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E
lectronic devices based on conduct-
ing polymers (CP) have attracted con-
siderable attention because conju-

gated polymers can be easily processed

with inexpensive technologies at low tem-

peratures. The potential applications of CPs

for organic electronic devices include solar

cells, light-emitting diodes (LEDs), electro-

chromic (EC) devices, photodiodes, transis-

tors, and biosensors.1�5 The development of

a faster and more integrated electrical or

optical response has become a high prior-

ity. As such, the modification of an electro-

active surface by nanostructures has been

researched for switching or sensing

devices.6�8

In electrochromic devices (ECDs), elec-

trons are injected or extracted under an ap-

plied electric field while charge balancing

counterions are simultaneously transported

into or out of the EC layer.9,10 The transport

of electrons and ions is directly related to EC

properties such as coloration efficiency and

response time.9�11 Recently, fast response

times and high color contrast have report-

edly been achieved with EC devices fabri-

cated with a nanostructured EC electrode

since the nanostructures can provide a large

surface area. The increased surface area fa-

cilitates ion transport and provides more ac-

cessible reacting sites for the charge/dis-

charge process.8,10,12 Such a nanostructured

EC electrode can be prepared through

layer-by-layer (LBL) deposition11,13 or by

adopting nanotemplates such as anodized

aluminum oxide (AAO),14 TiO2 nanoparti-

cles,8 Si nanowires,10 and block copolymer

templates.15 As the charge transport in an

EC device occurs vertically between the

working and counter electrode, the design

of a vertical EC nanostructure is indeed a

challenge.

Various methods of fabricating conduct-
ing polymer nanostructures have been re-
ported. Of the methods used, soft lithogra-
phy using solution-processable conducting
polymers can efficiently produce nanostruc-
tures with a large area.16�19 However, its ap-
plication to ECDs is rare.18,19 In a report on
the effect of nanoimprinting on the electro-
chromic properties of PEDOT:PSS,18 im-
provements in both the response time and
coloration efficiency were attained. How-
ever, to the best of our knowledge, there
are no published reports on the direct ef-
fect of patterning in terms of charge trans-
port through the patterned structures.

In this study, an EC device based on a
nanopatterned EC electrode was fabri-
cated. The EC electrode was prepared by di-
rectly nanoimprinting a pristine poly(3-
hexylthiophene) (P3HT) film with a
nanopattern replicated polydimethylsilox-
ane (PDMS) mold. Films with line gratings
(1D) and pillars (2D) were examined to ex-
plore the charge transport and optical
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ABSTRACT Poly(3-hexylthiophene) (P3HT) films were patterned by a soft lithography technique using a

nanopatterned polydimethylsiloxane (PDMS) mold to generate one-dimensional (1D) grating and two-

dimensional (2D) crossed line pillar patterns. The redox currents (ip) were significantly increased due to the

facilitated diffusion of ClO4
� counterions associated with redox processes at the P3HT electrode as analyzing

cyclic voltammetry (CV) was performed at different scan rates (�). It was found that the diffusion coefficient (Df,

cm2 s�1) for ion diffusion in the patterned electrode was much larger than that of the pristine P3HT electrode.

Furthermore, the value of Df in the 2D electrode was three times higher than that in a pristine film. As a result of

such facilitated charge transport, the electrochromic (EC) properties of the patterned P3HT electrode were greatly

enhanced and dependent on the dimension of the pattern. Thus, the electrochromic efficiency (Ee), including the

coloration (Ec) and bleaching efficiencies (Eb), was higher as the dimension of the pattern was increased; Ee was

maximized in the 2D patterned P3HT film. In a patterned cell, electrochromic diffraction was reversibly observed

with a switching efficiency (RDE) of 2 and 2.5 for the 1D and 2D patterned cells, respectively.
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properties of the patterned EC devices. While P3HT is a
representative hole transporting material and is fre-
quently used for organic devices such as photovoltaics
and transistors,20,21 its application to electrochromic de-
vices is relatively rare despite its unique electrochro-
mic properties and the easy processability.22

