of 25 hours at a current density of 8 mA/cm2

• The 
stress temperature was 30 °C. According to our definition of the point were Vonseti is 
determined (at a current density of 5 x 1 o-7 Ncm2

), a shift in Vonseti of (0.1 ± 0.05) V 
is found. 

However in this case the JV -curves approach each other at 1ower va1ues of the 
current density (see figure 7.8). This indicates that the estimation of the shift, using 
the o1d definition is not accurate in this case. The rea1 shift in Vonseti is 1ower than the 
estimated va1ue of (0.1 ± 0.05) V. 

67 



Although the real shift in Vonseti is very low and might even be zero, it can not be 
concluded from this measurement that a PEDOT:PSS layer is required for the 
existence of a shift in Vonseti after degradation time. This indicates that also other 
effects might influence the shift in Vonseti (see section 7.3). 
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Figure 7.8 Comparison between the JV-behaviour of a PLED with a PPV thickness of 
130 nm, without a PEDOT:PSS /ayer, that was stressed fora period of 25 hours at a 
current density of 8 mA/cm2

• Although the delerminaton of the shift in onset-voltage is 
very inaccurate, a smal/ shift in Vonseti of a bout (0.1 .± 0. 05) seems to be present. 

Since a shift is observed in Vonse11, also a comparable shift in the onset-voltage for 
light-emission, VonsetL is expected. That this is not the case for the sample with the 
thick PPV layer (240 nm) is illustrated in figure 7.9. 
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Figure 7.9 Comparison between the LV-behaviour of a PLED with PPV thickness 240 
nm, befare and after 20 hours of operating time at a current density of0.875 mA/cm2

. 

A large shift in VonsetL of a bout (2. 0 :t 0.1) V is observed. 

The shift in VonsetL is about (2.0 ± 0.1) V, which is much larger than the corresponding 
shift in Vonseti of about (0.6 ± 0.1) V. The cause for this difference might be that in this 
case a hole-only current is flowing at low bias voltages. 
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In contrast to this, the shift in VonsetL correlates with the shift in Vonsetl for samples 
with a thin PPV layer of 80 nm (see figure 7.10 and 7.11). VonsetL is determined at a 
light current of 1 pA. 
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Figure 7.10 Comparison between the LV-behaviour of an ITOIX PLED: 
glass!ITO(l65 nm)IPEDOT:PSS(200 nm)IPPV(80 nm)IX(5 nm)/A/(1 00 nm) with PPV 
thickness 80 nm, a fier 0 and 20 hours of degradation time at a current density of 2. 5 
mA/cm2 (a) and at a current density of0.875 mA/cm2 (b). A shift in VonsetL of(0.15 :i: 
0.02) V respectively (0.11 :!:0.02) Vis observed. 

In figure 7.10 a shift in VonsetL of (0.15 ± 0.02) V is observed in case of a sample that 
was stressed at a current density of 2.5 rnNcm2 for 20 hours, whereas the shift in 
VonsetL was (0.11 ± 0.01) V for the sample that was stressed for the same period at a 
current density of0.875 rnNcm2

• 
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Figure 7.11 Comparison between the LV-behaviour of an ITOIX PLED: 
glass/IT0(165 nm)IPEDOT.PSS(200 nm)IPPV(80 nm)IX(5 nm)/Al(l 00 nm) with PPV 
thickness 80 nm, after 0 and 40 minutes (a) and 0 and 1 hour (b) of degradation time 
at a current density of 2.5 mA/cm2

. A shift in VonsetL of (0.04 :i: 0.02) V respectively 
(0.07 :i: 0.02) V is observed. 

In figure 7.11 a shift of (0.04 ± 0.02) V respectively (0.07 ± 0.02) V was observed 
after 0 and 40 minutes and 0 and 1 hour of degradation time at a current density of2.5 
mA/cm2

• 
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7.3 Mechanisms that might influence Vonseti 

In this section possible mechanisms responsible for to the shift in Vonseti, as shown 
in section 7 .2, are discussed. 

Like explained in chapter 6, a sulphur containing layer can be formed at the low 
work function electrode/PPV interface. lf charge injection takes place from the pure 
low work function metal electrode, the (insulating) sulphur containing layer can be 
regardedas a tunneling harrier to charge injection into the PPV layer. Insection 7.3.1 
the possible influence of such a harrier on Vonseti is discussed. 

