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ABSTRACT 

PEDOT:PSS buffer layers have been processed with the standard annealing step used for organic solar cells device ap-
plications. The d.c. conductivity σ as a function of temperature for two heating rates under He and atmospheric air was 
studied. Moreover, the stability of the conductivity was investigated at different temperatures and environments vs time. 
The main results can be summarized in the following: the increase of σ due to the thermal activation of the carriers and 
the improvement of the crystallinity compete with the decrease of σ resulting from the irreversible structural degrada-
tion of the polymer chains promoted by the oxygen and moisture of the atmospheric air. The heat treatment time and the 
temperature at which the two competing mechanisms result in a maximum of the electrical conductivity have been de-
termined and results are discussed relevant to organic optoelectronic devices containing PEDOT: PSS buffer layers. 
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1. Introduction 

The homogeneous polymer complex of poly-ethylenedio- 
xythiophene (PEDOT), oxidized with polystyrene sulpho- 
nate (PSS), has extensively been used as buffer layer in 
organic optoelectronic applications due to its high elec- 
trical conductivity and transparency in the visible region 
[1-5]. However, degradation related issues of PEDOT: 
PSS can be a parameter that might influence the lifetime 
performance of organic optoelectronic devices and other 
applications in which it participates [6-11]. High tempera- 
ture storage in the dark is one of the accelerated lifetime 
test performed for determining degradation parameters for 
organic solar cell device applications. Thus, a better under- 
standing of the mechanisms affecting conductivity, espe-
cially under atmospheric air containing oxygen and 
moisture within the temperature range in which a device 
is expected to operate, is critical for the continuing pro- 
gress of organic opto-electronics. 

Further understanding of the parameters which influen- 
ce the conductivity of PEDOT:PSS can help us to identi- 
fy methods to improve the electrical properties and ther- 
mal stability of this material. Degradation is connected to 
irreversible morphological and chemical changes, which 
continue to be investigated [6,12,13], despite the fact that 
pristine PEDOT and PEDOT:PSS have been widely us- 

ed in the past. It is well known that pristine PEDOT films 
are stable under heat treatment and decomposition occurs 
above 663 K [14]. Moreover, X-ray investigation reveals 
that heating at 473 K increases crystallinity in PEDOT 
[15]. The stability of the transparent PEDOT:PSS poly- 
mer complex at ambient atmosphere conditions is crucial 
for the performance of organic electronic devices and it 
is still under investigation. 

In this paper PEDOT:PSS buffer layers have been pro- 
cessed with the standard annealing step used for organic 
solar cells device applications. We report the results of the 
post-processing thermal treatment on the electrical con- 
ductivity of PEDOT:PSS films for different heating rates, 
temperatures and time intervals, under inert He and at- 
mospheric air. The purpose of this study is to identify the 
detailed competition mechanisms which contribute to the 
change of the electrical conductivity and comprehend the 
underlying physical processes. The conditions under which 
a maximum of the electrical conductivity is obtained can 
be relevant to the lifetime of organic electronic devices 
under high temperature storage. 

2. Experimental 

All measurements were performed on 120 nm thick PE- 
DOT: PSS films spin coated on pristine polyethylene te- 
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rephthalate (PET) substrates. An aqueous dispersion of 
PEDOT: PSS (CLEVIOS PH 500, H. C. Starck, GmbH, 
Germany) was used, where the ratio PEDOT to PSS was 
1:2.5 by weight. 

D.C. conductivity measurements were performed us- 
ing a four probe method [16]. The temperature was mo- 
nitored 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 
automatically via a PC. 

The influence of the thermal expansion of the PET sub- 
strate was also investigated. Over the entire temperature 
range (80 K - 450 K) the change of σ and σ/σ0 due to PET 
expansion [17] was calculated to be about 0.5%. These 
error bars are so small that they are hidden into the size 
of the experimental points. 

Moreover, the calculation of the accidental experimen- 
tal errors gave the values δσ = ±0.01 S/cm and δ(σ/σ0) = 
±0.003. 

