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Poly(3,4-ethylenedioxythiophene)/Poly(styrenesulfonate) (PEDOT/PSS) is a widely used conductive polymer in the field of flex-

ible electronics. The ways its microstructure changes over a broad range of temperature remain not well understood. This paper

describes microstructure changes at different temperatures, and correlates microstructure with its physical properties (mechanical

and electrical). We used High-Angle Annular Dark-Field Scanning Electron Microscopy (HAADF-STEM) combined with elec-

tron energy loss spectroscopy (EELS) to determine the morphology and element atomic ratio of the film at different temperatures.

These results together with the Atomic Force Microscopy (AFM) analysis, provide the foundation for a model of how temper-

ature affects the microstructure of PEDOT/PSS. Moreover, dynamic mechanical analysis (DMA) and electrical characterization

were performed to analyze the microstructure and physical property correlations.

1 Introduction

Conductive polymers have easily tailorable electrical, me-

chanical and optical properties that make them good candi-

date materials for applications such as touch panels, light-

emitting diodes, thermoelectric devices, solar cells, sen-

sors and actuators.1–10 Poly(3,4-ethylenedioxythiophene)-

/Poly(styrenesulfonate) (PEDOT/PSS) is one of the most suc-

cessful polymers in the family of conductive polymers.2,11

Great efforts have been devoted to understanding and improv-

ing the electrical conductivity of PEDOT/PSS, which was de-

mostrated to be tailorable in a wide range between 0.1 and

4380 S/cm by using solvent treatments.12–18

A main feature of this material is that its mechanical,

thermo-mechanical and piezo behaviors are highly depen-

dent on its moistening state.19 The Young’s modulus of PE-

DOT/PSS thin films dramatically reduces when the relative

humidity (RH) of the surrounding environment increases.

This was attributed to the water uptake by the hygroscopic

PSS phase that weakens the cohesion between PEDOT/PSS
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grains.19,20 Recently the behavior of our PEDOT/PSS-based

paper actuators also displayed high dependency on RH lev-

els.21–24 The mechanism behind PEDOT/PSS-based actuators

lies in controlled water absorption/desorption. Such actuators

are controlled by an input electrical current which used Joule

effect to generate change in the temperature of the sample.

This change in temperature in turn induces water absorption or

desorption and a mechanical response of the actuator. These

results suggest that water absorbed on PEDOT/PSS plays an

important role to determine the final mechanical behaviors of

the PEDOT/PSS films. Indeed, the dimensional and physi-

cal (mechanical and electrical) stability of conductive poly-

mer is important to their use in organic devices where they

may encounter a wide variation in temperature through their

operating lifetimes/conditions. High-resolution microstruc-

ture characterization is needed to study this complex mate-

rial and can help us to obtain critical information about the

origin of its physical properties. Utill now, only a few micro-

scopical studies on PEDOT/PSS films have been carried out.

Research has revealed the core-shell structure of PEDOT/PSS

grains by High-Angle Annular Dark-Field Scanning Electron

Microscopy (HAADF-STEM) at room temperature.25 How-

ever, the change in the microstructure over a broad range of

temperature has not been studied. The objective of this work

is to monitor these microstructural changes at different tem-

perature and correlate them with the observed changes in the

macroscopic physical behavior of PEDOT/PSS films.

In detail, we used HAADF-STEM combined with electron

energy loss spectroscopy (EELS) to determine the morphol-

ogy and element atomic ratio of the PEDOT/PSS film at differ-
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ent temperatures. These observations, completed with Atomic

Force Microscopy (AFM) analysis, serve us as a basis to pro-

pose a microscopic model at different temperatures. To give

a better understanding of the model, we investigated the ther-

mal properties of PEDOT/PSS by using Differential scanning

calorimetry (DSC) and Thermogravimetric Analysis (TGA).

In order to correlate the microstructural changes to physical

properties of PEDOT/PSS, we then examined dynamic me-

chanical behavior and electrical conductivity of PEDOT/PSS

films, in the temperature range from -150 to 250 ◦C. Such cor-

relations will be important tools for understanding physical

properties of PEDOT/PSS and for evaluating its potential in

electronic devices.

2 Experimental

2.1 Materials

An aqueous dispersion of PEDOT/PSS, called CleviosT M P,

was purchased from HC Starck, Inc. Acetone (ACS reagent,

>99.5 %) was purchased from Sigma-Aldrich. The AZ9210

photoresist was purchased from MicroChem. Silicon and

quartz wafers were purchased from GlobalSpec.

