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Conductive polymers are a key component of future flexible opto-
electronic devices. To obtain a high electrical conductivity in polymers,
additives or treatment based on solvents are predominantly required.
While previous works illustrate the benefits of conductive polymers
well, such solvent-based methods tend to undermine the controllability
of the overall process. In this respect, we here propose a solvent-free
strategy to achieve highly conductive polymers using laser-based
heating. With the proposed approach, we show that the conductivity of
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
thin-films can be enhanced by up to three orders of magnitude. Using
the difference in photon absorption, the proposed method heats up
PEDOT cores selectively and then transfer their heat energy to the PSS
nanoshells surrounding them. In this way, insulative PSS shells are
fragmented to promote nanoscale reorganization that enhances
the physical contacts between adjacent PEDOT cores for improved
transport pathways. Furthermore, various patterns with desired
conductivities can be easily formed thanks to the spatially resolvable
character inherent to the laser process. By using this laser-treated
PEDOT:PSS, the authors demonstrate organic optoelectronic devices
including organic photovoltaic cells and flexible force touch sensors,
illustrating the versatile potential of the proposed approach in the field
of transparent electronics and organic optoelectronics.

1. Introduction

Discovery of conductive polymers by Shirakawa, MacDiarmid, and
Heeger in the 1970s has greatly changed the conventional view that
organic materials are all insulating.™* Starting with polyacetylene,
various conductive polymers have been developed, including
polyanilines, polypyrroles, and polythiophenes.®> With the further
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Highly conductive polymers are key elements in flexible and stretchable organic
electronic devices. In most cases, chemical doping is required to obtain a high
electrical conductivity in polymers by providing extra carriers or forming carrier
transport pathways. We report an alternative strategy for preparing highly
conductive transparent polymers using a laser. This approach greatly improves
the conductivity of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) thin-films by up to three orders of magnitude. The enhanced
conductivity arises from the improvement of carrier transport properties,
resulting from the reorganization of insulating nanostructures by laser-
induced heating. Furthermore, unlike other chemical doping techniques, we
can form various patterns with desired conductivities on polymer films by the
laser process. Our work demonstrates high performance organic optoelectronic
devices including organic photovoltaic cells and flexible transparent force touch
sensors by using the laser-treated PEDOT:PSS films, which provide new
opportunities in transparent electronics and organic optoelectronics.

development and understanding of conductive polymers as well as
small molecules, organic electronics based on organic solar cells,
organic light-emitting diodes, and organic field-effect transistors
have shown enormous progress in recent years. To fully exploit the
potential of the novel carbon-based electronics, it is crucial to
secure a methodology that can lead to highly conductive polymers
with excellent optoelectronic properties and patternability that can
cope with various demands of modern electronic systems.

To obtain a high conductivity in polymers, chemical doping
techniques are required in most cases to oxidize or reduce
organic materials, since undoped conjugated polymers have
insulating or, at most, semiconducting properties. Extra carriers
generated by chemical dopants result in highly conductive
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Fig. 1 Chemical structure, electrical, and optical properties of PEDOT:PSS films. (a) Chemical structure of PEDOT:PSS. (b) Schematic of laser treatment
of PEDOT:PSS films. (c) Sheet resistances for PEDOT:PSS films as a function of irradiated laser power and spin-speed. The error bars represent the
standard deviation of several samples. (d) Optimized values of sheet resistances for laser-treated PEDOT:PSS films as a function of thickness. The error
bars are determined from the standard deviation of film thickness. (e) Transmittances vs. sheet resistances of laser-treated PEDOT:PSS films.
(f) Transmittance spectra of pristine PEDOT:PSS film and laser-treated PEDOT:PSS films prepared with different laser powers.

