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The effect of nonadiabatic annealing on poly(3,4-ethylendioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS)
thin films prepared on silicon substrate has been investigated by Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), and atomic force microscopy (AFM). The analysis indicates the formation of an annealing-
induced doping in PEDOT structure, suggesting a modification of the polymer electronic structure and the
formation of a PEDOT-rich film surface.

Thin film organic semiconducting polymers have been inten-
sively investigated due to their potential for the development of
plastic electronic devices.1 Among these polymers, poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS)
has attracted much attention due to its relatively high electrical
conductivity, structural stability, transparency in the near-
infrared, and low band gap energy.2 Fabrication processes of
organic semiconductor polymers offer advantages over their
inorganic counterparts which are used in conventional electronic
devices.3 These advantages include the possibility of using
flexible substrates,4 roll-to-roll manufacturing techniques,5 and
more. However, they are hindered by the low charge mobility,
which characterizes transport properties in semiconductor poly-
mers.6 Significant effort has been aimed at enhancing semicon-
ductor polymer carrier mobilities through the optimization of
their structural and molecular order.7 One of the routes to
improve these properties is thermal annealing. It has been
demonstrated that the crystalline morphology and the orientation
of spin-cast conjugated polymer films could be modestly
improved through oven thermal annealing or melt crystallization
approaches.8 These processes are attractive, as they offer a route
to control the film properties after casting on the substrate.

The interaction between the polymer and its environment
depends in large on the surface composition and structure.
Treatments such as vacuum deposition9 and chemical and
plasma processing10 have been extensively applied to produce
surfaces and interfaces of desired characteristics and topologies.
The process of rapid thermal annealing (RTA) has been applied
extensively in the domain of semiconductor processing and has
been demonstrated to assist in enhancing crystallinity and
reducing defects in such systems.11 The benefits offered by this
technique have not yet been explored in the field of semicon-
ductor polymers. If successful, RTA can prove to be a pivotal
step in controlling certain polymer properties beyond what is
achievable using conventional oven-based annealing. In this
Letter, we describe the efficacy of the rapid thermal annealing
process because of its unique selectivity and short annealing

times to influence the morphology and microstructure of
PEDOT-PSS thin films. The annealed films were studied using
Raman spectroscopy, coupled with X-ray photoelectron spec-
troscopy (XPS) and atomic force microscopy (AFM).

A PEDOT-PSS aqueous dispersion from Sigma-Aldrich was
spin coated onto a precleaned silicon substrate. The samples
were then hot baked at 120 °C for 3 min. An average film
thickness of 300 nm was determined using ellipsometry. Rapid
thermal annealing was performed in an AnnealSys AS-One
system. The samples were heated in an inert argon atmosphere
up to temperatures ranging between 200 and 300 °C in 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 an HR 800 Horiba Jobin Yvon instrument with
a 632 nm excitation wavelength. A Gaussian/Lorentzian fitting
routine was applied across the entire spectrum to quantify the
peaks. Samples with annealing temperatures above 300 °C were
not studied, as the Raman spectra from the polymer samples
were degraded such that no peak assignment with any certainty
could take place with annealing above 300 °C. This can be
attributed to temperature-induced degradation of the interatomic
bonding of PEDOT-PSS.12 The Raman spectrum of the spin
coated PEDOT-PSS thin film is shown in Figure 1. The
following bands are related to the polymer and are clear in the
spectra: 1563 and 1532 cm-1 can be assigned to the asymmetric
CRdC� stretching, 1421 cm-1 to symmetric CRdC�(sO)
stretching, 1365 cm-1 to C�sC� stretching, 1255 cm-1 to
CRsCR inter-ring stretching, 1093 cm-1 to CsOsC deforma-
tion, 989 cm-1 to oxyethylene ring deformation, 701 cm-1 to
symmetric CsSsC deformation, 577 cm-1 to oxyethylene ring
deformation, and 437 cm-1 to SO2 bending. The observed peak
positions and their assignment are all in good agreement with
published data13 even though the excitation wavelength is
slightly different. This is because the relative peak positions
do not change drastically with excitation wavelengths.14

