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Abstract

In polymer light emitting diodes (PLEDS) with an (ITO/PPV/Ca) structure we observed a significant reduction of

both the current and the light output at constant voltage after heat treatment for only 30 min at 65 �C. Electrolumi-
nescence spectroscopy experiments showed that the shape as well as the amplitude of the spectra were changed.

The reduction of current and light output was investigated by measuring I–V and E–V (current–voltage and

brightness–voltage) characteristics of PLEDs, I–V characteristics of single carrier devices, and by performing low

energy ion scattering and X-ray photoelectron spectroscopy experiments on the Ca/PPV interface.

It was concluded that the current and light output reduction could be ascribed to the degradation of the Ca/PPV and

the ITO/PPV interfaces. The degradation of the ITO/PPV interface resulted in a reduction of the zero field hole mobility

and a small increase of the field dependence of the mobility. The degradation of the Ca/PPV interface, probably by

diffusion of calcium into the PPV, resulted in carrier traps and quenching sites, which influenced the field dependent

electron mobility.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Polymer light emitting diodes (PLEDs) are
considered promising candidates for full colour,
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cheap, flexible displays, which are easy to process

[1,2]. The colour of emission of the device can be

tuned over the full visible spectrum by tuning the
bandgap of the polymer [3]. The simplest PLEDs

consist of an emitting polymer layer (often deriv-

atives of poly-p-phenylene vinylene (PPV)), which

is sandwiched between an anode (usually ITO) and

a cathode (e.g. Ca, Al). Often the glass/ITO/PPV

structure is heated [4] before application of the

cathode in order to remove oxygen, water and
ed.
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residual solvent from the PPV. The device is also

exposed to heat radiation of the evaporator, when

a protective Al layer is applied. Furthermore,

commercial applications require a certain stability
over a specific temperature range. Lee and Park [4]

showed that annealing of PLEDs with Al cathodes

has a positive effect on the power efficiency and the

light output, which was attributed to enhanced

interface adhesion between Al and PPV by im-

proved chemical interaction.

In existing studies on metal/PPV interfaces [5,6]

the chemical interaction between metal and PPV
was considered. For calcium it was found that it

ionises and dopes the PPV thereby creating states

in the band gap, but this was not related directly to

PLED operation. Effects of (minor) heat treatment

were not considered, and therefore also not the

influence of the change of the interfaces on the

PLED performance. We report here on the effects

of heat treatment on PLEDs with calcium cath-
odes, as studied by electrical characterisation of

PLEDs as well as hole dominated (ITO/PPV/Au

and Au/PPV/Au) and electron dominated (TiN/

PPV/Ca) devices. Furthermore, with low energy

ion scattering (LEIS) and X-ray photoelectron

spectroscopy (XPS) the Ca/PPV interface stability

was studied.
2. Experimental

2.1. Preparation of PLEDs

Substrates of glass covered with ITO (100 nm

ITO, Merck) were cleaned successively with ace-

tone (Uvasol, Merck) and 2-propanol (Uvasol,

Merck), applied each for 10 min in an ultrasonic

bath. Next, a UV ozone treatment was applied for

20 min. Subsequently, the UV-ozone chamber was
pumped down and flushed with nitrogen, and the

samples were transferred without getting into

contact with air to a glove box (O2 and H2O < 1

ppm), where an OC1C10 PPV (poly(dialkoxy-p-

phenylene vinylene)) layer was spin-coated directly

onto the ITO from an 0.5–0.7 wt% PPV solution in

toluene. Then, the specimens were transferred

from the glove box into a transfer chamber with-
out contact to air. Next, the transfer chamber was
pumped down to 5 · 10�7 mbar in about 20 min
and the samples were transported to the evapora-

tion chamber. Here an 80 nm thick calcium cath-

ode was evaporated from an effusion cell, at a
deposition rate of 0.3 nm/s. The pressure during

the evaporation was �1 · 10�7 mbar, the residual
gas consisted almost entirely of hydrogen (the

partial oxygen and water pressures were lower

than 10�9 mbar, as measured with a mass spec-

trometer). Electrical and optical characteristics

were measured in the evaporation chamber.

Heat treatment was performed in the evapora-
tion chamber with an infrared lamp; the temper-

ature was measured with NTC thermistors

(accuracy ±3 �C), which were in contact with the
glass substrate of the PLEDs. After the heat

treatment the samples were cooled down before

electrical and optical characteristics were mea-

sured.

