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We present a direct fabrication technique of patterned polymeric electrochromic (EC) devices via soft lithography, enabling both
negative patterning and positive patterning of the polymer. For this work, elastomeric polydimethylsiloxane (PDMS) molds were
employed as not only stamps for direct contact printing of polymer inks but also templates for dewetting of polymer solutions
under mild experimental conditions. We performed both negative patterning and positive patterning of a prototypical EC
polymer and investigated the EC device characteristics according to solvents, solution concentrations, and pattern types.
Eventually, the complex patterns, which cannot be realized by conventional shadow masking processes, and large-area
structures were successfully demonstrated. We anticipate that these results will be applied to the development of various
patterned devices and circuits, which may lead to further applications.

1. Introduction

In the past few decades, electrochromic (EC) materials and
devices have attracted a lot of interest for the prospect of
potential applications such as optical displays, optical switch-
ing devices, antiglare mirrors, and smart windows [1–5]. The
EC materials reversibly change their optical properties (i.e.,
light transmittance, absorbance, and reflectance) in response
to external bias voltages, resulting from electrochemical
oxidation and reduction. Various classes of materials includ-
ing transition metal oxides and conducting polymers have
been widely studied as promising EC materials thus far
[6–9]. In particular, considerable research efforts have been
devoted to the EC behaviors of conducting polymers owing
to their outstanding advantages of low cost, mechanical
flexibility, and solution processability in comparison with
inorganic materials [10–15].

For practical applications of EC devices, patterning
processes of the EC layers in thin-film form are necessarily
required in accordance with their intended uses [10–16].
However, conventional patterning processes such as photoli-
thography and shadow mask deposition are mostly inappro-
priate for conducting polymers because the polymers are
significantly damaged or even broken down under harsh
processing conditions involved in etching or physical vapor
deposition [17]. Solution processability of conducting poly-
mers rather facilitates various soft lithographic patterning
methods using elastomeric polydimethylsiloxane (PDMS)
molds in a wide range of scales [17–20]. The PDMS molds
can be employed as not only stamps for direct contact
printing of polymer inks but also templates for dewetting of
polymer solutions under mild experimental conditions,
owing to the low modulus and surface energy of PDMS
leading to conformal contact and easy release. Even though
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those methods enable both negative patterning and positive
patterning of the polymers without any harmful damages,
only a few attempts have been made to apply them to fabri-
cating the patterned EC devices thus far.

Here, we demonstrate the fabrication of patterned poly-
meric EC devices via soft lithographic methods. For this
work, poly(3-hexylthiophene-2,5-diyl) (P3HT) was used as
a prototypical EC material in consideration of excellent
EC properties (i.e., high coloration efficiency, high optical
contrast, and rapid switching time), compatibility with
solution processes, and functional versatility [13, 21–25].
We performed both negative patterning and positive pattern-
ing of the polymer using the PDMS molds consisting of pillar
arrays and investigated the EC device characteristics accord-
ing to solvents, solution concentrations, and pattern types. In
addition, more complex patterns (such as island and ring
arrays), which cannot be realized by conventional shadow
masking processes, and large-area structures were success-
fully achieved. These results suggest great potential for the
further development of various patterned EC devices and
circuits, including display pixels, optical switching devices,
and smart window applications.

2. Materials and Methods

2.1. Preparation of PDMS Molds. The PDMS molds used in
this work were replicated from initially patterned photoresist
layers. Spin-coated photoresist (SU-8 2025, MicroChem)
layers (of 12μm thickness) were engraved with the hole
patterns in accordance with the previous reports [26, 27].
The diameters of the hole motifs were designed to be 50
and 100μm. The patterned photoresist layers were then
negatively replicated using a PDMS elastomer (Sylgard 184,
Dow Corning). A mixture of PDMS prepolymer and curing
agent (in a 10 : 1 weight ratio) was poured onto each pat-
terned photoresist layer and subsequently degassed and
cured in a vacuum oven at 70°C for 3 hr. After thermal cur-
ing, the PDMS replicas were easily peeled off from the photo-
resist layers due to the low surface energy of PDMS, and
consequently, the PDMS molds with the pillar arrays (of 50
and 100μm diameters) were prepared [28].

