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The materials science and engineering related to the fabrication of conducting polymer thin films and the
progress in the development of devices integrated with organic transparent electrodes based on conduct-
ing polymers for display applications are reviewed. Transparent electrodes are essential components for
many display modules. With the evolution of display technologies, conducting polymers are recently
emerging as important alternative materials for the fabrication of transparent electrodes. Conducting
polymers offer some advantages, such as light weight, low cost, mechanical flexibility and excellent com-
patibility with plastic substrates for the development of next-generation display technologies and, in par-
ticular, are expected to play an important role in the development of flexible display technologies.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Conducting polymers are organic materials which exhibit opti-
cal, electrical, electronic and magnetic properties of metals, while
mechanical properties and processability of conventional polymers
[1-11]. The unique and intriguing properties of conducting
polymers are widely explored for the development of functional
materials/nanomaterials [12-28] and fabrication of advanced tech-
nological systems, such as sensors [29-36], transducers [37-43],
fuel cells [44-48], organic solar cells [49-54], organic light-emit-
ting diodes [55-71], field-effect transistors [72-77] and displays
[78-81]. One of the most attractive applications of conducting
polymers in display technologies is their use as transparent elec-
trode materials [82-84]. Compared to other electrode materials,
conducting polymers are advantageous because of their low cost,
light weight, mechanical flexibility and excellent compatibility
with plastic substrates [1,85-89].

Although the iodine-doped polyacetylene initially reported in
1977 could exhibit electrical conductivity comparable to that of
silver or copper [1,90,91], this prototype conducting polymer was
air-sensitive [92-94]. With the efforts of many researchers in the
past three decades, different types of conducting polymers with
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improved air-stability have been developed [95-99]. Currently,
polyaniline (PANI), polypyrrole (PPY) and poly(3,4-ethylenedioxy-
thiophene) (PEDOT) are the three most important conducting poly-
mers. The structures of those three conducting polymers are
shown in Fig. 1.

In this article, the potential of conducting polymer thin films
deposited on non-conductive substrates as transparent electrode
materials for display applications is discussed. In particular, the is-
sues related to the preparation, transparency, conductivity and
adhesion of conducting polymer thin films are addressed. Devices
integrated only with organic conducting polymer thin films as
transparent electrodes for display applications are also reviewed.

2. Transparent conducting polymer thin films
2.1. Properties of conducting polymers

Conducting polymers can be synthesized by electrochemical
polymerization or oxidative chemical polymerization methods
[1,100]. To synthesize conducting polymers by electrochemical
polymerization methods, conductive substrates are required. Elec-
trochemical polymerization can take place when an electrical out-
put from a power supply passes through the conductive substrate
immersed in a solution containing the monomer for the synthesis
of a conducting polymer. On the other hand, to synthesize conduct-
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Fig. 1. Structure of (A) doped PANI, (B) doped PPY and (C) doped PEDOT (A~ is an
arbitrary dopant species).

ing polymers by oxidative chemical polymerization methods, oxi-
dizing agents are required. Oxidative chemical polymerization
can be initiated when the oxidizing agent and the monomer used
for the synthesis of a conducting polymer are brought into contact
with each other [101-112].

Conducting polymers can undergo reversible doping to change
their electrical conductivity [1]. There are two types of doping pro-
cesses: redox doping and protonic doping [1]. Conductive PPY and
PEDOT can be generated by redox doping. As non-conductive neu-
tral PPY and PEDOT are not stable under ambient conditions, the
backbones of PPY and PEDOT tend to be partially oxidized [112-
114]. In the polymer backbones of PPY and PEDOT, approximately
every 3-4 repeat monomer units would bear a unit positive charge
[112,114]. As the polymer backbones are positively-charged, they
can attract negatively-charged anions. Basically, the anions act as
counter ions to balance the charges on the partially oxidized poly-
mer backbones. As significant change in electrical properties of the
polymers occurs upon partial oxidation and the concomitant incor-
poration of counter anions, together with the fact that the change
in electrical conductivity can be anion-dependent, the counter an-
ions are also treated as dopant anions of PPY and PEDOT. Conduc-
tive PPY and PEDOT can be dedoped to the non-condcutive neutral
state by electrochemical reduction [79,113]. On the other hand,
conductive PANI is generated by protonic doping (Fig. 2) [99].
When the non-conductive PANI is exposed to protonic acid (HA),
the PANI becomes electrically conductive by protonic doping
[115]. It should be noted that there is no change in the number
of electrons on the polymer backbone when PANI undergoes pro-
tonic doping [1]. The HA-doped PANI can be dedoped by a basic
solution, such as ammonium hydroxide solution, to its non-con-
ductive state [116,117].
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Fig. 2. Protonic doping of PANI (HA is an arbitrary protonic acid).

2.2. Preparation

Conducting polymer thin films can be prepared on non-conduc-
tive substrates by (i) coating treatment with a conducting-polymer
solution/dispersion, (ii) deposition in a polymerizing solution and
(iii) chemical vapor deposition.

2.2.1. Coating treatment with a conducting polymer solution/
dispersion

In this method, the conducting polymer thin film is prepared by
applying an appropriate amount of conducting polymer solution/
dispersion to the non-conductive substrate. It can be done by var-
ious coating techniques, such as spread-coating, bar-coating, cast-
coating, spin-coating or dip-coating. A conducting polymer thin
film can be formed on the non-conductive substrate surface when
the solvent evaporates. There are commercial products, such as
aqueous dispersions based on PEDOT doped with poly(styrenesulf-
onic acid-random-styrenesulfonate), available from chemical sup-
pliers [118]. The conducting-polymer solutions/dispersions for
coating treatment can also be obtained by dissolving custom-syn-
thesized conducting polymers in appropriate solvents, such as
dodecylbenzenesulfonate-doped PPY dissolved in m-cresol [119]
and camphorsulfonic acid-doped PANI dissolved in chloroform or
m-cresol [120].

