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The paper discusses the results of temperature studies of polymer-based nanocomposites obtained by incorpo-

rating multi-walled carbon nanotubes in thin layers of poly(3,4-ethylenedioxythophene):poly(4-styrenesulfonate), spe-

cifically focusing on interesting features in the dependencies of electrical properties across the wide range of

temperatures from ambient one down to 10 K.
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Introduction

Intrinsically conductive poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) aqueous composites
formed by doping poly(3,4-ethylenedioxythiophene) and
poly(4-styrenesulfonate) are suitable for the preparation of
thin films that facilitate charge transfer and are promising
for a wide range of sensing application [1-4].

One of the many targeted ways of modifying polymers to
obtain the desired material characteristics can be achieved
by loading organic, inorganic and hybrid fillers. Such hybrid
materials are of great practical interest because of their im-
proved thermal conductivity, radiation resistance, electrical
insulation of thermoplastics, and thermal performance [5-9].
Obtained hybrid nanocomposites based on organic semicon-
ductors, ferroelectric and magnetic materials are used in light
emitting devices, lighting holders, various electronic devices,
motors and battery casing, temperature sensors and optimized
heat exchangers [10-24].

Adding various types of carbon nanotubes in PEDOT:PSS
host matrix have already been proven extremely beneficial
in terms of enhancing sensing properties and improving
overall performance of the material [25-27]. Most notably
such advanced engineered nanomaterial is a strong candi-
date for flexible/rollable conductive systems seen by many
as crucial components of light-weight low-cost next gene-
ration devices [28, 29].

Interaction of carbon nanotubes dispersed in PEDOT:PSS
and basic electrical properties of such nanocomposites, in-
cluding those, manufactured in the form of films on substrates
were the subject of numerous theoretical and experimental
studies [30-39]. Low-temperature behavior of PEDOT:PSS
thin layers reinforced with carbon nanotubes however, is
much less analyzed. Different reliability issues and effects of
nanofiller properties on the temperature dependence of con-
ductivity in this range remain a rather open question. In this
work we report the results of the investigation of the influence
of frequency and, most importantly, temperature on electrical
resistivity of PEDOT:PSS micrometer thick films reinforced
with multi-walled carbon nanotubes (MWCNT), prioritizing
the temperature range from 10 to 300 K.

Experimental

For the fabrication of nacomposite layers with the
thickness of tens of um, intitial 1 % water suspension of
poly(3,4-ethylenedioxythiophene) stabilized with surface
active anion substance (polystyrene sulfonic acid) was pre-
pared. Multi-walled carbon nanotubes processed in ad-
vance as described elsewhere [40] were added to the sus-
pension as reinforcing nanofillers. Nanotubes purity was
95 wt% and average outer and inner diameters were 65 and
10 nm, respectively.

Raw materials (chemicals and nanotubes) were pur-
chased from Sigma-Aldrich and US Research Nanomaterials,
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Fig. 1. Experimental configuration for low-temperature electrical
tests on nanocomposite samples.

respectively. Reference sample containing no nanofiller was
prepared for the purpose of comparison. The mixture was
ultrasonically processed at 40 kHz frequency 4 h in a row
before drop-casting resulting liquid substance onto glass sub-
strate followed by 15 min centrifugation. Samples were then
dried at room temperature for two days. The concentration of
nanotubes was higher than typically used to achieve percola-
tion [41, 42], although due to lack of functionalization and
advanced deagglomeration procedures, no continuous con-
ducting networks were formed inside the obtained layers. This
was partially confirmed by SEM imaging showing the pres-
ence of larger separated bundles of carbon nanotubes within
the volume of the polymer. This effect is particularly pro-
nounced in the case when multi-walled carbon nanotubes
were used as nanofiller [43].

For the electrical measurements, the experimental con-
figuration was supplied with electrodes which were deposited
on the film surface with conventional silver based conductive
paint. Specific resistance of the paint is 0.01 Q-cm?® and it is
stable in a wide range of temperatures up until 110 °C.
To explore temperature dependencies of electrical properties,
sample chamber was set up inside custom cryostat equipped
with a DE-202A closed cycle cryocooler from Advanced Re-
search Systems (see Fig. 1).

Cooling and heating modes of electrical measurements
were realized by exploiting functions of Cryocon 32 tem-
perature controller from Cryogenic Control Systems Inc.,
ac electrical measurements at different frequencies were
done with the automated E7-20 RLC-meter from LLC
“ZAPADPRIBOR” which allows registering active and reac-
tive resistances in the range from 10~ to 10° Q. Standard 1 V
sinewave was used as an ac excitation signal.

Results and discussion

Figure 2 shows temperature dependencies of the resistan-
ces of the pristine PEDOT:PSS layer without any addition
of carbon nanotubes measured in ac regime at 10 kHz and
100 kHz frequencies.
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Fig. 2. Resistance vs temperature curves for thin layers of pristine
PEDOT:PSS measured at 10 kHz and 100 kHz frequency. Inset
demonstrates an attempt of Arrhenius fit of the 100 kHz data.

At higher frequency the resistance drops slightly,
though generally the dependencies in Fig. 2 are very simi-
lar. They can be described by variable hopping model [44]
which is mathematically expressed as

1
T, s
R = Ryexp (TOJ ", (1)

where 7, denotes characteristic temperature and » is di-
mensionality parameter.

