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The electrical, optical and bending characteristics of poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS)/Au/PEDOT:PSS deposited on polyethylene terephthalate (PET) substrate were
studied as a function of inserted Au film thickness. The results were compared with those of indium-tin-
oxide (ITO) and single layer PEDOT: PSS electrodes. It was found that insertion of Au film with optimized
thickness between PEDOT:PSS layers improved the sheet resistance in comparison to single PEDOT:PSS
film and ITO film. It was demonstrated that PEDOT: PSS(35 nm)/Au(15 nm)//PEDOT: PSS(35 nm) exhibits
sheet resistance of 20.9Ω/sq and maximum optical transmission of 82.6% in the visible region. Moreover,
this multilayer electrode showed dramatically improved mechanical stability compared to ITO, when
subjected to multiple bends. Its sheet resistance variation was 3.8% after applying 2000 bending cycles at
radius of curvature 6 mm in comparison to 6.7% for single PEDOT: PSS film and 11.4% for ITO.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Transparent conductive films are of great interest for applica-
tion as electrodes in the variety of electronic devices, such as flat
panel displays, solar cells, ion-selective membrane sensors [1–7].
They require sheet resistance 15–30Ω/sq and transparency over
80% in the visible region. Indium-tin-oxide (ITO) is one of the most
suitable materials for this purpose [8], however, the limited duc-
tility and reliability of the ITO films when subjected to bending,
restrict their application for devices fabricated on flexible sub-
strates. Dielectric/metal/dielectric (D/M/D) structures with thin
metallic film, sandwiched between transparent oxides have been
extensively studied as alternative to ITO electrode [9]. Some of the
most studied electrodes in this regard are Al2O3/Ag/Al2O3 [10],
MoO3/Ag/MoO3 [11], Mn-doped tin oxide/Ag/Mn-doped tin oxide
[12], ZnO/Ag/ZnO [13]. Satisfying results have been achieved for
optimal thicknesses of thermally evaporated Ag films in the range
of 10–18.8 nm and 40–70 nm sputtered metal-oxide films. Sheet
resistance in the range of 13–4.98Ω/sq, transparency in the visible
region 84–88%, and great stability of the sheet resistance, with
negligible variation at bending up to 1000 cycles have been ob-
tained for the different multilayer structures. The low value of the
leksandrova).
sheet resistance is usually ascribed to the presence of Ag film with
optimized thickness.

Due to the expensive deposition methods (such as magnetron
sputtering and its modifications) and the required precise setting
of the deposition conditions, the most recent studies have been
focused on replacement of the metal-oxide films by conductive
polymers. In contrast to the metal-oxides, the polymers are char-
acterized by higher elasticity and possibility for low cost “wet”
deposition methods. In this regard, one of the most promising
materials is PEDOT:PSS, which is also used as conductive material
for touch screens and flexible organic solar cell [14,15]. It is typi-
cally deposited by ink-jet printing, spin-coating, or electrophoresis
[16,17]. PEDOT:PSS films show transparency beyond 80% in the
visible region, but exhibits much higher resistivity (�70–300Ω/
sq) than ITO and the other D/M/D systems. To overcome this
problem, different approaches have been applied, such as Ag na-
noparticles forming grid with different meshes in combination
with PEDOT:PSS and ZnO [18], gold-nanoparticle-doped single-
walled carbon nanotubes [19], graphene/multiwalled carbon na-
notube [20], organic/metal/organic (O/M/O) structures, containing
few types of conductive polymers with different thicknesses [21].
The results have been promising in point of mechanical stability,
namely less than 2% variation of the resistivity after 300 bends at
9.5 mm radius of curvature at up to 13Ω/sq and transparency
�85%. However, the reported structures are rather complex and
involve expensive materials and/or deposition techniques.
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In this study simple cost-effective multilayer electrode PEDOT:
PSS/Au/PEDOT:PSS is fabricated on PET substrate. Au films are
more ductile, compared to the silver ones and the mechanical
stability of the electrode is assumed to be superior over the ex-
isting solutions. The electrical and optical properties of the PEDOT:
PSS/Au/PEDOT:PSS are studied as a function of the Au film thick-
ness and the number of supplied bending cycles. The suggested
structures exhibit significantly improved electrical properties, as
compared to single layer PEDOT:PSS. Moreover, the characteristics
measured are comparable to those of ITO films and to the latest
reported results for D/M/D and O/M/O electrodes, and even exceed
them in mechanical durability. This indicates the great potential of
the suggested multilayer structures for application as transparent
electrode in flexible optoelectronic devices.
2. Materials and methods

