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Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) thin films on indium tin

oxide and glass substrates have been fabricated and subjected to a non-adiabatic annealing process.

The films showed subtle changes in their structure and optical properties as well as an increase in

conductivity due to the effects of rapid thermal annealing. Through a combination of Raman

spectroscopy, X-ray photoelectron spectroscopy and atomic force microscopy studies in conjunction

with electrical characterization, and four-point probe measurements, material enrichment of

conductive PEDOT domains at the polymer-metal interface have been demonstrated, which well

explains the surface conductivity improvement of a thin film of PEDOT:PSS after annealing. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4768265]

INTRODUCTION

Plastic electronics offers a versatile platform for provid-

ing transparent, flexible, large scale circuits. For this to be

more commercially viable, the attributes of the existing ele-

ments that make up plastic electronics need to be enhanced.

Materials’ stability is one important example where

improvements can be made. Another significant example is

the electrical transport properties of the organic semicon-

ducting materials from which plastic electronics are made.1,2

Several organic semiconducting compounds emerged

recently with modified chemical architectures and physical

properties that are tailored towards this aim. A great deal of

research has been devoted to enhancing organic material

transport properties through material processing that enables

the optimization of their structural and molecular order.3,4

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)

(PEDOT:PSS) has emerged to the forefront of these develop-

ments in the last decade due to its promising physical,

electrical, and chemical properties.5 The advantage of

PEDOT:PSS over its counterparts is that it is highly stable,

with controllable morphology and relatively high conductiv-

ity. As such, PEDOT:PSS has been utilized to enable highly

stable optoelectronic devices including light-emitting diodes,

solar cells, thin films transistors, capacitors, smart windows,

and sensors.6 As PEDOT:PSS is being utilized in an increas-

ing number of applications, more research has been directed

towards developing techniques to further improve its attrib-

utes without compromising its stability and other beneficial

properties. Carrier mobility and the associated layer conduc-

tivity are of paramount importance for the aforementioned

device applications. The relatively lower carrier mobility in

organic materials such as PEDOT:PSS in comparison to

inorganic crystalline materials poses stringent limitations on

the carrier-photon conversion efficiency of organic light

emitting devices.7 Low mobility also impedes high carrier

injection and hence is partly responsible for making electri-

cally pumped organic lasers an untenable aim. As such, sig-

nificant effort has been aimed at enhancing semiconductor

polymer carrier mobility through the optimization of their

structural and molecular order.8 One of the techniques that

has been previously exploited to improve these properties is

thermal annealing in ovens. It has been demonstrated that

the crystalline morphology and the orientation of spin cast

conjugated polymers films could be modestly improved

through oven thermal annealing or melt crystallization

approaches.9 These processes are attractive as they offer a

route to control the film properties after casting on the

substrate.

The intra-and intermolecular structure inherent to

PEDOT:PSS as well as the associated micro-phase behaviour

are some of the chief properties that strongly impact the

physical characteristics unique to this class of materials.

Changes in this specific chemical architecture can lead to

significant variations in the physical properties of resultant

structural forms. Modifications to the chemical architecture

and morphology of spin cast PEDOT:PSS has been recently

achieved through the use of non-adiabatic thermal process-

ing; namely rapid thermal annealing approach (RTA).9 Also,

improvement to the crystalline morphology of water soluble

CdTe polymer encapsulated quantum dots was achieved

using the same annealing technique.8 RTA is an attractive

process, as it offers a route to control and manipulate thin

film properties after casting on the substrate beyond what is

achievable using conventional oven-based annealing.10 In

this study, we examine the influence of the RTA annealing

temperature on the optical and morphological properties of

PEDOT:PSS film. The conductivity changes in the annealed

films were studied using four point probe and transmission

line measurements (TLMs), which were performed to ana-

lyze the electrical effects of RTA on the sheet resistivity of

the spincast films on glass substrates. In addition, Raman

spectroscopy, X-ray photoelectron spectroscopy (XPS), and

atomic force microscopy (AFM) were carried out on thea)a.helmy@utoronto.ca.
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samples undergoing the same annealing conditions. All these