In chapter 6 it was argued that a chemica! reaction takes place between the sulphur 
containing compounds and the reactive low work function metal electrode. Due to this 
reaction a chemica! dipole layer can be formed at the low work function metal/PPV 
interface. In section 7.3 .2, this interface dipole layer in re lation to Vonsetl is discussed. 

An adaption of the low work function metal electrode/PPV interface, due to the 
preserree of a sulphur containing layer, could influence the work function of the low 
work function metal. The implication of a change in work function for a shift in Vonseti 

is discussed insection 7.3.3. 
Finally in chapter 7.3.4 the role of electron traps, which exist close to the 

cathode/PPV interface is discussed. 

7.3.1 The formation of an insulating interface layer 

During a constant current stress experiment, the voltage required to maintain a 
constant current density increases. This can be caused by a reduction of the average 
mobility for charge carriers in the PPV layer. 

Another possibility, which might explain the increase in resistance is the formation 
of an insulating layer at the X/PPV interface. 
lf an insulating layer is formed at this interface, the harrier height for charge inj eetion 
at the X/PPV interface might rise. This results in an increase of the operating voltage, 
which is required to reach a certain current density. However Vonseti is not influenced 
by this insulating layer. 

7.3.2 The influence of an interface dipole layer 

Like argued in section 2.2 and 2.3, surface dipole layers at the electrode/PPV 
interfaces in a PLED can influence the magnitude of the build-involtage (see section 
2.3). The build-involtage determines Vonsetl· 

Before a current stress experiment is performed, the difference in the work 
function of both electrades is about 5.2 eV - 2.8 eV (the work function in case of 
charge injection from pure cathode material which has notbeen oxidised) = 2.4 eV. 
Thus, if the effect of dipole layers is not taken into account, a build-in voltage of 2.4 
V would be expected. However a build-involtage of approximately 1.7 V is found. 
The difference between those values (0. 7 V) might be attributed to the effect of the 
surface dipole layers. 

In chapter 6 evidence was presented for the accumulation of a sulphur containing 
layer at the X/PPV interface during PLED operation. It was argued that a chemica! 
reaction can occur between the low work function electrode and the sulphur 
containing compounds. This reaction might introduce a (chemica!) dipole layer, which 
is permanently present at the interface. In principal such a layer could cause a shift in 
the build-in voltage (and therefore also in Vonseti) towards a higher value after PLED 
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degradation time. However it is not expected that this effect results in a PPV layer 
thickness dependenee of the shift in Vonseti· In section 7.2 it was shown that in samples 
with a thick PPV layer (240 nm) the shift in Vonseti was much larger than in samples 
with a thinner PPV layer (80 nm). 

It can be concluded that a chemica! dipole layer can not explain the shift in Vonseti 

as observed in the experiments. However it can still contribute to the shift. 

7.3.3. Modification of the work function of electrode X 

Like explained in section 2.2 and 2.3, the difference in work function between 
electrode X and the PEDOT:PSS electrode influence Vonseti in the PPV layer. 

It can not be excluded that the work function of the cathode is modified, due to the 
formation of the sulphur containing layer. E.g. in the case that the low work function 
electrode is (completely) oxidised its work function is known to decrease from 2.8 eV 
to 0.99 eV. 

Like discussed in section 2.3 (the capacitor model for the build-in voltage), a 
decrease in work function of the low work function electrode can lead to an increase 
of Vonsetl· However again this effect will not dependent on the thickness of the PPV 
layer and can therefore not explain the dependenee of the shift on the PPV layer 
thickness. Note that the change in work function can still contribute to the shift in 
Vonsetl· 

7.3.4. The influence of electron traps on the shift in Vonseti 

Like explained in section 2.5, even before the PLEDs are electrically stressed, 
electron traps exist within the PPV layer, whereas the influence of hole trapping can 
be neglected [ 6]. In this section the possible role of electron/hole traps near the 
cathode on Vonsetl for current injection is discussed. 

It is assumed that due to the presence of a sulphur containing layer an additional 
amount of electron traps are formed near the cathode. The number of additional traps 
then only is dependent on the amount of sulphur containing compounds that are bound 
at the X!PPV interface. lf the di stance between both electrodes equals L, the following 
formula is applicable to describe the importance of trapped charge near the cathode 
( analogue to the behaviour of a capacitor [7] ) : 

GA 
Q=(Q1 +Q1 )=CV=LV (7.2) 

The total charge Q in (7.2) can be divided in trapped charge Q1 and free charge Q1. 
The charge Q depends on the effective intemal voltage over the PPV layer V and the 
capacity of the device C. The capacity is determined by the permittivity of the device 
s the surface of the electrodes A and the di stance between both electrodes L. 