2.2.2. Deposition in a polymerizing solution

A conducting polymer thin film can be prepared on a non-con-
ductive substrate by immersing the substrate in a polymerizing
solution in which oxidative chemical polymerization of a conduct-
ing polymer’s monomer is taking place [101,121-123]. The most
commonly used oxidizing agents include ferric chloride and
ammonium peroxydisulfate, or FeCl; and (NH4),S,0s. Depending
on the polymerization conditions and the nature of the substrate
surfaces, transparent conducting polymer thin films with different
properties can be formed on the surfaces of the immersed sub-
strates [123]. As the polymerization of aniline is pH-sensitive, the
polymerizing solution must be maintained at pH < 2 for the depo-
sition of conductive PANI thin films [124,125]. Preferably, an aque-
ous medium containing a strong acid, such as hydrochloric acid,
with a sufficiently acidic concentration is used to ensure that the
reaction will follow the desired polymerization mechanism and
the obtained PANI thin films will be instantly doped by the strong
acid in the polymerizing solution [101,124,126-130]. As PANI can
undergo reversible protonic doping, conductive PANI dedoped by a
basic solution, such as ammonium hydroxide solution, can be red-
oped by another acid of choice if desired [115,117]. To introduce a
desired dopant anion to PPY or PEDOT, either the acid or salt con-
taining the dopant anion can be added to the polymerizing solution
(Fig. 3) [121,131-138]. The polymerization for the synthesis of
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PANI and PPY can be easily initiated in aqueous media [121]. How-
ever, the polymerization kinetics for the synthesis of PEDOT is not
favored in aqueous media. Alternatively, acetonitrile can be used
for the synthesis of PEDOT [108].

2.2.3. Chemical vapor deposition

By adapting the work performed by Mohammadi et al. for the
deposition of polypyrrole on conductive substrates [139], chemical
vapor deposition can also be used to prepare transparent conduct-
ing polymer thin films on non-conductive substrates [140]. To pre-
pare transparent conducting polymer thin films by this method,
the surface of the non-conductive substrate can first be pre-coated
with either the oxidant or the monomer. Subsequently, the sub-
strate is placed in a deposition chamber in which the vapor of
the other reactant can be generated. After initiating the deposition
process, a transparent conducting polymer thin film can be formed
on the non-conductive substrate. More recently, oxidative chemi-
cal vapor deposition which allows simultaneous supplies of the
monomer and the oxidant for polymerization on the non-conduc-
tive substrate surface has also been developed [112].

2.3. Transparency

As conducting polymers absorb light in the visible range, dis-
tinctive colors can be added to the non-conductive substrates after
the coating or deposition of conducting polymers. Basically, by
controlling the deposition parameters, conducting polymer thin
films with 70-90% light transmittance in the visible range can be
obtained by the methods described in Section 2.2. The transpar-
ency of conducting polymer thin films deposited on transparent
non-conductive substrates, such as glass or poly(ethylene tere-
phthalate) (PET), is dependent on the thickness of deposited con-
ducting polymer thin films. In other words, the transparency of
conducting polymer thin films deposited on non-conductive sub-
strates decreases with the thickness (or amount) of deposited con-
ducting polymers. Although the transparency can be improved by

the reduction in the amount of deposited conducting polymers,
thinner conducting polymer thin films will result in greater sheet
resistance. Therefore, the optimization between transparency and
sheet resistance is very important for the preparation of conduct-
ing polymer thin films as transparent electrodes for display
applications.

2.4. Conductivity

The conformation adopted by conducting polymers can affect
the conductivity of conducting polymers. Conducting polymers
adopting extended conformation tend to have higher conductivity.
It has been shown that (i) the conductivity of stretched free-stand-
ing conducting polymer thin films were greater than that of the
original unstretched films and (ii) the conductivity of the stretched
films parallel to the stretching direction was higher than the con-
ductivity of the stretched films perpendicular to the stretching
direction [141-144]. Higher degree of crystallinity was found in
stretched free-standing conducting polymer thin films with higher
conductivity [144]. Feng et al. also showed that mechanical shak-
ing could induce solid-state camphorsulfonic acid-doped PANI to
adopt more extended conformation [145]. More recently, Lim
et al. prepared PANI-based thin films with conductivity up to
~850 S/cm on plastic substrates using camphorsulfonic acid-doped
PANI solutions mixed with crystallinity-promoting additives [146].

It has been shown that the conductivity of camphorsulfonic
acid-doped PANI thin films was greater when the films were cast
from the PANI's m-cresol solution than from the PANI's chloroform
solution [147]. Further studies indicated that m-cresol (or the so-
called “good solvent”) could facilitate the extension of the dis-
solved PANI polymer chains, while chloroform (or the so-called
“poor solvent”) could cause the dissolved PANI polymer chains to
coil [148]. When PANI adopts the extended conformation, the
mobility of the charge carriers can be enhanced [149]. The sol-
vent-induced increase in the conductivity of conducting polymer
thin films is referred to as secondary doping [150]. The increase
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Fig. 3. Examples of dopant anions.
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in conductivity can also be observed when the PANI thin films cast
from the chloroform solution were exposed to vapor-phase sec-
ondary dopants, such as m-cresol and o-chlorophenol [151]. The ef-
fect of vapor-phase secondary doping by o-chlorophenol on PANI
thin films prepared by oxidative chemical polymerization could
be observed in camphorsulfonic acid-doped PANI thin films, but
not hydrochloric acid-doped PANI thin films [152]. Similar effects
were observed when camphorsulfonic acid-doped PANI was
exposed to N-2-methyl-pyrolidinone (NMP) vapor, but not when
exposed to chloroform vapor, indicating that some organic vapors
could relax the coiled conformation of doped PANI [153]. When an
exhaustive bending test was performed on PPY deposited on PET
by a flexible-characteristics inspection system (FCIS) [154,155], it
was found that the relative sheet resistance of the sample de-
creased after continuous mechanical bending for 11000 times
(Fig. 4), suggesting that the conformation of the PPY on the PET
substrate might have been relaxed to adopt more extended confor-
mation by the mechanical bending.