PEDOT:PSS/Au/PEDOT:PSS samples were deposited on ultrasonically cleaned
PET substrates. The PET pieces were exposed to ultraviolet (UV) light (365 nm,
250 W) in advance per 5 min to improve the wetting conditions and adhesion of
the bottom PEDOT:PSS films [22]. PEDOT:PSS solution (1.1% in H2O, Sigma Aldrich)
was spin-coated on the UV treated PET at 2000 rpm per 50 sec and dried at 70 °C
per 10 min for achieving 35 nm thin films. Subsequently, different samples were
prepared, consisting low temperature DC sputtered Au films with thicknesses of 10,
15, 20 and 25 nm. Finally, on the Au coatings, top PEDOT:PSS films were spin-
coated with the same thickness. For comparison, ITO film (In2O3:SnO2¼95:5 mol%)
was RF sputtered on PET at power of 60 W, under oxygen partial pressure of
2.10�4 Torr and total working pressure of 2.5.10�2 Torr. In addition, single spin-
coated PEDOT:PSS films were also provided.

Four point probe setup (FPP5000) was used for the sheet and specific resistance
measurements. Transmittance of the samples was recorded with a UV–vis Specord
spectrograph. X-ray photoelectron spectroscopy (XPS) was conducted on the top
PEDOT:PSS films, using ESCALAB Mk II spectrometer with aluminum radiation
(hν¼1486.6 eV). Films thicknesses were measured by ellipsometry. The mechanical
durability of the samples was tested by a home made bending setup with movable
holder, vibrating at certain frequency and facing plate regulated for obtaining dif-
ferent radii of curvature. In this case cyclic inner/outer bending of the flexible
substrates at radius of 6 mm was set. For intermediate monitoring of the cracks
revealed in the samples, optical microscopy at magnification of 500 was used after
certain set of cycles.
3. Results and discussion

The sheet resistance measured for PEDOPT:PSS(35 nm)/Au/
PEDOT:PSS(35 nm) sharply decreased from 150 to 20.9Ω/sq as the
Au thickness increased from 10 nm to 15 nm, afterward the de-
crease was slighter. The specific resistance followed the same
trend (i.e. decreased from 0.412Ω cm to 0.117Ω cm, respectively).
For the PEDOT:PSS and ITO films each with thickness of 35 nm,
sheet resistances of 49.9Ω/sq and 47.3Ω/sq were measured. The
results are summarized in Table 1. Fig. 1a shows the resistivity (ρ)
and sheet resistance (Rs) of PEDOPT:PSS(35 nm)/Au/PEDOT:PSS
(35 nm) multilayer electrode as a function of the Au thickness. It is
known that the morphology of vacuum deposited metal films is
depended on the thickness. Usually, 10 nm thin metal films (and
particularly Au films) consist of disjoined particles and randomly
Table 1
Resistivity, sheet resistance, charge carriers concentration and mobility, obtained for PED
layer PEDOT:PSS and ITO film, deposited on PET substrate.

