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We demonstrate flexible organic light-emitting diodes (FOLEDs) that use flexible conduc-
tive polymer electrodes patterned by negative mold transfer printing (nMTP). Because pris-
tine poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is unsuitable
for nMTP owing to problems with wettability, additives are used to improve the surface

wetting properties of the polymer on the mold to successfully employ nMTP. Moreover,
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the additives improve the conductivity of the polymer electrode. FOLEDs fabricated with
the modified PEDOT:PSS using nMTP exhibit electrical properties comparable to those of
a device having an indium tin oxide (ITO) anode. These results show that the highly con-
ductive PEDOT:PSS patterned by nMTP can be used as transparent high-resolution elec-
trodes in low-cost ITO-free FOLEDs.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Flexible organic light-emitting diodes (FOLEDs) have at-
tracted much attention because of their potential for mass
production, large-area applications, and low-cost process-
ing [1]. Although indium tin oxide (ITO) has generally been
used as the transparent electrode in OLEDs, its rarity, high
cost, and lack of flexibility make it unsuitable for flexible
devices [2]. Therefore, to achieve high device performance
and reduce the production cost, it is necessary to consider
alternative electrode materials.

Among the various conducting polymers, poly(3,4-eth-
ylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
has attracted considerable attention because of its rela-
tively low cost, transparency, and high flexibility [3]. To
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realize high-performance ITO-free devices, which is not
possible with pristine PEDOT:PSS, a number of groups are
currently attempting to improve the conductivity of PED-
OT:PSS. For this reason, over the past few years, many
researchers have investigated how its electrical properties
can be enhanced with polyalcohol or polar solvents such as
dimethyl sulfoxide (DMSO) [4], ethylene glycol [5], and
glycerol [6]. At the same time, the realization of high-reso-
lution patterned conductive polymer electrodes has also
been a key issue for optical electronics, including future
OLEDs. Many research studies have examined the high-res-
olution patterning of polymer electrodes via inkjet printing
[7], mold transfer printing (MTP) [8], screen printing [9],
and micro-contact printing (LCP) [10]. However, these
methods have several problems. In inkjet printing, the noz-
zles on the head are easily clogged. Additionally, some
printing techniques require the removal of the residual
layer for post-imprinting steps.

The negative mold transfer printing (nMTP) method has
many advantages over other techniques in the industrial
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production of polymer electrodes. It is possible to print fine
patterns without high vacuum conditions or a photolithog-
raphy process; additionally, it is a simple solution process-
ing technique that is scalable to very large samples.
Moreover, it can be used to generate isolated micro/
nano-structures in various electronic devices instead of
the previously reported continuous micro/nano-structures
[11]. Hwang et al. demonstrated the fabrication of a few
nano-scale and hundreds of micro-scale structures and
thin-film transistors by a mold transfer process [12]. Be-
cause of its differences from many other common imprint-
ing techniques, nMTP is a valuable and promising
technique for micro-nano devices. Despite the aforemen-
tioned advantages, it is usually difficult to find suitable
polymers, or mixed polymers including the foregoing con-
ductivity-enhancing additives, for use in the nMTP process.
First, and most importantly, the wetting behavior of solu-
tions is an important factor in the imprinting process
[13]. For example, Eom et al. reported that PEDOT:PSS with
additives improved both the surface morphology and the
conductivity, resulting in enhanced photovoltaic perfor-
mance using an inkjet-printing process [14]. As mentioned
above, the pristine PEDOT:PSS cannot be coated on an inta-
glio part of polydimethylsiloxane (PDMS) for nMTP, be-
cause dewetting on the hydrophobic surface of PDMS
leads to droplet formation. For this reason, the wettability
of the polymers must be adjusted to match the filling chan-
nels used for nMTP. If the wetting properties of the solu-
tion are not controlled, uneven patterns occur partially
because of inappropriate arrangement of the polymer in
the intaglio part. For this reason, successful application of
conductive polymers to nMTP for the production of FOLEDs
is almost never reported. To solve this problem, we tried to
modify PEDOT:PSS by adding a solvent to achieve both
appropriate wettability for nMTP and the electrical proper-
ties required of electrodes in electronic devices. After
numerous attempts, we found a suitable PEDOT:PSS solu-
tion that could be modified not only for use with nMTP
but also for enhancing the electrical properties. In addition,
all substrates were treated with oxygen plasma for suc-
cessful transfer.