It has been shown by Avlyanov et al. that the conductivity of
PPY thin films could be increased by three orders of magnitude
when the dopant anion was varied from chloride (or the so-called
“poor dopant”) to anthraquinone-2-sulfonate (or the so-called
“good dopant”) [131]. The above study showed that PPY thin films
doped with dopant anions containing fused aromatic rings would
have higher conductivity than PPY doped with smaller or bulky
dopant anions. Wang et al. also showed that hydrophobic surface
could enhance the conductivity of deposited PPY thin films even
when a “poor” chloride dopant anion was used [156]. Jang et al.
prepared di(2-ethylhexyl) sulfosuccinate-doped PPY thin films cast
from various alcohol solutions and showed that the PPY thin films
cast from PPY dissolved in bulkier alcohol (e.g. oleyl alcohol) had
higher conductivity than cast from PPY dissolved in simple alcohol
(e.g. methanol) [157]. Oh et al. showed that di(2-ethylhexyl) sulfo-
succinate-doped PPY thin films cast from PPY dissolved in oxygen-
containing solvents had higher conductivity [158], while Song et al.
showed that dodecylbenzenesulfonate-doped PPY thin films cast
from PPY dissolved in oxygen-containing solvents had lower con-
ductivity [159].

Commercially available PEDOT solutions/dispersions are com-
monly used to prepare PEDOT thin films [160]. Basically, the major
ingredients in commercially available aqueous PEDOT solutions/
dispersions are PEDOT and poly(styrenesulfonic acid-random-sty-
renesulfonate) [161]. The conductivity of PEDOT thin films pre-
pared from commercially available aqueous PEDOT solutions/
dispersions by various coating methods typically range from
0.05 S/cm to 10 S/cm [118,162,163]. The conductivity of PEDOT
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Fig. 4. Relative sheet resistance vs. bending cycle curve of a PET substrate coated
with PPY characterized by FCIS.

thin films can be further increased when the aqueous PEDOT solu-
tions/dispersions used for the preparation of PEDOT thin films are
mixed with one or more additives [164]. Most of the additives are
common polar organic compounds, including methanol, ethanol,
isopropanol (IPA), ethylene glycol (EG), glycerol, diethylene glycol
(DEG), sorbitol, dimethyl sufoxide (DMSO), N-methyl-2-pyrrolidi-
none (NMP), N,N-dimethylformamide (DMF), N,N-dimethylacet-
amide, etc. [54,164-172]. Other specialty compounds, such as
zwitterions [173] and ionic liquids [174], have also been used.

Some processes for preparing PEDOT thin films with enhanced
conductivity have recently been developed. Kim et al. showed that
oxygen-plasma could enhance the conductivity of PEDOT thin
films prepared by vapor phase deposition using ferric p-toluene-
sulfonate (or ferric tosylate) as the oxidizing agent [175]. Ha
et al. synthesized methanol-substituted 3,4-ethylenedioxythio-
phene for the preparation of PEDOT-based thin films with en-
hanced conductivity of 900 S/cm [176]. Kim et al. prepared
PEDOT-based thin films with conductivity up to 735 S/cm on glass
or plastic substrates using a commercial PEDOT product mixed
with ethylene glycol by spin-coating [177]. The conductivity of
the PEDOT-based thin films was further increased to 1418 S/cm
when the thin films were subject to post-fabrication immersion
treatment in ethylene glycol [177]. Winther-Jensen et al. employed
base-inhibited vapor-phase polymerization, in which a surface
covered with a mixture containing ferric p-toluenesulfonate (the
oxidizing agent) and pyridine (a volatile base) was exposed to
3,4-ethylenedioxythiophene, to prepare PEDOT thin films with
conductivity exceeding 1000 S/cm [178]. Alemu et al. prepared
PEDOT-based thin films with conductivity up to 1362 S/cm on
glass substrates using a commercial PEDOT product by spin-coat-
ing, followed by post-fabrication immersion treatment in metha-
nol [179]. Badre et al. prepared PEDOT-based thin films with
conductivity up to 2084 S/cm on glass or plastic substrates using
a commercial PEDOT product mixed with an ionic liquid, 1-ethyl-
3-methylimidazolium tetracyanoborate, by spin-coating [174].
Xia et al. prepared PEDOT-based thin films with conductivity up
to 1325 S/cm on glass substrates using commercial PEDOT prod-
ucts by spin-coating, followed by post-fabrication treatment with
hexafluoroacetone [180], and also found that this method was
more effective when the commercial product containing PEDOT
with higher molecular weight was used [181]. More recently, Xia
et al. prepared PEDOT-based thin films with conductivity up to
3065 S/cm on plastic substrates using a commercial PEDOT prod-
uct by spin-coating, followed by post-fabrication treatment with
sulfuric acid [182]. Fabretto et al. also fabricated PEDOT-based thin
films with enhanced conductivity (3400 S/cm) comparable to that
of ITO using ferric tosylate as the oxidizing agent and poly(ethyl-
ene glycol-propylene glycol-ethylene glycol), or PEG-PPG-PEG,
as the additive, by vacuum vapor phase polymerization [183].