Hole and electron single carrier devices were
prepared by variation of cathode and anode ma-

terials. Hole single carrier devices consisted of

glass/ITO/PPV/Au and glass/Au/PPV/Au struc-

tures. Glass/TiN/Ca/PPV electron single carrier

devices were made according to Bozano et al. [7].

For both glass/Au and glass/TiN the same cleaning

procedure as for glass/ITO was performed except

for the UV ozone treatment, which was omitted to
avoid destruction of the TiN or the Au layer.

Differences in morphology and/or roughness of

the PPV surface will influence the PPV/metal in-

terface formation, and therefore the electronic

properties of the PLED. Tapping mode atomic

force microscopy (AFM) measurements were per-

formed on glass/Au/PPV, glass/ITO/PPV and

glass/TiN/PPV samples, to study the effect of the
anode on the surface of the PPV layer. It was

concluded that within the experimental accuracy

the surface roughness was equal for all three

samples (RMS¼ 0.7 nm on 500 · 500 nm images).

Furthermore no difference in structure or ordering

were observed from the AFM images.

2.2. Low energy ion scattering

LEIS [8] is a technique that can probe the

outermost atomic layer of a sample. A beam of
low energy noble gas ions is directed onto a sample



Fig. 1. Averaged current and light output at 6 V of PLEDs

(ITO/PPV/Ca) after different heat treatments. The bars are

normalised to the current and the light output before the heat

treatment. The first two bars are measured at untreated PLEDs

100 min after the first measurement, which is comparable to the

time needed for the heat treatment and the cooling down pro-

cess. The �Al� bar is measured at a device (ITO/PPV/Ca) on
which 50 nm of Al is deposited instead of performing an

annealing procedure.

Fig. 2. Electrical (I) and optical (L) characteristics of a repre-
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and the energy spectrum of the (back)scattered

ions is measured. The energy of a scattered ion

depends on the atom the interaction took place

with, and therefore the energy spectrum of scat-
tered ions reflects the atomic mass distribution of

the sample surface. The incoming ions that are not

scattered by atoms in the outermost layer, pene-

trate the sample and are neutralised. This method

is surface-sensitive because the analyser of the

LEIS set-up accepts only ions.

However, in the case of calcium on PPV the

situation becomes more complex because the re-
ionisation probability of calcium is very high [9].

As a result, He ions that are neutralised upon

penetration of the sample, can be reionised upon

emerging from the sample. Thus not only calcium

at the surface, but also calcium which resides below

the surface contributes significantly to the calcium

peak, resulting in a broadening of the peak at the

low energy side. This will be further discussed in
Section 3.4.

Glass/ITO/PPV samples were prepared in the

glove box as described above and transferred un-

der nitrogen atmosphere to the LEIS/XPS set-up.

In a separate compartment of the LEIS/XPS set-

up calcium was evaporated and heat treatment was

performed. The pressure during evaporation cal-

cium was 10�7 mbar. The LEIS experiments were
carried out with 3 keV 3Heþ ions.
sentative PLED with Ca cathode before and after heat treat-

ment. Heat treatment at 65 �C for 30 min was performed in

high vacuum (�10�9 mbar). The temperature during measure-
ment was 38 �C both before and after heat treatment. The lines
connecting the points are drawn to guide the eye. For clarity

minimal currents are set to 10�5 mA/cm2, which equals the

detection limit of our set-up.
3. Results

3.1. PLEDs

Fig. 1 shows the average relative current and

light output at 6 V after heat treatment at various

annealing temperatures of PLEDs consisting of

glass/ITO/PPV/Ca. For each temperature at least
12 devices were prepared and measured in at least

two batches, the deviations between devices were

smaller than 5%. In Fig. 2 the I–V (current–volt-

age) and E–V (light output–voltage) characteristics

for a PLED, before and after heat treatment for 30

min at 65 �C, are plotted. It can be seen from both

Figs. 1 and 2 that heat treatment leads to a strong

current and light output reduction. Furthermore,
it is obvious that the current and light output re-
duction is correlated to the annealing temperature.
It should be noted that without heat treatment a

reduction in the current and the light output of

only a few percent was observed after leaving the

PLED for 100 min (the time needed to perform the

heat treatment and the cooling down) in vacuum.

