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Poly(p-phenylene vinylene) light-emitting
devices prepared via the precursor route onto
indium tin oxide and fluorine-doped tin dioxide
substrates
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For the preparation of organic light-emitting devices (LEDs) an optically transparent and

electrically conducting thin film is needed as anode. Usually, a glass substrate coated with

indium tin oxide (ITO) is used. We show that ITO is unsuitable in the case of poly(p-

phenylene vinylene) (PPV) prepared by the precursor route. We have found that a reaction

in which hydrogen chloride is eliminated during the thermal conversion to PPV and the

ITO takes place. Scanning electron microscopy investigations of the ITO—PPV interface

demonstrates that indium chloride compounds, e.g., InCl3 crystals with dimensions up

to 40 lm, are produced. Photoluminescence measurements reveal that the fluorescence

efficiency is quenched by a factor of 2—23 in the case of ITO compared with PPV converted

onto usual glass. In a second step we have investigated LEDs prepared from PPV in the

ITO/PPV/Al configuration in order to obtain information about the process responsible for

the degradation of these devices. We shall show that the formation of the above-mentioned

indium chloride compounds is one possible degradation mechanism and is responsible for

the relative short lifetimes of these LEDs. To overcome this problem we propose to use

fluorine-doped tin dioxide (FTO) instead of ITO. Finally, we show the results obtained for

LEDs in the FTO/PPV/Al configuration and compare them with ITO/PPV/Al devices.
1. Introduction
Conjugated polymers are promising materials for the
development of optoelectronic applications. They of-
fer a large electrical conductivity upon doping [1—5]
and exciting non-linear optical properties [6—8].
However, since the first publication about the con-
jugated polymer poly(p-phenylene vinylene) (PPV) as
active layer in light-emitting diodes (LEDs) [9], many
investigations have been performed concerning the
electrical and optical properties of organic LEDs
[10—12]. LEDs with large area both on glass [13, 14]
and on flexible substrates [15] have been fabricated.
The onset voltage of these devices is as low as 2 V
[10, 16] and the colour can be tuned over a large
range by polymer synthesis [17—21]. One limiting
factor for these organic LEDs in industrial applica-
tions is the relative low quantum efficiency (normally
0.05% for indium tin oxide (ITO)/PPV/In devices)
[22]. To overcome this problem, many groups have
fabricated multilayer structures with electron- and/or
hole-transporting layers between the cathode and the
polymer and/or between the anode and the polymer,
respectively. In these configurations both the quan-
tum efficiency and the brightness of the devices
increase [23—25]. Another possibility to enhance
0022—2461 ( 1997 Chapman & Hall
efficiency and brightness is to use metals with low
work function as cathodes. For example, calcium in-
stead of aluminium enhances the quantum efficiency
by a factor of 10 [23]. However, the stability of Ca
devices is much lower than those of Al devices. In our
opinion, the most serious problem limiting most or-
ganic LEDs in industrial applications is their short
lifetime. For PPV LEDs, for example, operating times
up to 1000 h in an inert atmosphere have been re-
ported [26], but these times are still too short for
promising application.

In this paper we present investigations concerning
the degradation process of PPV LEDs prepared by
the tetrahydrothiophene precursor route. First, we
have investigated the PPV—ITO interface and we
found that the leaving group HCl interacts with ITO.
We show that indium chloride compounds and even
InCl

3
crystals with lateral dimensions up to 40 lm are

created during the thermal conversion process. Sec-
ondly, we have investigated LEDs after operation and
we found evidence that indium chloride is most prob-
ably one degradation mechanism of PPV LEDs.
Quenching of the photoluminescence (PL) efficiency
by a factor of up to 23 compared with PPV is observed
if the elimination process is carried out on ITO-coated
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substrates. To overcome both the reaction of HCl with
ITO and the PL quenching we used glass substrates
coated with fluorine-doped tin dioxide (FTO) as an-
ode instead of ITO. Finally, we show the electrical and
optical properties of LEDs in the FTO/PPV/Al con-
figuration and compare them with the results of
ITO/PPV/Al devices.