At low voltages, the injected electrons are immobilised in traps. Due to the filling 
of these traps, space charge builds up which limits electron and hole currents. In case 
that the filling of the traps happens on a very small time scale, it is possible that the 
magnitude of electron and hole currents gets negligibly small. Only when the total 
charge Q, corresponding to the voltage V exceeds the maximum charge which can be 
stored in the traps (Q1) a current will flow through the PPV film. In other words, if a 
certain effective intemal voltage V is applied over the PLED, only an amount of 
charge Q can be "stored" at the position of the injecting electrodes. This implies that 
if Q1 equals Q than no injection of free charge from the cathode or anode is possible at 
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this voltage. However if the applied voltage is increased, free charge can be injected 
again and a current flow is measured. 

If it is assumed that electron traps are tilled almost immediately after V>O V, 
electron and hole currents become negligibly small. When V gets large enough to 
enable injection of free charge, a current becomes measurable. From the shift dV in 
Vonsetl that was measured in section 7.2 the amount of trapped charge can then be 
calculated according to: 

dV = Q1L (7 .3) 
&A 

Equation (7.3) implies that if Qr is equal for samples with a thin and samples with a 
thick PPV layer, the voltage shift, dV will be larger in case of samples with a thick 
PPV layer. 

Now the total amount of electrous that need to be trapped, in order to cause a shift 
in Vonser1 of(0.12 ± 0.02) V (as measured insection 7.2) is calculated using (7.3). The 
number of trapped electrous that is found is 2.0 x 1011 electrons. In case of the thick 
sample, the same number of trapped electrous would result in a shift of (240 nrn/80 
nm) * 0.12 = 0.36 V. The shift that was measured in the thick sample (with the same 
life time fraction) was about (0.7 ± 0.1) V. This suggests that also traps that are not 
present in the sulphur containing layer contribute to the formation of this shift. 

The total number of S atoms that were measured at the X!PPV interface in chapter 
6 was ~7 x 1014 S at/cm2 

, corresponding to 5.6 x 1015 S atoms distributed over the 
whole electrode area of 8 cm2

• Thus the number of trapped electrous that is calculated 
is much less than the total number of sulphur atoms that were found in RBS 
experiments. This suggests that only a very small part of the sulphur containing 
compounds traps electrons. However two important things should be noted. 

First that in a disordered structure like the sulphur containing X/PPV interface 
layer, traps distributed in energy are expected. Only deep traps can immobilise 
injected electrons, because under influence of temperature, electrous can escape from 
shallow traps. Therefore it is likely that only a part of the electron traps (the deep 
traps) are tilled when V>O V, resulting in a shift in Vonsetl· At higher applied bias 
voltages the free charge concentration will increase and consequently less deep traps 
can be tilled ([7] page 22). However if these traps are not deep enough to immobilise 
electrons, the traps will be occupied for only part ofthe time. 

Furthermore the sulphur areal density of~ 7 x 1014 at/cm2 was detected in a PLED 
after 40 hours of degradation time at a constant voltage of 30 V, initia! current density 
of 28 mA/cm2

, which had decreased to 5.2 mA/cm2 after 40 hours (see also tigure 
6.13), FL>2.8 x 10-2

• These experimental circumstances are quite different from 20 
hours of degradation time at a current density of (only) 0.875 mA/cm2 and a voltage 
of about 3.5 V (FL=2.3 x 10-3

) corresponding to tigure 7.6 (b). Therefore the amount 
of sulphur containing molecules that has accumulated at the X/PPV interface possibly 
is orders of magnitude smaller than in case of the experiment mentioned above. 