Clear differences between the Raman modes of the annealed
and unannealed films are evident in the region between 1100
and 1700 cm-1, as depicted in Figure 2A. Peak position shifts
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and changes in their shape are observed in both the symmetric
and asymmetric CRdC� band of the PEDOT. The changes in
these bands stem from changes in the electronic structure of
the PEDOT chains upon RTA treatment, which favors the
materials to become more doped.15 Notably, the symmetric
CRdC�(sO) streching peak at 1421 cm-1 for the unannealed
sample shifts to a higher wavenumber and reaches 1431 cm-1

for the sample annealed at 300 °C. Furthermore, among
asymmetric modes, certain peaks become more dominant upon
annealing. In particular, the peak at 1495 cm-1 increases its
relative intensity until it becomes a distinct band in the sample
annealed at 300 °C. Other noticeable modes also include peaks
at 1532 and 1563 cm-1 that are related to asymmetric CRdC�

stretching (inset of Figure 2B).13 The relative peak intensities
of these peaks are presumably indicative of some degree of
PEDOT polymer chain doping and were analyzed more closely.
The integrated intensity ratios of 1495, 1532, and 1563 cm-1

for different annealing temperatures are shown in Figure 2B.
What can be seen is that, with increased annealing temperature,
each of the intensity ratios increases. The resurgence of
additional peaks and the shift in the symmetric CRdC� stretching
band positions can be utilized to rationalize the induced doped
structure of PEDOT herein produced by the RTA. Similar
observations were previously reported by Bowmaker et al.16

where Raman spectroscopy was used to study the level of
electrochemical oxidation of PEDOT polymer as reflected by
shifts in the positions of several vibrational modes, and
particularly the symmetric CRdC� stretching modes. The novelty
here is that thermodynamically time stable doped PEDOT
structure has been obtained using RTA in inert ambient.
Furthermore, the ability of the RTA to control the doping
PEDOT films at temperatures where conventional oven anneal-
ing has been proven to degrade polymer films is ubiquitously
of great technological interest.

X-ray photoelectron spectroscopy (XPS) with a Thermo
Scientific Theta Probe spectrometer has also been used to
examine the chemical composition of the PEDOT-PSS film
before and after annealing. Line shapes and intensities of C 1s,
O 1s, and S 2p high-resolution core level spectra were analyzed.
The peak fitting of core level C 1s spectra is shown in Figure
3A and B for the unannealed film and the annealed film at 300
°C, respectively. The spectrum for the unannealed film displays
three components with binding energies at 284.90, 285.80, and
286.70 eV corresponding to C-C (curve 3), C-C-O (curve
2), and C-S (curve 1) of the PEDOT-PSS, respectively. The
C 1s spectra develop some changes in the high-binding-energy
side of the main peak representing the C-S and C-C-O with

concomitant reduction in intensity of their original peaks for
the film annealed at 300 °C. These changes imply that the
outermost surface composition of the film becomes rich in alkyl
carbons. The changes also suggest that, despite the electronic
charge gained by some of these carbon sites, oxygen interdif-
fusion into the polymer microstructure is not taking place upon
annealing. If oxygen interdiffusion was taking place as observed
in photothermal degradation of polythiophenes,17 it could be
inferred from either cleavage of the S-C bonds in the thiophene
ring or addition of oxygen on the sulfur atom, neither of which
were observed by the XPS analysis in any of the films.18 The
sulfur atom in the PEDOT is within the thiophene ring, while
the PSS one is presented as a sulfonate moiety. Because of the
different sulfur chemical environments, the S 2p electrons of
PEDOT and PSS possess different binding energies that can be
readily resolved by XPS. The S 2p core level spectra, as shown
in Figure 4A, of the unannealed sample and, as shown in Figure
4B, of the 300 °C annealed sample 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 ratio.19,20 The S 2p contribution peaks at 163.7
eV (curve 4) and 164.9 eV (curve 3) correspond to sulfur atoms
of the PEDOT, and those at higher binding energies at 167.7
eV (curve 2) and 168.9 eV (curve 1) belong to PSS because of
the electronegative oxygen attached to the sulfur atom in the
sulfonate fragment of the PSS.18 The intensity of the S 2p
contribution from the PEDOT part increases, and that of PSS
slightly decreases with increasing the annealing temperature.
This observation indicates that the film surface composition
changes gradually with the RTA temperature and is turning into
a PEDOT accessible surface with increased annealing temper-
ature, contrary to what is expected for PEDOT-PSS interfaces.2

This property is a pivotal step toward the realization of robust
and highly conductive PEDOT-PSS surfaces. Moreover, the
line shape and the peak position of the S 2p contribution from
the PSS neither change nor shift to a lower binding energy,
despite some intensity reduction. This suggests no detachment
of oxygen atoms from the sulfonate group and also attests to
the integrity of the polymer at the annealing temperatures used,
which has not been the case with photolytically annealed
semiconducting polymer films.17 Optical images taken from the
same area of preannealed and postannealed films and their
corresponding Raman spectra neither change nor reveal any
artifacts that may be created during the annealing process (see
the Supporting Information).