2.2 Preparation of PEDOT/PSS films

PEDOT/PSS microfilms for DMA, DSC and TGA testing

were prepared by casting 23 g of CleviosT M P aqueous so-

lution on polycarbonate sheets with an area of 7×7 cm2. The

polycarbonate sheets were processed by hot pressing as de-

scribed in previous studies.24,26 The PEDOT/PSS films were

dried in ambient air (21 ◦C, 65 %RH ) for 96 hours. Then, the

film with a thickness of 50± 6 µm (measured by a DM2020

digital micrometer, Digital Micrometers Ltd) was peeled off

from the polycarbonate sheets and annealed in air at 120 ◦C

for 4 hours.

PEDOT/PSS nanofilms for TEM imaging were prepared in

clean room to avoid contamination and the procedures are il-

lustrated in Fig. S1† : (1) a silicon wafer was spincoated with

a 10 µm AZ9210 photoresist film at a speed of 2400 rpm and

baked at 110 ◦C for 180 s; (2) this photoresist was treated in

an O2 plasma cleaner to improve the hydrophilicity; (3) a dis-

persion of PEDOT/PSS was spincoated on the AZ9210-coated

wafer at 5000 rpm and baked at 120 ◦C in the air for 20 min;

(4) samples were cut into small squares with dimensions about

3× 3 mm and immersed in an acetone bath, then 200 mesh

holey-carbon copper grids (Pacific Grid Tech) were used to

catch the PEDOT/PSS nanofilms that float off from the wafers.

These samples were then air dried in ambient air (21 ◦C, RH

at 65 %) before observation.

We used quartz wafers to prepare uniform spin-coated

PEDOT/PSS nanofilms for AFM imaging. These wafers

with areas of 2.5 × 2.5 cm2 were first placed for 1 min in an

oxygen plasma cleaner for oxidation at 200 mtorr oxygen gas

and 40 W of power. This process helped to remove the dust,

improved the wettability of the glass substrate and finally

enhanced the uniformity of the nanofilm. Spin-coating of

PEDOT/PSS nanofilms was carried out on the treated quartz

wafer at a speed of 5000 rpm/min for 60s. These films were

subsequently annealed on a hot plate at 120 ◦C for 20 min in

ambient atmosphere.

2.3 Characterization

TEM images of PEDOT/PSS were taken by using a Titan G2

80-300 CT (FEI Company) at an accelerating voltage of 300

kV equipped with a field emission electron source. Combined

with a low dose and high voltage imaging27, we were able to

minimize the beam damage on the samples. The PEDOT/PSS

samples were analyzed with Bright-Field TEM (BF-TEM)

and High-Angle Annular Dark-Field Scanning Electron Mi-

croscopy (HAADF-STEM) observation modes. BF-TEM mi-

crographs are digitally recorded by using an US4000 charged-

couple device (CCD) camera (Gatan, Inc), while the HAADF-

STEM micrographs are recorded with an analog detector (E.

A. Fischione, Inc). In addition to this, electron energy loss

spectroscopy (EELS) investigations, by setting the instru-

ment in TEM-diffraction mode, were carried out using a GIF

TridiemT M post-column energy filter (Gatan, Inc). The speci-

mens were loaded in the TEM chamber by a 621 cryo-transfer

holder (Gatan, Inc). They were first investigated at room tem-

perature (RT) and then cooled down to low temperature at -177
◦C (LT) by filling the holder’s dewar flask with liquid nitrogen.

Finally, the specimens were analyzed at high temperature (HT,

100 ◦C) which was controlled by a 900 Smartset temperature

controller (Gatan, Inc). The samples used for imaging at LT

and HT were stabilized for at least 1 hour. The entire image

acquisition as well as processing of the data was performed

using the GMS v1.8.3 microscopy suite software (Gatan, Inc).

Atomic Force Microscopy (AFM) images of spin-coated

films on quartz wafers were taken using an Agilent 5400 (Ag-

ilent Technologies) microscope in the tapping mode over a

window of 1 µm × 1 µm. Temperatures of the films were

controlled either to RT or HT by a 325 temperature controller

(Lake Shore Cryotronics, Inc.). Investigations at LT were not

possible for AFM due to the technological limitations of our

equipment. The films were maintained at each test tempera-

ture for at least 30 min before the AFM scanning. A rotated

tip etched silicon probe (Bruker Corporation) with a high force

constant (20-80 N/m) was used to improve the stability of the

scanning at higher temperatures.

Differential Scanning Calorimetry (DSC) was carried out

on PEDOT/PSS microfilms by using a TG 204 F1 instrument
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