The modified PEDOT:PSS electrode showed a sheet
resistance of less than 55 Q/sq and greater than 80% trans-
mittance in the visible spectrum while maintaining high
flexibility; subsequently, high-resolution patterned FOL-
EDs were successfully fabricated using nMTP.

In this work, we used a modified PEDOT:PSS solution to
improve the conductivity; we present the first demonstra-
tion of the nMTP technique not only for the anode in FOL-
EDs, but also for alignment control of a multilayered
PEDOT:PSS electrode produced entirely by nonvacuum
processes. Furthermore, the nMTP technique, which is
capable of nano-scale high-resolution patterning, will pave
the way for production of the highly anticipated aug-
mented reality head-mounted display [15].

2. Experimental

To fabricate the mold and stamps, PDMS (Sylgard 184,
Dow Corning) was prepared by mixing the base and curing

agent in the weight ratio 10:1. The PDMS mixture was
poured onto a micropatterned silicon wafer substrate and
cured for 3 h at 70 °C. The modified PEDOT:PSS solution
for the electrode had a composition of PEDOT:PSS (Clevios
PH1000, H.C. Starck) mixed with glycerol (Sigma-Aldrich)
and surfynol (Air Products) in the ratio 5 wt%:1 wt%. Glyc-
erol and surfynol were used as a conduction-enhancing
additive and a surfactant, respectively. The solution was
stirred for 1 h, sonicated for 20 min, and then filtered with
polyvinylidene difluoride 0.45um syringe filters
(Whatman).

To evaluate the physical, electrical, optical, and flexibil-
ity characteristics of the modified PEDOT:PSS solution, a
thin film of PEDOT:PSS was spin-coated on glass and
polyethersulfone substrates at 1500 rpm for 40 s and sub-
sequently annealed on a hot plate at 120 °C for 20 min.
Glass substrates were precleaned by ultrasonication in ace-
tone, methanol, and deionized water; cleaned for 5 min
each; and treated with oxygen plasma under 50 sccm of
oxygen and 100 W for 50 s (Cute-MP, Femto Science). In
addition, polyethersulfone substrates were precleaned by
the same process without acetone treatment.

The contact angles of deionized water and formamide
relative to various films were measured using a contact an-
gle goniometer (Phoenix-450, SEO) for accurate measure-
ment. The contact angles were measured after 5s, and
the averaged value was taken from 10 different points on
the samples. The sheet resistances of the films were mea-
sured using a four-point probe with a source measurement
unit (Keithley 2400). The sheet resistance of each sample
was measured 10 times and then averaged. The transmit-
tance characteristics were measured using a UV-vis spec-
trophotometer (Cary 5000, Varian) in the wavelength
range of 300-800 nm. The surface morphologies of the
PEDOT:PSS films were measured by atomic force micros-
copy (AFM, XE-100, Park Systems) in noncontact mode. A
cyclic bending test of the PEDOT:PSS anodes and ITO an-
odes was conducted in a bending machine (ZB100, Z-Tech)
to clarify the flexibility characteristics of the modified PED-
OT:PSS films. The samples were measured immediately
after preparation.

Fig. 1a illustrates this process for creating the micropat-
terned electrode. A modified PEDOT:PSS electrode as an
anode electrode was patterned by nMTP. The prepared
modified PEDOT:PSS solution was dropped onto an inta-
glio-patterned PDMS mold, and the residual solution on
the embossed surface of the PDMS was removed using a
blade. The PDMS mold filled with the modified solution
was preannealed on a hot plate at 80 °C for 3 min and then
transferred to the top of the substrate in order to transfer
the PEDOT:PSS solution. Controlled pressure was applied
by using pPCP equipment at 120 °C for 20 min to ensure
that the contact region at the interface was as conformable
as possible. When the PDMS mold was released, the solu-
tion of the intaglio part was transferred onto the substrate,
forming the line electrode micropattern. In addition, the
microstructure was measured for definition of the pattern
by an optical profiling system with VSI mode (Wyko
NT1100, Veeco).