Summarising section 7 .3, it can be said that, although other mechanisms can also 
contribute to the formation of a shift in VonsetJ, it is likely that the tilling of electron 
traps close to the X!PPV interface, plays an important role in the formation of the 
shift. This interpretation is supported by the fact that the tilling of electron traps is the 
only mechanism described in this section that can explain a PPV thickness 
dependenee of the shift in Vonsetl· 
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7.4 Efficiency behaviour of PLEDs before and after degradation time 

Even before a PLED is electrically stressed, an amount of electron traps are present 
in the PPV layer (see electron-only devices described insection 2.5). The presence of 
electron traps was found to give rise to a bias-dependent efficiency of light emission 
([ 6]). At low voltages the electrons are trapped near the cathode and do not contribute 
to the radiative recombination process. Therefore the efficiency at low bias voltages is 
rather low. Moreover at low voltages theemission of light is expected to happen near 
the cathode, which fluther reduces efficiency due to the presence of exciton 
quenching sites. At higher applied bias voltages, when the total charge exceeds the 
trapped charge, the number of free electrons that can contribute to the radiative 
recombination process will increase. This implies an increase in device efficiency. 

1t was proposed insection 7.3.4 that during PLED operation an additional amount 
of electron trapping sites would be formed near the cathode. Especially the efficiency 
at low bias voltages would be reduced by the presence of these sites. A measure for 
the efficiency can be determined by dividing the light output, measured in [pA], by 
the current density expressed in [A/cm2

]. Figure 7.12 compares the efficiency 
behaviour of a PLED, before and after 20 hours of degradation time at a current 
density of2.5 mA/cm2

. 
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Figure 7.12 Comparison between the efficiency-behaviour as a function of the 
effective internal voltage over the PPV la/er, befare and after 20 hours of operating 
time at a current density of 2.5 mA/cm . Like expected a higher onset voltage of 
efficiency (Vonsete.u} is observed after degradation time, indicating the presence of 
trapping sites. Bath curves are shifted over an amount of VIonset corresponding to the 
curve befare degradation. 

The efficiency curve shown in figure 7.12, confirms the idea of trapped electrons 
near the cathode, because Vanseteff (the voltage where the efficiency gets higher than 
zero) has increased. More evidence for the role of electron traps near the cathode is 
presented in figure 7.13. The efficiency curves after 0 and 40 minutesof degradation 
time are compared. In this case the curve before degradation was shifted to the left 
over an amount corresponding to Vonsetl befare degradation, whereas the curve 
measured after degradation, was shifted to the left over an amount corresponding to 
Vonsetl aft er degradation. Despite of this correction for the difference in Vonsetl ( and 
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therefore also in Vanseteff), the curves interseet This also indicates the influence of 
trapping sites. 
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Figure 7.13 Comparison between the efficiency-behaviour as a function of effective 
internat voltage over the PPV layer, after 0 and 40 minutesof degradation time at a 
current density of 2. 5 mA/cm2

. The efficiency curves intersect, showing a reduced 
efficiency after degradation time at low values of the effective internat voltage over 
the PPV layer (the curves are shifted to the left over an amount of Vanseti befare 
respectively Vansetl after degradation). 

Apart from the importance of additional electron traps, the results displayed in 
figures 7.11 and 7.12 also show an increase in the steepness of the efficiency curves 
after PLED operation. In figure 7.14 the efficiency behaviour of three PLEDs with 
PPV thickness 80 nm is shown. The PLEDs were degradated for periods of 0 hours, 1 
hour and 20 hours at a current density of 2.5 rnNcm2

. Again, all curves are shifted to 
the left over a voltage equal to the value of Vansetl in each case. 
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Figure 7.14 Comparison between the efficiency-behaviour as a function of the 
effective internat voltage over the PPV layer, after 0 hours, 1 hourand 20 hours of 
degradation time at a current density of 2.5 mA/cm2

. The efficiency curve becomes 
steeper as a function of operating time. 
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How can this increase in steepness after PLED operation be explained? At the start 
of this section, it was mentioned that (due to cross-linking in the PPV layer, during 
PLED operation), the average mobility of the charge carriers is reduced. This means 
that if an exciton is formed due to recombination of a free electron and hole, this 
exciton will have a lower mobility than before degradation time. lf quenching sites are 
present in the vicinity of the excitons, the probability that an exciton will decay 
radiatively will increase with decreasing mobility. If an exciton is formed at a 
constant distance L from an interface, there will be an increased probability for 
radiative decay for smaller exciton mobilities. 

The effect of a reduced charge carrier mobility is illustrated explicitly in figure 
7.15. Here the tangent ofseveral efficiency curves, determined at an efficiency of2 x 
108 [a.u.], and corresponding to different PLED degradation times, is shown. The 
higher the tangent the lower the average charge carrier mobility in the PPV layer. 

Summarising this section, the presence of extra trapping sites and a reduced charge 
carrier mobility after PLED degradation time strongly influeces the efficiency
behaviour ofPLEDs. 