2.2. Fabrication of Patterned Polymeric EC Devices. Patterned
polymeric EC devices using P3HT (Sigma-Aldrich) as an
active component were fabricated on glass substrates coated
with indium-tin-oxide (ITO) via both negative and positive
patterning processes of the polymer. The ITO-coated glass
substrates were cleaned before use by successive sonication
in deionized water, ethyl alcohol, acetone, and isopropyl
alcohol for 10min each. P3HT was individually dissolved in
chlorobenzene and chloroform with varied concentrations
(i.e., 0.10, 0.25, 0.50, 1.00, 2.00, and 3.00wt%) for solution
processes, and all solutions were filtered through polyvinyli-
dene fluoride (PVDF) membranes with 0.45μm pore size.

To prepare the negatively patterned P3HT layers (i.e.,
negative hole arrays of the PDMS pillars) on the ITO
surfaces, the P3HT solutions were drop-dispensed onto the
ITO-coated glass substrates, and then the PDMS molds were
brought into contact with the samples as schematically

illustrated in Figure 1. Since structural deformation of the
PDMS molds can be induced by solvent swelling [29], an
external pressure of 0.1 bar was uniformly applied during
the process for ensuring conformal contact between PDMS
and ITO. The PDMS structure with low surface energy leads
to dewetting of the polymer solutions, accompanying solvent
evaporation under ambient conditions, and thus, the nega-
tively patterned P3HT layers are simultaneously formed on
the ITO surfaces. In the case of the positive patterns of
P3HT (i.e., same patterns as the PDMS pillar arrays), the
PDMS molds were used as stamps for direct contact printing
of the polymer, as shown in Figure 1. The P3HT solutions
(100μL each) were preferentially spin-coated at 1000 rpm
for 30 s onto the PDMS molds to form the patterned layers,
and the solvents were subsequently removed in the vacuum
oven at 80°C for 20min to avoid solvent swelling effects
[29]. For enhancing the adhesion properties between P3HT
and ITO, both P3HT and ITO surfaces were treated using
oxygen plasma for 1min with a power of 10W at a constant
oxygen flow rate of 30 standard cubic centimeters per minute
(sccm) [17], and then the patterned P3HT layers were
directly transferred onto the ITO-coated glass substrates by
applying an external pressure of 0.02 bar for 10 s. Note that
the patterned P3HT layers were also observed using scan-
ning electron microscopy (SEM) (COXEM, EM-30AX) at
an accelerating voltage of 20 kV with a working distance of
~8mm. For the SEMmeasurements, the samples were coated
with gold (of ~10 nm thickness) using a sputter coater.

To complete the EC device structure, each prepared
sample was covered with another ITO-coated glass, and a
gap distance between the sample and the cover was fixed
using adhesive tapes (of 270μm thickness) as shown in
Figure 1(b). The gap space was then filled with an electrolyte
solution (0.1M of LiClO4 in propylene carbonate) by capil-
lary action. The device characteristics were measured using
a Keithley 2636 source/measure unit.

3. Results and Discussion

Figure 2(a) shows the negatively patterned P3HT layer using
the PDMS mold with the pillar array of 100μm diameter,
which was successfully achieved on the ITO-coated glass
substrate with chloroform as a solvent. Since chloroform is
rapidly evaporated and easily permeates into PDMS, the
complete negative pattern (i.e., open-hole array) was dis-
tinctly formed at a high concentration of 3wt%. On the other
hand, since the surface energy of P3HT (~36.0mJ/m2) is sig-
nificantly higher than that of the PDMS mold [17, 30–32],
the P3HT-enriched solutions induced by solvent evaporation
enhance the dewetting behaviors. Such dewetting behaviors
of the P3HT-enriched solutions are also confirmed by the
contact angle measurements. The contact angle of the
P3HT solution on the PDMS surface gradually increases with
increasing the solution concentration (see Supplementary
Figure 1). Thus, accompanying with solvent evaporation,
the less-viscous solutions with longer evaporation times
(i.e., diluted solutions) are expelled from the molds before
completing the formation of the patterns. These phenomena
are intensified with diluting the solution, and accordingly,
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smaller amounts of P3HT are aggregated along the corners
of the pillars due to the surface tension at the edges (see
Figures 2 and 3) [33]. Note that the solution with a high
concentration of 3wt% using chloroform as a solvent
was not seriously dewetted by solvent evaporation, which
may originate from high viscosity and rapid evaporation
of the solvent. These results imply that well-defined pattern-
ing of the polymer corresponding to the sharp outlines of the
patterns can be performed if the residual layers of P3HT are
sufficiently removed. In this context, the formation of the
residual layers is progressively suppressed with increasing
the solvent evaporation time. For instance, in the case of
chloroform, the solutions at low concentrations (less than
0.25wt%) rarely formed the residual layers as shown in