RESULTS AND DISCUSSION
Patterning of P3HT in 1D and 2D by PDMS Imprinting. P3HT

films were nanopatterned via soft lithography per-
formed at room temperature. A PDMS mold consisting
of periodic 170 nm width lines separated by 80 nm wide
gaps was employed in the nanopatterning process (Fig-
ure S1, Supporting Information). Nanogratings (1D)
were first patterned on a P3HT film by a single imprint-
ing without any pressure. However, the depth of the
gratings was rather small: 25 nm as determined from
AFM. Under a pressure of 5 kg, the depth in the 1D pat-
terning process was increased to 47 nm. Thus, 1D and
2D patterning was carried out under pressure. As veri-
fied by AFM measurements, 1D nanogratings of the
PDMS in a 1 � 1 cm2 area were successfully and homo-
geneously transferred to the entire area of the P3HT
film. The width and gap between the lines were 362
and 110 nm, respectively (Figure 1). The nanogratings
on the P3HT were wider in period and shallower in
depth than those of the PDMS master.

Additional contact pressing in a 90° direction under
the same pressure produced nanopillars (2D) on the
single patterned P3HT. Nanopillar patterns (2D) were

generated with dimensions of 380 nm in width, 60 nm

in height, and a pillar separation of about 80 nm in the

double-pressed area. As shown in Figure 2, the edge im-

age clearly traced the first (1D) and second (but single-

pressed) patterns, as well as the second pattern at the

crossed (double-pressed) area. In the area pressed sec-

ond with a single press, the height was slightly lower

(�40 nm) than the area pressed first. This was possibly

due to the evaporation of residual solvent. The height

was increased in the cross (double) patterned area.

The average roughness (Ra) values in a 5 �m � 5 �m

area were 1.1, 11.3, and 18.3 nm for the pristine (0D),

1D, and 2D patterned films, respectively. This indicates

Figure 1. Atomic force microscope (AFM) images of single patterned P3HT film fabricated by imprinting at room temperature (A)
and double patterned P3HT film (B) fabricated by subsequent additional imprinting at 90° on single patterned P3HT film. (C) Pris-
tine P3HT film (0D), and (D) cross-sectional profiles of (A) and (B).

Figure 2. Edge AFM image of 2D patterned P3HT film that
was first (a, 1D) and second (b, but single-pressed) pat-
terned, and second patterned at the crossed (c, double-
pressed) area (inset: 3D image).
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that the roughness of the film increased as the dimen-

sion of the pattern increased. Such a scenario is possi-

bly due to increased ordering in the P3HT domain. It has

been reported that P3HT chain alignment can be en-

hanced during nanograting imprinting on a P3HT film.

The chain alignment is induced by polymer flow to

nanocavities, thus generating high degree (100) chain

alignment.23 After patterning, the surface area of the

films increased to 25.2, 25.7, and 26.8 �m2 for the pris-

tine (0D), 1D, and 2D patterned films, respectively. The

surface areas attained from the simulation using Matlab

were in good agreement with the AFM results as 25.4

and 26.9 �m2 for the 1D and 2D patterns, respectively,

when the geometry of the column (1D) and pillars (2D)

were assumed to be triangular and conical structure,

respectively.

Electrochemical Properties of Nanopatterned P3HT. Cyclic

voltammetry (CV) measurements for the pristine (0D),

1D, and 2D patterned P3HT films were performed in a

three-electrode system using a solution of 0.1 M LiClO4

in acetonitrile and a scan rate of 10 mV/s from 0 to 1.3 V

(Figure 3A). All films exhibited several redox peaks cen-

tered at �0.49 and 0.83 V (vs Ag/AgCl). A transition be-

tween the polaronic and bipolaronic states22 was ob-

served. This transition is detailed in the following

expression:

