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The thermal stability of thin (50 nm) PEDOT:PSS films, was investigated by dc conductivity
measurements, X-ray and UV photoelectron spectroscopies as a function of heating tem-
perature and heating time. The mechanism of electrical conductivity as a function of tem-
perature is consistent with a hopping type carrier transport. The electrical conductivity
decreased, as a function of time, in agreement with a granular metal type structure, in
which aging is due to the shrinking of the PEDOT conductive grains. XPS and UPS spectra
indicate that conformational changes of the PEDOT:PSS film are responsible for this behav-
iour and a model for these modifications is proposed.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Organic semiconductors are of increasing interest as
new materials for optoelectronic devices. This class of
semiconductors is processed from solution, offering a huge
potential for low fabrication costs and flexibility. Polymer
emitting diodes (PLEDs), photodiodes and solar cells are
the optoelectronic applications under intense study [1].
One of the fundamental requirements for reliable opera-
tion of all organic optoelectronic devices is a stable anode
interface. Indium tin oxide (ITO) has been the preferred an-
ode for all organic optoelectronic devices due to its optical
. All rights reserved.

x: +30 2610 997428.
itoratos).
transparency and high conductivity [1–3]. However, the
work function of ITO is quite low (even after special ITO
treatment procedures such as plasma or oxygen treatment)
[4]. The most common way to improve hole injection/col-
lection is to incorporate a hole transporting layer (buffer
layer) on top of the ITO surface [4,5]. The most common
buffer layer is the poly(ethylenedioxythiophene):polysty-
rene sulphonate (PEDOT:PSS) [5].

Poly(3,4-ethylenedioxythiophene) (PEDOT), a p-conju-
gated polymer, combines high electrical conductivity with
excellent optical transparency [6]. The problem with its
low solubility is solved by the use of the water soluble
polyelectrolyte poly(styrene sulfonic acid) PSS as a charge
balancing dopant. PEDOT mixed with PSS forms an easily
processible colloidal solution in water. For organic
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optoelectronic applications PEDOT:PSS is an essential part
of the bottom electrode providing a high selective carrier
contact. The stability of PEDOT:PSS layer is of high impor-
tance and determines the lifetime performance of organic
optoelectronic devices. Despite the common use of
PEDOT:PSS the correlation between the electrical conduc-
tivity and the morphology and especially the irreversible
structural changes occurring during thermal degradation
are not fully understood [7,8]. The purpose of this investi-
gation is to study the thermal aging of the electrical con-
ductivity of PEDOT:PSS thin films and correlate this with
the morphological, composition and electronic structure
changes occurring during the thermal degradation.
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Fig. 1. Thermal degradation of the d.c. electrical conductivity of a 50 nm
thick PEDOT:PSS film heated at 120 �C under environmental conditions
for times between 0 and 55 h.
2. Methods

2.1. Materials

All measurements performed on 50 nm PEDOT:PSS
films coated on pristine plastic substrates (PET). An aque-
ous dispersion of PEDOT:PSS (CLEVIOS PH 500, H.C. Starck)
was used, where the ratio PEDOT-to-PSS was 1:2.5 by
weight.

2.2. Conductivity measurements

Temperature dependence d.c conductivity measure-
ments r = r(T) performed using a four-probe method. For
the temperature dependent studies a He filled cryostat
was used [9]. Samples from the same PEDOT:PSS film were
thermally treated at 120 �C in a thermostated oven under
environmental conditions for different times. The 0 h time
includes only the annealing step during the preparation
process 20 min. The conductivity versus temperature was
then measured after the heat treatment at every time.
These successive measurements give a set of r = r(T)
curves and the whole procedure is repeated until satura-
tion in conductivity is observed.