Two types of OLEDs were fabricated to evaluate the
characteristics of the conductive polymer as an anode
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Fig. 1. Mold-transferred PEDOT:PSS conductive polymer electrode: (a)
fabrication process using mold transfer printing, (b) energy level diagram
and device structure of the fabricated OLEDs.

electrode in OLEDs. As a reference device, OLEDs were fab-
ricated using a commercial ITO-coated substrate. A refer-
ence device on top of the ITO anodes was fabricated by
thermal evaporation in a high vacuum (~2 x 107° torr).
The modified PEDOT:PSS anode produced by the nMTP
technique was under normal atmospheric conditions. The
structure of the OLED device employed in this study is
shown in Fig. 1b. An organic structure consisting of N,N-
bis(naphthalene-1-yl)-N,N-bis(phenyl)-benzidine = (NPB)
(60 nm) was used as a hole transport layer, and (8-hydro-
xy-quinolinato)-aluminum (Alg3) (80 nm) was used as
both an emission layer and an electron transport layer.
Finally, 0.8 nm of lithium fluoride (LiF) and 100 nm of alu-
minum were deposited on the organic layers as an electron
injection layer and as a cathode, respectively. The deposi-

tion rates of all of the organic materials and metals were
~1A/s and ~6 AJs, respectively. The active emission area
of the devices was 5 mm x 5 mm. The EL characteristics
of the fabricated OLEDs were measured by using a high-
voltage source measurement unit (Model 237, Keithley
Instruments) and a spectroradiometer (PR-670Spectra-
Scan, Photo Research) at room temperature without any
passivation layer in a dark box.

3. Results and discussion

To evaluate the wetting properties of the polymer-
coated thin film, the contact angle was measured with a
polar liquid (deionized water); it was 47° on the pristine
PEDOT:PSS and decreased to 10° on the modified PED-
OT:PSS. As summarized in Table 1, the addition of glycerol
to the PEDOT:PSS solution increased the static surface en-
ergy to 55.04 mJ/m?. As expected from the measured con-
tact angles, the addition of surfynol produced a further
increase from 55.04 mJ/m? to 72.3 mj/m2. One might ex-
pect surfynol (a surfactant) to become more effective with
increasing contact area. The decrease in the water contact
angle indicates that the surface of the modified PEDOT:PSS
became broadly more hydrophilic.

Consequently, the modified PEDOT:PSS was finely pat-
terned using nMTP. Fig. 2a shows an optical image of the
finely patterned lines of the modified PEDOT:PSS electrode.
As shown in Fig. 2b, OLEDs having finely patterned PED-
OT:PSS electrodes produce a clear line emission image at
8 V. As shown in Fig. 2c, the measurement of the optical
profiler shows a patterned line of the modified PEDOT:PSS
that can be achieved by nMTP. Additionally, the three-
dimensional interactive image shows uniform resolution
(the line width is 45 pm, height is 200 nm, and length
25 mm). In addition, this process demonstrated easy con-
trol of the alignment of the PEDOT:PSS electrode with an-
other layer in an entirely nonvacuum process, as shown in
Fig. 3.

As mentioned above, the addition of surfynol improves
not only the wetting properties of PEDOT:PSS solutions on
a mold by matching the surface energy but also increases
the conductivity of PEDOT:PSS films from ~0.37 S/cm to
~4.69 S/cm. Nevertheless, the conductivity of the film
modified only by surfynol was not sufficient for application
as an efficient OLED anode. To solve this problem, glycerol
was added as a supplement to produce an increased con-
ductivity of 1010 S/cm [16].