techniques shed light on the extent of which the main chain

p-conjugation of PEDOT:PSS and structural phase morphol-

ogy is directly influenced by the RTA. The spectroscopic

properties of PEDOT:PSS were studied for films that are

spincast on indium tin oxide (ITO) films on glass. ITO was

chosen due to its high conductivity and transparency over

the visible spectrum. Also due to its widespread use as a con-

tact layer in various optoelectronic applications including so-

lar cell and organic light emitting diodes.11

ELECTRICAL PERFORMANCE MODIFICATION WITH
ANNEALING

The influence of the RTA process on PEDOT:PSS films

was first investigated using electrical measurements. Insulat-

ing glass substrates were first cleaned in a Phantom RIE using

oxygen plasma for 5 min to remove any trace organic mate-

rial. For electrical characterization, PEDOT:PSS was spincast

on the glass in a single cast at 2000 RPM for 45 s, and then

soft baked at 105 �C for 5 min in ambient air. The resulting

PEDOT:PSS film thickness was measured to be 100 nm. RTA

was subsequently performed in an AnnealSys AS-One system.

This system uses incoherent halogen bulbs to heat samples at

greatly enhanced rates, as monitored by the system pyrometer.

The rapid thermal annealing process investigated for electrical

changes involved a temperature ramp rate of 25 �C/s before a

30 s hold time at the maximum temperature in an inert Argon

atmosphere. For electrical contacts, 200 nm of Al was then

thermally evaporated directly onto the PEDOT:PSS film using

a shadow mask technique that formed square contact pads

with 500 lm sides at varying distance intervals on the slide

for TLM. Electrical characterization of the conductivity of

PEDOT:PSS film were obtained using both an HP 4155 semi-

conductor parametric analyzer and also a 4-point probe model

101 C from four dimensions.

To establish the highest temperature at which a device

structure can be annealed, the lowest damage threshold of the

material constituents of the structure has to be established.

From prior work, it was established that the highest RTA

processing temperature for PEDOT:PSS is 300 �C. Annealing

at higher temperatures causes the film to demonstrate signs of

damage. It was further established that of the materials uti-

lized in this structure, ITO displayed the lowest damage

threshold, which was found to exhibit signs of deterioration in

its physical and electrical properties when annealed at temper-

atures above 200 �C. The damage threshold for ITO was

determined by analyzing current stability under consecutive

biasing. These results can be seen in Figure 1, which is a

graph of 25 consecutive voltage sweeps from �5 to 5 V. The

samples annealed at 250 �C and 300 �C show significant varia-

tion in conducted current through the ITO film and the

expected linear relationship seen in the unprocessed film is

destroyed as well. To properly adhere to all material con-

straints for these and any future devices involving ITO/

PEDOT:PSS interfaces, RTA processing was subsequently

limited to 200 �C. Initially, a linear TLM structure, utilizing

thermally evaporated aluminum contacts was tested. The inset

in Figure 2 is a schematic of the linear TLM structure used for

analysis, with distances between pads ranging from 650 to

3550 lm. In Figure 2, the results of the TLM I-V measure-

ments are displayed as a plot of the overall resistance change

with respect to length following removing the effects of the

contact resistance between the aluminum contacts and the

PEDOT-PSS film. From these results, the reduction in slope,

corresponding to a decrease in sheet resistivity of the

PEDOT:PSS, with increased annealing temperature can be

determined. By performing a linear fit to the data, a reduction

in slope from 0.075 X/lm in the unannealed sample to 0.054

X/lm in the 200 �C annealed sample was determined. To fur-

ther elucidate and verify these results, 4-point probe measure-

ments of the PEDOT-PSS films spun on insulating glass were

performed to compare the electrical properties of the as-spun

and annealed films. The measurement results are given in

Table I. They demonstrate the systematic reduction of sheet

resistivity with increased RTA processing temperature, and a

comparison between the unannealed sample and the film

annealed at 200 �C shows a resistivity drop from 7.60 to 2.54

X/�. The reduction in the sheet resistance with annealing

temperature corroborates the TLM results, which indicates

that RTA increases the in-plane conductivity of spin cast

PEDOT:PSS films. While RTA was limited to 200 �C to

adhere to ITO constraints, previous spectroscopic results indi-

cate that this trend persists up to annealing at 300 �C.9

In comparison to conventional oven annealing, this is a

promising result as the anneal time is only 30 s at high tem-

peratures as opposed to hours, preventing potentially de-

structive heating effects, especially at temperatures greater

than 200 �C.12 While annealing up to 300 �C was not per-

formed due to adherence with the conductive ITO layer,

spectroscopic evidence from previous studies indicate the

suitability of RTA for processing at temperatures where con-

ventional annealing may cause degradation.