polymers when combined with delocalized p,-orbitals in
n-conjugated organic systems.”” In practice, conjugated poly-
mers are used typically in the form of films, and thus their
conductivity can be further influenced by extrinsic factors, e.g.,
the degree of inter-chain m-n overlap among the polymers
within the thin-films made thereof. In this respect, many
studies have been devoted to the conductivity enhancement of
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS),
which is the most widely used conductive polymer (Fig. 1a) due to
its excellent chemical and thermal stability and superior
processability.* > In general, pristine PEDOT:PSS films yield a
conductivity of around 10> to 1 S em™". Much higher conductivity
with several hundreds of S cm ™" can be achieved by incorporating
various chemicals into aqueous PEDOT:PSS solutions or dried
films. Mixing high-boiling point solvents including dimethyl
sulfoxide and ethylene glycol (EG) into aqueous PEDOT:PSS
solutions is among the most commonly used techniques to further
increase their conductivity.”*** Additionally, the conductivity of
dried PEDOT:PSS films significantly increases by solvent post
treatment (e.g:, by dropping solvent onto films or dipping films
into solvent bath)."*'®™® For example, we had reported a greatly
enhanced conductivity of PEDOT:PSS films reaching 1418 S cm™"
using EG-based solvent post treatment.”® In addition, treatment
with a strong acid (e.g., non-diluted H,SO,) was shown to yield
PEDOT:PSS films with conductivities above 3000 S cm™* by
dissolving away PSS, which is insulative.'”'®

However, the introduction of such solvents or acidic treatment
to PEDOT:PSS is often undesirable for practical applications. Use of
harsh acid such as H,SO, can damage the integrity of polymeric

2144 | Mater. Horiz., 2019, 6, 2143-2151

substrates, thus preventing one from utilizing the mechanical
flexibility, which is one of the most important benefits that organic
electronics can offer. Even non-acidic solvent treatments could also
lead to undesirable cases such as delamination of films and
residual chemicals on the film surfaces (Fig. S1, ESIT), poor wetting
properties on substrates, and inhomogeneous conductivity
distribution in the film (Fig. S2 and S3, ESI¥).

Here, we report a novel, solvent-free approach to increase the
conductivity of PEDOT:PSS films using a laser. We show that
laser illumination onto pristine PEDOT:PSS films can enhance
their conductivity by three orders of magnitude, leading to
conductivities as high as 932 S cm™". Optical and chemical
spectroscopy studies and microscopic electrical measurements
reveal that the difference in photon absorption among PEDOT
and PSS during laser treatment can lead to a selective structural
reorganization of the insulative PSS nanoshells by which PEDOT
subdomains are consolidated to form improved transport path-
ways and thus enhance the conductivity of PEDOT:PSS films.
The proposed laser-based approach is highly beneficial in that it
does not need any additional chemical substances including
toxic acids and can be done in a more controlled manner
by varying the laser intensity. Furthermore, the spatially
selective irradiation of the laser beam can be used to define
various conductivity patterns in PEDOT:PSS films in situ
without resorting to photolithographic masks. To illustrate the
key benefits and potentials of the proposed method, high
performance organic photovoltaic cells and flexible transparent
force touch sensors are demonstrated with the laser-treated
PEDOT:PSS films.

This journal is © The Royal Society of Chemistry 2019
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2. Results and discussion

2.1. Laser generates electrical conductivity in PEDOT:PSS

The proposed laser-based approach is done by irradiating spin-coated
pristine PEDOT:PSS films (conductivity of around 0.1 S cm™ ") with an
ytterbium fiber laser beam. The films are characterized as a function
of spin-speed and irradiated laser power (Fig. 1c). The sheet resis-
tances of pristine films prepared with different spin-speeds (1000~
2500 rpm) range from 62k to 113k Ohm sq . The sheet resistances of
the films rapidly drop by up to three orders of magnitude with laser
treatment, showing different decrease rates with respect to the film
thickness. The lowest sheet resistances for laser-treated PEDOT:PSS
films range from 96.1 to 190.0 Ohm sq " where the optimum laser
power varies with the thickness of the PEDOT:PSS films.

