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ABSTRACT

The conductivity difference Ae between two similar PEDOT:PSS films, 120 nm thick, heated by 5 and 15 K/min
from 80 to 440 K, the one under inert He and the other under ambient air gives an approximate measure of the
influence of oxygen and moisture on the conductivity vs temperature T. The resulting curves Ae = f(T) exhibit
three different regions: at temperatures from 80 to 145 K for heating rate 5 K/min and from 80 to 200 K for 15
K/min, an intense degradation of the sample under ambient atmosphere was revealed by the abrupt increase of
the difference of the conductivities between He and atmospheric air. At intermediate temperatures from 145 to
380 K for 5 K/min and 200 to 400 K for 15 K/min, the conductivity difference remains basically constant indi-
cating a stabilization of the damage produced by oxygen and moisture. Finally, for temperatures higher than 380
to 400 K the degradation increases again. An explanation of this behavior is proposed based on the hydrophilic
character of the PSS and the destructive role of oxygen at high temperatures. Moreover, the isotherms ¢ = o(t),
where t is the heating time, at 443 K, under inert He and under atmospheric air for one hour verify the signifi-
cant role of oxygen and moisture on the electrical conductivity. Under He the conductivity increases monotoni-
cally with t, but under ambient air factors the conductivity competes with others decreasing it producing a
maximum at about t = 10 min.
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1. Introduction conductivity as percolation process between highly con-
ductive PEDOT:PSS complexes in a matrix rich in PSS
with three orders of magnitude lower conductivity [3].
PEDOT:PSS has extensively been used as buffer layer
in organic optoelectronics and organic solar cells device
applications [4,5]. Consequently, the degradation of
PEDOT:PSS especially under atmospheric air containing
oxygen and moisture, which influence the structure of
this polymer, is crucial for the performance of organic

electronic devices and it is still under investigation [5,6].

Poly(3,4-ethylenedioxythiophene) (PEDQOT) is a m-con-
jugated polymer characterized by high conductivity and
excellent optical transparency. PEDOT mixed with poly-
styrene sulphonate (PSS) forms a processible colloidal
solution in water consisting of a random coil entangle-
ment of hydrophilic insulating PSS chains with attached
hydrophobic conductive PEDOT oligomers, forming con-
ductive grains 30 - 50 nm in diameter. These grains con-
sist of a PEDOT-rich core surrounded by a PSS-rich shell

[1]. Adhesion between the PEDOT:PSS grains is attained
by hydrogen bonds among HSOj; groups of the PSS rich
shell [2]. Impedance spectroscopy showed the electrical
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In this work the influence of oxygen and moisture of at-
mospheric air is studied by the comparison of the change
of d.c. conductivity of two similar samples, the one under
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inert He and the other under atmospheric air.

2. Experimental

PEDOT:PSS films 120 nm thick, spin coated on pristine
polyethylene terephthalene (PET) substrates were used.
PEDOT:PSS was an aqueous dispersion (CLAVIOS PH
500, H.C. Starck, GmbH, Germany) with the ratio PE-
DOT/PSS to be 1:2.5 by weight.

A four probe method was used for the measurement of
d.c. conductivity [7]. The temperature was monitored by
an Oxford intelligent temperature controller (ITC4). A
Keithley 2400 sourcemeter and a Keithley 182 sensitive
digital voltmeter were used to control the current and
voltage respectively and parameters were measured auto-
matically via a PC.

3. Results and Discussion

In Figure 1 the o = f(T) curves are shown for two similar
PEDOT:PSS samples heated at a rate of 5 K/min, the one
under inert He, the other in ambient atmosphere from 80
to 440 K. Their shape reveals a competition between me-
chanisms increasing the conductivity and others which de-
crease it [5].

There are several factors which increase the conduc-
tivity with temperature: PEDOT:PSS is a semiconductor
with energy gap Eq =~ 1.8 eV [8], so the carrier concentra-
tion is expected to increase with temperature. Besides,
the heating of PEDOT films to 200°C (473 K) revealed
an improvement of the crystalline order, which makes
easier the transport of carriers inside the grains. The si-
multaneous loss of water makes the hydrophilic PSS
shell to shrink, which facilitates the tunneling of carriers
between the grains [1].
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Figure 1. The change of the d.c. conductivity ¢ vs T for two
similar PEDOT:PSS films under inert helium and atmos-
pheric air. The heating rate was 5 K/min.
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Moreover, as the film is heated for longer periods,
apart from the decrease of the intergrain distance men-
tioned before, an increment in the number of interparticle
connections is observed, leading to an increase of the
conductivity [9].