2. Experimental procedure
The tetrahydrothiophene polyelectrolyte precursor
polymer was prepared according to the method pub-
lished by Wessling [27]. Thin films of good optical
quality were obtained with the doctor-blade tech-
nique [15] from a 0.05% pre-polymer solution.
The conjugated material was obtained by successive
thermal conversion. The temperatures and the conver-
sion times are different for the various samples
and are given for each investigated sample in the next
section.

Scanning electron microscopy (SEM) and energy-
dispersive X-ray analysis (EDXA) were carried out
with a JEOL 840A on two kinds of sample. First, we
used a PPV film approximately 5 lm thick which was
prepared by dropping a concentrated solution of the
pre-polymer onto a glass substrate coated with ITO.
Further investigations were carried out on LEDs of
PPV prepared in the usual configuration ITO/PPV/
Al. The LEDs have been investigated after operation
with current densities up to 200 mAcm~2 to ensure
that the degradation processes have already started.
The acceleration voltage during the SEM investiga-
tions was 10 kV.

The PL spectra were measured with a LS50B flu-
orescence spectrometer (Perkin—Elmer) and the cur-
rent—voltage (I—» ) characteristics were determined
with a 237 source measurement unit (Keithley). The
electroluminescence (EL) spectra were recorded with
a liquid-nitrogen-cooled charge-coupled device cam-
era (SI) combined with a monochromator and the EL
quantum efficiency was measured with a calibrated
Ulbricht sphere.

As anodes we used glass substrates coated with ITO
or FTO with thicknesses of 100 nm and 300 nm,
respectively. The ITO possess a sheet resistance of
30 ) K~1, while the FTO coating has a sheet resist-
ance of 17 ) K~1.

3. Results
Fig. 1 shows the SEM image of a circular PPV film
with a diameter of about 7 mm and a thickness of
a few micrometres. The elimination process was car-
ried out at 160 °C for 2 h in argon as exchange gas. As
substrate we used glass coated with ITO. To obtain
information about the ITO—PPV interface we peeled
off the PPV film partially and tilted it back (compare
Fig. 1). Further investigations were mainly carried out
in regions A, B and C given in Fig. 1. From A we
determined the composition of the ITO with EDXA
and we found that the indium-to-tin ratio is about 85
to 10, which is in good agreement with other ITO
samples [28, 29].
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Figure 1 SEM image of a PPV film eliminated on ITO glass. A part
of the film was peeled off and tilted back so that the regions A, B and
C could be investigated in more detail.

Figure 2 Part of region B (compare Fig. 1) where InCl
3

crystals
have been found (black structures). The white branching structures
are dendrites created by contact of the crystals with water.

Fig. 2 displays part of region B. Several large (up to
40 lm) crystals can be seen to appear black in the
SEM image. The composition of the crystals was de-
termined by EDXA and the data are shown in Fig. 3.
As only chlorine at 2.8 keV and indium at 3.3 keV
could be observed, we have determined the composi-
tion of the crystals. We found that they consist of
74 at% In and 26 at% Cl. This means that, during the
thermal conversion of PPV, InCl

3
crystals are created

at the PPV—ITO interface. A possible reaction scheme
is given in the conclusion.

Fig. 2 is somewhat misleading owing to the black
colour of the InCl

3
crystals in the SEM image. As can

be seen in a light microscope the crystals are colour-
less as expected from [30]. Additionally, InCl

3
is

hygroscopic and electrically conductive [30]. It is ob-
vious that these two properties have crucial influ-
ences on the properties and operating times of LEDs.
The white and strongly branching structures in
Fig. 2 are dendrites. Contact with water will dissolve
the InCl

3
crystals partially and subsequent fast crys-

tallization yields dendrites which are much thinner
than the InCl

3
crystals.