2.3. X-ray photoelectron and ultra-violet photoelectron
spectroscopies

X-ray photoelectron spectroscopy (XPS) was used to
investigate the variation in the chemical structures of the
sample surface of the PEDOT:PSS films before and after
the thermal degradation, while the variation of the
PEDOT:PSS valence band was investigated by ultra-violet
photoelectron spectroscopy (UPS). The photoelectron spec-
troscopy measurements were carried out in a commercial
ultra-high vacuum (UHV) system which consists of a fast
entry specimen assembly, a preparation and an analysis
chamber. The analysis chamber is equipped with a hemi-
spherical electron analyzer (SPECS LH-10), a twin anode
X-ray gun and a discharge lamp for X-ray and ultra-violet
photoelectron spectroscopy (XPS and UPS) measurements.
The base pressure was 5 � 10�10 mbar. The XPS measure-
ments were carried out with a non-monochromatic Mg
Ka line at 1253.6 eV and a constant analyzer pass energy
of 36 eV, while for UPS the HeI (21.22 eV) radiation was
used. The spectrometer was calibrated by the Au4f7/2 core
level (84.00 ± 0.05 eV) for a clean Au foil. The XPS resolu-
tion, measured by the full width at half maximum (FWHM)
of the Au4f7/2, was 1.10 eV for a constant pass energy of
36 eV. The analyzer resolution for the UPS measurements
is determined from the width of the Au Fermi edge and
is found 0.16 eV. A negative bias of 12.30 V was applied
to the sample during UPS measurements in order to sepa-
rate sample and analyzer high binding energy cut-offs and
estimate the absolute work function from the UV photo-
emission spectra.

3. Results and discussion

In Fig. 1 the d.c. conductivity r as a function of temper-
ature T is shown for PEDOT:PSS exposed to thermal
treatment times ranging from 0 to 55 h at 120 �C. The
mechanism of carrier (hole polarons) transport in
PEDOT:PSS is determined by its morphology. Conductive
PEDOT oligomers consisted of 5–15 repeat units are elec-
trostatically attached to twisted long insulating PSS chains,
which form grains 20–70 nm in diameter, whose surfaces
are rich in PSS [10,11]. So, in PEDOT:PSS, with its granular
structure of conductive PEDOT-rich grains enclosed in
insulating PSS-rich shells, the electrical conductivity is
not determined only from the hole polarons transport into
the PEDOT segments, but also by their hopping between
segments and grains.

Despite different interpretations of the temperature
dependence of the experimentally obtained conductivities,
typically r = r(T) is given by

rðTÞ ¼ r0 exp � T0

T

� �a� �
ð1Þ

which generally describes a hopping transport, where T0 is
a measure of the potential barrier height, as carriers get
thermally activated hopping among localized states at dif-
ferent energies [12–14]. On the other hand r0 is related to
the intrinsic conductivity of the grains, their size contribu-
tion, mean volume occupied by the conducting grains in
the material, etc. [15].
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In a material consisting of conductive grains embedded
into an insulating matrix, thermal degradation can be con-
sidered as a corrosion – a process which is reducing the
size of the grains and consequently enhancing their dis-
tance, or equivalently increasing the potential barrier for
polaron transport between them. In this case the conduc-
tivity can be described by the following equation

ln r ¼ r1 exp½�ðt=sÞ1=2� ð2Þ

in which t is the time of the thermal treatment and s is a
parameter characteristic of the aging rate. The higher the
s value, the slower the rate of degradation [16].

In the variable-range hopping (VRH) model of transport
the exponent a in Eq. (1) does not depend only on the
number of the hopping process dimensions D, but also on
the exponent l of the density of states g(E) / (E�EF)l near
the Fermi energy level EF, according to the formula
a = l + 1/(l + D + 1) [17].