View Article Online
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We observe that thicker films need a lower laser power and
vice versa. This implies that the degree of laser absorption
depends on the thickness of the films. Above the optimum laser
power, the sheet resistance increases, which might be due to
partial damage, decomposition, or deformation of the polymer
structures by laser-induced heat. The investigation of the photo-
chemical degradation effects possibly occurring at high laser
powers is required in future work. The calculated average con-
ductivity of laser-treated PEDOT:PSS films with the optimum
power is 782.2 S cm ™" (Fig. 1d). The conductivity is comparable
to the high-conductivity PEDOT:PSS films using high-boiling
point solvents dissolved in PEDOT:PSS solutions."***'® The best
performing laser-treated PEDOT:PSS film exhibits a conductivity
0f 931.9 S cm ™" (Table S1, ESIT). We next obtain the behaviour of
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Fig. 2 Chemical, optical, electrical, and structural characterization of PEDOT:PSS films. (a) XPS spectra for PEDOT:PSS films showing the change of PSS
quantity at the surface of the films after laser treatment. (b) UV-absorbance spectra for PEDOT:PSS films illustrating no change of PSS quantity in the bulk
of PEDOT:PSS films after laser treatment. (c) Raman spectra of PEDOT:PSS films showing no conformational change of PEDOT chains after laser
treatment. The inset shows overlapped Raman bands. (d) Absorption spectra of PEDOT:PSS and PSS films, indicating that the 1.07 um wavelength of the
ytterbium laser beam is strongly absorbed by PEDOT while PSS does not absorb laser light. (€) Thermogravimetric analysis (TGA) for PEDOT:PSS and PSS
films, showing that a thermal deformation of PEDOT:PSS is dominated by PSS. (f) The distribution of surface potential energy images for PEDOT:PSS films
obtained by KPFM. (g) Work function of PEDOT:PSS films obtained from KPFM results. (h) Temperature dependence of the conductivity with Arrhenius
fitting for PEDOT:PSS films. The error bars represent the standard deviation of several samples. (i) AFM topography (top) and phase images (bottom) for
PEDOT:PSS films. All PEDOT:PSS films were prepared by spin-coating at 1500 rpm.
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sheet resistance and average transmittance (wavelength of 400-
800 nm) of films. A minimum sheet resistance of 96.1 Ohm sq "
is achieved for the films prepared with a spin-speed of 1000 rpm
and a laser power of about 1.6 W cm™?, leading to an average
transmittance of 85.7% (Fig. 1e). It should be noted that the
laser-treated PEDOT:PSS films retain the original transmittance
of the pristine films, excluding the possibility of carbonizing the
films with an excessive laser power of 2.9 W cm ™ (Fig. 1f).

2.2. Identification of laser-induced conductivity

To understand the mechanism for the conductivity enhancement,
we perform X-ray photoelectron spectroscopy (XPS) measurements
on the pristine PEDOT:PSS and laser-irradiated PEDOT:PSS films
with low (1.7 W em™2), optimum (2.3 W c¢m™?), and high laser
powers (2.7 W cm %) (Fig. 2a). The XPS spectra show two strong
S(2p) peaks, which correspond to the sulfonate groups of PSS at
167-172 eV and thiophene rings of PEDOT at 162-166 €V, respec-
tively. The corresponding PEDOT peak increases with increasing
laser power, indicating that laser treatment exposes PEDOT-rich
domains at the surface of the film by a structural rearrangement of
the PSS nanoshell. The reduction of PSS to PEDOT ratio might be
caused by two reasons: (i) a reduction of PSS thickness surrounding
PEDOT-rich domains; (ii) a reduction of the PSS quantity in the
whole film. We conduct UV absorbance measurement to investi-
gate the effect of laser treatment on the change of PSS amount in
the bulk regime (Fig. 2b). The aromatic ring of PSS results in two
strong absorption bands at a wavelength below 250 nm. Therefore,
the most highly conductive PEDOT:PSS films enhanced by
chemical post treatment show a strong reduction of PSS absorption
peaks.'®"” It is interesting to note that our results do not show such
a behaviour, indicating that the PSS quantity barely changes after
laser treatment. In other words, the amount of PSS decreases at the
surface of the films (XPS measurement) but does not change in the
bulk of the films (UV absorbance measurement). These results
imply that the PEDOT-rich cores emerge from the PSS matrix after
laser treatment, but the total amount of PSS matrix is retained.
Conductivities in PEDOT:PSS films of more than 1000 S cm ™" are
generally obtained by solvent post treatment using EG, methanol,
or H,SO,. These post-treated PEDOT:PSS films significantly reduce
the PSS quantity, resulting in the improvement of conductivity with
a great reduction of film thickness and decreased sheet
resistance.">"*'%2° However, our laser treatment preserves the film
thickness and the quantity of PSS in the PEDOT:PSS films. The
removal of surface PSS by laser treatment is also confirmed by
contact angle measurements where the laser-treated PEDOT:PSS
film is more hydrophobic compared to the pristine and EG-mixed
PEDOT:PSS films due to the exposure of PEDOT-rich domains
(Fig. S4, ESIY).