In the next section the possible role of extra trapping sites and a reduced mobility 
on the change in the shape of the JV -curves after degradation time is examined. Also 
a double carrier model for charge-injection in PLEDs is used as a first approximation 
for the JV-behaviour ofPLEDs. 
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Figure 7.15 Tangent ofthe efficiency curves as aJunetion ofPLED degradation time, 
determined at an efficiency of 2 x 108 {a.u}. The higher the tangent the lower the 
mobility in the PPV layer. The corresponding degradation times are 0 hours, 40 
minutes, 1 hourand 20 hours at a current density of 2.5 mA/cm2

. 
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7.5 Changes in the shape of PLED JV -curves after degradation time 

7.5.1. Double carrier model for current flow in PLEDs 

A double carrier model for current in PLEDs is applied in this section. This model 
is used as a first order approximation ofthe JV -behaviour of PLEDs. The double 
carrier formula (2.1 0) neglects the effect of electron/hole traps in the PPV layer and is 
given by (see section 2.5 for an explanation ofthe symbols): 

I 

J =(97r)~ (2qJ.LpJ.ln(J.lp + 11n)J2 V
2 

BoBr 3 • 
8 ~~B L 

(7.4) 

It is assumed that the mobility for electrous and holes is equal. Instead of taking a 
constant mobility for electrous and holes, a field-dependent mobility is used ([6]): 

llx(E) = llx(O)exp(-~)exp(y.JE). 
kT 

(7.5) 

Here the subcript x in J.lx denotes that this formula is assumed to be valid for both J.lp 
and J.ln, the mobilities for respectively holes and electrons. The coefficient y can be 
written as (see section 2.5 and [6]): 

r = G(-1 - _1_). (7.6) 
kT kT0 

In [ 6] recombination between electrous and holes was found to be bimolecular 
(recombination including two (quasi) particles). The recombination, B in (7.6) can 
therefore be written as [ 6]: 

e 
B = -(J.Lp + J.ln) (7.7) 

B0B, 

Using the relation J.Lp=J.Ln, q=e (the elementary charge) and substitution in (7.6) leads 
to: 

9;r _!_ V 2 

J = (-)2 B0 B,J.Lx(E)-
3 

(7.8) 
4 L 

Formula (7.8) is used as a first order approximation ofthe JV-behaviour ofthe double 
carrier PLEDs. 

Figure 7.16 shows a fit of the JV -behaviour of the PLED corresponding to figure 
7.6 (a) before PLED operation. The figure shows that the JV-behaviour of a PLED 
before operation time can be described reasonably for current densities between 1 o-6 

and 10-3 A/cm2
. This is rather surprising, because the model does not incorporate the 

effect of electron/hole traps. It also does not involve the effect of anomalous space 
charge distributions on the field distribution within the PPV layer. 
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Figure 7.16 Fit of the JV-behaviour of the PLED corresponding to figure 7.6 (a), 
using equation (7.8). For current densities between 10-6 and 10-3 A/cm2

, the fit 
reasonably describes the JV-behaviour befare P LED operation. The only free 
parameter used in the fit was flo, which equals 5.9 x 1 o-4 m2 /Vs. The curve has been 
shifted to the left over an amount corresponding to Vonsetl· 

Figure 7.17 compares the JV -behaviour of the PLED corresponding to figure 7.6 
(a) before and after 20 hours of degradation time at a current density of 2.5 mNcm2

. 

Both curves are shifted to the left over an amount corresponding to the value of V1onset 
before respectively after degradation.The JV -curve after degradation time (see figure 
7 .17) is found to be steeper than before degradation time and can not be fitted using 
equation (7.8). 

In section 7.4 already two effects were discussed that play a role in PLED 
degradation, namely the presence of electron traps and a reduction in average charge 
carrier mobility. At high applied bias voltages where Q1 >> Qt, the influence of filled 
trapping sites is expected to decrease, whereas the influence of a reduced average 
charge carrier mobility becomes more important. 