PROBING THE ROOT CAUSES BEHIND
THE CONDUCTIVITY ENHANCEMENT

To investigate the root causes behind this sheet conduc-

tivity increase, a variety of spectroscopic analyses were per-

formed. Raman spectroscopy has been previously used to

study doping mechanisms for electrochemically synthesized

PEDOT films.13 The Raman spectra of these films revealed a

significant change in the position of Ca¼Cb stretching bands

with various levels of different dopants. It has also been

shown that the relative intensity of the symmetric Ca¼Cb

stretching bands associate well with the doping level, and

hence provided a valuable means for estimating the doping

level of PEDOT films accurately from Raman spectra. Unlike

conventional process monitoring techniques, such mass spec-

troscopy, UV-Vis or near-infrared (NIR) spectroscopy, and

other chromatography methods, Raman spectroscopy provides

high chemical selectivity, requires no additional sample prep-

aration procedures and more importantly is non-destructive

and not affected by water.

For optical characterization, high conductivity grade

PEDOT:PSS aqueous dispersion from Sigma-Aldrich was

spin coated onto pre-cleaned ITO substrates. The ITO was

purchased from Delta Technologies Inc. and had a sheet
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resistivity in the range of 4-8 X/�. Average polymer film

thickness of 300 nm was determined by ellipsometry. RTA

was again performed in an AnnealSys AS-One system. The

samples for optical analysis were heated in an inert argon

atmosphere up to temperatures ranging between 200 �C and

280 �C with intervals of 20 �C for a duration of 300 s and

with a ramp time of 15 s. Raman spectroscopy was used first

to study the effects of the RTA on the PEDOT:PSS films.

Raman spectra were obtained using a HR 800 Horiba Jobin

Yvon with a 632 nm excitation wavelength. A Gaussian/

Lorentzian fitting routine was applied across the entire

spectrum to quantify the peaks. Samples with annealing tem-

peratures above 300 �C were not studied optically, as the

FIG. 2. A plot of the PEDOT:PSS sheet resistivity on a glass substrate

obtained through I-V measurements on a linear TLM structure to remove the

effects of the contact resistance. The distance between the Al contacts was

varied from 650 to 3550 lm. Through a linear fit of the data, the reduction in

sheet resistance with increased annealing temperature is evident. The inset is

an illustration of the structure fabricated for analysis.

TABLE I. 4-pt probe measurements of the annealed PEDOT:PSS films on

glass substrate.

Annealing temperature (�C) Sheet Resistivity X/�

Unannealed 7.60� 100

150 3.30� 100

200 2.54� 100

FIG. 1. IV curves for ITO layers subjected to various annealing conditions, where the ITO was subjected to rapid thermal annealing at (B) 200 �C, (C) 250 �C,

(D) 300 �C as well as no annealing (A). The graphs depict the current response to 25 consecutive voltage sweeps from �5 to 5 V. At higher annealing tempera-

tures, the variation in conduction over the 25 sweeps due to material degradation is evident.
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polymer samples were degraded such that no peak assign-

ment with any certainty could take place.

Unannealed Raman spectrum of the spin coated

PEDOT:PSS on ITO is shown in Figure 3(a). In order to

achieve better accuracy when assigning the Raman modes, the

Raman spectrum of PSS was obtained to serve as a reference.

Due to the weak Raman scattering cross section of PSS, it was

necessary to spin it on crystalline Si instead of ITO on glass in

order to get an intelligible signal. The spectrum is shown in

Figure 3(b). As can be seen in the spectrum, the PSS contributes

very little to the Raman spectrum obtained from PEDOT:PSS.