In Fig. 1 the reduction of current and light

output after evaporation of 50 nm of aluminium

on top of the calcium is also shown. The temper-
ature of the PLEDs increased during evapora-

tion because of the radiation of the aluminium
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evaporator. Temperature measurements on the

backside of the PLED indicated temperatures of

48 �C immediately after the evaporation of the

aluminium. It was verified that the electrical cha-
racterisation itself does not lead to a degradation of

the PLED performance. This was concluded from

a comparison of the I–V and E–V characteristics

measured after the heat treatment of PLEDs

characterised and not characterised prior to the

heat treatment.

Subsequently, experiments were performed to

find the origins of the current and light output
reductions. Therefore, heat treatments at 65 �C for
30 min were applied at different stages in the

production process. First, samples were annealed

before the calcium cathode was applied, see Table

1. Heat treatment before application of the cath-

ode led to a smaller reduction in the current and

light output than heat treatment after application

of the cathode. Heat treatment both before and
after application of the cathode resulted in the
Table 1

Current density, light output and efficiency of ITO/PPV/Ca PLEDs

treatment is conducted for 30 min at 65 �C. The absolute values of an
m2 for the light output; all devices were �120 nm thick

Current Ligh

Untreated 1 1

Heat after Ca deposition 0.42± 0.05 0.38

Heat before Ca deposition 0.71 0.64

Heat before and after Ca deposition 0.46 0.40

Fig. 3. Electroluminescence spectra of ITO/PPV/Ca PLEDs before (

spectrum is decomposed into three Gaussian curves for which the same

are the sum of the three Gaussian curves.
same current and light output reduction as heat

treatment after application of the cathode. Fur-

thermore, Table 1 indicates that the voltage at

which the maximum power efficiency (Cd/A) oc-
curs increased after heat treatment, and that the

increase was largest if heat treatment was applied

with the cathode present.

Next, the electroluminesence spectra of PLEDs

were measured before and after heat treatment

(Fig. 3). It can be seen that apart from an overall

decrease in intensity, the shape of the spectrum

changed. Ruhstaller et al. [10] stated that in the
emission spectrum of conjugated polymers typi-

cally two vibronic features can be observed, which

can be assigned to the (0–0) and the (0–1) vibronic

transitions. The shape of the spectrum and the

separation of the peaks are comparable to the

values in [11,12]. Therefore, we assigned the two

peaks of the shortest wavelengths to the 0–0 and

the 0–1 vibronic transitions. The emission at
longer wavelengths (>620 nm) results from ag-
at 6 V normalised to the values of an untreated device. Heat

untreated device were �50 mA/cm2 for the current and 400 Cd/

t output Efficiency Voltage of max efficiency (V)

1 4.1± 0.3

± 0.05 0.9 ± 0.1 5.8

0.9 4.5

0.9 5.8

left) and after (right) heat treatment for 30 min at 65 �C. The
position and widths are used for both curves. The dotted curves



Table 2

Areas of the Gaussian peaks as obtained by fitting (Fig. 3). In

the second and the fourth columns the areas are normalised to

the second peak

Area peak 1 Area peak 2 Area peak 3

Before (a.u.) (6.0± 0.2)· 103 6.4 · 103 8.9· 103
Relative 0.94± 0.04 1 1.39

After (a.u.) (3.2± 0.2)· 103 4.7 · 103 6.9· 103
Relative 0.68± 0.04 1 1.47
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gregate emission [13,14]. To obtain an indication
of the change in the ratios of the peak areas re-

sulting from heat treatment, the spectra were fitted

by three Gaussian peaks at fixed positions and

with fixed widths [15]. In Table 2 the ratios of the

peaks areas are given. Apparently, the spectral

changes after heating can be attributed to a de-

crease of the first vibronic transition (0–0). Finally,

the electroluminesence spectrum of the devices
heated before calcium deposition was measured.

Again, an overall decrease in intensity compared

with an untreated device was observed, but the

shape of the curve was not changed.
3.2. Hole only, single carrier devices

In the previous paragraph it was shown that

heat treatment of PLEDs leads to a reduction of

the current and the light output. In order to find

the mechanism that causes the current reduction,

single carrier devices were prepared by changing

the electrode materials of the PLED. First, results
are shown of devices for which the calcium cath-

ode was replaced by a gold cathode. The high

work function of gold blocks the injection of

electrons and therefore these devices can be con-

sidered as hole only, single carrier devices. Only 20

nm of gold was used to maintain a low tempera-
Table 3

Currents through devices with different cathode materials measured

normalised to the values of an untreated device. ‘‘Before’’ and ‘‘After

the cathode

Untreated absolute (mA/cm2) Be

ITO/PPV(180 nm)/Au 2.5 0.