In disordered systems, in which a self-assembled net-
work of conductive polymer, PEDOT in our case, spreads
in a matrix of insulating PSS, the carrier eigenstates display
spatial fluctuations described by a multifractal analysis, in
which the electrical conductivity follows Eq. (1) with the
exponent a decreasing systematically from 1 to 0.25 with
increasing the volume fraction of the conductive compo-
nent [18,19]. The exponent a = 1 indicates a nearest-neigh-
bor hopping (nn-H) between PEDOT particles [12]. On the
other hand, hopping conductivity in granular disordered
systems follows Eq. (1) with the exponent a ranging from
0.25 to 1 depending on the distribution of grain sizes. The
decrease of the particle size results in the reduction of the
exponent a from values about unity to 0.5 or 0.25 [20]. An
exponent a = 0.25 is consistent to a three-dimensional
VRH, though an exponent a = 1/2 can be attributed to many
cases. For example, the existence of an energy gap caused
by Coulomb interactions between the carriers results in a
a = 1/2. However, the non-zero density of states at the Fer-
mi level reveals that such an energy gap does not exist in
PEDOT:PSS [12]. Another explanation for the a = 1/2 value
is in the framework of the charging-energy limited tunnel-
ling (CELT) model, where carriers tunnel between small
conductive grains separated by insulating material
[21,22]. From the above it is apparent that the exponent
a can reveal valuable information about the conduction
mechanism in PEDOT:PSS.

In Fig. 2 the exponent a of Eq. (1) is shown for increas-
ing heat treatment time at 120 �C. For the fresh samples
(t = 0 h) a � 1 decreasing with thermal aging to the value
a � 0.5 at the end of it, after 55 h of heat treatment. Taken
into account the morphology of PEDOT:PSS, this means
that for the first stages of the heat treatment, the near-
est-neighbor hopping prevails, though later the charging-
energy limited tunnelling between adjacent conductive
grains determines the conduction. For a � 1, Eq. (1) takes
the well known Arrhenius formula, from which the mean
of the potential barrier height can be estimated to
E � 0.022 ± 0.001 eV for the fresh samples.

XPS and UPS were used to investigate the composition
and electronic structure changes due to the thermal aging
process. In Fig 3 the XPS spectra S 2p for PEDOT:PSS sam-
ples (a) fresh and (b) after heat treatment at 120 �C for 55 h
are shown. In both cases the S 2p spectrum appears in two
components. The component at lower binding energies is
attributed to the contribution of PEDOT and in particular,
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Fig. 5. Perplexed PSS chains at the first stage of heating.
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to sulphur atoms linked to carbon in the chemical struc-
ture of PEDOT and the peak at higher binding energies cor-
responds to the sulphur atoms in the PSS polymer. The
spectra were fitted with mixed Gaussian–Lorentzian peaks
after Shirley background subtraction The PEDOT compo-
nent is fitted in all cases with a single spin-orbit doublet
at 164.0 ± 0.1 eV and 165.2 ± 0.1 eV binding energy and a
2p3/2 to 2p1/2 ratio of 2:1, the splitting of 1.2 eV being
that expected for S 2p. The contribution of PSS to the S
2p peak is due to the doping ions PSS�H+ (spin-orbit dou-
blet at 168.4 eV and 169.6 eV binding energy) and to the
PSS�Na+ salt [23,24] (spin-orbit doublet at 168.0 eV and
169.2 eV binding energy). Na+ residues originate from
Na2S2O8 oxidizing agent used during the polymerization
of PEDOT [25]. The original ratio of PSS-Na to the PSS-H
in the PSS layer is found equal to 1.5 and it drops to 0.6
after the heat treatment. From them it can be seen that
there is a decrease of the PSS-Na bond in the PSS chains
due to thermal aging. The PEDOT-to-PSS ratio in the sur-
face region can be calculated from the total area under
the S2p core level spectra and it was found 1:2.9 for the
PEDOT:PSS before thermal degradation. After thermal deg-
radation up to 55 h at 120 �C this ratio becomes 1:2.4. As
has also reported before for the fresh PEDOT:PSS the spec-
tra indicate that there is phase segregation with an excess
of PSS [25]. During this work we show that after 55 h at
120 �C the excess of PSS is slightly reduced.