2.5. Adhesion

Surface modification for improving and manipulating interfacial
adhesion is important for technological applications involving
interactions of heterogeneous substances/materials [184-197].
Organosilanes are frequently used to modify surface properties of
silica-based substrates, such as glass, quartz or silicon dioxide on
silicon chips [186,198-200]. For the preparation of conducting
polymer thin films on silica-based substrates, organosilane-modi-
fied surfaces can provide tailored surfaces for the deposition of
conducting polymer thin films with different properties
[156,201,202]. Examples of some organosilanes relevant to surface
treatment for the deposition of conducting polymer thin films are
shown in Fig. 5. The general reaction schemes for the immobiliza-
tion of trifunctional organosilanes on silica-based substrates are
shown in Fig. 6. As is shown in Fig. 6, hydrolysis of organosilanes
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Fig. 5. Examples of organosilanes.

is required for the surface modification reaction to proceed
[199,200,203]. The hydrolysis of organosilanes applied for surface
modification can be initiated by the water molecules adsorbed
on the hydrophilic silica-based substrates [199,203].

It has been reported by Wang et al. that when a glass slide trea-
ted with piranha solution to become highly hydrophilic (water

contact angle <2°) and then part of the same surface of the same
glass slide treated by 10, or octadecyltrichlorosilane, to become
hydrophobic (water contact angle ~110°) was immersed in a poly-
merizing solution of pyrrole for PPY thin film deposition, the poly-
pyrrole deposited on the hydrophilic region formed discrete
nanoparticles, while the polypyrrole deposited on the hydrophobic
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Fig. 6. Immobilization of trifunctional organosilanes on silica-based surfaces.

region formed a cohesive thin film covering the hydrophobic octa-
decyltrichlorosilane-treated surface (Fig. 7). Macroscopically, the
above results indicate that the PPY deposited on a hydrophobic
surface forms an electrically conductive thin film, while the PPY
deposited on a highly hydrophilic surface forms an electrically
insulating thin film [204]. When the effects of surface nature (pira-
nha-solution-treated hydrophilic surface and octadecyltrichlorosi-
lane-treated hydrophobic surface) vs. dopant anion (chloride,
methansulfonate and anthraquinone-2-sulfonate) were compared,
Wang et al. showed that the effect of hydrophobic surface domi-
nated over the effect of dopant anion to determine the conductivity
of the obtained PPY thin films. In other words, the conductivity of
anthraquinone-2-sulfonate-doped PPY thin film was three orders
of magnitude greater than chloride-doped PPY thin film when
deposited on glass slides cleaned with acetone, isopropyl alcohol
and deionized water [205]. However, the conductivity of anthra-
quinone-2-sulfonate-doped PPY thin film was only 1.6 times great-
er than chloride-doped PPY thin film when deposited on
hydrophobic octadecyltrichlorosilane-treated glass slides [156].
While there was no significant change in the magnitude of anthra-
quinone-2-sulfonate-doped PPY thin film’s conductivity, the con-
ductivity of chloride-doped PPY thin film could be increased by
two orders of magnitude from 0.64 S/cm to 67 S/cm. Perruchot
et al. compared the adhesion of chloride-doped PPY deposited on

Fig. 7. PPY deposited on a (A) hydrophobic vs. (B) hydrophilic surface (reproduced
from [204] with permission. Copyright 2008 Elsevier).

glass slides pre-treated with amino organosilane (3-amin-
opropyltriethoxysliane, or 4) vs. alkyl organosilanes of various al-
kyl chains (methyltriethoxysilane, propyltrimethoxysilane and
octyltrimethoxysilane, or 7, 8 and 9) and found that only PPY thin
films deposited on the glass surface pre-treated with 3-aminopro-
pyltriethoxysilane survived the 90° Scotch-tape peeling test [202].
Similar to the results reported by Perruchot et al., Huang et al. also
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found that patterned PPY thin films deposited on glass surface pre-
treated with 10, or octadecyltrichlorosilane, could be easily trans-
ferred to the sticky surface of Scotch tape [126]. Cho et al. demon-
strated that PPY deposited on the glass surface pretreated with 6,
or 3-(trimethoxysilyl)-propyl methacrylate, could survive the
Scotch-tape peeling test [206]. By the immobilization of a designer
peptide (THRTSTLDYFVI) on aminosilanized silica-substrates via
glutaraldehyde as the crosslinker, Choi et al. prepared a peptide-
presenting substrate for the deposition of chloride-doped PPY thin
films with enhanced adhesion [207].

Organosilane chemistry can also be used to covalently intro-
duce the monomeric units of conducting polymers, such as aniline
or pyrrole, to silica-based substrates. Wu et. al. used 11 and 12 to
treat silica-based substrates for the preparation of PANI and PPY
thin films [65,208-210]. Faverolle et. al. synthesized 13 [211]
and Intelmann et. al. synthesized 14 [212] to modify silica-based
substrate surfaces for the deposition of polypyrrole thin films.
Alternatively, the monomeric units of conducting polymers can
be covalently derivatized on silica-based substrates pre-treated
with some functional organosilanes. Li. et al. derivatized aniline
monomers onto glass surface pre-treated with 2, or 3-bromopro-
pyltrichlorosilane, via a substitution reaction to replace the bromo
group with aniline [213]. Chen et al. grafted aniline onto glass sub-
strate surface pre-treated with 3, or (3-glycidoxypropyl)trimethox-
ysilane, via the ring-opening reaction of the epoxy group with the
amino group of aniline [214].

Cohesive PPY thin films deposited on PET substrates can be eas-
ily peeled off by sticky Scotch tape [215]. To improve the interfacial
adhesion between PPY and PET, Mehmood et al. applied gaseous
plasma to treat PET substrates prior to PPY deposition and showed
that PPY thin film exhibited better adhesion when deposited on
plasma-treated PET substrates [216]. Im et al. found that PEDOT
deposited on plastic substrates containing aromatic rings, such as
PET, by oxidative vapor chemical deposition using FeCls as the oxi-
dizing agent showed better adhesion than plastic substrates with-
out aromatic rings, such as polycarbonate (PC), and proposed that
the presence of aromatic rings in PET could favor the FeCls-induced
covalent linkage between PEDOT and the substrate surface [217].
To promote the uptake of aniline to the substrate surface for poly-
merization, Wang et al. pre-treated PET substrates with Ar plasma
to initiate the polymerization of acrylic acid [218]. The carboxylic
groups of the grafted poly(acrylic acid) then could attract more
aniline monomers to promote the growth kinetics of PANI on the
PET surface when the PET substrates were immersed in the poly-
merizing solution of aniline [218].