Au/PPV(180 nm)/Au 2.7 1.

TiN/PPV(120 nm)/Ca 0.48 1.

Au/PPV(120 nm)/Ca 48.3 1.
ture of the device during evaporation (the depo-

sition rate was 8–10 nm per minute). After

evaporation of the cathode a heat treatment for 30

min at 65 �C was performed, the results are shown
in Table 3. The reproducibility of these devices was

comparable with the reproducibility of normal

PLEDs.

Again, a reduction in the current density was

found after heat treatment. Remarkably, the re-

duction in current of these devices was equal for

heat treatment before and after application of the

Au cathode. To get a better understanding, device
modelling was performed on the ITO/PPV/Au

devices, see Fig. 4. The model we used is based on

the work presented in [16,17] and includes charge

injection via tunnelling, thermo-ionic emission and

interface recombination, transport and space

charge effects. It should be emphasised that effects

of interface and surface roughness, which would

result in an inhomogeneous field distribution, is
not incorporated. Effects of diffuse interfaces are

also not taken into account. From literature [17]

the following parameters were taken: an activation

energy D ¼ 0:48 eV and a relative dielectric con-

stant er ¼ 3. The following parameters were ob-

tained from modelling untreated devices; a zero

field hole mobility l0 ¼ 4:8� 0:2� 10�11 m2/V s, a

field dependence parameter c of the mobility of
c ¼ 4:2� 0:3� 10�4 (m/V)1=2, and a hole injection

barrier of 0.2 eV. The zero field mobility represents

the field independent mobility for the film as pre-

pared through spin coating. For differently pre-

pared films with a different structural order, other

values will result. This difference however cannot

be distinguished from differences occurring by

changes of the polymer by for instance oxidation.
Modelling of the heat treated devices showed (Fig.

4) a decrease of the zero field hole mobility to
at 6 V before and after heat treatments for 30 min at 65 �C,
’’ indicated if the device is heated before or after evaporation of

fore/Unt. After/Unt. Before and after/Unt.

78± 0.05 0.82 0.78

03± 0.05 0.97 0.96

0± 0.1 0.4 0.4

0± 0.1 0.61 –



Fig. 5. Current densities as a function of voltage for a TiN/

PPV(120 nm)/Ca device before and after heat treatment for 30

min at 65 �C. The curves are derived from model calculations.

For clarity the minimal current is set to 10�5 mA/cm2, which

equals the detection limit of our set-up.

Fig. 4. Current as a function of voltage for an ITO/PPV(180

nm)/Au device before and after heat treatment for 30 min at

65 �C. The curves are derived from modelling.
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l0 ¼ 3:4� 0:2� 10�11 m2/V s and an increase of

the field dependence parameter of the mobility to
c ¼ 4:7� 0:3� 10�4 (m/V)1=2, while the hole in-

jection barrier remained unchanged.

To separate the effects of degradation of the

ITO/PPV interface and degradation of the PPV

itself, devices with a gold anode and a gold cath-

ode were prepared (Au/PPV/Au). The work func-

tion of gold is relatively high, therefore these

devices are hole only, single carrier devices. The
currents through untreated Au/PPV/Au devices

are comparable to the currents through ITO/PPV/

Au devices, so ITO and Au anodes behave more or

less the same.

From Table 3 it can be seen that for the Au/

PPV/Au devices no significant current reduction is

found after heat treatment. Apparently the re-

duction of the zero field hole mobility and the in-
crease of the field dependence of the mobility was

induced by the ITO anode.

Finally, the ITO anode was replaced by gold in

a PLED (Au/PPV/Ca) to see if these devices also

suffer from current reduction after heat treatment.

It was found that the current and light output was

reduced to 61± 5%, thus the reduction was less

than in PLEDs with ITO anodes (42± 5%) (Table
3). Gold anodes are not suitable for PLEDs any-

way, because of the relatively high reflectance of

the gold.
3.3. Electron only, single carrier devices

Here we show results of measurements on de-
vices for which the ITO anode was replaced by
TiN, which is a hole blocking contact [7]. The TiN/
PPV/Ca devices did not show light output in the

used voltage range (0–6 V), so we concluded that

the devices were electron only, single carriers.