-2 ~------------------------~ 

~ -3 
~ -4 +------------:;,fflll#=-- -------; -.., -5 +-----p...:-- ---------1 

C) 

..2 -6 

-7 +--------,--------,-------~ 

-1 -0.5 0 0.5 

log V (V) 

• 0 h 

-fit 

20 h 

Figure 7.17 JV-behaviour of the PLED corresponding to figure 7.6 (a), compared 
befare and after 20 hours of PLED operation at a current density of 2.5 mA/cm2

. The 
curves are shifted over a voltage equal to Vonseti in bath cases. After degradation time 
the JV-behaviour can no long er be fitted using equation (7. 8). 
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Figure 7.18 Fits (using eq. (7.8) of the JV-behaviour befare and after 20 hours of 
degradation time at a current density of 2.5 mA/cm2

. The curve, measured after 
degradation is shifted to the left untill its shape approaches the shape of the curve 
befare degradation. The curve after degradation can then be fitted using the same 
parameters as befare operation except that f.lo has decreased to 3.54 x 1 o-4 m2 /Vs. At 
low applied voltages the fit deviates from the data points. 

Wh en the JV -curve after PLED operation is shifted further to the left untill the 
shape of the curve approaches the shape of the curve before operation. The shifted 
curve can he fitted using equation (7.8), see tigure 7.18. 

In tigure 7.18 it is shown that at highervalues of the effective intemal voltage over 
the PPV layer the JV -curve after PLED opera ti on can also he fitted using equation 
(7.8). A reduced mobility f.lo is found, which equals 3.54 x 10-4 m2Ns. At lower 
applied bias voltages the fit deviates from the data points. 

In the next section the role of a reduced mobility of charge carriers on a change in 
the shape of the JV -curves is further examined. 

7.5.2 Rednetion of the average charge carrier mobility after degradation time 

In the last section it was shown that at higher applied voltages equation (7.8) can 
also he used to fit the JV -curves after PLED operation. The only parameter that differs 

lS f.lO· 
If a reduction in the average charge carrier mobility would he the only degradation 

mechanism, then dividing the curves before and after degradation time would result in 
a constant ratio at each value of applied bias voltage (here it is assumed that the field
dependenee of the mobility does not change aft er degradation time). Figure 7.19 
displays the ratio between the JV -curves after 0 and 20 hours and after 0 and 1 hour of 
degradation time at a current density of 2.5 mA/cm2

. As a comparison also the ratio 
between the JV-curves of a sample without a PEDOT:PSS layer is shown (Courtesy 
of dr. G. Andersson, department of surface sciences (EUT)). The PPV thickness of 
this sample is 130 nm. This sample was degradated for a period of 25 hours at a 
current density of 8 mA/cm2 and a temperature of 30 °C. The life time fractions of the 
samples are also displayed. 
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Figure 7.19 Ratio between the JV-curves befare and after 1 hourand 20 hours of 
degradation time at a current density of 2.5 mA/cm2 as a function of the effective 
internat voltage over the PPV layer. As a comparison also the results of a sample 
without a PEDOT:PSS layer are displayed. This sample was stressed for 25 hours at 
a current density of 8 mA/cm2 and a temperafure of 30 oe. All curves are shifted over 
an amount equal to Vonsetl· The life time fractions of all samples are displayed. 

From figure 7.19 it should be noted, that the current density ratio approaches a 
constant value at higher applied bias voltages. Again this supports the idea, that at low 
voltages the PLED degradation can not be completely explained by a decrease in the 
average mobility ofthe PLED. 

The PLED without the PEDOT:PSS layer shows deviant behaviour, compared with 
the PLEDs with the PEDOT:PSS layer. The current density ratio approximately 
remains constant instead of approaching a constant value at higher applied bias 
voltages. This suggests that in this case, the degradation process, additional to the 
decrease in average mobility, is much less important than in case of a PLED with a 
PEDOT:PSS layer. 

It can be concluded that the presence of a PEDOT:PSS layer has no influence on 
the change in the PPV bulk mobility, but on the onset for current injection (see section 
7.2). 

Apart from the reduction in mobility other factors can influence the JV -behaviour 
ofPLEDs. This is the subject ofthe next section. 

7.5.3 The introduetion of extra traps for charge carriers in PLEDs 

It was argued in section 7.3 .4 and 7.4 that after PLED degradation time an extra 
amount of electron traps are formed near the cathode. These traps could increase 
Vonsetl· Like discussed insection 7.3.4 it is likely that electron traps with a distribution 
of different trapping energies are present near the cathode. At higher applied bias 
voltages, also less deep traps are filled. Depending on the depth of the traps, electrans 
will remain trapped for a longer or shorter average time. Due to this trapping effect 
the JV -curve that is found after degradation time is expected to shift towards higher 
voltages with respect to the JV -curve before degradation. 
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Apart from traps at the position of the cathode, also extra traps created in the PPV 
layer during PLED operation, can contribute to this shift. 