In eq 1, ClO4
� is a counteranion and e� denotes an elec-

tron. It should be noted that the redox peaks of the 1D

and 2D patterned films were shifted with a much higher

intensity than those of the unpatterned film (0D). It

has been reported that P3HT films with a high degree

of ordering or regioregularity exhibit larger peak cur-

rents with a peak shift.22,24,25 Thus, P3HT chain align-

ment may be enhanced during nanoimprinting on a

P3HT film, as nanoconfinement induces chain align-

ment in P3HT nanostructures and generates a high

degree (100) of chain alignment.23 The X-ray diffraction
(XRD) results showed that the intensity decrease of the
(100) peak at 5.2° was 24% (1D) and 61% (2D) (Figure
S2A, Supporting Information). This result is in good
agreement with results from the literature regarding
changes in the out-of-plane detecting mode P3HT and
may be attributed mainly to changes in P3HT chain or-
dering edge-on to the vertical ordering.23 In addition,
the (100) diffraction peak was shifted from 5.15° (0D) to
5.20° (1D) and 5.25° (2D), and the interlayer spacing de-
termined from the Bragg equation was shifted from
17.15 to 16.98 and 16.82 Å for 0D, 1D, and 2D, respec-
tively. The P3HT chain spacing became smaller after
nanopatterning, thus it provided lower resistance to
charge carriers to transport through the polymer
chains.22 The increase in absorbance at the shoulder
band (�570 nm) in the nanoimprinted gratings (Fig-
ure S2B) is due to the increased ���* stacking and in-
terchain interactions between P3HT chains.23,26 The
���* chain alignment could be quantified by compar-
ing absorbance ratios at �590 nm with absorbance
maxima (�530 nm) in different samples. The absor-
bance ratio was 0.49 for 0D and increased to 0.54 for
1D and 0.67 for 2D. This indicates that the ���* inter-
chain stacking was improved by nanopatterning, but
the change was small (less than 30%).

The major contribution to the increased current
arises from the extra shoulder peak (0.5�0.8 V) be-
tween the first and second redox processes. The shoul-
der peak is indicative of the formation of new polymer
domains that may facilitate charge transport through
the P3HT electrode. This redox process is reversible over
repeated voltammetric scans with no electrochemical
degradation during cycles between the polaronic and
bipolaronic (neutral and oxidized) states. As the redox
peaks consisted of two peaks plus shoulder peaks, all of
the CV measurements were deconvoluted (R2 � 0.999)
based on Gaussian peaks (Figure S3, Supporting Infor-
mation) to quantify the peak current and determine
charge transport at the electrode nanopatterned in dif-
ferent dimensions.

In an electrochemical process that is linear-diffusion-
driven, the peak current is related to the electrode area

Figure 3. (A) Cyclic voltammogram of P3HT films at 10 mV/s. (B) Plot of cathodic and anodic peak current according to the
square root of the scan rate (v0.5).

P3HT0 +

ClO4
-

(neutral)
{\}

Ox(-e-)

red(+e-)
P3HT+•ClO4
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Ox(-e-)
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-
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(1)
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and the square root of the scan rate (�1/2) according to

the Randles�Sevcik equation:27

In eq 2, ip is the peak current, n is the number of elec-

tron transfer, Df (cm2 s�1) is the diffusion coefficient, A

is the electrode area (cm2), C is the solution concentra-

tion (mol cm�3), and � is the scan rate (V s�1). By plot-

ting the anodic and cathodic peak current obtained at

�0.57 and �0.54 V against �1/2 for both the pristine and

nanostructured electrodes, linear relationships (shown

in Figure 3B) were observed. Both the anodic and ca-

thodic currents were linearly correlated to �1/2, which in-

dicates that electrochemical doping of the entire P3HT

film occurred with no irreversible electrochemical reac-

tion. Furthermore, the linear relationship of ip against

�1/2 suggests that the behavior of the electrochemical

processes at the P3HT electrode is mainly controlled by

the diffusion of ClO4
� counterions associated with the

redox processes at the P3HT electrode. The Df values for

the patterned electrodes were determined from the

slope in Figure 3B; they are summarized in Table 1. The

Df values for the oxidation of the electrodes are larger

than those of the reduction process. In the electro-

chemical doping process of a polythiophene film, ClO4
�

ions penetrate into the polymer and promote move-

ment in nearby polymer molecules, which favors pen-

etration of further ClO4
� into the polymer. Movement

and ionic penetration proceed on the surface in a sig-

moidal fashion, and thus, the charge transport is facili-

tated. Upon dedoping in the reduction step, the orien-

tation of the P3HT chains switches from a “lying-down”