Images of the reverse side of the PPV film, i.e., parts
of region C (see Fig. 1), are displayed in Fig. 4. The
magnification is progressively enhanced from Fig. 4a
to Fig. 4d. In Fig. 4a, several white regions can be



Figure 3 Energy-despersive X-ray spectrum of an InCl
3

crystal
shown in Fig. 2.

observed with a characteristic circular structure. One
of these white structures is seen in Fig. 4b. The centre
of this structure has an enhanced content of chlorine
and indium compared with adjacent regions; however,
we were not able to determine the exact composition
with EDXA. Fig. 4c shows a part of the white struc-
ture with the centre at the left edge of the picture.
Inside the dark circle in the right half of the image in
Fig. 4c, toroidal deposits are observed while outside
the deposits are sharper. A higher magnification of the
toroidal deposits which have a diameter of approxim-
ately 3 lm is shown in Fig. 4d. EDXA yields for these
structures enhanced amounts of sulfur, indium and
tin compared with adjacent regions. We derive
from the observations shown in Fig. 4 that the reac-
tion of chlorine and indium or a subsequent reaction
yields products for the interaction of sulfur and
the ITO.

Investigations concerning the degradation process
of LEDs are much more difficult than the investiga-
tions shown so far as the aluminium electrode covers
the active light-emitting area. However, we have ob-
tained some SEM images concerning the degradation
process. Together with EDXA we want to illustrate
one possible mechanism that could be responsible for
the short lifetime of the devices. For our investigations
we used LEDs in the ITO/PPV/Al configuration
which were driven at a relatively high current to en-
sure that the degradation process has already started.
The active PPV layer has a thickness of about 100 nm
and the elimination condition was 160 °C for 2 h in
a vacuum of 10~3 mbar.

Fig. 5 shows an image of the LED from the top of
the aluminium electrode. We observe many blisters
created by gas evolution. The characteristic circular
arrangement of the blisters has been observed for
other samples, too, eliminated at temperatures lower
than 160 °C as well as at higher temperatures (up to
300 °C). For most of the circular structures the alumi-
nium electrode is damaged in the centre (Fig. 6). The
centre of the structure is obviously one degradation
mechanism of LEDs prepared from PPV. In another
sample we observed a similar structure which seems to
be in the initial stage. The EDXA yielded an enhanced
chlorine amount and sometimes additionally sulfur
compared with adjacent regions. It is surprising that
Figure 4 A view on the under side of the PPV film, i.e., region C in Fig. 1. The magnification was progressively enhanced from (a) to (d). For
explanations see text.
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Figure 5 SEM image of an already driven LED prepared from PPV
by looking onto the top of the aluminium electrode. Many-blisters
can be observed resulting from gas evolution.

Figure 6 One of the structures in Fig. 5 at a larger magnification. In
the middle the aluminium electrode is damaged.

for longer investigations with very large magnifica-
tions, i.e., strong increase in the sample temperature,
the blisters are formed at the above-mentioned places
during the SEM investigations. This is the reason why
no image and no EDXA curve are shown in this paper.

Fig. 7 shows another centre where the aluminium is
damaged but with the special feature that the cracked
Al is located near the centre. We investigated three
characteristic places denoted 1, 2 and 3 (see Figs 7 and
8). We have chosen this sample place as according to
the geometry of 1 and 2 the upper side of 2 was
formerly the under side of the Al electrode, i.e., we
were able to investigate the interface between PPV
and Al (compare the device structure given in Fig. 8).
The energy-dispersive X-ray spectrum at 1 is displayed
at the top in Fig. 8 and shows that mainly indium and
tin are detected with a small amount of silicon and
aluminium while, at 2, sulfur as well as chlorine can
clearly be observed (Fig. 8, middle).

For comparison we have measured an energy-dis-
persive X-ray spectrum at 3 (Fig. 8, bottom). At 3, no
sulfur and no chlorine could be observed although
indium and tin from the ITO can be clearly measured.
As sulfur and chlorine cannot be measured at 1 but are
well resolved at 2 means that these atoms are in-
homogeneously dispersed in the material, especially at
the observed centres. The results given in Fig. 8 also
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Figure 7 Centre of a structure in Fig. 5 where the cracked alumi-
nium part lies next to the damaged place. Investigations were
carried out at positions 1, 2 and 3. Compare the geometry of the
cracked piece and the damaged part. The upper-side of 2 was
formerly the under side of the aluminium coating.