Raman mode frequencies and intensities for the PEDOT:PSS

have been routinely correlated with the optical and electronic

structures of poly and oligothiophenes with structures that con-

tain p-conjugated backbone. Particularly, Raman modes in the

1100-1700 cm�1 range for PEDOT are not dispersive as no

apparent shift of line positions were observed with the 632 nm

excitation laser line.14 As such, the following bands are mainly

related to the PEDOT polymer structure and are strongly visible

in the spectra: 1563 cm�1 and 1532 cm�1 are assigned to

the asymmetric Ca¼Cb stretching, 1421 cm�1 to symmetric

Ca¼Cb (�O) stretching, 1368 cm�1 to Cb-Cb stretching,

1256 cm�1 to Ca-Ca inter-ring stretching, 1093 cm�1 to C-O-C

deformation, 989 cm�1 to oxyethylene ring deformation,

701 cm�1 to symmetric C-S-C deformation, 577 cm�1 to oxy-

ethylene ring deformation, and 437 cm�1 to SO2 bending. The

peak positions and their assignment are all in good agreement

with reported literature data that are consistent with the invari-

ant relative peak positions with excitation wavelengths.15,16

From the Raman spectra, it was evident that annealed

PEDOT-PSS films exhibited significant modification of their

electronic and vibrational properties as shown in Figure 3(c),

which plots the Raman spectra of the annealed and unan-

nealed samples. Notable differences between the Raman

modes of the annealed and unannealed films are evident in

the region between 1100 cm�1 and 1700 cm�1. New peak

appearance, peak position shift, and changes in their shape

are all observed in both the symmetric and asymmetric

Ca¼Cb band of the PEDOT. Curve fitting of the Ca¼Cb

band profiles for one of the annealed PEDOT films are

shown in Figure 4(a). When monitoring the shift of these

FIG. 3. (A) Raman spectra of PEDOT:PSS film as-formed film. Key modes

have been identified. (B) The Raman spectrum of PSS on a Si substrate. (C)

Detailed Raman spectra of PEDOT:PSS film having undergone rapid ther-

mal annealing at different temperatures ranging from 220 �C to 280 �C.

FIG. 4. (A) Curve fitting analysis of relevant Ca ¼ Cb stretching vibrations. (B)

Relative ratios of relevant integrated intensities of Ca ¼ Cb stretching vibrations

from the annealing process in the range of 1100-1700 cm�1 in comparison to

annealing temperature. With increased temperature, a significant change in peak

ratio can be observed correlating to changes in the PEDOT:PSS structure.

113709-4 Farah et al. J. Appl. Phys. 112, 113709 (2012)
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modes as a function of annealing, it is found that the sym-

metric Ca¼Cb(�O) stretching peak at 1421 cm�1 for the

unannealed sample shifts to a higher wavenumber and

reaches 1430 cm�1 for the sample annealed at 280 �C. Fur-

thermore, amongst asymmetric modes, certain peaks become

more dominant upon annealing. A new peak appears at

1478 cm�1 while the peak at 1496 cm�1 increases its relative

intensity until it becomes a distinct band in the sample

annealed at 280 �C. Other noticeable modes also include

peaks at 1531 cm�1 and 1563 cm�1 that are related to asym-

metric Ca¼Cb stretching.15 Relative peak intensities of these

peaks as shown in Figure 4(b) are indicative of the degree of

PEDOT polymer chain doping, which monotonically

increases with higher annealing temperature while the poly-

mer microstructure remains intact. These changes in the

band intensity ratio provide evidences that electronic struc-

ture of the PEDOT is modified with RTA and the degree of

modification varies with annealing temperature.

XPS was also used to examine the surface composition

profiles of PEDOT-PSS film before and after annealing. For

XPS, the samples were analyzed using a Thermo Scientific

Theta Probe XPS spectrometer (ThermoFisher, E. Grinstead,

UK). The samples were run in standard mode (i.e., all angle

collected (60� angular acceptance)) for the survey spectra

and the region spectra. A monochromatic Al Ka X-ray source

was used, with a spot area of 300 lm2. Charge compensation

was provided utilising the combined e�/Arþ flood gun. Posi-

tion of the energy scale was adjusted to place the main C 1s

feature (C-C) at 285.0 eV. Peak areas were obtained from

spectra run in low resolution mode (pass energy—200 eV).