Fitting results indicate that when n = 3, which corre-
sponds to three-dimensional variable hopping, the model
produces unrealistically large values of 7). Instead, excel-
lent agreement between experimental data and the model is
achieved with n = 2 (solid line in Fig. 2), being an indica-
tion of a few possible mechanisms such as nearest neigh-
bor hooping, tunneling transport or electron-electron Cou-
lomb interactions, the latter being specifically characteri-
stic for low temperature range [45]. For n = 2 the model
yields T, value of 4483 K, which is in line with 4210 K
reported for 30 nm thin PEDOT:PSS films [46]. From inset
in Fig. 2, it is obvious that conductivity does not follow sim-
ple Arrhenius thermal activation process trend, therefore
most likely there is a combination of several contributions,
which determines R vs T dependence at low temperatures.

Adding multi-walled carbon nanotubes almost does not
change the resistance (or conductivity) of PEDOT:PSS
layers in the range from 10 to 300 K as can be seen Fig. 3,
right graph.

More significant effect was observed in measurement per-
formed at 100 kHz. In this case, the dependence of resistance
on temperature for PEDOT:PSS sample reinforced with
multi-walled carbon nanotubes deviates substantially from
the one described by Eq. 1. Notable non-linearity is observed
at the lower end of the temperature range of measurement.
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Fig. 3. Temperature variation of resistance for pristine PEDOT:PSS layers and PEDOT:PSS/MWCNT layers.

While one still has to look for an appropriate mechanism
to explain such non-linear behavior, the overall decrease
in resistance can be attributed to improved coherence of
charge transport. Apparently, in the case of PEDOT:PSS
with a composite of multiwalled carbon nanotubes, satura-
tion is expected corresponding to a certain maximum re-
sistance value, since the mobility edge is reached at low
temperatures.

Another interesting feature observed for carbon nano-
tubes doped PEDOT:PSS layers in cooling-heating meas-
urement cycles is temperature hysteresis. Measurements in
cooling and heating cycles were performed at frequency
50 kHz where non-linear behavior is not pronounced and
therefore does not contribute to the effect.
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Fig. 4. Temperature dependencies of the resistance of
PEDOT:PSS/MWCNT layer measured at 50 kHz in cooling and
heating regimes.
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Hysteresis which is about 100 K wide may be facili-
tated by slow nature of the volume expansion/contraction
processes in the structure of PEDOT:PSS modified by
nanotubes with high aspect ratio.

Thus, the lateral resistance of PEDOT:PSS and
PEDOT:PSS/MWCNT composite layers increases non-
linearly upon cooling from room temperature. Relatively
small variation of resistance measured from room tempera-
ture down 100 K is followed by rapid increase of resistance
as temperature decreases towards 10 K. Layers, containing
multi-walled nanotubes usually show lower resistance
compared to the original PEDOT:PSS specimens, with the
effect being more pronounced at higher frequencies. General-
ly, the obtained experimental results and their modeling indi-
cate that several conduction mechanisms at low temperatures
can be realized simultaneously.

Conclusions

Two types of layers of conductive polymer PEDOT:PSS
and polymer PEDOT:PSS with the addition of multilayer
carbon nanotubes were prepared, with a thickness in the
range of 30—50 um. The electrical resistance of such layers
was investigated depending on the temperature in the range
of 10-300 K.

The observed temperature behavior of PEDOT:PSS re-
sistance is consistent line with one-dimensional variable
hopping model, which speaks speaking in favor of possible
partial contribution of tunneling conduction, as well as
thermal activation mechanism and, possibly, Coulomb
electron-electron interaction.

The effect of adding nanotubes to the polymer matrix
results also leads to the hysteresis of resistance measured
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in heating—cooling cycles, which is probably likely to be
stimulated by the difference in thermal expansion coeffi-
cients of the matrix and the filler and by slow processes
determined by these coefficients.
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Bnnve Temnepatypu Ha enekTpuyHi BNacTUBOCTI
noniMmepHMX HAHOKOMMNO3UTIB

I. Karbovnyk, H. Klym, S. Piskunov, A. A. Popov,
D. Chalyy, I. Zhydenko, D. Lukashevych

OOroBopeHo pe3yinbTaTH TeMIIEPATYPHHUX JOCIiKESHb HAHO-
KOMITO3UTIB Ha OCHOBI HOJIMEpiB, SKi OJepkKaHI BKIIOYEHHIM
6araToCTiHHMX BYIJICLEBUX HAHOTPYOOK y TOHKI IIapu
poly(3,4-ethylenedioxythophene):poly(4-styrenesulfonate). 3Hau-
Hy yBary MNpPUIUICHO OCOOJNHBOCTSIM TEMIIEPATypHOI 3aJeKHOCTI
SJISKTPUYHUX BJIACTHBOCTEH y MIMPOKOMY IHTEPBali TeMIIEpaTyp:

BiJI TEeMIIepaTypH HaBKOJIHIIHBOTO cepenonumia o 10 K.

KirowoBi cnoBa: moiyiMepHI HAaHOKOMITO3HTH, 0araToCTiHHI

BYTJICLICBI HAHOTPYOKH, HU3bKOTEMITEPaTypHHI
ricrepesuc.
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