In order to estimate the thickness d of the outermost
PSS layer, we consider PSS and PEDOT as two separated
polymers growing in the form of a ‘‘layer over layer” struc-
ture ending in a pure PSS layer and compare the intensities
from the contribution to the S2p peak of each polymer. The
thickness is given by the expression

d ¼ k ln½ðIPSS=I0
PSSÞ=ðIPEDOT=I0

PEDOTÞ þ 1� ð3Þ

where k = 2.7 ± 0.3 nm, is the electron inelastic mean free
path, and Ix, I0

X are the measured and expected signal inten-
sities from species X, respectively [23]. The above equation
yields an outermost PSS layer thickness of 3.6 nm for the
PEDOT:PSS before thermal degradation and 3.4 nm after
thermal aging at 120 �C for 55 h, verifying that there is a
thinning of the PSS layer on the surface.

From UPS spectra of the same PEDOT:PSS sample before
and after the heat treatment at 120 �C, it can be seen that
the density of the electronic states near the Fermi level
slightly increases, although the work function of the sur-
face decreases from 4.7 eV for the fresh sample to 3.7 eV
at the end of the heat treatment. These can be attributed
to the removal of the insulating PSS from the surface,
which leaves an area enriched in PEDOT, from which is eas-
ier to remove carriers and as a p-doped conjugated poly-
mer has occupied valence band states near the Fermi
level [26].

From Fig. 3 it can also be seen that the peaks corre-
sponding to the PSSH bond diminish with aging. This indi-
cates that there is enough energy for the breaking of the
electrostatic bonding between PSS and PEDOT, which grad-
ually leads to the reeling off the PSS chains and on the
other hand to the formation of PEDOT-rich clusters be-
tween the PSS chains [13,23].
From Fig. 4 it is shown that for heating temperature
120 �C the experimental data follow very well Eq. (2).
Moreover, from the fitting of the experimental data, the
parameter s takes the value 96 h and from Eq. (2) it can
be calculated that the time of heating, for the conductivity
of the sample to become half of its original value, is 46.1 h,
in excellent agreement with the experiment, from which
this time is 46.3 h. This is consistent with a granular struc-
ture of PEDOT:PSS and an electrical conductivity degrada-
tion, in which the main contribution comes from the
progressive increase of the potential barriers between the
conductive grains with heat treatment.

The above experimental results can be explained by the
following model of conformational changes during the
thermal aging. At the first stage of heating, the PSS chains
are perplexed, as it is shown in Fig. 5 and the agitation of
the Cl� ions (their existence is verified by EDX spectro-
grams) attached weakly to the hole polarons on the PEDOT



Fig. 6. The ionic bonds between PEDOT and the PSS chains start to break.
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oligomers, makes them to wander further away from the
polaron vicinity, increasing the mobility of the latter. This
makes the grains more conductive as it is revealed from
the decrease of the exponent a and the increase of r0.

At a second stage of the heat treatment, shown in Fig. 6,
the ionic bonds between the PEDOT oligomers and the PSS
chains start to break.

The remaining negative charges on the PSS chains re-
pulse each other resulting in an improvement of their
alignment. In this stage the conductive PEDOT oligomers
concentrate between the aligned PSS chains forming grains
of enhanced conductivity, as it is shown in Fig. 7.