configuration to an “on-edge” configuration with the

alkyl chains being normal to the electrode surface.28

Thus, in the reduction, it takes more time to remove

the ions that have penetrated into the polymer layer

into the electrolyte solution. The Df values for reduc-

tion are therefore smaller than those for oxidation. In-

terestingly, the diffusion coefficient for the patterned

electrode was much larger than that of the unpatterned

electrode. Furthermore, Df was larger as the dimension

of the pattern was increased (Table 1). The Df for the 2D

patterned electrode was the largest among the P3HT

electrodes. The diffusion coefficient for the oxidation

process in 2D reached 6.67 � 10�9 cm2/s, which is three

times higher than that of the pristine film. The Df value

for the dedoping of ClO4
� counterions for coloration

(3.36 � 10�9 cm2/s) was also higher in the 2D patterned

electrode. The diffusion coefficients in this work are

larger than the reported values for P3HT (10�10�10�14

cm2/s) films in contact with liquid electrolytes.29,30 This is

possibly due to the ordering of P3HT in this work

through patterning. In addition, the Df value of the 2D

patterned P3HT is an order of magnitude higher than

those of conducting polymer films based on PEDOT31,32

for electrochromic devices. Therefore, as discussed in

the literature,33,34 the electronic response of a conduc-

tive polymer-based device may improve as charge

transport through the nanostructured electrode is en-

hanced due to fast diffusion at the electrode. To prove

such a concept, the nanostructured electrodes were in-

corporated into an electrochromic (EC) window and

test for diffraction control.

Electrochromic (EC) Properties of Nanostructured P3HT

Electrodes. Transmissive-type EC devices were prepared

with P3HT films as a working electrode and ITO glass as

a counter electrode. The liquid electrolyte solution de-

scribed in Figure 3A was introduced between the two

electrodes. The EC devices exhibited a reversible color

change from red to transparent blue when �2 to 2 V

was applied. The EC response required a larger poten-

tial step than was expected from the solution CV. This

reflects the fact that the CV of the two-electrode system

exhibited broad redox peaks at �2 and �2 V for oxida-

tion and reduction, respectively, for the 2D patterned

EC electrode (Figure S4, Supporting Information). As

evident in Table 2, the color change was smaller when

�1/2 or �2.5/2.5 V was applied to the EC devices. This

indicates that the color change corresponds to redox

reactions that consume charges generated at the peak

potential in the two-electrode CV. The UV�vis absor-

bance changes of the EC cells from a neutral (�2 V) to

an oxidized (2 V) state are shown in Figure 4. The red

color in the neutral state changed to transparent blue

and an absorption maximum at 537 nm decreased

when the P3HT was oxidized at 1.2 V.

The optical responses of the P3HT films in a liquid

electrolyte under step potentials of �1 to 2 V and �2

to 2 V, which correspond to the redox process for de-

doping and p-type doping, respectively, are shown in

TABLE 1. Diffusion Coefficients of P3HT Films

diffusion coefficient (cm2/s)

0D 1D 2D

oxidation 2.16 � 10�9 5.99 � 10�9 6.67 � 10�9

reduction 1.05 � 10�9 1.48 � 10�9 3.36 � 10�9

TABLE 2. Electrochromic Properties of ECDs with 0D, 1D,
and 2D Patterning

response time, sa Ee, cm2/Cb

potential step, V sample coloration bleaching �abs Ec Eb

�1 to 2 0D 6.8 4.3 0.30 100 246
1D 5.0 3.0 0.35 218 413
2D 2.2 1.4 0.38 278 467

�2 to 2 0D 1.5 1.6 0.42 184 320
1D 1.0 0.7 0.50 262 600
2D 0.6 0.6 0.54 397 697

�2 to 2.5 2D 0.7 0.7 0.56 169 639
�2.5 to 2.5 0.7 0.6 0.43 139 589

aResponse time for 70% of full switch. bElectrochromic efficiency (Ee), coloration
(Ec), and bleaching efficiency (Eb).

