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Stability of the interface between indium-tin-oxide
and poly „3,4-ethylenedioxythiophene …Õpoly „styrenesulfonate …

in polymer light-emitting diodes
M. P. de Jong,a) L. J. van IJzendoorn, and M. J. A. de Voigt
Centre for Plasmaphysics and Radiation Technology, Department of Applied Physics,
Eindhoven University of Technology, Eindhoven, The Netherlands

~Received 24 February 2000; accepted for publication 15 August 2000!

A cause for degradation of polymer light-emitting diodes is the oxidation of the polymer by oxygen
diffusing out of the indium-tin-oxide~ITO! anode. This problem can be solved by the introduction
of an organic hole-injecting film, poly-~3,4-ethylenedioxythiophene! ~PEDOT! doped with
poly~styrenesulfonate! ~PSS!, between the ITO and the emissive polymer. Indeed, a dramatic
improvement of the lifetime and also the luminous efficiency has been observed. However, our
Rutherford backscattering~RBS! studies show that the ITO/PEDOT:PSS interface is not stable. In
as prepared glass/ITO/PEDOT:PSS samples 0.02 at. % indium was found in the PEDOT:PSS film.
Annealing in a nitrogen atmosphere at 100 °C during 2500 h increased the indium concentration to
0.2 at. %. Upon exposure to air much faster degradation of the ITO/PEDOT:PSS interface was
observed; after several days in air the amount of indium reached a saturation concentration of 1.2
at. %. The degradation of the interface can be explained by etching of the ITO due to the strong
acidic nature of PEDOT:PSS. ©2000 American Institute of Physics.@S0003-6951~00!05040-3#
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The stability of interfaces in polymer light emitting d
odes (p-LEDs) is considered crucial for the device perfo
mance. For devices in which the electroluminescent polym
is deposited on an indium-tin-oxide~ITO! anode, oxidation
of the polymer by oxygen diffusing out of the ITO limits th
device lifetime.1 A possible way to get around this proble
is the introduction of an organic hole-injecting film, poly
~3,4-ethylene-dioxythiophene! ~PEDOT! doped with poly-
~styrenesulfonate! ~PSS!, between the ITO and the emissiv
polymer. This has indeed led to a dramatic improvemen
the lifetime and also the luminous efficiency.2–4 However,
until now it has been unclear whether the interface betw
ITO and PEDOT:PSS is stable and which are the parame
that influence its stability. Moreover it has been demo
strated that the lifetime ofp-LEDs depends on the exac
nature of the ITO/PEDOT:PSS interface.5

It is well known that ITO is very sensitive to acid env
ronments. Inp-LEDs containing a sulfonium precursor rou
PPV deposited on an ITO substrate, the HCl released in
conversion of the precursor etches the ITO and product
this reaction are found in the PPV.6–10 Due to the strong
acidic nature of PSS, the aqueous solution from which
PEDOT:PSS films are cast can also be expected to etch
ITO. We investigated the migration of etch products, i.
indium containing species, into the PEDOT:PSS and P
films of p-LEDs using Rutherford backscattering spectro
etry ~RBS!.

PEDOT:PSS films were prepared by spin coating
aqueous solution of PEDOT:PSS11 onto commercially avail-
able ITO-coated glass substrates~Merck Balzers!. Directly
afterwards, the samples were transferred to a glove box
taining a nitrogen atmosphere in which the PEDOT:P

a!Electronic mail: m.p.de.jong@tue.nl
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films were dried on a hot plate at 150 °C. In some case
solution of O–C1–C10–PPV in toluene was spin coated on
the PEDOT:PSS films. Samples were characterized both
prepared and after various treatments: annealing in nitrog
exposure to air, and annealing in air. The RBS experime
were performed using a 2 MeV He1 beam produced by the
2–30 MeV AVF cyclotron at Eindhoven University of Tech
nology. The samples were transferred to the RBS setu
nitrogen using a load-lock system with a portable vacu
container.