The hydrophilic character of PSS, makes it to be concen-
trated at the surface of the grains, increasing the height of
the potential barriers, as this stage progresses, in contrast
to the hydrophobic PEDOT, which is accumulated in
increasing numbers in the interior of the grains. This can
explain the continuous decrease of the exponent a and
the decrease of r0, although T0, the measure of the barriers
height increases continuously with the thermal aging. At
the end of the heat treatment, most of the electrostatic
bonding between PEDOT and PSS is removed, as it is re-
vealed by the XPS spectrograms.
Fig. 7. PEDOT oligomers start to form conducting grains.
From Fig. 4 it is shown that for heating temperature
120 �C the experimental data follow very well Eq. (2).
Moreover, from the fitting of the experimental data, the
parameter s takes the value 96 h and from Eq. (2) it can
be calculated that the time of heating, for the conductivity
of the sample to become half of its original value, is 46.1 h,
in excellent agreement with the experiment, from which
this time is 46.3 h. This is consistent with a granular struc-
ture of PEDOT:PSS and an electrical conductivity degrada-
tion, in which the main contribution comes from the
progressive increase of the potential barriers between the
conductive grains with heat treatment.

From the total areas below the peaks representing the
contribution of PSS and PEDOT to the XPS peak of S2p,
the PEDOT-to-PSS molar ratio in the surface region
(�10 nm) for the fresh samples was estimated to 1:2.9,
though for the samples at the end of the heat treatment
was 1:2.4. This indicates that in fresh samples there is an
excess of PSS at the surface, which is removed by the heat
treatment, in agreement with previous measurements
[23–25].

From UPS spectra of the same PEDOT:PSS sample before
and after the heat treatment at 120 �C, it can be seen that
the density of the electronic states near the Fermi level
slightly increases, although the work function of the sur-
face decreases from 4.7 eV for the fresh sample to 3.7 eV
at the end of the heat treatment. These can be most likely
attributed to the removal of the insulating PSS from the
surface, which leaves an area enriched in PEDOT, from
which is easier to remove carriers and as a p-doped conju-
gated polymer has occupied valence band states near the
Fermi level [26]. As has already been reported by differen-
tial scanning calorimetry (DSC) and other thermal degra-
dation studies [27,28], decrease of the work function due
to the decomposition of PEDOT:PSS, as Diels–Alder reac-
tion (SO2-extrusion), starts at higher temperatures (225–
230 �C) from the ones used in this study (120 �C).

4. Summary and conclusions

The aging of PEDOT:PSS films 50 nm thick was
investigated by dc conductivity measurements, X-ray
and UV photoelectron spectroscopies for thermal
treatment at 120 �C under environmental conditions. The
electrical conductivity versus T followed the formula
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r = r0 exp[� (T0/T)a], consistent with a carrier transport of
the hopping type. The exponent a, decreased with aging
from a value of �1 for the fresh samples to a value �0.5
at the end of the thermal treatment. This indicates a
change in the conduction mechanism from the nearest-
neighbour hopping at the beginning of the heat treatment
to the charging-energy limited tunnelling between the
conductive grains as thermal aging progresses. On the
other hand the electrical conductivity at room temperature
vs. t, the time of the heat treatment, decreased following
the formula r = r1exp[�(t/s)1/2], in agreement with a gran-
ular metal type structure, in which aging is due to the
shrinking of the conductive grains, with s = 96 h. From
the last formula the time t for which r becomes half of
its original value, is calculated to be 46.1 h in agreement
with the value 46.3 h obtained from the r = r (N) curves
for different t. Moreover, the XPS and the UPS spectra
before and after thermal degradation revealed a slight
decrease of the insulating PSS from the surface. According
to the proposed model thermal aging starts with an in-
crease of the mobility of the hole polarons in PEDOT oligo-
mers attached to insulating PSS chains, improving
conductivity into the grains, which reduces a and increases
r0. At a second stage, the ionic bonds between PEDOT and
PSS start to break, the PSS chains bearing negative charge
at intervals align better themselves and PEDOT oligomers
concentrate between them, further enhancing the conduc-
tivity of the grains. At the final stage the bonds between
PEDOT and PSS break down, as XPS spectograms reveal.
The conducting PEDOT being hydrophobic concentrates
into the interior of the grains, although the insulating PSS
being hydrophilic concentrates at the borders of the grains
enhancing the potential barriers between the grains. These
can explain the increase of r0 and T0 with thermal
treatment.
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