The O 1s deconvoluted peaks present predominantly three
major components at 531.9, 533.2, and 534.3 eV for the
unannealed sample, as shown in Figure 4C. A significant
difference for oxygen component positions with annealing
temperature was observed. The strongest intensities of O 1s in
the unannealed sample are observed at 533.2 eV (curve 2) which
is assigned to the (CsOsC) component in the PEDOT and
531.9 eV (curve 3) correlating to (OdS) in the PSS.21 For the
300 °C annealed sample as in Figure 4D, the peak at 531.9 eV
(curve 3) remains almost invariant, while the 533.9 eV (curve
2) peak as well as the 535.3 eV peak (curve 1) reduce in
intensity and a new peak at 532.8 eV appears. This indicates a
different electron charge distribution along the C-O-C bond
of the PEDOT resulting from the RTA process. This cor-
roborates the picture of enhanced doping, as suggested by the
Raman results. It also agrees with the observation of forming
PEDOT accessible surface composition, which is inferred from
studying the sulfur XPS data.

Figure 1. Raman spectra of PEDOT-PSS as-formed film (dotted
circles denote silicon substrate vibrations).
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The surface morphology of the annealed and unannealed
PEDOT-PSS films as well as the bare silicon substrate was
imaged using tapping mode AFM. All images were taken from
dry surfaces at room temperature in atmosphere. To rule out
any image artifacts, trace and retrace AFM scans were compared
for consistency among multiple scans. This is to ensure that
neither the tip nor the scans altered the surface topology. AFM
images of unannealed PEDOT-PSS films and films annealed
at 300 °C are shown in Figure 5A and B, respectively. Both
images reveal that the film surface is formed of bundles of grain-
like structures. Those grains are attributed to phase separated
PEDOT-PSS domains surrounded by an excess of PSS chains
as expected.22 The AFM shows flattened bundles in the
unannealed samples in comparison to the annealed ones, where
surface morphologies with larger granular structures sticking
out from the silicon substrate are observed. Film processing
parameters could affect the electronic properties of the
PEDOT-PSS interface and dramatically change its transport
properties.23 In order to compare the surface roughness of the
probe area to the preannealed and postannealed thin films
between the probes, the peak heights and root mean square (rms)
values were calculated using standard AFM instrument software,
as shown in Figures S6, S7, S9, and S10 in the Supporting
Information. The peak height for the preannealed PEDOT-PSS
film surrounding the probes was 4.72 nm with a rms value of
4.07 nm, while the peak height for the samples annealed at 300
°C was 7.70 nm with a rms value of 6.42 nm. From these AFM

analyses, the formation of rough PEDOT chains that spread out
onto the planar silicon substrate with increased annealing
temperature can be inferred. Furthermore, these results are
consistent with previous studies that have demonstrated process-
ing steps that can increase the conductivity of PEDOT-PSS
by virtue of rough thin film formation.23a The AFM images also
corroborate the results obtained from the Raman spectroscopy
and XPS, suggesting the formation of highly doped PEDOT
polymer chains that could diminish their electrostatic interaction
with PSS chains.

Figure 2. (A) Raman spectra of thermally annealed PEDOT-PSS film in the range of 1100-1700 cm-1 at different temperatures. (B) Curve
fitting analysis of asymmetric CRdC� stretching vibrations (inset) and their relative ratios of the integrated intensities that results from the annealing
process in the range of 1100-1700 cm-1.

Figure 3. Deconvolution of the C 1s core level of PEDOT-PSS (A)
as-formed film and (B) 300 °C thermally annealed film.

Figure 4. Deconvolution of the S 2p core level of PEDOT-PSS (A)
as-formed film and (B) 300 °C thermally annealed film and the O 1s
core level of PEDOT-PSS (C) as-formed film and (D) 300 °C
thermally annealed film.
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In conclusion, we have investigated the optical and morpho-
logical modifications of PEDOT-PSS thin films on silicon
caused by RTA up to 300 °C. Combining the morphological
information with the Raman and XPS analyses, an increase in
the doping of PEDOT with no indication of oxidative degrada-
tion of the film as a function of annealing temperature could be
inferred. Since surface composition and topography play a vital
role in the performance of semiconducting polymer processing,
surface modulating techniques such as RTA can be an important
part in the rapid deployment of new materials or better
improving the performance of existing materials. As such, we
believe that these results present an attractive processing route
for further controlling and enhancing the properties of
PEDOT-PSS and similar polymer films for device applications.
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Figure 5. AFM tapping mode height images of PEDOT-PSS (A)
as-formed film and (B) 300 °C thermally annealed film.
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