A RBS spectrum of an as-prepared glass/~100 nm ITO!/
~150 nm PEDOT:PSS!/~70 nm PPV! sample is shown in Fig.
1. The angle of incidence of the 2 MeV He1 beam was
chosen perpendicular to the sample surface and the det
was placed at a backward angle of 110°. The energy axis
calibrated using the RBS spectrum of a glass/ITO refere
sample. Simulations of the RBS measurements were
formed with theRUMP code.12 The atomic composition of
O–C1–C10–PPV used in the simulations was 57% H, 39%
and 4% O, for PEDOT:PSS 43% C, 34% H, 17% O, and
S was taken. The composition of the ITO layer was assum
to be 60% O and 40% In, the Sn fraction was disregard
because In and Sn were indistinguishable in the RBS m
surements. The composition of the glass substrate was
O, 24% Si, 12% Na, and 6% Ca.

The energy that corresponds to He1 ions scattered a
indium atoms at the surface~1.82 MeV! is indicated with an
arrow in the inset in Fig. 1. The large peak at about 1.6 M
corresponds to indium in the ITO. At about 1.7 MeV a sm
step can be observed. Simulations of the spectrum sho
that this step is due to 0.02 at. % indium in the PEDOT/P
film. No detectable amount of indium is present in the ov
lying PPV layer. The measurement shows that in as-prepa
samples products of the etch reaction between the PED
PSS solution and the ITO substrate have been incorpor
5 © 2000 American Institute of Physics
P license or copyright; see http://apl.aip.org/apl/copyright.jsp
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2256 Appl. Phys. Lett., Vol. 77, No. 14, 2 October 2000 de Jong, van IJzendoorn, and de Voigt
in the PEDOT:PSS film. In samples that were stored in
nitrogen environment at room temperature for some ti
~days, months! no significant changes in the amount of i
dium in the PEDOT:PSS film have been observed. Etch
of the ITO thus takes place during spin coating of t
PEDOT:PSS solution. After removal of water from the fil
by heating the samples the etching stops or is at least slo
down considerably.

It is interesting to investigate whether the ITO
PEDOT:PSS system is stable upon prolonged heating
exposure to air, in order to study the long term interfa
stability. Figure 2 shows the RBS spectrum of a glass/~200
nm ITO!/~200 nm PEDOT:PSS!/~80 nm PPV! sample that
was annealed in a nitrogen atmosphere for 2500 h at 100

FIG. 1. RBS spectrum of an as-prepared glass/ITO/PEDOT:PSS/
sample. The features of C, S, In, and the glass substrate are indicate
well as the surface energy of indium~the arrow in the inset!. The signal that
extends to energies above 2 MeV is due to pileup, which occurs when
particles are detected during a time interval that is smaller than the s
processing time. Note that the square root of the number of detected c
is plotted on the vertical axis.

FIG. 2. RBS spectrum of a glass/ITO/PEDOT/PPV sample that was
nealed in nitrogen at 100 °C during 2500 h. The In surface energy is i
cated with an arrow. Note that the square root of the measured yie
plotted.
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Comparison between Figs. 1 and 2 shows that there
considerable increase in the amount of indium in t
PEDOT:PSS film after annealing: 0.22 at. % indium in t
annealed sample as opposed to 0.02 at. % in the as-prep
sample. Prolonged heating in nitrogen thus induces furt
intake of indium containing species in the PEDOT:PSS fil
either due to a continued etching reaction or the diffusion
previously formed etch products from the ITO/PEDOT:P
interface.

When samples are removed from the nitrogen atm
sphere and exposed to air, much faster erosion of the
occurs. This can be seen from Fig. 3, which is a RBS sp
trum of a glass/ITO/PEDOT:PSS sample that was expose
air in a refrigerator at 8 °C during ten days. In this samp
1.2 at. %~!! indium was found in the PEDOT:PSS film. Th
is also the maximum indium concentration that has been
served; prolonged exposure times had no further effect.
parently the 1.2 at. % indium atoms in the PEDOT:PSS fi
correspond to the maximum amount of etch products that
be formed with the available acid groups in the PEDOT:PS

We also studied the migration of indium compounds in

FIG. 4. In content in PEDOT:PSS films as a function of the time the fil
were exposed to air.