Figure 2(e). This tendency is more clearly observed using a
less-volatile solvent such as chlorobenzene. Chlorobenzene
exhibits lower volatility and less permeates into PDMS in
comparison with chloroform [34], which can provide enough
time to expel the solutions without remaining residues even
at high concentrations. Figure 2 also shows the negatively
patterned P3HT layers which were prepared with chloro-
benzene as a solvent following the same procedure as for
chloroform. Almost no residual layers were observed as the
concentration increased up to 1wt%, and the well-defined
patterns were distinctly formed along the outlines of the
pillars (i.e., ring array). The fabrication of the complete
negative pattern (i.e., open-hole array) was not achievable
using chlorobenzene, and only the residual layers slightly
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Figure 1: (a) Schematic illustration of the fabrication of patterned P3HT layers via both negative and positive patterning processes.
(b) Configuration of EC display device. The gap space is filled with an electrolyte solution by capillary action. (c) SEM image of the
PDMS mold with the pillar array of 100 μm diameter.

3International Journal of Polymer Science



remained even at higher concentrations above 2wt% as
shown in Figure 2(f). It is worth noting that the overall ten-
dency for the polymer patterning (i.e., surface tension and
dewetting effects) was not significantly changed according
to the size of the pillars in a micrometer scale (see
Supplementary Figure 2). In particular, the contact angles
of water droplets on both flat and patterned PDMS surfaces
were measured to be within the range of 100° to 110° without
any distinct difference, of which corresponding surface ener-
gies (from 16.8 to 22.7mJ/m2) are sufficiently lower than that
of P3HT [17]. Figure 3 also shows an exemplary P3HT pat-
tern fabricated using the PDMS mold with a smaller pillar
array (of ~1μm thickness). In addition, such negative and
closed-outline patterns (i.e., hole and ring arrays) cannot be
achieved by typical shadow masking methods, and thus,
our demonstration shows promise as an easy process for real-
izing various complex patterns and their related applications.

The positively patterned P3HT layers were successfully
fabricated on the ITO-coated glass substrates via direct

contact printing using the same PDMS molds as for the neg-
ative patterning (see Figure 2 and Supplementary Figure 2).
For this work, the P3HT solutions with varied concentra-
tions were spin-coated on the PDMS molds to form the
patterned layers and subsequently dried in a vacuum oven
for avoiding solvent swelling effects [29]. Note that chloro-
benzene was found to be not an appropriate solvent for
spin-coating deposition of the polymer on the PDMS sur-
face due to dewetting issues, and the complete deposition
of P3HT could be achieved only using chloroform at an
appropriate spin speed (~1000 rpm). After oxygen plasma
treatments for enhancing the adhesion properties [17], the
deposited P3HT layers were brought into contact with the
ITO-coated glass substrates and pressed (at 0.02 bar) to
ensure the conformal contact. The patterned P3HT layers
in the contact regions (i.e., filled circle array) were sharply
transferred onto the substrates. Note that the edges of the
transferred patterns were thicker than the other parts,
because larger amounts of the polymer are piled up near
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Figure 2: Optical microscopy images of the patterned P3HT layers using the PDMSmold with the pillar array of 100μm diameter. (a–e) The
negatively patterned P3HT layers using chloroform as a solvent. The PDMS molds were used as templates for dewetting of the polymer
solutions, accompanying with solvent evaporation. The solution concentrations were (a) 3.00, (b) 2.00, (c) 1.00, (d) 0.50, and (e) 0.25wt%,
respectively. (f–j) The negatively patterned P3HT layers, prepared with chlorobenzene as a solvent following the same procedure as for
chloroform. The solution concentrations were (f) 2.00, (g) 1.00, (h) 0.50, (i) 0.25, and (j) 0.10wt%, respectively. (k–o) The positively
patterned P3HT layers via direct contact printing. The chloroform solvent was solely used for spin-coating deposition of the polymer
on the PDMS surface due to serious dewetting issues. The solution concentrations were (k) 3.00, (l) 2.00, (m) 1.00, (n) 0.50, and
(o) 0.25wt%, respectively.
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the edges during the spin-coating processes owing to the
surface tension [35, 36]. Such thickness deviation is mitigated
as the overall thickness increases with increasing the solution
concentration (see Figure 2(k)).