ip ) (2.69 × 105)n3/2ACDf
1/2ν1/2 (2)
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Figure 5A.28,35 High optical reversibility and coulommet-
ric reversibility were observed with a switching time of
20 s. The optical contrast (	abs) and coloratioampero-
metric plot of ip against time under a step potential (Fig-
ure 5B) exhibited typical first-order differential decay.
The ip drops faster to reach saturation in the 1D and 2D
patterned films, suggesting improvement in charge
transport through nanopatterning. As a result, the re-
sponse times for both coloration and bleaching were
significantly reduced in the patterned P3HT. Further-
more, the electrochromic efficiency (Ee), including the
coloration (Ec) and bleaching efficiency (Eb), was higher
as the dimension of the pattern was increased. The Ee

was maximized in the 2D patterned P3HT film (Table 2).
These results could be attributed to facilitated charge
transfer through the nanostructured EC electrode by in-
creasing the dimension of the pattern. It is consistent
with observations when the diffusion coefficient was
determined (described above). The bleaching (p-
doping) process was faster than the coloration process
(dedoping), which matched the results on diffusion co-
efficients described above in Table 1. The Ee increased
as the diffusion coefficient (Df) from eq 2 and pattern di-
mension were increased. Surprisingly, the plots of Ee

versus Df
0.5 were linearly correlated over a wide range

of Ee values determined at different potential steps for
both coloration and bleaching, as shown in Figure 5C.
The slope of the linear plot attained with a larger poten-
tial step of �2 V/2 V (filled circles) was higher than

that plot derived with a low potential step of �1 V/2 V
(open circles). Such a finding indicates that the dedop-
ing state of the polymer was maximized at �2 V.

Switching times are dominated by the diffusion of
counterions through the films during the redox step.
Fast optical response times (in seconds) were observed
in the patterned systems because the patterned mor-
phology of the polymer promotes the mobility of
charge compensating counterions. The response time
for bleaching is faster when compared to that for color-
ation, which agrees well with the larger Df associated
with the bleaching in Table 1.

Reversible Electrochromic Diffraction from a Nanostructured
EC Window. Since improved EC properties were observed
using the patterned ECD, electrochromic diffraction
control was explored to determine whether a light dif-
fraction pattern could be generated by a patterned
electrochromic device. The diffraction light intensity
and, thus, the efficiency (DE)36 of a grating depend on
the optical properties (the absorptivity k and the refrac-
tive index n) of the grating material. Therefore, it is pos-
sible to use an electrochemical stimulus to modulate
the DE of a redox-active grating. Light diffraction was
examined by in situ detection of the diffracted light (Id)
from the cell under a 635 nm laser, by both transmittive
and reflective mode. A schematic of the measurement
(Figure 6A) and photographs of the diffracted light im-
age from a patterned ECD at �2 V (colored) and �2 V
(bleached) are shown in Figure 6. The 1D and 2D cells

Figure 4. UV�vis absorbance spectra of pristine (A), 1D (B), and 2D (C) electrochromic devices (ECDs) from neutral to oxi-
dized states at the applied potential; (i) �2 V, (ii) �1 V, (iii) 0 V, (iv) 0.9 V, (v) 1.2 V, (vi) 1.5 V, and (vii) 2.0 V.

Figure 5. (A) Optical responses of 0D, 1D, and 2D ECDs containing liquid electrolytes for 20 s per step measured at 537 nm; (i) at
�1 V and �2 V and (ii) at �2 V and �2 V. (B) Coloratioamperometric plot of ip against time for 0D, 1D, and 2D ECDs at �1 and �2
V applications for 20 s per step. (C) Linear plot of electrochromic efficiency (Ee) for ECDs at �2 V/2 V (filled circle) and �1 V/2 V (open
circle) against the square root of the diffusion coefficient (Df