It should he noted that trapping centra that are occupied by electrans only 
contribute to the shift in the JV -curve in case that their charge is not neutralised by 
holes. If this neutralisation occurs, the trapped electrans effectively do not contribute 
to the space charge and no limitation of the free charge will occur. 

In order to examine the shift in the JV -curves before and after degradation time, 
the shift dV1 is plottedas a function of current density. Figure 7.20 shows the shift as a 
function of current density of samples with a PPV thickness of 80 nm that were 
stressed for 40 minutes, 1 hourand 20 hours of degradation time at a current density 
of0.875 mA/cm2 
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Figure 7.20 Shift between the JV-curves befare and after degradation times of 40 
minutes, 1 hour and 20 hours at a current density of 0.875 mA/cm2

. Higher shifts 
between the JV-curves are found after langer degradation times. Also the life time 
fractions are indicated. 

In figure 7.20 an increase in the shift in the JV -curves with the time of degradation 
is observed. This suggests that on average more trapped electrans contribute to space 
charge after longer degradation times. 

In figure 7.21 the shift in the JV -curves is shown as a function of current density of 
a sample that was stressed fora period of20 hours at a current density of2.5 rnNcm2

. 

In this case the no maximum shift is observed between current densities of 1 o-6 and 
10-3 Ncm2

• 
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Figure 7.21 Shift between the JV-curves of a sample that was stressed fora period of 
20 hours at a current density of 2.5 mA/cm2

. No maximum shift is observed within the 
current density range displayed. A lso the life time fraction is shown. 

If it is assumed that Qt (see equation) is PPV thickness independent, than higher 
voltages are required to make sure that Qj>Qt in thicker samples. This might explain 
the strong difference that is observed in the shape of the JV -curves shown in tigure 
7.5, which correspond toa sample with a PPV thickness of about 240 nm. 

It should further be remarked that the presence of traps in samples with a thick 
PPV layer has a larger effect on the shift in the curves than in case of samples with a 
thinner PPV layer. As an illustration the JV -shift as a function of current density in a 
sample with a PPV thickness of about 240 nm is shown. The sample was stressed at a 
current density of 2.5 mA/cm2 for a period of 1 hour. 
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Figure 7.22 Shift between the JV-curves of a sample with PPV thickness about 240 
nm that was stressed fora period of 1 hours at a current density of 2.5 mA/cm2

. The 
life timefraction equals 3.35 x 10-4

. 
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Finally also the shift in JV -behaviour of the sample without the PEDOT:PSS layer is 
shown (see figure 7.23) . 
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Figure 7.23 Shift between the JV-curves of a sample that was degradated fora period 
of 25 hours at a current density of 8 mA/cm2

. The PPV thickness is about 130 nm and 
the PLED does nothave a PEDOT:PSS layer. The life time fraction is also indicated. 
The dVrJ behaviour is differentfrom that ofthe samples with the PEDOT:PSS layer. 

The behaviour shown in figure 7.23 deviates from the behaviour shown in the other 
figures above. First the shift increases only gradually, however at higher current 
densities the curve gets steeper. 

Summarising the results in chapter 7, it is argued that the effect of electron traps 
near the cathode plays an important role in the shift in Vonseti after degradation time. A 
sulphur containing interface layer can be responsible for the introduetion of these 
trapping sites. 

An additional shift in the JV -curves is observed at voltages, higher than Vonsetl· 

This shift was also explained by the filling of an additional amount of traps at higher 
current densities. In principal this can be traps located near the cathode, but also traps 
present in the PPV layer. The possibility was discussed that additional traps would be 
created in the PPV layer. However the contribution of these traps to space charge is 
smaller than traps at the cathode (the length L in equation (7.2) is smaller). Also the 
possibility of charge neutralisation or (non-radiative) recombination increases in case 
of traps located closer to the anode. 

Conceming the energy of the traps, it is not likely that traps with a single energy 
level can cause the JV -behaviour that is observed after degradation time. In this case a 
steep current rise would be visible in the JV -curves once the traps are filled. 