Liquid Crystal Microdroplet

_% Electrode

< Transparent Substrate

[<— Polymer Matrix

2.6. Stability

Although PANI, PPY and PEDOT are more stable than the proto-
type conducting polymer (i.e. polyacetylene) under ambient condi-
tions, ageing of materials still inevitably occurs over time
[219,220]. The degradation can be further accelerated when con-
ducting polymers are exposed to harsh weathering conditions
and/or elevated thermal environment [221-223]. Therefore,
improving the stability of conducting polymers is still an important
issue in dealing with technological applications of conducting
polymers.

It has been shown by Kaynak et al. and Kuhn et al. that anthra-
quinone-2-sulfonate-doped PPY had better thermal stability than
chloride-doped PPY [222,224]. With the addition of 2,4-dihydroxy-
benzophenone (DHBP), Child and Kuhn showed that the thermal
stability of anthraquinone-2-sulfonate-doped PPY could be further
improved [225]. As many commercially available PEDOT disper-
sion products contain poly(stryenesulfonic acid-random-styrene-
sulfonate), PEDOT thin films prepared from those aqueous
dispersions tend to be acidic. Moreover, water moisture has high
affinity for poly(stryenesulfonic acid-random-styrenesulfonate).
To reduce the acidity and hygroscopy of PEDOT thin films, PEDOT
thin films can be prepared by oxidative chemical polymerization
of 3,4-ethylenedioxythiophene using ferric tosylate as the oxidiz-
ing agent, meanwhile with the addition of a weak base, such as
pyridine or imidazole, in the oxidant solution or other singly-
charged anions as the counter (or dopant) anions
[50,176,226,227]. Hydrochloric acid is a common dopant for PANI
[99]. However, hydrochloric acid is a volatile strong acid. To avoid
the elimination of hydrochloric acid from doped PANI and the con-
comitant dedoping of PANI [228], a non-volatile dopant acid, such
as camphorsulfonic acid, can be used to replace hydrochloric acid
[229]. It has also been shown by Motheo et al. that the electro-
chemical stability of hydrochloric acid-doped PANI was poorer
than camphorsulfonic acid-doped PANI [230].

3. Display devices integrated with organic transparent
electrodes based on conducting polymers

3.1. Polymer-dispersed liquid crystal (PDLC) devices

Fig. 8 shows the structure of a PDLC device. The PDLC layer is
composed of liquid crystal microdroplets dispersed in a porous
polymer-based matrix [231-233]. When an electric field is applied
across the PDLC layer, the liquid crystal molecules in the microdro-

Clear State

Fig. 8. Structure of a PDLC device.
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plets will be aligned (Fig. 8). Electro-optically, the PDLC device can
be turned from the opaque state to the clear state upon the appli-
cation of a sufficiently effective electric field.

PDLC devices integrated with conducting polymer thin films as
the driving electrodes have been reported by several research
groups. Harlev et al. used PET substrates coated with PANI synthe-
sized in pyruvic acid solution as the driving electrodes to fabricate
flexible PDLC devices showing 80% clear-state transmittance [234].
Roussel et al. prepared transparent electrodes by casting conduct-
ing polymer solutions (non-doped PANI dissolved in N-methyl-2-
pyrolidinone followed by HCI vapor exposure after cast-coating,
camphorsulfonic acid-doped PANI dissolved in o,o,0-trifluoro-
methyl-m-cresol, camphorsulfonic acid-doped PANI dissolved in
chloroform, dodecylbenzenesulfonate-doped PPY dissolved in
chloroform and poly(styrenesulfonic acid-random-styrenesulfo-
nate)-doped PEDOT in water) on glass or plastic substrates for
PDLC device fabrication and showed that (i) the electro-optical per-
formance of PDLC devices integrated with conducting polymer
electrodes was not determined only by the conductivity of the
transparent polymeric electrodes, and (ii) the resulting applied
electric field and its ability to align the nematic director inside
the microdroplets were affected by the conducting process, the
nature, the number, and the mobility of the charge carriers of the
various driving electrodes based on conducting polymers [235].
Kim et al. prepared p-toluenesulfonate-doped PEDOT on PET sub-
strates by chemical vapor deposition to fabricate PDLC devices
with 60% clear-state transmittance [236]. Wang et al. prepared
anthraquinone-2-sulfonate-doped PPY on PET substrates in a poly-
merizing solution of pyrrole to fabricate PDLC devices showing 50%
clear-state transmittance [215]. Kim et al. prepared PEDOT-based
transparent electrodes on PET substrates by casting a commercially
available aqueous poly(styrenesulfonic acid-random-styrenesulfo-
nate)-doped PEDOT mixed with N-mehtyl-2-pyrolidinone, 3-tri-
methoxysilylpropyl acrylate, isopropyl alcohol, Daynol 604 (a
wetting agent) and 2-hydroxy-2-methyl-1-phenyl propanone (a
photo-initiator) followed by UV exposure to fabricate PDLC devices
showing 60% clear-state transmittance [175]. Boussoualem et al.
prepared PEDOT-based transparent electrodes on glass substrates

Fa) .

Fig. 10. Operation of an all-polymer PDLC device with a seven-segment digit
pattern (adapted from [239] with permission. Copyright 2005 Wiley-VCH).
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Fig. 11. Structure of an OLED device.