Sample Sheet resistance (Rs), Ω/sq R

PEDOPT:PSS (35 nm)/ Au (10 nm)/PEDOT:PSS (35 nm) �150 0
PEDOPT:PSS (35 nm)/ Au (15 nm)/PEDOT:PSS (35 nm) 20.9 0
PEDOPT:PSS (35 nm)/ Au (20 nm)/PEDOT:PSS (35 nm) 9.05 0
PEDOPT:PSS (35 nm)/ Au (25 nm)/PEDOT:PSS (35 nm) 6.47 0
PEDOPT:PSS (35 nm) 49.9 0
ITO (35 nm) 47.3 0
distributed islands [23,24]. Thicker than 10 nm metal films, in-
cluding Au, form continuous coating and denser surface [10,25,26].
This may be the possible reason for the highest value of Rs

achieved for electrode with 10 nm Au film and for the lowest value
at 25 nm Au film, respectively. The irregular 10 nm Au film prob-
ably leads to formation of inhomogeneous top PEDOT:PSS film,
resulting in non-uniform contact with the FPP probes, causing in
this way high measured resistance. Although the best results for
the conductivity were achieved at Au 25 nm, the sample with
15 nm thick Au film was selected as optimal for further study, due
to its better transparency in the visible region.

Enhancement in the carriers’ concentration by a factor of 1.6–3
and increase in charge carrier mobility can be noticed from Table 1
for the structures with Au film thickness between 15 and 25 nm.
One of the PEDOT:PSS functions in organic optoelectronic devices
is hole transport, because of its suitable band alignment with re-
spect to the other components in the structure. Therefore, the
enhancement of PEDOT:PSS/Au/PEDOT:PSS conductivity is desired
effect for reducing the turn-on voltage and the contact resistance.
The increase in the conductivity is result from the increase of
carriers’ concentration and mobility, which suggested Ohmic in-
jecting contact at the Au/top PEDOT:PSS interface. This approach
might be used for energy level alignment at the interfaces without
chemical doping of the PEODT:PSS films. In order to evaluate the
flexibility of the prepared multilayer structures onto PET sub-
strates, samples were tested at repeating outer/inner bends.
PEDOT:PSS/Au(15 nm)/PEDOT:PSS sample exhibited sheet re-
sistance variation of 3.8% after 2 000 bends and the PEDOT:PSS/Au
(20 nm)/PEDOT:PSS sample – 3.6% variation at the same number of
bends. For comparison, the variation of the sheet resistance for
PEDOT:PSS and ITO films on PET at the same conditions was 6.7%
and 11.4%, respectively. As expected, the sheet resistance of ITO
film sharply increased to 6.3% even at 200 cycles, due to the cracks
formed in the film. On the other hand, during the bending test, the
sheet resistance for both PEDOT:PSS/Au/PEDOT:PSS multilayer
electrodes remained almost unchanged even after 2000 bends.
This electro-mechanical stability is due to the presence of ductile
Au film with high failure strain. Moreover, it is know that the spin
coated PEDOT:PSS films have amorphous structure with failure
strain higher than that of crystalline films [27,28]. Conductivity
degradation for all polymeric based samples occurred at � 20,000
cycles. The variation of Rs at this ultimate value was as follow: for
PEDOT:PSS film �8.4%; for PEDOT:PSS/Au(15 nm)/PEDOT:PSS –

5.7%; for PEDOT:PSS/Au(20 nm)/PEDOT:PSS – 5.9%, for ITO film –

13.5%. Fig. 1b shows the relative change in the sheet resistance of
PEDOT:PSS/Au(15 nm)/PEDOT:PSS multilayer electrode on PET, as
a function of the number of bending cycles. This change was de-
fined as ΔR/Rso¼Rs�Rso/Rso, where Rso is the initial resistance
and Rs is the measured resistance after bending.

To exclude possible diffusion of Au particles in the PEDOT:PSS
layer, XPS analysis of the top polymer coating of the PEDOT:PSS/
Au/PEDOT:PSS samples were conducted. The peak of core level C
1s spectrum is shown in Fig. 2a. Two components with binding
energies at 285.8 eV and 288.7 eV are revealed, corresponding to
OPT:PSS(35 nm)/Au(10,15,20,25 nm)/PEDOT:PSS(35 nm) multilayer electrode, single

esistivity (ρ), Ω cm Carriers concentration, cm�3 Carriers mobility, cm2/V s

.412 2.1�1014 0.0125
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Fig. 1. (a) Sheet and specific resistance of PEDOT:PSS/Au/PEDOT:PSS electrodes as a function of the Au thickness; (b) relative change in the sheet resistance of multilayer
electrode PEDOT:PSS/Au (15 nm)/PEDOT:PSS, PEDOT:PSS and ITO films on PET substrate, as a function of the number of bending cycles.