From Table 3 it can be seen that these devices only

suffered from reduced currents when heat treat-

ment was performed after application of the cal-

cium cathodes.

Modelling of untreated devices (see Fig. 5) re-
sulted in the following parameters: an electron

injection barrier of 0.43 eV, an electron field-in-

dependent mobility l0 ¼ 5:3� 10�13 m2/V s, a field

dependence parameter of the mobility of

c ¼ 8� 10�4 (m/v)1=2. From literature [17] the

following parameters were taken: an activation

energy D ¼ 0:48 eV and a dielectric constant

er ¼ 3. Devices were characterised and modelled at
40 �C. At high electric fields (>2.5 · 103 V/m) the
modelled curves are in good agreement with the

measurements; the difference in the current at high

fields before and after heating, can be modelled by

changing the field dependence of the electron

mobility from c ¼ 8� 1� 10�4 (V/m)1=2 to c ¼ 4�
1� 10�4 (V/m)1=2.
3.4. Low energy ion scattering and X-ray photo-

electron spectroscopy

A more detailed understanding into the Ca/PPV

interface formation and stability was obtained
with LEIS and XPS. We deposited an amount of



Fig. 6. LEIS spectrum of a Ca/PPV surface before and after

heat treatment for 30 min at 65 �C. The surface of PPV is only

covered by �20% with calcium. The curve before heat treat-

ment has an offset of 0.01. All spectra are normalised on the

height of the calcium peak from a measurement on a sample

totally covered with calcium. The inset shows a comparison

between a sample with 20% surface coverage Ca on PPV (offset

by 0.12) an a sample with 20% surface coverage of Ca on Si.
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calcium that covered about 20–40% of the PPV

surface in order to study the Ca/PPV interface with

LEIS. The amount of calcium covering the PPV

was quantified by comparison of the LEIS signal

of the Ca on the PPV to the LEIS signal of a

sample fully covered with calcium.

Fig. 6 shows the LEIS spectra of the sample

before and after heat treatment. In Table 4 the
LEIS peak heights and the XPS peak area ratios

before and after heating are shown. It can be seen

from the LEIS spectra that the calcium disappears

from the surface. The calcium peak in the LEIS

spectrum (before heat treatment) is broadened at

the low energy site. This indicates that the inter-

face is not sharp. The peak broadening results
Table 4

The relative peak heights before and after heating are shown as

measured with LEIS and XPS. Results are normalised to the

peak heights (LEIS) and the peak area (XPS) of the measure-

ment before heat treatment. For LEIS the height of the Ca peak

is taken while for the peak area of Ca in XPS is derived from

the Ca to C ratio

Before heat treatment After heat treatment

LEIS 1 0.15

XPS 1 0.57
from He ions, which penetrate the sample and

neutralise, subsequently scatter at calcium atoms

below the PPV surface, and then re-ionise at the

surface. The inset in Fig. 6 shows the comparison
between a sample with 20% surface coverage Ca

on PPV (offset 0.12) and one with 20% surface

coverage on Si. On the Si sample, all Ca atoms

remain on the surface, and the Ca peak thus cor-

responds to the peak shape of the outermost

atomic layer. The Ca signal at energies below the

Ca/Si peak originates from Ca in deeper layers.

The decrease of the calcium peak in the LEIS
spectrum should result in an increase of the carbon

peak. The statistics of the carbon peak are poor

because the sensitivity of LEIS for C is much lower

than for Ca. By carefully subtracting the back-

ground an increase of the carbon peak area of

15± 5% after heat treatment is found. This is in

reasonable agreement with the expected increase of

20% as estimated from the fraction of the surface
covered by Ca before heating.