Elements of interest (C, S, and O) were also run in high reso-

lution mode (30 eV pass energy). The instrument and all data

processing were performed using the software (AVANTAGE)

provided with the instrument. Peak areas, line shapes, and

intensities of C 1s, O 1s, and S 2p high resolution core level

spectra were monitored. Observed changes in relative signal

ratios were analyzed to deduce, which elements are involved

in the species generated. In all spectra reported here, small

circles represent the data points whereas the solid lines repre-

sent fits to the data used for analysis.

The peak fitting of core level C 1s spectra is shown in

Figures 5(a) and 5(b) for the unannealed and the annealed

film at 280 �C, respectively. The spectrum for the unannealed

film displays three components with binding energies at

284.9 eV, 285.8 eV, and 286.7 eV. This correspond to C-H/

C-C (curve 1), C-C-O (curve 2), and C-S (curve 3) of the

PEDOT:PSS, respectively. In comparison to the C1s spectra

obtained for the unannealed films, the film annealed at

280 �C develop some significant changes in the C 1s spectra,

where the high-binding energy side of the main peak repre-

senting the C-S and C-C-O exhibit reduction in intensity

compared to the original peaks.

This is indicative that the composition of the outermost

surface of the film becomes rich in alkyl carbons due to the

electronic charge gained by some of these carbon sites. More

importantly, any sign of polymer photo thermal degradation,

such as oxygen inter-diffusion into the polymer microstruc-

ture was not observed by the XPS analysis in any of the

films.17 This suggests that the quality of the films was

maintained upon annealing at the temperatures used, in con-

trast to the degradation induced by conventional oven

annealing at these temperatures.

The S 2p core level spectra, as shown in Figures 6(a)

and 6(b), for the unannealed sample and the sample annealed

at 280 �C show, as expected, two signature peaks. Each peak

involves contributions from a spin-split doublet, S 2p3/2 and

S 2p1/2, with 1.2 eV energy splitting and 1:2 intensity ra-

tio.18,19 The S 2p contribution peaks at 163.7 eV (curve 1)

and 164.9 eV (curve 2) corresponds to sulfur atoms of the

PEDOT and those at higher binding energies at 167.7 eV

(curve 3) and 168.9 eV (curve 4) belong to PSS because of

the electronegative oxygen attached to sulfur atom in the sul-

fonate fragment of the PSS.17

As can be seen in Figure 6, the intensity of S 2p contri-

bution from the PEDOT moiety significantly increases and

that of PSS decreases with increasing the annealing tempera-

ture. This increase can be attributed the enhancement of the

contribution of the PEDOT component to the signal. This in

turn suggests the formation of a film with a PEDOT-

accessible surface as the annealing temperature is increased.

Such a finding is remarkable as it is contrary to what is

expected for PEDOT:PSS interfaces without anealing.20 This

can have implications on the control of the quality of

FIG. 5. Deconvolution of C 1s core level from the XPS analysis of

PEDOT:PSS film on ITO (A) as-formed film. (B) 280 �C thermally annealed

film.
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electrical contacts that can be formed on such films. Despite

of some intensity reduction in the S 2p peaks with annealing

neither does the line shape of the S 2p contribution from the

PSS changes form nor does the peak position shift to a lower

binding energy. Equally significant, signs of detachment of

sulfonate group from the PSS polymer chain were not

observed in the XPS analysis.16 This is all indicative of the

intact quality of the films upon annealing at the temperatures

used, which is unique to this annealing technique in compari-

son to conventional oven annealing.

XPS high resolution spectra for the O 1s deconvolved

peaks for unannealed sample are shown in Figures 7(a) and

7(b). The spectra reveal three major components at 531.8 eV

(curve 1), 533.1 eV (curve 2), and 534.4 eV (curve 3). In

both the unannealed and 200 �C annealed films, the strongest

intensities of O 1 s peaks are centered at 533.1 eV (curve 2)

assigned to the (C-O-C) of the PEDOT and 531.8 eV (curve

1) corresponding to (O¼S) in the PSS.21 For the 280 �C
annealed sample as in Figure 7(b), the peaks at 534.9 eV

(curve 4) and at 531.7 eV (curve 1) remain almost invariant.