V
, as

o
al
nts

n-
i-
is

FIG. 3. RBS spectrum of a glass/ITO/PEDOT sample that was expose
air during 10 days in a refrigerator at 8 °C. The In surface energy is in
cated with an arrow. Note that the square root of the measured yie
plotted.
P license or copyright; see http://apl.aip.org/apl/copyright.jsp
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PEDOT:PSS for exposure times in the range 0–20 h~see
Fig. 4!. After 10 h exposure to air 0.2 at. % indium wa
found in the PEDOT:PSS film, which is about the same c
centration that was found in the sample that was anne
during 2500 h at 100 °C in nitrogen. It can thus be conclud
that the ITO/PEDOT:PSS interface is very sensitive to
The hygroscopic nature of PSS probably plays an impor
role. Upon exposure to air, water will be absorbed by
PEDOT:PSS film and an aqueous acid environment
formed due to the reaction H2O1PSS~HSO3)
→H3O

11PSS~SO3!. This will facilitate etching of the ITO
and transport of the etch products throughout the PED
PSS film. This hypothesis is confirmed by experiments p
formed on samples that were annealed in air at 170 °C, wh
showed a lower indium content in the PEDOT:PSS film th
samples that were stored in air for the same time but w

FIG. 5. Depth profile calculated with theRUMP code of indium in the PPV
and PEDOT:PSS films of a sample that was exposed to air during two d
A sharp decrease in the indium concentration can be observed at a
corresponding to the PPV/PEDT:PSS interface.
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not annealed. At 170 °C water is evaporated from
PEDOT:PSS film, resulting in less erosion of the ITO su
strate in the heated samples.

In samples that contained a PPV film on top of t
PEDOT:PSS film, a rather sharp decrease in the indium c
centration was observed at a depth corresponding to
PEDOT:PSS/PPV interface~see Fig. 5!. This implies that the
indium containing etch products do not diffuse into the PP
film, but are trapped in the PEDOT:PSS layer.

In conclusion, we have shown that the interface betwe
ITO and PEDOT:PSS is not stable. In as-prepared sam
0.02 at. % indium is present in the PEDOT:PSS film due
etching of the ITO during spin coating. Annealing in nitro
gen at 100 °C leads to an increase in the indium concen
tion to 0.2 at. % after 2500 h. Exposure to air leads to a m
more dramatic degradation of the interface; after several d
in air the amount of indium reaches a saturation concen
tion of 1.2 at. %.

1J. C. Scott, J. H. Kaufman, P. J. Brock, R. DiPietro, J. Salem, and J
Goitia, J. Appl. Phys.79, 2745~1996!.

2A. Berntsen, Y. Croonen, C. Liedenbaum, H. Schoo, R. J. Visser, J. V
gaar, and P. van de Weijer, Opt. Mater.9, 125 ~1998!.

3S. Karg, J. C. Scott, J. R. Salem, and M. Angelopoulos, Synth. Met.80,
111 ~1996!.

4S. A. Carter, M. Angelopoulos, S. Karg, P. J. Brock, and J. C. Scott, Ap
Phys. Lett.70, 2067~1997!.

5J. S. Kim, R. H. Friend, and F. Cacialli, Appl. Phys. Lett.74, 3084~1999!.
6G. Sauer, M. Kilo, M. Hund, A. Wokaun, S. Karg, M. Meier, W. Ries
M. Schwoerer, H. Suzuki, J. Simmerer, H. Meyer, and D. Haarer, J. A
Chem. USSR353, 642 ~1995!.

7W. Brütting, M. Meier, M. Herold, S. Karg, and M. Schwoerer, Chem
Phys.227, 243 ~1997!.

8M. Meier, S. Karg, and W. Riess, J. Appl. Phys.82, 1961~1997!.
9S. Karg, M. Meier, and W. Reiss, J. Appl. Phys.82, 1951~1997!.

10M. P. de Jong, D. P. L. Simons, M. A. Reijme, L. J. van IJzendoorn,
W. Denier van der Gon, M. J. A. de Voigt, H. H. Brongersma, and R.
Gymer, Synth. Met.110, 1 ~1999!.

11F. Jonas and W. Kraft, U.S. Patent No. 5,300,575~1994!.
12L. R. Doolittle, Nucl. Instrum. Methods Phys. Res. B9, 344 ~1985!.

s.
pth
P license or copyright; see http://apl.aip.org/apl/copyright.jsp