0.5).
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showed fast and reversible light modulation within a

second, as shown in Figure 6B. In the 1D patterned cell,

the diffracted light was observed to be perpendicular

to the patterned direction (Figure 6B, i and v), as the 1D

grating patterns only allow light passage through the

direction perpendicular to the grating direction. The in-

tensity of the diffracted light was weak, and DE was de-

termined as 1 and 9% for transmitted Id (DEt) and re-

flected Id (DEr), respectively, when the cell was at �2 V

(bleached state). The diffracted light returned to its

original intensity when �2 V was applied to the cell ob-

taining 2 and 12% for DEt and DEr, respectively, and

was switchable between the potential step of �2/�2

V, as shown in Figure 6B. The light diffraction from the

2D patterned ECD was omnidirectional and much stron-

ger when compared to the 1D patterned cell (Figure

6B, vii)). The DEt and DEr in 2D decreased from 5 and

13% to 2 and 8% when the cell was switched from �2

to �2 V. The switching efficiency (RDE), as determined

from the ratio between the DEt in the colored and

bleached states, was 2 and 2.5 for the 1D and 2D pat-

terned cells, respectively. This result indicates that EC

control of the diffraction light intensity could be more

effective in the 2D patterned cell due to its improved EC

properties. Moreover, the diffraction intensity was re-

versibly controlled by the alternative step potential of

�2/�2 V, either in transmission or reflection mode, in

the 2D patterned cell, as shown in Figure 6C.

A more thorough account of EC diffraction is forth-

coming, including impedance analysis on nanopat-

terned P3HT and polarization effects on electro-

chromism. However, a key aspect of note is that the

overall redox behavior of the patterned P3HT electrode

could be applied to an electrically driven diffraction

lighter, where ion diffusion is accompanied by a redox

process control. This would allow for control over both

color change and the refractive index.

In summary, the charge transport characteristics

of P3HT films with one-dimensional grating and two-

dimensional crossed line patterns facilitated charge

transport with an increased diffusion coefficient (Df)

for counteranions. This resulted in an improved re-

sponse time and higher coloration and bleaching ef-

ficiencies for P3HT-based electrochromic devices. In

patterned cells, diffraction modulation was achieved

via an electrochromic operation. The switching effi-

ciencies (RDE) of the 1D and 2D patterned cells were

2 and 2.5, respectively, indicating that EC control of

diffraction light intensity may be more effective in

the 2D patterned cell due to its improved EC proper-

ties. Moreover, diffraction intensity was reversibly

controlled by an alternative step potential of �2/�2 V

Figure 6. (A) Schematic of the patterned ECD and light diffraction measurement with a 635 nm laser diode. (B) Photographs
of the diffracted light images from the patterned ECD; (i�iv) 1D ECD with vertical pattern (inset) showing reversible diffrac-
tion modulation at �2 V (colored) and �2 V (bleached); (v,vi) 1D ECD with horizontal pattern (inset) at �2 V (colored) and
�2 V (bleached); (vii,viii) 2D patterned ECD at colored (�2 V) and bleached (�2 V) states, respectively. (C) Diffraction re-
sponse of patterned ECDs on a step potential of �2/�2 V (blue line) in transmitted mode (red line) and reflected mode (black
line) for a 2D cell.
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in the 2D patterned cell either in transmittive or re-
flected mode. Future patterning studies of thin films
fabricated from P3HT or its derivatives will contrib-
ute to an improved understanding of charge trans-

port in nanostructured conductive polymers and fos-
ter the development of advanced EC devices with
improved optical, ionic, and electronic transport
properties.

METHODS
Poly(3-hexylthiophene) (P3HT, Mw 
 25 000 g · mol�1) was

purchased from Rieke Metals Inc. 1,2-Dichlorobenzene was ob-
tained from Sigma-Aldrich. PDMS and a curing agent (Sylgard
184) were purchased from the Dow Corning Corporation.
Lithium perchlorate and acetonitrile were obtained from Sigma-
Aldrich.