As observed in earlier studies on highly conductive PEDOT:PSS
films, chemical treatment for PEDOT:PSS films leads to a confor-
mational change of PEDOT chains from benzoid to quinoid. The
quinoid structure produces linear and expanded-coil conforma-
tions of PEDOT, which enhances charge conduction properties.
The resonant structures of PEDOT can be confirmed by Raman
spectroscopy measurements where the strongest band (1380-
1470 em™ ") corresponds to the symmetric C,~Cp stretching
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modes of the aromatic rings in the PEDOT chains (Fig. 2c). The
peak shift for the chemically treated PEDOT:PSS films has been
widely reported,®’>* which is attributed to the conformational
change of PEDOT chains as well as the enlarged PEDOT-rich
cores by phase separation between PEDOT and PSS. Note that
the laser-treated films do not show any peak shift in compar-
ison with the pristine film. This indicates that laser treatment
does not alter the conformation of the PEDOT chains. In other
words, the degree of both coil and linear conformation of
PEDOT chains is conserved after laser treatment. In addition,
X-ray diffraction (XRD) measurements reveal that laser treat-
ment preserves the crystallinity of PEDOT:PSS films (Fig. S5,
ESIt). In contrast, chemical treatment considerably modifies
the crystallinity of PEDOT chain packing as reported in the
literature."”'®** These results suggest that laser treatment
improves the charge transport properties in PEDOT:PSS films
without causing significant phase separation of PSS and change
of crystallinity in PEDOT-rich domains.

In pristine conditions, conductive PEDOT-rich cores are
evenly buried in insulative PSS nanoshells. The wavelength of
the light from the ytterbium fiber laser beam is 1.07 pm. In this
spectral range, photons can be strongly absorbed by PEDOT,
while it is not the case for PSS (Fig. 2d). Once these infrared
photons are absorbed, PEDOT is expected to be heated up first.
Subsequently, the generated intense heat energy in a PEDOT
core is delivered most efficiently to the PSS shell that is in the
closest proximity to that PEDOT core (Fig. 3). A macroscopic
analogy may be found in the case where a wire carrying too
much current melts away a cable jacket surrounding it by heat.
As can be seen from the thermogravimetric analysis, the mass
change of PEDOT:PSS at a high temperature is indeed dominated
by thermal decomposition of PSS (Fig. 2e). That is, the PSS nano-
shells are fragmented and undergo dynamic reorganization by the

Localized heating in PEDOT core
by selective-energy absorption

Laser irradiation

2R

PSS shell

\)
“\\ m\r

?)/, PEDOT core

Enhanced conduction
by fragmented PSS shell

Heat transfer
from PEDOT core to PSS shell

Fig. 3 Schematic of the mechanism for conductivity-enhanced PEDOT:PSS
by laser treatment. The laser irradiation results in the fragmentation of the PSS
nanoshells, resulting in a favourable contact between the PEDOT-rich cores
with effectively formed conducting pathways.

This journal is © The Royal Society of Chemistry 2019
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heat delivered from PEDOT in the intense and instant laser heating
process; in this way, conductive PEDOT-rich cores even emerge
from the region where the PSS shells originally exist, resulting in an
enhanced contact between the conductive PEDOT-rich cores. These
effects can reduce carrier hopping distances in between PEDOT-
rich cores so that the electrical properties of PEDOT:PSS films are
greatly enhanced. In this process, phase separation does not occur,
as observed by XRD and Raman spectroscopy measurements.

We also perform heat treatment of PEDOT:PSS films using a
hot plate, to check for a conductivity enhancement effect by
thermal energy (Table S2, ESIf). However, no significant
enhancement of the conductivity is observed because the
thermal energy is simultaneously absorbed into both PEDOT
and PSS. Therefore, it can be concluded that the significant
heat-induced conductivity enhancement in PEDOT:PSS films
can be realized dominantly by the laser heating method where
the thermal energy is selectively absorbed in the PEDOT cores
and subsequently transferred to the PSS shells enclosing them.