Fig. 9. Operation of a PDLC device with an interdigitated pattern with (A) no voltage applied, (B) voltage applied on the left hand, (C) voltage applied on the right hand and (D)
voltage applied on both hands (reproduced from [204] with permission. Copyright 2008 Elsevier).
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Fig. 12. Operation of a patterned OLED device (reproduced from [243] with
permission. Copyright 2006 Elsevier).

by bar-coating a commercially available aqueous poly(styrenesulf-
onic acid-random-styrenesulfonate)-doped PEDOT mixed with eth-
ylene glycol and sodium dodecylbenzenesulfonate to fabricate
PDLC devices capable of modulating transmittance by varying the
frequency of the applied electric field [237].

PDLC devices with patterned driving electrodes based on con-
ducting polymers have also been reported. Wang et al. prepared
patterned anthraquinone-2-sulfonate-doped PPY on glass sub-
strates by soft lithography and fabricate PDLC devices with
addressable interdigitated circuitry (Fig. 9) [204]. Hohnholz et al.

Table 1

prepared seven-segment digit patterns based on poly(styrenesulf-
onic acid-random-styrenesulfonate)-doped PEDOT on PET sub-
strates by line-patterning [238] and fabricated addressable PDLC
devices for numeric display (Fig. 10) [239].

3.2. Organic light-emitting diode (OLED) devices

Fig. 11 shows the structure of an OLED device. When a current is
applied through the device, the hole-electron recombination in the
emissive layer will result in electroluminescence [55].

OLED devices integrated with conducting polymer thin films as
the organic transparent anode electrodes have been reported by
several research groups. After Cao et al. developed PANI solutions
based on camphorsulofinic acid-doped PANI [120,240,241],
Gustafsson et al. [56,57] and Yang et al. [242] employed the PANI
solutions to prepare transparent conducting polymer thin films
for the fabrication of OLED based on poly[methoxy-5-(2'-ethyl-
hexyloxy)-1,4-phenylene vinylene] as the electroluminescent layer
on PET substrates and glass substrates, respectively. Yoshioka et al.
prepared PEDOT-based thin films as the anode on glass substrates
by ink-jet printing for the fabrication of patterned OLED devices
(Fig. 12) [243]. Fehse et al. prepared conducting polymer thin films
on glass substrates using a commercial aqueous PANI solution by
spin-coating and fabricated white OLED devices containing fluores-
cent and phosphorescent emitting layers [244]. Kim et al. prepared
conducting polymer thin films based on a solution of p-toluenesul-
fonate-doped PEDOT on polyethersulfone (PES) substrates by spin-
coating and fabricated flexible OLED devices with maximum lumi-
nance of 4500 cd/m? [69]. Cai et al. prepared conducting polymer
thin films on glass substrates using a commercial aqueous PEDOT
product by spin-coating and fabricated green OLED devices with
peak luminous efficiency of 127 cd/A [245]. De Girolamo Del Mau-
ro et al. prepared conducting polymer thin films on glass substrates

Conductivity data of various conducting polymer thin films prepared by the methods described in Section 2.2.

Material Preparation and processing Conductivity Ref.
(S/cm)

PEDOT Coating of a commercial aqueous PEDOT/PSSA-random-PSS product on PET substrates 0.01-0.06 [239]

PPY Deposition in a polymerizing solution of pyrrole using FeCls as the oxidizing agent on PET substrates 0.1 [131]

PEDOT Coating of a commercial aqueous PEDOT/PSSA-random-PSS product mixed with EG as the additive on PET substrates 0.6-1.8 [239]

PANI Deposition in a 4 M H3PO,4 polymerizing solution of aniline using NH,VOs as the oxidizing agent on glass substrates, 2-6 [102]
followed by washing with 1 M HCI

PPY Deposition in a polymerizing solution of pyrrole using FeCl; as the oxidizing agent, with sodium anthraquinone-2-sulfonate 200 [131]
and 5-sulfosalicylic acid as the additives, on PET substrates

PANI Casting of camphorsulfonic acid-doped PANI solutions mixed with crystallinity-promoting additives on PET substrates 850 [146]

PEDOT Casting of polymerizing solution of methanol-substituted 3,4-ethylenedioxythiophene using ferric tosylate as the oxidizing 900 [176]
agent and various alcohol solvents containing a weak base, imidazole, on glass substrates

PEDOT Vapor phase polymerization using ferric tosylate as the oxidizing agent with the addition of a weak base, pyridine, in the 1000 [178]
oxidant solutions on PET substrates

PEDOT Coating of a commercial aqueous PEDOT/PSSA-random-PSS product on glass substrates, followed by post-fabrication 1325 [181]
treatment with hexafluoroacetone

PEDOT Coating of a commercial aqueous PEDOT/PSSA-random-PSS product on glass substrates, followed by post-fabrication 1362 [179]
immersion treatment in methanol

PEDOT Coating of a commercial aqueous PEDOT/PSSA-random-PSS product mixed with EG as the additive on glass and PET 1418 [177]
substrates, followed by post-fabrication immersion treatment in EG

PEDOT Coating of a commercial aqueous PEDOT/PSSA-random-PSS product mixed with an ionic liquid, 1-ethyl-3- 2084 [174]
methylimidazolium tetracyanoborate, as the additive on plastic and glass substrates

PEDOT Coating of a commercial aqueous PEDOT/PSSA-random-PSS product on glass substrates, followed by post-fabrication 3065 [182]
treatment with H,SO,4

PEDOT Vacuum vapor phase polymerization using ferric tosylate as the oxidizing agent with the addition of block copolymers 3400 [183]
based on poly(ethylene glycol-propylene glycol-ethylene glycol), or PEG-PPG-PEG, in the oxidant solutions on glass
substrates

ITO Commercial products 3300-6740 [50,183,253]
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using a commercial aqueous PEDOT product by spin-coating and
fabricated OLED devices based on N,N’-di-1-naphthalenyl-N,N’-di-
phenyl-1,1’-biphenyl-4,4'-diamine and tris-8-hydroxyquinoline
aluminum (Alqg3) [246]. Wang et al. prepared conducting polymer
thin films on PET substrates using a commercial aqueous PEDOT
product by screen-printing and fabricated flexible white OLED de-
vices with power efficiency of 10.8 Im/W at 1000 cd/m? [88]. Lee
et al. prepared conducting polymer thin films using a commercial
aqueous PEDOT product by negative mold transfer printing and
fabricated flexible OLED devices with luminance of 1800 cd/m? at
10V [89].