Fig. 2. XPS of PEDOT:PSS top film from the PEDOT:PSS/Au/PEDOT:PSS system.
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Fig. 3. Transmittance in the visible region, measured for PEDOT:PSS/Au/PEDOT:PSS
samples on PET with different thickness of the Au film.

M. Aleksandrova et al. / Materials Letters 174 (2016) 204–208206
(C-C-O) and (C-S) bonds of the PEDOT and PSS, respectively [29].
XPS spectrum for the O 1s peak is shown in Fig. 2b. It reveals

major component with binding energy at 533.1 eV, assigned to the
(C-O-C) of the PEDOT [30]. The results obtained didnot suggest
modification of the electron charge distribution along the C-O-C
backbone of the PEDOT:PSS, caused by dissolution of Au. Presence
of Au particles in the polymer film would shift vastly the char-
acteristic peaks of C 1s and O 1s to lower binding energies.
Therefore, the mechanisms responsible for the enhanced con-
duction can be explained with sharp and Ohmic Au/top PEDOT:PSS
interface without mixture of both components. Further studies by
ultraviolet photoelectron spectroscopy and transmission electronic
microscopy are necessary to examine the energy levels alignment
and the coatings interfaces.

Fig. 3 shows the transparency in the visible region of the
multilayer electrode PEDOT:PSS/Au/PEDOT:PSS with different
thicknesses of the Au film (15 nm and 20 nm). Both spectra follow
similar trend – gradually increase, reaching maximum at 485 nm
for Au 20 nm and in the range of 485–525 nm for Au 15 nm, and
then slightly decrease with increase in the wavelength. Maximum
transmittance is measured to be 82.6% and 81.5% for electrode
with Au 15 nm and 20 nm, respectively. The plateau of the trans-
mission maximum became narrower and less transparent when
Au thickness increases. In our previous study it was shown that
the single layer PEDOT:PSS and ITO films exhibited maximum
transmittance �80% and 80.5% at 470 nm [22]. The improvement
in the maximum transparency for this multilayer system can be
ascribed to plasmon coupling effect, due to the large difference
between the refractive indices of the materials used [31]. The
optical transmittance window at wavelengths around 550 nm is
wider for PEDOT:PSS/Au/PEDOT:PSS as compared to ITO, which
might be ascribed to plasmon-absorption-dependent reflections



Fig. 4. Optical micrographs of the samples surfaces: (a) and (b) correspond to PEDOT:PSS/Au(15 nm)/PEDOT:PSS before and after 2000 bends; (c) and (d) correspond to
PEDOT:PSS/Au(20 nm)/PEDOT: PSS before and after 2000 bends.
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[13,32]. Although, samples with 10 nm and 25 nm Au films were
also prepared, their UV–vis spectra are not shown, due to un-
satisfied results - the sample with Au 10 nm showed high trans-
parency, but also too high, unsuitable for electrode purposes sheet
resistance of hundreds Ω/sq. The sample with Au 25 nm showed
less than 74% transparency.

Optical microscopy images (Fig. 4a–d) confirmed lack of cracks
in the multilayer electrodes at bends up to 2 000, which is in
agreement with the results for ΔR/Rso.
4. Conclusion

In summary, we have shown that the optical, electrical and
mechanical properties of PEDOT:PSS/Au/PEDOT:PSS multilayer
electrode deposited on flexible substrate are function of the
golden film thickness. The Au filmwith thickness 15 nmwas found
to be the most suitable as front panel electrode in the optoelec-
tronic devices, because of its low sheet resistance (20.9Ω/sq) and
high transparency in the visible region (82.6%). Moreover, this
sample also showed high electrical and mechanical stability after
applying of great number bending cycles �3.8% resistance varia-
tion after 2 000 bends. The results revealed the great potential for
application of the PEDOT:PSS/Au/PEDOT:PSS multilayer system as
highly transparent, conductive and flexible electrode in optoelec-
tronic devices.
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