The amount of PSS has a direct impact on the surface
potential energy of PEDOT:PSS films. The exposure of PEDOT
area in the surface of the films is expected to increase by the
proposed laser process. The fragmented PSS leads to the
change in surface potentials of laser-treated films, as shown
in the results of Kelvin probe force microscopy (KPFM)
measurement shown in Fig. 2f. The laser-treated films do show
an increase of surface potential due to a homogeneous
reduction of the surface PSS. The corresponding work functions
of laser-treated films decrease in comparison to that of
the pristine film (4.91 eV) (Fig. 2g). The work function of
high-conductivity films with optimum laser power is 4.87 eV,
comparable to the 4.88 eV for the conventional EG-mixed
PEDOT:PSS film. Higher laser powers further reduce the work
function of the films, reaching a value of 4.67 eV. This can
be understood by the fact that fragmented PSS barriers in
laser-treated PEDOT:PSS films decrease the surface potential
dipole of the films, resulting in an increase in the surface
potential (i.e., decrease in work function) as reported in the
literature.>>>° These observations support that the fragmenta-
tion of PSS barriers realizes a favourable contact between
conductive PEDOT-rich cores, leading to an enhancement of
conductivity. Fig. 2i exhibits atomic force microscopy (AFM)
topography and phase images of the laser-treated and
untreated PEDOT:PSS films. The surface structures of both
films, which are indistinguishable, are commonly observed in
PEDOT:PSS, providing evidence of a conserved phase for films
after laser treatment. These results are consistent with the
observations from scanning electron microscope (SEM) and
SEM/energy dispersive X-ray spectroscopy (EDX) analysis (Fig. S6
and S7, ESIT), indicating that there is no significant change in
the surface structure and chemical composition of PEDOT:PSS
films after laser treatment.

The morphology of the conjugated polymers plays an impor-
tant role in the charge conduction of the interconnected polymer
domains. The enhanced electrical transport properties of laser-
treated PEDOT:PSS films are further supported by measuring
the temperature-dependent conductivity of the films (Fig. 2h).

This journal is © The Royal Society of Chemistry 2019
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The laser-treated PEDOT:PSS films reveal a temperature-activated
hopping behaviour typical for disordered conjugated polymer
systems, following an Arrhenius law

E,

In(e) = In(ao) — chT 6y

where ¢ is the conductivity, g, is the conductivity factor, E, is the
activation energy, kg is the Boltzmann constant, and T is the
temperature. It has been reported that conductive polymers with
high carrier densities follow Arrhenius-like temperature dependent
behaviour.””?® The pristine PEDOT:PSS film exhibits a high activa-
tion energy of 15.1 meV, which is consistent with the literature.>
The laser-treated PEDOT:PSS films with low and optimum laser
power, on the other hand, show much lower activation energies
of 12.2 and 2.6 meV, respectively, compared to the pristine
PEDOT:PSS film. This result confirms the notion that the heat-
induced smaller PSS barriers considerably enhance the charge
hopping between adjacent PEDOT-rich cores.

2.3. Selective in situ conductivity patterning

A notable feature inherent to the proposed laser treatment
is the fact that one can vary the conductivity with spatial
selectivity and irradiation controllability. This is not readily
available with conventional methods. To demonstrate the
gradual change of the conductivity enhancement during laser
treatment, we irradiate a laser on the pristine PEDOT:PSS film
connected to a light-emitting diode (LED) circuit (Fig. 4a and
Movie S1, ESIT). With increasing laser-treated area, the LED
glows brighter due to the gradual increase in the conductivity of
the PEDOT:PSS film. As the conductivities can be tuned by
adjusting the laser power, patterns with varying conductivities
can be prepared. We demonstrate line patterns (5 x 140 mm?)
with different conductivities on a large-area PEDOT:PSS film
(200 x 200 mm?) by applying various laser powers (Fig. 4b and
Movie S2, ESIf). Furthermore, we fabricate simple heating
elements based on laser-patterned PEDOT:PSS films operated
by the Joule heating effect. When applying a bias to the whole
PEDOT:PSS film, the current mainly flows through the high-
conductivity laser-defined area so that their local temperatures
increase (Fig. 4c).