4. Outlook

Table 1 summarizes the conductivity data of various conducting
polymer thin films prepared by the methods described in Sec-
tion 2.2. With proper control in the amounts of deposited conduct-
ing polymers on the non-conductive substrates, transparent
electrodes with transparency ranging from 70% to 90% can be ob-
tained. Conventionally, ITO thin films are commonly used as the
transparent electrodes in many display modules. As ITO is a rigid
and brittle material, it is not suitable for the development of many
next-generation display technologies. Therefore, the quest for
alternative electrode materials is necessary.

Recently, conducting polymers are emerging as a class of prom-
ising materials for the fabrication of transparent electrodes. In gen-
eral, the conductivity of most air-stable conducting polymers is
still relatively low when compared to that of ITO. However, with
the efforts of many researchers, conducting polymers with en-
hanced conductivity have been developed. Most importantly, PED-
OT-based conducting polymer thin films with enhanced
conductivity approaching that of ITO (3300 S/cm) have recently
been fabricated by Xia et al. [182] and Fabretto et al. [183]. Indeed,
those researchers’ achievements are significant milestones on the
roadmap for promoting the applications of conducting polymer
thin films as alternative electrodes. Not only in display technolo-
gies, it is worth noting that the expertise developed for enhancing
the conductivity of conducting polymer thin films can also be read-
ily applied to other technologies, such as smart windows [247] and
organic solar cells [49], and some other mutually indispensable
modules, such as field-effect transistors, transducers, sensors and
actuators based on conjugated polymers [248-252], to be used in
sophisticated and multi-functional display technologies.

5. Conclusion

Light weight, low cost, mechanical flexibility and excellent
interfacial compatibility with various non-conductive substrates
make conducting polymers ideal for applications as transparent
electrodes in display technologies. Many prototype devices inte-
grated with conducting polymer thin films as transparent elec-
trodes for display applications have been demonstrated. With
further improvement in the properties desired for transparent
electrodes, such as enhanced conductivity, interfacial adhesion
and long-term environmental stability, it is expected that conduct-
ing polymers will become important materials for the develop-
ment of next-generation display technologies.

Acknowledgement

The authors wish to acknowledge NSC of Taiwan for financial
supports (Grant Numbers: NSC-98-3114-E-007-009, NSC-98-
2221-E-009-008 and NSC-98-2113-M-007-017).

References

[1] A.G. MacDiarmid, Synthetic metals: a novel role for organic polymers, Synth.
Met. 125 (2001) 11-22.

[2] H. Shirakawa, The discovery of polyacetylene film: the dawning of an era of
conducting polymers, Synth. Met. 125 (2001) 3-10.

[3] AJ. Heeger, Semiconducting and metallic polymers: the fourth generation of
polymeric materials, Synth. Met. 125 (2001) 23-42.

[4] LL. Premvardhan, S. Wachsmann-Hogiu, L.A. Peteanu, D.J. Yaron, P.-C. Wang,
W. Wang, A.G. MacDiarmid, Conformational effects on optical charge transfer
in the emeraldine base form of polyaniline from electroabsorption
measurements and semiempirical calculations, ]. Chem. Phys. 115 (2001)
4359-4366.

[5] L. Premvardhan, L.A. Peteanu, P.-C. Wang, A.G. MacDiarmid, Electronic
properties of the conducting form of polyaniline from electroabsorption
measurements, Synth. Met. 116 (2001) 157-161.

[6] H.-S. Xu, Z.-Y. Cheng, Q.M. Zhang, P.-C. Wang, A.G. MacDiarmid, Influence of
high-energy electron irradiation on the conduction behavior of doped
polyaniline films in the high current density regime, Synth. Met. 108 (2000)
133-137.

[7] H.-S. Xu, Z.-Y. Cheng, Q.M. Zhang, P.-C. Wang, A.G. MacDiarmid, Conduction
behavior of doped polyaniline films at high current density regime, J. Polym.
Sci. Part B: Polym. Phys. 37 (1999) 2845-2850.

[8] K.R. Brenneman, J. Feng, Y. Zhou, A.G. MacDiarmid, P.K. Kahol, A.J. Epstein, EPR
of mesoscale polyanilines, Synth. Met. 101 (1999) 785-786.

[9] J.Y. Shimano, A.G. MacDiarmid, Polyaniline, a dynamic block copolymer: key
to attaining its intrinsic conductivity?, Synth Met. 123 (2001) 251-262.

[10] J.Y. Shimano, A.G. MacDiarmid, Phase segregation in polyaniline: a dynamic
block copolymer, Synth. Met. 119 (2001) 365-366.

[11] KD. Bozdag, N.R. Chiou, V.N. Prigodin, A.. Epstein, Magnetic field,
temperature and electric field dependence of magneto-transport for
polyaniline nanofiber networks, Synth. Met. 160 (2010) 271-274.

[12] J.N. Barisci, P.C. Innis, L.AA.P. Kane-Maguire, LD. Norris, G.G. Wallace,
Preparation of chiral conducting polymer colloids, Synth. Met. 84 (1997)
181-182.

[13] H.L. Guo, C.M. Knobler, R.B. Kaner, A chiral recognition polymer based on
polyaniline, Synth. Met. 101 (1999) 44-47.

[14] R.B. Kaner, Gas, liquid and enantiomeric separations using polyaniline, Synth.
Met. 125 (2001) 65-71.