Figure 8 Energy-despersive X-ray spectra at 1, 2 and 3 concerning
Fig. 7 together with the device structure (top).

show that the chlorine and sulfur released during the
conversion to PPV are not removed completely and
are located at certain places. These places are related
to the centres of blisters observed as the degradation
process in LEDs prepared from PPV. The results
shown so far clearly demonstrate that substrates



Figure 9 PL spectra of free-standing films of PPV eliminated on ITO and FTO, taken from various parts of the film. For the definition of top
and back see text. (£), FTO, top; (.), FTO, back; (L), ITO, top; (d), ITO, back.
coated with ITO are unsuitable for the preparation of
stable LEDs with PPV. To avoid a reaction of the
elimination products with the anode during the ther-
mal conversion we used a FTO coating instead of
ITO.

Fig. 9 shows the PL spectra of free-standing films
with a thickness of 600 nm eliminated on ITO and
FTO. After the conversion process was carried out at
160 °C for 2 h in Ar, the films were removed from the
coated substrates. As the PL spectra were recorded in
reflection, parts of the removed film were turned
around before they were put on a sample holder. This
side of the film is termed the back in the following.

The two upper curves in Fig. 9 display the PL
spectra of PPV eliminated on FTO and are taken
from the top and the back of the film. No crucial
difference in the spectra is observable while for PPV
eliminated on ITO the PL spectra show quite distinct
behaviours as for both the top and the back of the film
the PL is reduced. For the top of the PPV film con-
verted on ITO mainly the peak at 540 nm is quenched
so that the peak at 510 nm is clearly resolved. This
peak appears as a shoulder in the PL spectra of PPV
converted on FTO. The most striking feature, how-
ever, is that nearly no PL light is detectable at the
back of the film, i.e., at the PPV—ITO interface.
A quantitative analysis yielded that the PL efficiency
of the PPV film eliminated on ITO is 43.6% for the
top and only 4.3% for the back, compared with the PL
of PPV eliminated on FTO glass. Note that we have
compared the PL of PPV converted on glass with
PPV heated on FTO glass and we have found no
difference in the spectra. The results obtain by PL
spectroscopy have much crucial influence on the prep-
aration and properties of PPV LEDs. First, the
quenching of PL means that the EL efficiency is
quenched, too. Secondly, the quenching sites are
Figure 10 I—» characteristics and light outputs of ITO/PPV/AL
(L) and FTO/PPV/Al (d) devices.

distributed in the whole film. As the absorption coef-
ficient a is 3.5]105 cm~1 [15] at j

%9#
"425 nm, the

penetration depth of the exciting light is 28 nm, which
means that 99% of the incident light is absorbed in the
first 130 nm of the film. Thirdly, one has to consider
these results in the interpretation of the operation
principle of PPV LEDs.

To overcome the reaction of HCl with ITO, the
quenching of PL and the presented degradation mech-
anism of LEDs, we have prepared LEDs in the
FTO/PPV/Al configuration and compared the results
with ITO/PPV/Al LEDs fabricated in the same man-
ner. The conversion of the PPV was carried out at
160 °C for 2 h in an Ar atmosphere and the film
thickness of the PPV was 150 nm. Fig. 10 displays the
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Figure 11 EL spectra of ITO/PPV/Al (L) and FTO/PPV/Al (d)
devices.

I—» characteristic of the devices together with the
light output. Both I—» characteristics possess a diode
behaviour with increased current in forward direction,
i.e., positive voltage in Fig. 10. However, the current
through the ITO device is larger in both the backward
and the forward direction compared with the FTO
device. The largest discrepancies are the enhanced (up
to two orders of magnitude) current in the forward
direction of the ITO sample. While for the
ITO/PPV/Al device light can be observed at a min-
imum voltage of #3 V, the threshold voltage for the
FTO/PPV/Al device is drastically enhanced to #9 V.
The brightness of both devices is approximately
1 cdm~2 and the external quantum efficiency is
0.0004% at #10 V and #15 V for the ITO and FTO
LEDs, respectively. In Fig. 11 the EL spectra of the
devices are compared. In contrast with the PL spectra
both EL curves have nearly the same spectral shape
with three peaks at 510, 545 and 585 nm.