To determine the mechanism of the conductivity
enhancement of the PEDOT:PSS films, we employed AFM
in noncontact mode to characterize the origin of the con-
ductivity enhancement by measuring the topographies

Table 1
Conductivity and surface wetting properties of PEDOT:PSS films with various additives.
Pristine Added 4% glycerol Added 1% surfynol Modified

Conductivity (S/cm) 0.37 92.93 4.69 1010
Contact angle (water/formamide) (°) 47/34 43/32 13/10 10/9
Dispersion energy (mJ/m?) 21.93 20.52 17.12 16.78
Polar energy (mJ/m?) 30.5 34.51 54.32 55.51
Surface energy (mJ/m?) 52.44 55.04 71.45 72.30
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Fig. 2. Micropatterned conductive electrode: (a) optical image of line-patterned PEDOT:PSS electrode, (b) photo of emission from fabricated OLEDs at 8 V,
(c) optical profiler image of the transferred microstructure and three-dimensional interactive image.

Fig. 3. Alignment control images of PEDOT:PSS electrode on another layer.

and phase diagrams of a pristine PEDOT:PSS (PH1000) film
and the PEDOT:PSS film with 4 wt% glycerol and 1 wt%
surfynol coated on glass substrates (1 pm x 1 pm). AFM
topography images of the pristine and modified PEDOT:PSS
films are shown in Fig. 4a and c, respectively. It is evident
that the glycerol and surfynol changed the surface root-
mean-square roughness (Ry) from 1.05 to 2.18 nm. The
foregoing AFM analysis indicated an increase in the PEDOT
grain size.

Changes in the grain size and structure of polymers
generally affect the conductivity [17]. It is clear from
Fig. 4b and d that the decrease in the sheet resistance
of the PEDOT:PSS films is because the larger PEDOT

grains provide larger regions, which is supported by the
fact that the modified PEDOT films have a better inter-
connected PEDOT grain structure than the corresponding
pristine PEDOT films [18]. For this reason, the formation
of linear PEDOT chains produced a film with more con-
tinuous and stronger inter-chain networks [19]. These
structural changes modified the conductivity of the pris-
tine PEDOT:PSS film. Consequently, the controlled addi-
tives generated better-oriented PEDOT-rich grains,
which improved the electrical characteristic for carriers
by enhancing the conducting pathway [20]. In addition,
Alemu et al. reported the effects of additives on PEDOT
organization and improvement in the PEDOT film’s



420 H,J. Lee et al./Organic Electronics 14 (2013) 416-422

. L

PEDOT

PSS

PR e ML)
SN

- ‘3;..
AN

PEDOT

Fig. 4. AFM topographic (a, c) and phase (b, d) images of pristine PEDOT-PSS and modified PEDOT:PSS films (1 pm x 1 pm).

(a)

- ITO
100 /' Modified PEDOT:PSS
80
R
D
8 60
1]
=]
£ 4
c
Z
20 |
0

300 400 500 600 700 800
Wavelength (nm)

(b) s
2000 | & modified PEDOT:PSS
[ B
S 1500 g
(5] o
] |
0 o
e o
2 5
% 1000 F ]
» o
: 3
s B
2 500 E
T
. :
ot :—!:g::-m...-
1 10 100 1000
Number of cycles

Fig. 5. Characteristics of PEDOT:PSS films: (a) optical transmittance and photograph of this flexible film, (b) ratio of resistance changes in the bending test

and photograph of the bending tester measuring the flexibility of the film.

long-term stability [21]. In other words, additives chan-
ged the PEDOT grain size and composition, which affect
not only the conductivity but also the stability of the
film. The modified stability of the film has a significant
influence on the long-term performance of an OLED
device.

Fig. 5a shows the transmittance of the modified PED-
OT:PSS films and ITO (as a reference). The modified film

shows ~80% transmittance in the visible wavelength re-
gion (film thickness 180 nm). Fig. 5b shows the flexibility
characteristics of the modified PEDOT:PSS flexible conduc-
tive films and ITO. The test was performed with a bending
length of 20 mm and bending radius of 3 mm. The ratio of
the change in the resistance of the electrodes was recorded
as a function of the bending cycle; the resistance changes
were recorded 10 times at each bending cycle for accurate
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Table 2

Electrical characteristics of films and OLEDs with anodes of ITO (I-OLED) and modified PEDOT:PSS (P-OLED).

Configuration Sheet resistance (€2/sq)

Work function (eV)

At 1000 cd/m? At 10 mA/cm?