Figure 4 shows demonstrations of the polymeric EC
display devices with large-area patterns (~1 cm2), which
were prepared by both negative and positive patterning
processes. Changes in the color of the polymer were clearly
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Figure 4: Photographs of the EC display devices with (a) negatively patterned P3HT layer at a concentration of 3.00wt%, (b) positively
patterned P3HT layer at a concentration of 3.00wt%, and (c) positively patterned P3HT layers at a concentration of 1.00wt%. All devices
were fabricated using chloroform as a solvent. Changes in colors of the P3HT layers were clearly observed according to the reversible
oxidation (upper: red) and reduction (lower: blue) reactions in the electrolyte solution.
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Figure 3: (a) SEM image of the complete negative pattern (i.e., open-hole array) of P3HT, distinctly formed at a high concentration of
3.00wt% using chloroform as a solvent. (b) SEM image of the negatively patterned P3HT layer formed at a concentration of 2.00wt%
using chloroform as a solvent. The solution was expelled from the mold before completing the formation of the pattern, and accordingly,
a small amount of P3HT was aggregated along the corners of the pillars in comparison with (a). (c) Optical microscopy image of an
exemplary P3HT pattern fabricated using the PDMS mold with a smaller pillar array (of ~1μm thickness). A significant change in the
overall tendency for the polymer patterning was not observed according to the size of the pillars. (d) SEM image of (c).
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observed according to the reversible oxidation (red) and
reduction (blue) reactions in the electrolyte solution (see
Supplementary Movie 1). For the EC operations, the sam-
ple bias voltage between the two electrodes was kept at
−3.0V for reduction and +3.0V for oxidation. As indicated
in Figure 5, light transmittance of the P3HT film, leading to
color contrast, significantly varies with the film thickness
rather than the type of solvents [37]. The film thickness

can be easily modified by the solution concentration, and
the rapid solvent evaporation of chloroform enables the
formation of the thicker films in comparison with chloro-
benzene. For the 0.10, 0.25, 0.50, 1.00, and 2.00wt% solu-
tions using the chloroform (chlorobenzene) solvent, the
film thicknesses were measured to be <10 nm (<10 nm),
13 nm (<10 nm), 30nm (14nm), 100nm (25 nm), and
320 nm (50nm), after spin-coating deposition onto the
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Figure 5: Light transmittances of the spin-coated P3HT films on the ITO substrates according to the solution concentrations, in the range of
300 nm to 800 nm. The spin-coating processes were performed using (a, b) chloroform and (c, d) chlorobenzene as solvents, respectively.
The spectra in (a) and (c) correspond to the P3HT oxidation (red) states, and the spectra in (b) and (d) correspond to the P3HT
reduction (blue) states.
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substrates. The EC response time of P3HT was measured to
be less than a second.

4. Conclusions

In conclusion, we demonstrate the fabrication of patterned
polymeric EC devices via soft lithographic methods, enabling
both negative patterning and positive patterning of the poly-
mer. The PDMS molds with pillar arrays were employed for
the patterning of P3HT as the prototypical EC polymer with
the excellent EC properties (i.e., high coloration efficiency,
high optical contrast, and rapid switching time). For the
negative patterning, the PDMS molds were used as templates
for dewetting of the polymer solutions, accompanying with
solvent evaporation. The complete negative (i.e., hole arrays)
and the distinct closed-outline (i.e., ring arrays) patterns were
selectively achieved without significant residual defects
according to the volatility and permeability of the solvent.
For the positive patterning, the direct contact printing
method using the PDMS molds as the stamps was success-
fully performed via suppressing the solvent swelling effects
and enhancing the adhesion properties. Eventually, the
large-area structures were successfully fabricated, and the
EC device characteristics were also investigated according
to solvents, solution concentrations, and pattern types. In
addition, the complex patterns (such as island and ring
arrays) presented in this work cannot be realized by typical
shadow masking methods. Thus, it is anticipated that these
results will significantly contribute not only to the fabrication
of various polymer patterns but also to the development of
more diversified EC devices and circuits leading to a wide
range of applications.
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Supplementary Materials

Supplementary 1. Supplementary Figure 1: contact angles
of the P3HT solutions with varied concentrations (i.e.,
0.00, 1.00, 2.00, and 3.00wt%) on the PDMS surface using
chloroform and chlorobenzene as solvents. Supplementary
Figure 2: optical microscopy images of the patterned P3HT
layers using the PDMS mold with the pillar array of the
50μm diameter.

Supplementary 2. Supplementary Movie 1: demonstration
of the polymeric EC display device with a large-area
pattern (~1 cm2).
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