In the XPS signal a significant reduction in the

Ca to C peak ratio was observed. To get an indi-

cation of the average depth of the calcium in the

PPV we calculated how deep the calcium has to

diffuse into the PPV to obtain an equal decrease in

the XPS signal. We found that this signal reduc-

tion can be reached by assuming all the evaporated
calcium diffused to a depth of �3.5 nm (this is of

course not a realistic model for the calcium dis-

tribution after diffusion, but only gives an idea of

the extent of the diffusion). The binding energy of

the Ca 2p3=2 peak had not changed after heat

treatment and was found to be 346.3 ± 0.3 eV (with

the hydrocarbon C 1s peak as reference at 285.0

eV). As pointed out in [18] there is not much doubt
that the Ca is in a 2+ state, as measured from the

Ca 2p3=2 peak shift, but it is difficult to distinguish

between Ca2þ and an oxidised compound. How-

ever, it can be concluded that the chemical state of

the Ca does not change by the heat treatment. The

ratio of oxygen to carbon measured with XPS

before and after heat treatment is within the ex-

perimental uncertainty equal to that of PPV.
Furthermore the O 1s peak position was un-

changed after heat treatment compared to the

situation before heat treatment, while we observed

that oxidation of the Ca/PPV interface led to a
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shift of the oxygen peak of 1.2 ± 0.3 eV to lower

energies and a significant increase of the oxygen to

carbon ratio. In the LEIS spectrum no clear oxy-

gen peak was visible before and after annealing. In
the case calcium was oxidised by evaporation of

the calcium in an oxygen ambient atmosphere

(partial oxygen pressure of 10�6 mbar) a small

oxygen peak was visible in the LEIS spectrum. We

conclude from both LEIS and XPS that before

and after the heat treatment the calcium was not

oxidised.
4. Discussion

4.1. ITO/PPV interface

Current reduction after heat treatment in hole

only, single carrier devices was only found in the

ITO/PPV/Au structure and not in the Au/PPV/Au

structure. From this we concluded that ITO was

the cause of the current reduction in the ITO/PPV/

Au hole single carrier devices. From the Au/PPV/
Au structure it was concluded that the effect of the

heat treatment on the PPV itself was negligible, at

least concerning the hole current. It can be ex-

pected that the reduction of the hole mobility as

found from the simulations, was caused by the

diffusion of oxygen [19] from the ITO into the

PPV.

To confirm this, glass/ITO substrates were he-
ated for 30 min at 65 �C and studied with LEIS

and XPS. In the LEIS spectra it was observed that

the signal of oxygen decreased upon heat treat-

ment. From XPS measurements, a lower O/In

ratio was found after heat treatment, whereas the

binding energies of In, Sn and O remained un-

changed. Thus both XPS and LEIS indicate that

oxygen leaves the ITO upon heating, in agreement
with the hypothesis that oxygen diffusion into the

PPV causes the reduced hole mobility. In [20] we

showed that the presence of oxygen in PPV re-

duces the current through a PLED. The presence

of oxygen apparently leads to higher hopping

barriers in the PPV and, therefore, to a lower value

of the zero field mobility and a higher value of the

field dependence of the mobility [21]. The presence
of oxygen might cause extra levels in the band gap
by van der Waals interaction with the PPV, these

extra levels act as hole traps.

Heat treatment of ITO/PPV/Au devices before

evaporation of the gold cathode also led to re-
duced currents which indicates that once oxygen

diffuses into the PPV it will remain in the film. In

devices with Ca cathodes, LEIS and XPS experi-

ments did not show increased concentrations of

oxygen at the PPV/Ca interface, which indicates

that the oxygen does not reach the cathode. Fur-

thermore, additional oxygen at the calcium inter-

face would lead to a reduced efficiency of the
PLED [22], which we also do not observe. Ap-

parently the oxygen is not, or only in very small

amounts, reaching the calcium cathode and

therefore stays near the ITO/PPV interface. In

addition, it was found that the current and the

light output of ITO/PPV/Ca PLEDs were reduced

more than those of the Au/PPV/Ca PLEDs, a fact

that also can be attributed to a reduced hole mo-
bility in the ITO/PPV/Ca devices. We conclude

that part of the current and light output reduction

of the PLED after heat treatment can be explained

by a change of the hole mobility, probably caused

by oxygen from the ITO diffusing into the PPV.

4.2. Ca/PPV interface

Electron only single carrier devices, which were

heated before calcium deposition, have the same I–
V characteristics as devices that were not heated
before calcium deposition. This indicates that the

PPV itself was not influenced by the annealing step

and that reduction of the current was caused by

the Ca/PPV interface. From LEIS and XPS ex-

periments it is clear that part of the Ca is diffusing

into the PPV during annealing. From XPS it is

also clear that during heat treatment no chemical

reaction takes place. It is presently not clear what
happens if a complete layer of calcium is deposited

on the PPV because then the interface cannot be

measured with LEIS.