3. Results and Discussion 

3.1. Influence of the Heating Rate on the 
Electrical Conductivity of PEDOT:PSS  
under He and Atmospheric Air 

In Figure 1 the reduced conductivity σ/σ0, where σ0 is the 
conductivity at 80 K, is shown as a function of tempera- 
ture T for two different heating rates, 5 and 15 K/min, 
under He and atmospheric air. 

These heating rates have been chosen after preliminary 
measurements, leading to the conclusion that 15 K/min is 
the maximum heating rate that ensured thermal equilib- 
rium of the samples at each temperature. The 5 K/min ra- 
te was sufficiently slow, so all measurements were taken 
in a state of thermal equilibrium [18]. 

As it is shown in Figure 1, the reduced conductivity 
values obtained under air are lower than those obtained 
under He. This can be attributed to irreversible structural 
modifications arising in the PEDOT chains and the coun- 
ter ions by oxygen and moisture [12-14]. Moreover, the 
slower rate of heating creates higher conductivity values 
than the quicker one. This indicates that with slower hea- 
ting rate (5 K/min), the morphological changes which lead 
to the improvement of the crystallinity have enough time 
to be better developed than during the quicker heating ra- 
te (15 K/min). X-ray data have revealed that heating PE- 
DOT: PSS increases its crystalline order [15,19]. 

The electrical conductivity σ increases with tempera- 
ture T up to about 400 K and then decreases for higher 
temperatures. PEDOT:PSS has a heterogeneous structure, 
in which small conductive grains 20 - 50 nm in diameter, 
are separated by regions rich in insulating PSS [20,21]. 
In the conductivity mechanisms of such a heterogeneous 
material the carrier conduction into the grains and the  

tunneling of the charge carriers between them are con-
tributing [22]. As it can be seen in Figure 1, the conduc-
tivity exhibits a maximum at a certain temperature Tm 
from both sides of which the slope dσ/dT has opposite 
sign. This is an indication that a “non-metallic” (dσ/dT > 0) 
thermally activated conductivity prevails for T < Tm. Four 
mechanisms determine the overall electrical conductivity: 
Two of them, the heat activated tunneling of carriers be-
tween the conductive grains and the improvement of the 
crystallinity into them, increase conductivity. The other two 
mechanisms, the interposition of oxygen and moisture and 
the interruption of the chains because of the heating, de-
crease conductivity. For T > Tm, the two latter mechanisms 
prevail giving a “metallic” (dσ/dT < 0) transport. This be-
havior has been observed in many conductive polymers 
with a heterogeneous structure similar to that of PEDOT: 
PSS [23,24]. 

Another remarkable feature of the heat treatment can 
be deduced from Figure 1. The characteristic tempera- 
ture Tm depends exclusively on the heating rate, taking 
the values (384 ± 4) K and (405 ± 2) K for the heating 
rates of 5 K/min and 15 K/min respectively, independent 
from the surrounding atmosphere He or air. This may be 
attributed to the following reasons: as the temperature 
rises, the activation of the carriers and the improvement 
of the crystalline order increase the electrical conductiv-
ity of the polymer, but at a certain temperature Tm the 
simultaneous structural degradation of the PEDOT:PSS 
chains prevails, resulting in the overall decrease of the 
conductivity for higher temperatures. The fact that Tm 
depends only on the heating rate and not on the sur-
rounding atmosphere, indicates that the damage in the 
polymer chains caused by the temperature rise is inde-
pendent from the corresponding degradation imposed to 
them by oxygen and moisture. For the heating rate of 5 
K/min Tm appears about 20 degrees lower than that for 
15 K/min, indicating that at the slower heating, the dam-
age due to the temperature rise is greater, than in the 
faster heating rate. 