4. Conclusion and summary
In summary, we have shown that the HCl released as
elimination product reacts with the ITO coating. We
have observed many small clusters containing a large
amount of chlorine and indium compared with adjac-
ent regions, and in the case of thicker PPV films even
InCl

3
crystals with lateral dimensions up to 40 lm

have been found. As InCl
3

is electrically conducting
and hygroscopic, it will strongly influence the proper-
ties of LEDs prepared by PPV. We have also obser-
ved that sulfur crystals together with an enhanced
amount of indium and tin were found around centres
consisting of indium and chlorine. The observed in-
dium chloride is most probably one possible degrada-
tion process for LEDs prepared from PPV, mainly
owing to the following reasons. First, the observed gas
evolution in the sample is distributed inhomogeneous-
ly, but always around centres that have an enhanced
concentration of indium and chlorine. Second, as al-
ready noted, InCl

3
is electrically conductive which
5714
means that the electrical field in the device is in-
homogeneously distributed, especially at the crystals.
Therefore a large amount of the current will flow
through the crystals and partially heat the device. The
probability that gas is released at the crystals is en-
hanced owing to the large current densities.

In the following we want to propose the reaction of
HCl on ITO during the conversion process. For the
creation of the indium chloride compounds we have to
consider the valence of indium. The relevant oxidized
forms of indium are, for example, In

2
O, InO and

In
2
O

3
. The following reactions of the indium oxides

with HCl are possible:

In
2
O#6HCl " 2InCl

3
#H

2
O#2H

2
C (1)

In
2
O

3
#6HCl " 2InCl

3
#3H

2
O (2)

The reaction of InO with HCl which is not shown here
will result in InCl

2
which can easily react to InCl

3
under the influence of HCl. The released hydrogen in
reaction 1 plays an important role, as it can reduce
In

2
O

3
:

In
2
O

3
#2H

2
" In

2
O#2H

2
O (3)

This yields lower oxidized indium oxides. Further
reductions are possible which can result in the cre-
ation of indium in its metallic form. Normally, In

2
O

3
is the most stable oxidized form, but we believe that
the ITO is not fully oxidized [31], which means that
small amounts of In

2
O and InO are sufficient to form

InCl
3
. We do not know the exact temperature re-

quired for reaction 3 but hydrogen even reduces SnO
2

which is more stable than In
2
O

3
and forms tin at

a temperture of 175—185 °C [32]. The reduction of
SnO

2
to Sn explains the observed toroidal deposits

consisting of sulfur, indium and tin (Fig. 4).
As InCl

3
is hygroscopic, it will contain most of the

water created in reaction 1. The dendrites shown are
due to contact of the InCl

3
crystals with water. This

has a drastic influence on the operation of LEDs.
Heating of the devices for example with a high current
will vaporize the water. Consequently, blisters are
formed in the LEDs during the operation. It is obvi-
ous that the operating times are drastically limited for
PPV LEDs prepared on ITO.

To overcome these problems we propose to use
FTO-coated glass substrates. Comparison of the re-
sults of ITO/PPV/Al and FTO/PPV/Al devices have
shown that for the ITO sample the current is en-
hanced by up to two orders of magnitude while the
onset voltage is much lower. Although the PL is
drastically quenched by a factor of up to 23 for PPV
converted on ITO-coated substrates, the EL quantum
efficiency as well as the maximum brightness of the
ITO/PPV/Al and FTO/PPV/Al devices are nearly the
same. Additionally, the EL spectra are not influenced.
We believe that indium chloride created during the
conversion process on ITO acts as dopant for the PPV
which explains the quenching of the PL and the large
currents in this sample. As a further consequence the
threshold voltage is reduced for ITO devices. Although
the onset voltage in the case of FTO is higher than for



ITO as anode, we hope to fabricate more stable devi-
ces with FTO-coated substrates. Investigations con-
cerning the operation times are under way.
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