Also in the sample without the PEDOT:PSS layer a shift, dV1 in the JV -curves is 
observed after degradation time. The shape of the dVrJ curve deviates from that of 
samples with a PEDOT:PSS layer. This result suggest that apart from the introduetion 
of an extra amount of trapping sites, also a reduced average charge carrier mobility 
contributes to the shift in the JV -curves. 
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Chapter 8 Conclusions and recommendations 

In chapter 6 the transport of sulphur containing compounds to the low work function 
metal electrode in PLEDs was investigated. 
Some important conclusions that can he drawn from this chapter are that: 

• with cryogenic RBS sulpur migration in PLEDs is ohserved. 
• sulphur migration takes place during PLED operation 
• water plays an important role in the formation of a sulphur containing layer at the 

low work function metal!PPV interface. 
• the formation of a sulphur containing interface layer is not driven hy an electric 

field. 
• sample heating is not a sufficient condition for the occurrence of sulphur 

migration. 
• that a low work function (reactive) electrode is required for the formation of the 

interface layer. 
• under influence of water more small sulphur containing compounds (H2S04) can 

he produced. 
• A self-limiting reaction process takes place at the low work function metal!PPV 

interface 
• with the current knowledge, diffusion of small sulphur containing compounds, 

foliowed hy a redox reaction at electrode X is the most likely mechanism to 
explain the formation of a sulphur containing interface layer. 

In chapter 7 the implications of the formation of a sulphur containing interface layer 
for the JV -hehaviour and LV -behaviour of PLEDs were investigated. Some important 
conclusions that can he derived from this chapter are that: 

• two degradation effects are ohservahle in PLEDs after degradation time: a shift in 
the onset-voltage for current injection (Vonseti and a change in the shape of the JV
curves. 

• a sulphur containing layer can have a large influence on the shift in Vonsetl 

• the introduetion and occupation of electron trapping sites found upon degradation, 
is the most likely explanation for the shift. Electron traps can also play an 
important role in the change in the shape of the JV -curves (introducing an 
additional shift in V). 

• the introduetion of additional electron traps near the cathode after degradation is 
visihle in the efficiency hehaviour of the PLEDs. 

• a reduced charge carrier mobility is another important factor influencing the shape 
ofthe JV-curves. 

• devices with a thin PPV layer are less subject to device degration than devices 
with a thicker PPV layer. 

Recommendation for further research: 

• lt is interesting to carry out additional SIMS-measurements, in order to determine 
which sulphur containing compounds accuruulate at the low work function metal 
/PPV interface. 
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Technology assessment 

In the research group Physics and Applications of Ion beams at the department of 
Applied Physics at the Eindhoven University of Technology (EUT), all kinds of ion 
beam analysis techniques are applied in the research of various materials. E.g. 
properties of silicon samples are examined by means of a RBS/Channeling set-up. 
Furthermore a PIXE (Particle Induced X-ray Emission) microbeam set-up is used in 
biomedical research and research on polymer acrylates. 

The cryogenic RBS/ERDA setup is especially suitable to he applied in research of 
all kinds of organic samples, like polymers. Due to the possibility of cooling down 
samples to estimated temperatures between 20-30 K, ion beam damage to these 
organic samples can be reduced drastically. 

In this graduation work, the RBSIERDA set-up was applied in the investigation of 
PLEDS (Polymer Light Emitting Diodes). PLEDs have large opportunities to be used 
in all kinds of display applications, e.g. in mobile phones. An important problem that 
prevents PLEDs from commercial introduetion until now is their limited operating life 
time. This problem has been reduced enormously by the introduetion of an additional, 
polymer layer PEDOT:PSS, which was inserted between the hole injecting electrode 
and the light-emitting polymer layer. 

However due to this additional polymer layer, sulphur containing compounds have 
been introduced in the PLEDs. These compounds could possibly accuroulate at 
electrode/light-emitting polymer interfaces and diminish the PLEDs electro-optical 
performance. 

First this graduation project shows that even in encapsulated devices (protected 
against ambient conditions) a sulphur containing interface layer can be formed at the 
low work function metal/PPV interface. Furthermore the work contributes to the 
understanding of the circumstances under which a sulphur containing layer interface 
layer can be formed. ldeas are presented of possible mechanisms that could induce the 
formation of such a layer. The suggestion is supported that sulphur containing 
compounds indeed can be harmful for PLED electro-optical behaviour. Evidence is 
presented that the presence of a sulphur containing interface layer induces a decrease 
in efficiency of PLEDs at low bias voltages. Also indications exist that the onset
voltage for current flow through the devices is increased by the presence of such a 
layer. 
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