A new peak emerges at 532.6 eV (curve 2) while the peak at

533.7 eV (curve 3) corresponding to C-O-C bond of the

PEDOT increased in intensity. This suggests a modification

of electron charge distribution along the C-O-C bond of the

PEDOT as a result of the annealing process, which sheds

light on the mechanisms responsible for the changes in con-

duction properties observed from electrical measurements.

The interface between the PEDOT:PSS and ITO is also

crucial in determining the electrical properties for future de-

vice application of these materials. To better understand the

nature of ITO/polymer interface and the morphological

changes that may occur in the PEDOT:PSS films as a result

of thermal annealing, AFM images of PEDOT:PSS layer

were taken before and after annealing at different tempera-

tures. A Nanoscope IIIa AFM (Digital Instrument) was used

to analyze the topography and the roughness of the films

before and after the annealing process. Images were acquired

in tapping mode. The measurements were performed in air

at 27 �C, using a Si cantilever with a spring constant of ca.

20-100 N/m, a tip radius of 5–10 nm, and resonance frequency

of about 300 KHz. As shown in Figure 8(a), unannealed

PEDOT:PSS films display smooth bundles of grain-like struc-

tures that are attributed to molecularly phase separated

PEDOT:PSS chains19 and with rms roughness of 7.20 nm.

Films annealed at 200 �C and 280 �C, the rms roughness

become 11.50 nm and 7.50 nm, respectively. The surface

roughness increases as the annealing temperature is increased

FIG. 6. Deconvolution of S 2p core level from the XPS analysis of

PEDOT:PSS film on ITO (A) as-formed film. (B) 280 �C thermally annealed

film.
FIG. 7. Deconvolution of O 1 s core level from the XPS analysis of

PEDOT:PSS film on ITO (A) as-formed film. (B) 280 �C thermally annealed

film.
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from room temperature to 200 �C, but further annealing tem-

perature increase to 280 �C, the surface becomes less rough

compared to the films annealed at 200 �C. This roughness can

be ascribed to the repulsion forces arising from enhanced con-

ductivity of the films.

It is important to note that the PEDOT:PSS films

annealed at 200 �C exhibit a coarse morphology and broad

hill-like structures sticking vertically out from the planar

ITO substrate as can be seen in Figure 8(b). These hill-like

structures are indicative of the formation of PEDOT-rich

domains, which are composed of time stable, molecularly

doped PEDOT structures that are more readily accessible

than those unannealed and annealed at 280 �C. Moreover, the

resulting spatial separations of the PEDOT-rich domains

could diminish their electrostatic interaction with PSS

chains.

CONCLUSION

In conclusion, through the application of RTA to thin

film PEDOT:PSS films, the sheet conductivity has been

increased by nearly a factor of three, demonstrating the im-

portance and potential of RTA for post deposition processing

to improve the characteristics of organic thin films and devi-

ces. The conductivity increase was measured through both

TLM measurements and also 4-pt probing. Upon spectro-

scopic investigation by Raman spectroscopy, XPS, and

AFM, this conductivity enhancement has been attributed to

microstructural variations and morphology of PEDOT:PSS

films. This study has clearly shown that annealing of

PEDOT:PSS films induces distinctive structural modifica-

tions of the PEDOT domains, which upon annealing emerge

onto the film interface. This can have a significant impact on

the contacts that can be achieved between this material sys-

tem and metals amongst other materials. It also strongly sug-

gests the formation of stable doped PEDOT structures with

high optical density of collective C¼C/C-C stretching vibra-

tions that can be easily interrogated by non destructive

Raman spectroscopy. Critical to any device application of

these films is also their chemical and thermal stability after

brief exposure to the RTA condition. XPS analysis of these

films clearly confirmed their chemical and molecular integ-

rity, while AFM exposed outermost characteristics of

PEDOT surface morphology. Furthermore, these observa-

tions lead us to gain further insight as to the potential for de-

vice performance improvement through the RTA process.
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