The direct fabrication of different conductivity patterns
demonstrates the wide applicability in optoelectronic array
applications, e.g., as patterned transparent electrodes for
printed organic solar cells, signage devices based on organic
light-emitting diodes, or transparent electrical interconnec-
tions for flexible, stretchable electronic devices. Laser treat-
ment can even be extended to flexible or stretchable polymer
substrates (Fig. S3, ESIt), while conventional acidic solvent
treatments cannot always be applied to these substrates. More-
over, solvent-mixed PEDOT:PSS films often result in poor
wetting properties on substrates due to the high viscosity.>*
For laser-treated PEDOT:PSS films, PEDOT:PSS solutions are
coated on substrates in a pure state without solvents, exhibiting
the excellent wettability on the various substrates while
conventional EG-mixed PEDOT:PSS films suffer from poor film
formation (Fig. S1-S3, ESIT).**** This enables the facile
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Fig. 4 Patterning and device applications of laser-treated PEDOT:PSS films. (a) Photographs of the LED circuit in contact with the pristine PEDOT:PSS
film. The LED becomes brighter during the laser irradiation process (Movie S1, ESI). (b) Photograph of the laser-patterned PEDOT:PSS film on the large-
area substrate (200 x 200 mm?). Five lines (indicated by arrows) are irradiated with various laser powers, showing different resistances (L1: 12 MQ, L2: 990 kQ, L3:
32 kQ, L4: 11 kQ, L5, 880 kQ), when increasing the power of the laser from 0 to 3.57 W cm 2. This enables the selective doping effect in one substrate (Movie S2,
ESIt). (c) Schematics, photographs, and infrared images of laser-treated PEDOT:PSS films with various patterns during Joule heating. (d) Current density—voltage
curves of organic solar cells with the PEDOT:PSS films (filled symbols: ~120 Ohm sq~%, open symbols: ~90 Ohm sq3). The inset is a schematic illustration of the
device structure for organic photovoltaic cells. (e) Photographs of the FTFTS arrays based on the laser-treated PEDOT:PSS film (left) and capacitance map of FTFTS
arrays with the laser-treated PEDOT:PSS film when a pressure object (a conventional AA-size battery) is loaded on the sensor (right). (f) Relative capacitance

changes of FTFTSs in forward and reverse pressure-sweeps.

deposition of highly conductive PEDOT:PSS films on various
substrates including hydrophobic substrates.

2.4. Optoelectronic devices with laser-patterned PEDOT:PSS

We fabricate high-performance inverted organic photovoltaic
cells (OPV cells) by using the laser-treated PEDOT:PSS films as
transparent electrodes. The current density (J)-voltage (V) char-
acteristics of inverted bulk heterojunction OPV cells based on
poly[[4,8-bis[(2-ethylhexyl)oxy|benzo[1,2-b:4,5-b'|dithiophene-2,6-
diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]-thieno-[3,4-b]thiophenediyl]]
(PTB7) and [6,6]-phenyl-C71-butyric acid methyl ester (PC,,BM)
are shown in Fig. 4d. The OPV cell with laser-treated PEDOT:PSS
(~90 Ohm sq ') produces a short-circuit current density of
13.5 mA cm™ 2, an open-circuit voltage of 0.73 V and a fill factor
of 0.50, exhibiting a power conversion efficiency (PCE) of 5.0%,
whereas the control device based on the commonly available
EG-mixed PEDOT:PSS film (~90 Ohm sq ') yields a short-
circuit current density of 13.1 mA cm ™2, an open-circuit voltage
of 0.71 V and a fill factor of 0.53, yielding a PCE of 4.9%. The
PCEs of the devices with the thinner, laser-treated and EG-mixed

2148 | Mater. Horiz., 2019, 6, 2143-2151

PEDOT:PSS films (~120 Ohm sq ') are 4.3 and 4.1%, respec-
tively. Moreover, the OPV cells with the conventional architecture
(PEDOT:PSS/active layer/LiF/Al) are fabricated using laser-treated
and EG-mixed PEDOT:PSS films, and both devices show similar
PCEs (Fig. S8, ESIY).

The laser-treated PEDOT:PSS films can also be integrated
into flexible transparent force touch sensor (FTFTS) arrays
(Fig. 4e). The FTFTS is fabricated by sandwiching a clear acrylic
elastomeric dielectric layer between a pair of TCEs including
ITO, EG-mixed PEDOT:PSS, or laser-treated PEDOT:PSS on
polyethylene terephthalate (PET) substrates. Fig. 4e shows the
capacitance change map of the touch sensor arrays with
the laser-treated PEDOT:PSS film in contact with an object
(a commonly available 1.5 V-AA battery). It is clearly observed
that the force is well concentrated around the object. Fig. 4f
shows the capacitance change for single pressure touch sen-
sors. The detectable pressures for all devices are about 1 kPa,
enough to obtain sensory feedback in touch sensing. The touch
sensor based on the laser-treated PEDOT:PSS film yields a
similar capacitance change (sensitivity) compared to the sensor

This journal is © The Royal Society of Chemistry 2019
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with the EG-mixed PEDOT:PSS film. These results of OPV cells
and sensors imply that the highly conductive PEDOT:PSS films
with laser treatment can achieve a device performance similar
to the devices employing conventional EG-mixed PEDOT:PSS.
The high conductivity together with solvent free, direct pattern-
ing capabilities of laser-induced PEDOT:PSS holds great pro-
mise for applications in various organic electronic devices.