EQE (%) PE (Im/W) EQE (%) PE (Im/W)
I-OLED 10 4.6 (Ref. [20]) 1.18 1.38 1.12 1.37
P-OLED 55 5.1 (Ref. [19]) 1.37 1.6 1.37 1.79
(a) —=—ITO (b) |—=1O
—e—Modified PEDOT:PSS —e—Modified PEDOT:PSS
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«4— Solid Symbols(—s——e—) - «4— Solid Symbols(—s——e—)
Open Symbols( -0+ -0 )= s Open Symbols( G- 0 ) —pw 45
& 1.5 b
2000 | E oy =
S 150 © 5 4 3
£ < S £
T £ = =
L 1500 | = = <
o > 1.0 43 ©
= c
0 100 5 E : o
c & c 3 Q —
(1] @ E .9
£ 1000 ° © S 12 £
£ T [ = o
3 50 ¢ r h [ = TEE = CERERS o9...-0 OOerregrerrifyesns g
500 | 5 £ 11 &
[8) @ o
R
i
0 0 0.0 + 40
2 0 10 20 30 40 50

Voltage (v)

Current density (mA!cmz)

Fig. 6. Electrical properties of devices: (a) luminance and current density characteristics as a function of bias voltage, (b) external quantum efficiency and

power efficiency as a function of applied current density.

measurement. ITO films are well known to be fragile and
inflexible [22]; consequently, the ratio of the resistance
changes of the ITO film could not be measured after six
bending cycles. In contrast, the modified PEDOT:PSS film
exhibited stable electrical performance through more than
1000 bending test cycles.

Fig. 5 and Table 2 show the electroluminescence charac-
teristics of OLEDs with a modified PEDOT:PSS anode (P-
OLEDs) and reference OLEDs with an ITO anode (I-OLEDs).
The P-OLED exhibited a lower turn-on voltage (2.8 V) than
the I-OLED (Fig. 6a). This difference is attributed to a differ-
ence in the work function. The high work function of the
PEDOT:PSS anode electrode (5.1 eV) [23], which is advan-
tageous for hole injection compared to the work function
of ITO (4.6 eV) [24], decreases the turn-on voltage of the
device. The P-OLEDs exhibited higher brightness than the
I-OLEDs at low voltage; in contrast, the luminance of the
[-OLEDs was higher than that of the P-OLEDs at more than
9V because PEDOT:PSS has a higher sheet resistance than
ITO. For these reasons, as shown in Fig. 6b, the P-OLEDs
exhibited a higher external quantum efficiency and power
efficiency than the I-OLEDs at low current density. The re-
sults show that the OLEDs developed here can be used for
low-cost organic electronics in low-voltage driving
applications.

The results show that the modified PEDOT:PSS films
exhibited enhanced electrical properties and were capable

of patterning; consequently, they show promise as flexible
transparent electrodes [25].

4. Conclusion

In conclusion, we successfully demonstrated the pat-
terning of PEDOT:PSS electrodes by nMTP for use as anodes
in FOLEDs.

The pristine PEDOT:PSS films had unsuitable wetting
properties for nMTP. To solve this problem, additives were
used to enhance their wettability and electrical properties.
The wetting characteristics of the modified solvents on the
mold were singularly suitable for the use of nMTP for fine
patterning.

To produce a promising conductive polymer electrode,
various key factors such as the transparency, conductivity,
work function, and solution process ability should have
satisfactory values. When these factors have suitable
values, the demonstrated highly efficient P-OLEDs can be
produced by a simple device process with lower manufac-
turing costs.

Most importantly, nMTP using the modified PEDOT:PSS
is an economical process compared to that using ITO be-
cause it requires no high-vacuum or photolithography pro-
cess and can be adopted for large-area transfer. In addition,
as reported, high-resolution nanopatterning and isolated
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micro/nano-structures for various electronic devices can
be generated. Therefore, nMTP can be adopted for the mass
production of high-resolution FOLEDs without a vacuum
process.

These results clearly demonstrate that the use of nMTP
for transparent conductive polymers can be expected to
enable the development of a broadly applicable printing
technology in the OLED industry and to play an important
role in the dissemination of low-cost, high-performance
devices. Our results indicate the possibility of nMTP
emerging as a promising technique for large-scale area
and flexible devices.
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