However, LEIS measurements do show that on

PPV about 3.5 times as much calcium is needed to

form a closed layer as for calcium on silicon.

Furthermore the calcium peak in the LEIS spec-

trum (before heat treatment) is broadened at the
low energy side. This can be clearly seen in the
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inset in Fig. 6, where LEIS spectra of Ca on PPV

and Ca on Si are compared. Both samples had

equal surface coverage but the peak of Ca on PPV

is much broader. This observation indicates that
the Ca/PPV interface is not sharp, because the

peak broadening results from He ions, which

penetrate the sample and neutralise, subsequently

scatter at calcium atoms below the PPV surface,

and then re-ionise by the calcium atoms at the

surface. From a comparison with the energy loss

of He ions in hydrocarbons as reported in [23], it

can be estimated that the calcium has diffused up
to �9 nm into the PPV. Note that surface rough-

ness of the PPV does not lead to peak broadening.

It is obvious that a change of the Ca/PPV in-

terface due to annealing will change the injection

of electrons into the PPV. Whereas at high fields

(>2.5 · 103 V/m) the I–V curves of the electron

only devices could be fitted properly by the model

used, the currents at low fields could not be re-
produced adequately. This can be caused by car-

rier trapping (e.g. of electrons in the PPV) or

calcium diffusion (resulting in an inhomogeneous

field distribution at the cathode), which both are

not included in this model. As shown in [5,6,24]

calcium deposition on PPV leads to new states in

the gap by doping the polymer by ionisation of the

calcium, which results in quenching sites and
charge carrier traps. This can explain the change of

the field dependence of the electron mobility.

During heat treatment calcium diffuses into PPV

and the traps will be present deeper in the PPV and

therefore influence the field dependence of the

electron mobility.

Another possible cause of the reduction of the

field dependence of the mobility of the electrons is
an enhancement of structural order in the PPV.

However, it can be expected that both the hole and

the electron field dependence of the mobility

should change due to ordering and furthermore

the zero field mobility of the electrons and the

holes [21] should increase. This was not observed

in our hole and electron only devices. Conse-

quently it is more likely that the change of the field
dependence of the mobility at high fields for elec-

tron single carrier devices is caused by electron

traps or an inhomogeneous electrical field caused

by calcium diffusion.
It was shown by Hu and Karasz [11] that a

deposition of different cathode materials resulted

in different EL spectra. These authors suggested

that the first vibronic transition (0–0) is dominated
by interface effects. This is in agreement with our

observations that the intensity of the first vibronic

transition changes after heat treatment, and that

heat treatment before calcium deposition does not

lead to a change in shape of the electrolumines-

cence spectrum. Devices with an Au/PPV/Ca

structure show similar behaviour of the EL spec-

trum, indicating again that the Ca (or Ca/PPV
interface) is the cause of the spectral changes.

Finally, the shift of the maximum of the effi-

ciency curve (Table 1) to higher voltages after

annealing, points to an enhanced quenching of

excitons at or near the cathode, as shown in [25]

where calculations were performed at PLEDs with

varying quenching lengths. The calcium that dif-

fused into the PPV is likely to quench the excitons.
At higher voltages the area the light was emitted

from was located further away from the cathode,

where less calcium was present and thus less

quenching took place.
5. Conclusions

Heat treatment of PLEDS (ITO/PPV/Ca) leads

to a reduction of the current and of the light

output. This is caused by the ITO/PPV and the
Ca/PPV interfaces. Effects of changes in the PPV

itself, if present at all, do not influence the device

performance. The degradation of the ITO/PPV

interface leads to a decrease of the zero field hole

mobility and to an increase of the field dependence

of the mobility. This indicates that higher hole

barriers are formed in the PPV, probably by dif-

fusion of oxygen from the ITO and subsequent
formation of a complex between oxygen and PPV.

The degradation of the Ca/PPV interface results in

the formation of electron traps and quenching

sites. With LEIS and XPS it was shown that cal-

cium diffuses from the Ca/PPV surface into the

PPV causing changes of the electron injection and/

or transport.

Summarising, we found that heat treatment of
ITO/PPV/Ca devices leads, contrary to heat
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treatment on ITO/PPV/Al devices [4], to a reduced

PLED performance. This is caused by instabilities

of the interfaces.
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