3. Conclusions

In conclusion, we have discovered a new strategy to achieve high
conductivity in PEDOT:PSS transparent films by laser irradiation,
without the need for additional chemical substances. Laser
treatment onto pristine PEDOT:PSS films significantly enhances
the conductivity by three orders of magnitude, reaching a con-
ductivity of up to ca. 932 S cm ™. This enhancement is achieved
by the improved carrier transport properties due to a laser-
induced reorganization of the PSS nanoshells with the help of
component-selective laser absorption in PEDOT:PSS. The laser
approach allows for facile conductivity patterning of the polymer
films on large-area, flexible, stretchable substrates. Moreover, we
have successfully demonstrated high performance organic
optoelectronic devices including organic photovoltaic cells
and flexible transparent force touch sensors with the proposed
laser-treated PEDOT:PSS transparent conductive films. We
believe that the proposed approach opens up a new avenue for
the development of in situ patternable highly conductive poly-
mers and their applications in various emerging electronics and
optoelectronics.

4. Experimental

4.1. Preparation of PEDOT:PSS films

PEDOT:PSS (Clevios PH1000) was obtained from Heraeus.
PEDOT:PSS aqueous solution was filtered through a 0.45 um
syringe filter and spin-coated onto cleaned glass substrates,
flexible PET substrates, and stretchable PDMS substrates which
were pre-treated with oxygen plasma for more than 10 min. The
PEDOT:PSS film on the large-area glass substrates with the size
of 200 x 200 mm? was prepared by the capillary coating system
(BSE0004, BSP Inc.), where the gap between the capillary coater
and the glass substrate was controlled at 150 pm. At a coating
speed of 2.0 mm s~ ', the thickness of the PEDOT:PSS film was
about 70 nm. All the films were subsequently dried on a hot
plate at 120 °C for 30 min. All the films were processed in
ambient air.

4.2. Laser treatment of PEDOT:PSS films

For the laser treatment process, we utilized a conventional
single-mode continuous wave (CW) ytterbium fiber laser (YLR-
20-Y11, IPG Photonics) with a lasing wavelength of 1.07 pym and
a random polarization state. To perform the controlled and
uniform irradiation of a laser onto the prepared PEDOT:PSS
films, a laser scanning system (Cyclops-100, Beijing JCZ Techno-
logy, Co. Ltd) combined with the control software (EzCad2.1) was
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utilized in the laser-output. The size of the laser spot on the target
was around 50-60 pm. To confirm the influence of laser power on
the electrical properties of the PEDOT:PSS films, the scanning
speed and the gap between the scanning lines were fixed as
2000 mm s ' and 0.05 mm, respectively. This resulted in a
scanning time of about 10 s for a sample area of 1 cm” The
irradiation power of the ytterbium laser was measured by using an
optical power meter (PM200, ThorLabs) with an integrating sphere
(S142C, ThorLabs). Some films were laser-patterned using a motion
system for performing selective doping effects.

4.3. Characterization of PEDOT:PSS films

Sheet resistance was measured by the van der Pauw method
with a Keithley 2400 sourcemeter at room temperature. Optical
transmittance and absorbance measurements were carried out
using a UV-vis spectrophotometer (Optizen POP, MECASYS and
Lambda 35, PerkinElmer). The film thickness was examined by
a surface profilometer (KLA Tencor, P-16+), and confirmed by
cross-sectional SEM views (Quanta3D FEG, FEI). The AFM
topographic images were taken in tapping mode (Icon-PT,
Bruker). The surface electronic states were analyzed by XPS
(VG Multilab 2000, Thermo Electron Corporation) with an Al Ko
X-ray source. Raman spectra were measured using a Renishaw
spectrometer with a 532 nm Nd:YAG laser. The XRD patterns
were recorded using a Rigaku D/MAX-2500 spectrometer. The
temperature-dependent conductivity was obtained from cur-
rent-voltage characteristics of PEDOT:PSS films at different
temperatures (100-300 K) using the cryogenic probe station
with liquid nitrogen. The films for AFM, XPS, Raman, XRD, and
temperature-dependent conductivity analyses were prepared at
a spin-speed of 1500 rpm.