 

 

Figure 1. The reduced conductivity σ/σ0 of a 120 nm thick 
PEDOT: PSS film, where σ0 is the conductivity at T = 80 K, 
as a function of T, for two heating rates 5 and 15 K/min, 
under He and atmospheric air. 
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gher than Tm the decline of the electrical conductivity 
with increasing temperature (dσ/dT < 0) is slower in the 
samples heated under He, indicating the negative role of 
the oxygen and the moisture on the electrical conducti- 
vity. Any connection between Tm and a possible glass tran- 
sition at this temperature must be dismissed. Indeed, from 
the literature, DSC results for PEDOT:PSS show that this 
material does not have a specific Tg due to the strong 
ionic bonding between PEDOT and PSS [7,25]. 

In Figure 1 the experimental points near th
mperature (80 K) coincide. This can be attributed to the 

fact that at this low temperature, oxygen and moisture 
have not yet affected the polymer chains and the re- 
arrangement of the polymer chains is restricted. More-
over, another coincidence is observed at the highest 
temperature (~445 K). Here, it is different for the two 
surrounding atmospheres. This might be due to the fact 
that at this high temperature the degree of the crystallin-
ity has attained its maximum value and the heating rate 
plays only a negligible role to the phenomenon. 

of PEDOT:PSS under Atmospheric 
Air vs Time 

vestigate the influ
on the electrical conductivity, the change of σ/σi, where σi 
is the initial conductivity, was measured on seven PE- 
DOT:PSS films 120 nm thick. Each sample was heated 
under atmospheric air for 1 h at one of the following 
temperatures 373, 393, 423, 438, 443, 448 and 463 K and 
the results are shown in Figure 2 for the first six samples 
and in the inset for the last one. The heating rate from 
room temperature to each of the above mentioned tem- 
perature was 10 K/min. 

For T = 373 and 393 
nductivity with the heating time t is observed, more in- 

tense for the higher temperature. This can be explained 
taking into account that from the different mechanisms 
which determine the electrical conductivity, the irrever- 
sible changes of the polymer backbone in the presence of 
the oxygen and moisture of the air prevail. 

However, at 423 K the reduction of the c
ss than at 393 K indicating that the improvement of the 

crystallinity, which counteracts the reduction of the con- 
ductivity, starts to affect the phenomenon [15,26]. The 
existence of this mechanism becomes more obvious for 
higher heating temperatures 438, 443 and 448 K. The 
conductivity increases for the first 7 to 12 min and then 
decays. From Figure 2, it can be deduced that the in- 
crease of the crystallinity contribution to the conductivity 
takes its maximum at about 443 K after heating of about 
10 min. This is in accordance with J. Huang et al. (2003) 
results, reported that the conductivity of PEDOT:PSS 

films exhibits a maximum after 10 - 15 min of heat treat- 
ment in N2. The conductivity in the latter case was mea- 
sured following equilibration at room temperature. 

In the inset of Figure 2 the behavior of the se
mple is shown, which was heated at 463 K. The thermal 

treatment at this temperature for 1 h leads to an abrupt 
decrease of the conductivity to about half of its initial 
value. The thermal degradation is so intense that any 
possible improvement of the crystallinity is completely 
overwhelmed. 

the Electrical Conductivity of PEDOT:PSS 

rder to illustrate the difference between the antago
nistic processes under the two investigated environments 
and estimate the time interval during which the mecha- 
nism enhancing the conductivity prevails, measurements 
on the electrical conductivity as a function of heat treat- 
ment time at constant temperature were performed, as 
shown in Figure 3. 

 

Figure 2. The reduced conductivity σ/σ0, where σ0 is  

 

 the
conductivity at t = 0 min, for seven 120 nm thick PEDOT: 
PSS films under atmospheric air for an 1h heating at the 
seven temperatures shown. The inset concerns the sample 
heated at 463 K. 

 

Figure 3. The change of the conductivity of two PEDOT: 
PSS 120 nm thick films, as a function of heating time t at 
443 K under inert He and atmospheric air. 
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The first sample was heated under inert He at 443 K, 
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