A 2 wt % P3HT solution in 1,2-dichlorobenzene was spin-
coated at 700 rpm for 40 s on an ITO glass electrode (13
�/square). A P3HT nanopatterned film was then generated via
soft lithography,18 a simple contact-pressing method that em-
ploys a nanopattern replicated PDMS mold. A nanopatterned
photoresist template on a silicon wafer was provided by Keumho
Petrochemicals and used for the replication (Figure S1, Support-
ing Information). The template consisted of nanogratings in a 1
cm � 1 cm area with a width of 250 nm and a height of 90 nm.
The gap between the gratings was 15 nm. A detailed PDMS mold
fabrication method is described elsewhere.37 A replicated PDMS
nanograting mold (1.3 g in weight) consisting of periodic 170 nm
width lines separated by 80 nm wide gaps was introduced for
the nanoimprinting. The trenches of the gratings were 80 nm in
depth. Nanoimprinting was carried out at room temperature.
P3HT nanogratings (1D) were obtained through a single imprint-
ing. After full contact between the P3HT film and the PDMS pat-
terned area was established, pressing was performed for 3 min
with PDMS mold at a pressure of 5 kg. This resulted in a wet sur-
face flow-induced pattern. Additional contact pressing in a 90°
direction was carried out under pressure of 5 kg for 5 min at
room temperature to produce nanopillars (2D) on the surface
of single patterned P3HT. The pristine and patterned films were
both annealed under vacuum at 100 °C for 10 min to evaporate
residual solvent in the film.

A conventional three-electrode system consisting of the
P3HT-coated ITO glass as the working electrode and Ag/AgCl
and Pt wire as the counter electrode was used for cyclic voltam-
metry measurements. Lithium perchlorate (LiClO4, 0.1 M) in ace-
tonitrile was employed as a supporting electrolyte. An electro-
chromic device with two electrodes was fabricated using P3HT-
coated ITO glass as the working electrode and bare ITO glass as
the counter electrode. A liquid electrolyte containing 0.1 M LiC-
lO4 in acetonitrile was isolated between the two electrodes by a
spacer.

The conductivities of the 0D, 1D, and 2D patterned P3HT
films were examined using a top-contact four-point probe. Con-
ductivity was determined to be 0.10, 0.11, and 0.13 S/cm for
0D, 1D, and 2D samples, values that are comparable to previ-
ously reported values.38 The pattern-induced conductivity incre-
ment was 30% (30 mS/cm). This small change in conductivity
caused by patterning may be attributed to the unpatterned
P3HT part of the film. As shown in Figure 1D, the maximum
height of the gratings is 60 nm, while the thickness of the P3HT
film was 100 nm. Thus, the thickness of the unpatterned P3HT is
�40 nm, which connects the P3HT conductive channel to yield
small conductivity change.

Electrochromic properties were determined by an in situ
spectro-electrochemical setup.8�12 The coloration efficiency and
response time of the ECDs were determined at the absorption
max under a square-wave switching potential using a chrono-
coulometry in liquid electrolyte having an EC window size of 1.0
� 1.0 cm2. The EC response time for coloration and bleaching
was determined at a 70% absorption change11,12 under the given
step potentials. The electrochromic efficiency (Ee) including the
coloration and bleaching efficiency was determined by dividing
the 	abs by the injected/ejected charge per unit area.39

A 635 nm diode laser with an intensity of 2.1 mW was used
to measure the diffraction from the patterned electrochromic de-

vices at colored and bleached states (Figure 6A). The intensities
of the reflected (Ir), transmitted (It), and Ia (“Id � Ir” or “Id � It”) light
were determined using a photodetector. Id was calculated as
the difference between the Ia and It or Ir. UV�vis spectra were at-
tained with an Avaspec-2048 fiber optic spectrometer. The nano-
pattern transfer from the PDMS stamp to the composite films
was carried out using Nanoimprint (HIS-400U, Hutem Inc.). The
thickness of the polymer films was determined via profilometry
measurements performed with an Alpha Step profilometer (Ten-
cor Instruments, Alpha-Step IQ). The accuracy of the profilome-
ter was 1 nm. Atomic force microscopy (AFM) was carried out in
tapping mode at room temperature with a Dimension 3100 SPM
equipped with a Nanoscope IVa (Digital Instruments, Santa Bar-
bara, CA).
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