4.4. Measurements of work function

Changes of work function in the PEDOT:PSS films (1500 rpm)
were investigated using an amplitude-modulated KPFM
(Dimension Icon, Bruker Inc.). Work functions of samples
(Wsampie) can be correctly obtained by measuring contact
potential difference (Vcpp) with a known value of the work
function of the tip (Wyp) because Vgpp is defined as (Wyp —
Weample)/€ where Wyp, is the work function of the tip and e is the
elementary charge (1.6 x 10~ C). In our measurements,
conventional conductive tips (EFM, Nanoworld) were used
and the W, was calibrated with highly ordered pyrolytic
graphite (HOPG) (work function of HOPG = 4.6 eV). The Vcpp
measurements were performed at 0.6 Hz of scan rate with
10 nm of distance between the tip and the samples. The
represented work functions of the samples were calculated by
averaged values in the images of Vepp (500 x 500 nm?) in a
diagonal direction.

4.5. Fabrication and characterization of PEDOT:PSS heaters

Pristine PEDOT:PSS solutions were spin-coated on the glass or
PET substrates at a spin-speed of 1500 rpm and subsequently
heated at 120 °C for 10 min. The fabricated PEDOT:PSS films
were irradiated by a laser to obtain a high conductivity with the
desired patterns. Both ends of the laser-treated PEDOT:PSS
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films were painted with a conductive paste and were wired
to the power supply. A DC voltage was applied by a Keithley
2400 sourcemeter to obtain Joule heating for the laser-treated
PEDOT:PSS films. The thermal images of the films were obtained
using an infrared (IR) camera (TiS45, Fluke).

4.6. OPV cell fabrication and evaluation

OPV cells were fabricated using 6 vol% EG-mixed PEDOT:PSS or
laser-treated PEDOT:PSS transparent electrodes with the follow-
ing structure: glass/transparent electrodes/ZnO nanoparticles
(70 nm)/PTB7:PC,,BM (90 nm)/MoOyx (5 nm)/Ag (100 nm).
A ZnO nanoparticle was spin-coated as an electron transport
layer on top of PEDOT:PSS films at a spin speed of 4000 rpm and
annealed at 100 °C for 10 min. The solution for ZnO nano-
particles was prepared according to the literature procedure.**
A blend of PTB7 and PC;,BM as an active layer with a weight
ratio of 1:1.5 in chlorobenzene/1,8-diiodooctane (970 pul:30 ul)
was spin-coated on top of the electron transport layer at a spin
speed of 1000 rpm in an argon-filled glove box. After drying for
30 min at room temperature, MoOx and Ag were deposited on
top of the active layer by thermal evaporation at a base pressure
of 3 x 10~ ° Torr. The current density-voltage (J-V) characteristics
were measured using a solar simulator (PS-KS2C, MODUSYS)
with a Keithley sourcemeter under AM 1.5G illumination with an

irradiation intensity of 100 mW ¢cm™ >,

4.7. Flexible transparent force touch sensor (FTFTS)
fabrication and characterization

FTFTSs based on ITO or PEDOT:PSS transparent electrodes
were fabricated by laminating two TCEs with the conducting
path facing inward. A clear acrylic elastomeric adhesive (3MTM
Scotch 924 ATG) with the base PET film was introduced as a
dielectric layer of the prepared FTFTSs, where the overall
dielectric spacer was 0.25 mm thick. The overlapping area
between the TCEs was 2 x 2 mm?” for the single sensor and
10 x 10 mm? for the FTFTS arrays. The capacitance values were
collected using an impedance analyzer (Agilent, E4980A) and a
pressure was applied using a lab-made pressure loading system
with a pressure measuring unit (Nidec, FGJN-20). During the
pressure-control experiment, a 1 mm-thick PDMS layer (Dow
Corning, Sylgard 184) was placed between the pressure loading
system and the FTFTS to make a uniform force distribution
over the touching area.
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