As temperature increases, the CI™ attached weakly to
the hole polarons on the PEDOT oligomers, makes them
to wander further away from the polaron vicinity increas-
ing their mobility. At higher temperatures the rapture of
the ionic bonds between PEDOT and PSS has been pro-
posed, a process which improves order and produces high-
ly conductive grains [4], whose size increases with ther-
mal treatment, as atomic force microscopy has revealed
[10].

On the other hand there are factors decreasing the con-
ductivity as temperature increases. The insulating hydros-
copic PSS surrounding the conductive grains can swell or
shrink considerably depending on humidity [1].

Besides, hydrogen bonds between HSO;3 groups of the
PSS shells are broken as temperature increases making
more difficult the transport of carriers between the PE-
DOT:PSS grains [2].

Heating PEDOT at 150°C (423 K) under ambient at-
mosphere irreversible changes in the polymer main chain
take place. Partial oxidation of the sulfur of the polymer
backbone and the decomposition of the counter ion
(FeClI") resulting in decrease of conductivity [11].

It is obvious that the difference of & of the two similar
samples at each T the two curves of Figure 1, heated
with the same rate but under different environments can
give us an estimation of the role of oxygen and moisture
contained in the atmospheric air on the structure of PE-
DOT:PSS. From Figure 1 and 2 it is shown that from 80
to 145 K, for the heating rate of 5 K/min, although the
conductivities increase for both environments with T, the
difference Ao raises abruptly, proving an intense degra-
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Figure 2. The conductivity difference (6 — 64ir) vs T for two
different heating rates: 5 and 15 K/min.
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dation of PEDOT:PSS from the oxygen and the moisture
of the atmospheric air. The polymer is relatively resistant
toward oxygen, though it proves sensitive to water be-
cause PSS is hydroscopic [12,13]. The abrupt increase of
Ao, i.e. the faster decrease of o under ambient conditions
relatively to inert He, may be attributed to the absorption
of water, leading to the swelling of the insulating PSS
shell surrounding the conducting PEDOT-rich grains [1].
For the faster heating rate of 15 K/min, the degradation
advances slower, as it is shown in Figure 2 and it is ex-
tended from 80 to 200 K approximately. This is expected
as the degradation process takes a certain time to be es-
tablished. The intense scattering of the experimental points
around 200 K for the 15 K/min heating rate may be at-
tributed to the fact that the absorption of water does not
proceed with a smooth step under this quick heating rate.

From 145 to 395 K for 5 K/min and from 205 to 410 K
approximately for 15 K/min, the damage from the am-
bient atmosphere not only ceases to proceed, but exhibits
a slight improvement, as it is indicated from the negative
slope of the central “plateau” in Figure 2. This may be
attributed to a situation in which there is an equal rate of
absorption and loss of moisture in this temperature range.

The loss of moisture increases as temperature elevates,
so the shrinking of the PSS insulating barriers gets more
effective at higher temperatures decreasing slightly with
Ao.

For the higher heating rate, the loss of moisture is
slower, so the difference Ao between the sample under
He and the other under ambient atmosphere gets higher
as the conductivity of the latter does not improve so
much.

Broadband dielectric measurements on PEDOT:PSS
films after thermal treatment under ambient temperature
at 423 K (150°C) revealed that the PSS shell increases
compared to pristine samples. So, the height of the po-
tential barriers between the grains increases, reducing the
conductivity [14]. Moreover, It has been found that for
annealing temperatures between 373 and 473 K oxygen
participates in the degradation of the PEDOT:PSS, as
samples annealed under oxygen had a lower conductivity
compared with samples annealed under nitrogen [15].
From Figure 1 it can be seen that the conductivity in-
creases monotonically until a certain temperature T, and
then decreases. This implies that the conductivity of
PEDOT:PSS is a result of the competition between me-
chanisms which increase it and others which decrease it
[5]. The characteristic temperature T, where the two com-
petitive factors equilibrate takes the values (384 + 4) K
and (405 + 2) K for the heating rates 5 K/min and 15
K/min respectively, independent from the surrounding
atmosphere He or air. For T > T, the degradation of the
polymer prevails.

From Figure 2 we see that from about the same tem-
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peratures, Ao increases again, indicating that ambient en-
vironment decreases o more effectively than inert He. It
is reasonable to assume that at this elevated temperature
the role of oxygen is dominant.

TGA measurements and FTIR spectroscopy of PE-
DOD:PSS films revealed that there is no significant che-
mical changes up to the temperature of 523 K and there
is an almost steady content of water for a wide range of
temperatures [1]. Different oxidative reactions of the thi-
ophene ring have been proposed [11] and for tempera-
tures above 533 K PSS degrades reducing the PE-
DOT:PSS bulk conductivity.

To further investigate the differentiation of conductiv-
ity degradation near temperature T, where the two com-
petitive factors equilibrate, the conductivity at 443 K
(170°C) versus the heating time t was measured on two
films, one under inert He gas and another one under at-
mospheric air. The two isotherms ¢ = a(t) are shown in
Figure 3.

Under inert He o increases monotonically with the
heating time t, though there is a small “hump” after about
10 min of heating. The factors which increase conductiv-
ity prevail for all the heating time (60 min). The “hump”
may be attributed to some intrinsic process, e.g. an ab-
rupt improvement of crystallinity, which is counteracted
later by heating induced disorder.

Under atmospheric oxygen and moisture (Figure 3)
the isotherm has a completely different shape. There is
an increase of o up to about 10 min (which corresponds
to the intrinsic process taking place under He) and then
the destructive role of oxygen and moisture prevails [5].

Owing to its structure, PEDOT:PSS has been proved
resistant toward molecular oxygen, but reacts relatively
efficiently with water due to the hydrophilic character of
PSS [12,13].
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Figure 3. The change of the conductivity for the first heat-
ing of two PEDOT:PSS films, the one under inert helium,
the other under atmospheric air at 443 K (170°C) for one
hour.

0JOPM



4 S. SAKKOPOULOQS, E. VITORATOS

The decrease of o may be due to the break of hydrogen
bonds between the conductive grains and the beginning
of irreversible structural changes of the polymer chains.

In Figure 4 the isotherms at 443 K of the second
heating are completely different from those of the first
heating (Figure 3). The conductivity o under inert He
remains practically constant with heating time, indicating
that the first heating-cooling process stabilizes the mor-
phology of the samples, so that the second heating does
not affect it appreciably.

Under atmospheric air the isotherm (Figure 4) is al-
most linear, completely different from the corresponding
curve in Figure 3. The stable morphology revealed under
inert He deteriorates smoothly in the presence of oxygen
and moisture.

4. Conclusions

The difference of the conductivity Ac at each tempera-
ture T between two similar samples of PEDOT:PSS
heated with two rates 5 and 15 K/min from 80 to 440 K,
the one under inert He and the other under ambient at-
mosphere, gives a measure of the role of oxygen and
moisture on the conductivity.

The resulting curves exhibit three different regions: at
low temperatures from 80 to 145 K for 5 K/min and from
80 to 200 K for 15 K/min, an intense degradation of the
sample under ambient atmosphere is revealed by the ab-
rupt increase of the difference of the conductivities be-
tween He and atmospheric air. This may attribute to the
absorption of moisture by hydroscopic PSS, a process
which results in the swelling of the insulating of this po-
lymer surrounding the conductive PEDOT-rich grains.
PEDOT:PSS is more vulnerable to moisture than to oxy-
gen because of the hydroscopic PSS.

76
24] T=443K
720] A A A A A A A A A A A A 4 4 a4

70 Ao =0,3S/cm

68
T 66
2 1 A H
Q 644 v ar
© 62
60
1 v
58 Vv
il Vv vV v v
56 Yy v,
54| Ao =-44Slem Vv v
52
T T T T T T T
0 5 10 15 20 25 30
t (min)

Figure 4. The conductivity change for the second heating of
the two PEDOT:PSS films under inert helium and atmos-
pheric air at 443 K (170°C) for thirty minutes.
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In the second region of the Ac = f(T) the conductivity
difference Ao remains basically constant indicating a sta-
bilization of the damage produced by oxygen and mois-
ture. This may be explained by the equal rate of absorp-
tion and loss of water in this temperature range. Finally,
for temperatures higher than 380 to 400 K the degrada-
tion increases again. It seems reasonable to assume that
at these elevated temperatures degradation is due mainly
to oxygen.
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