[15] M.R. Majidi, S.A. Ashraf, L.A.P. Kane-Maguire, I.D. Norris, G.G. Wallace, Factors
controlling the induction of optical activity in chiral polyanilines, Synth. Met.
84 (1997) 115-116.

[16] M.J. Winokur, H.L. Guo, R.B. Kaner, Structural study of chiral camphorsulfonic
acid doped polyaniline, Synth. Met. 119 (2001) 403-404.

[17] LD. Norris, M.M. Shaker, F.K. Ko, A.G. MacDiarmid, Electrostatic fabrication of
ultrafine conducting fibers: polyaniline/polyethylene oxide blends, Synth.
Met. 114 (2000) 109-114.

[18] A.G. MacDiarmid, Y. Zhou, J. Feng, Oligomers and isomers: new horizons in
poly-anilines, Synth. Met. 100 (1999) 131-140.

[19] W. Wang, A.G. MacDiarmid, New synthesis of phenyl/phenyl end-capped
tetraaniline in the leucoemeraldine and emeraldine oxidation states, Synth.
Met. 129 (2002) 199-205.

[20] WJ. Zhang, J. Feng, A.G. MacDiarmid, A.J. Epstein, Synthesis of oligomeric
anilines, Synth. Met. 84 (1997) 119-120.

[21] A.G. MacDiarmid, W.E. Jones, L.D. Norris, J. Gao, A.T. Johnson Jr., N.J. Pinto, ].
Hone, B. Han, F.K. Ko, H. Okuzaki, M. Llaguno, Electrostatically-generated
nanofibers of electronic polymers, Synth. Met. 119 (2001) 27-30.

[22] Y.X. Zhou, M. Freitag, ]. Hone, C. Staii, A.T. Johnson Jr.,, N.J. Pinto, A.G.
MacDiarmid, Fabrication and electrical characterization of polyaniline-based
nanofibers with diameter below 30 nm, Appl. Phys. Lett. 83 (2003) 3800-
3802.

[23] J. Huang, S. Virji, B.H. Weiller, R.B. Kaner, Polyaniline nanofibers: facile
synthesis and chemical sensors, J. Am. Chem. Soc. 125 (2003) 314.

[24] D.M. Sarno, S.K. Manohar, A.G. MacDiarmid, Controlled interconversion of
semiconducting and metallic forms of polyaniline nanofibers, Synth. Met. 148
(2005) 237-243.

[25] P.-C. Wang, E.C. Venancio, D.M. Sarno, A.G. MacDiarmid, Simplifying
the reaction system for the preparation of polyaniline nanofibers: re-
examination of template-free oxidative chemical polymerization of aniline
in conventional low-pH acidic aqueous media, React. Funct. Polym. 69 (2009)
217-223.

[26] M.G. Xavier, E.C. Venancio, E.C. Pereira, F.L. Leite, E.R. Leite, A.G. MacDiarmid,
L.H.C. Mattoso, Synthesis of nanoparticles and nanofibers of polyaniline by
potentiodynamic electrochemical polymerization, J. Nanosci. Nanotechnol. 9
(2009) 2169-2172.

[27] S.S. Srinivasan, R. Ratnadurai, M.U. Niemann, A.R. Phani, D.Y. Goswami, E.K.
Stefanakos, Reversible hydrogen storage in electrospun polyaniline fibers, Int.
J. Hydrogen Energy 35 (2010) 225-230.

[28] X.F. Lu, W.J. Zhang, C. Wang, T.C. Wen, Y. Wei, One-dimensional conducting
polymer nanocomposites: synthesis, properties and applications, Prog.
Polym. Sci. 36 (2011) 671-712.

[29] M. Gerard, A. Chaubey, B.D. Malhotra, Application of conducting polymers to
biosensors, Biosens. Bioelectron. 17 (2002) 345-359.

[30] J. Huang, S. Virji, B.H. Weiller, R.B. Kaner, Nanostructured polyaniline sensors,
Chem. Eur. J. 10 (2004) 1314-1319.


http://refhub.elsevier.com/S0141-9382(13)00040-1/h0005
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0005
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0010
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0010
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0015
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0015
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0020
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0020
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0020
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0020
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0020
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0025
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0025
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0025
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0030
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0030
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0030
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0030
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0035
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0035
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0035
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0040
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0040
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0045
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0045
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0050
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0050
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0055
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0055
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0055
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0060
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0060
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0060
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0065
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0065
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0070
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0070
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0075
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0075
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0075
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0080
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0080
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0085
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0085
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0085
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0090
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0090
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0095
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0095
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0095
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0100
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0100
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0105
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0105
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0105
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0110
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0110
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0110
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0110
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0110
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0115
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0115
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0120
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0120
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0120
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0125
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0125
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0125
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0125
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0125
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0130
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0130
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0130
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0130
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0135
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0135
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0135
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0140
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0140
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0140
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0145
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0145
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0150
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0150

P.-C. Wang et al./Displays 34 (2013) 301-314 311

[31] S.Sabah, M. Aghamohammadi, N. Alizadeh, Solid-state valproate ion selective
sensor based on conducting polypyrrole films for determination of valproate
in pharmaceutical preparations, Sens. Actuators B: Chem. 114 (2006) 489-
496.

[32] H. Bai, G.Q. Shi, Gas sensors based on conducting polymers, Sensors 7 (2007)
267-307.

[33] N.J. Pinto, I. Ramos, R. Rojas, P.-C. Wang, A.T. Johnson Jr., Electric response of
isolated electrospun polyaniline nanofibers to vapors of aliphatic alcohols,
Sens. Actuators B: Chem. 129 (2008) 621-627.

[34] C. Steffens, A. Manzoli, E. Francheschi, M.L. Corazza, F.C. Corazza, J.V. Oliveira,
P.S.P. Herrmann, Low-cost sensors developed on paper by line patterning
with graphite and polyaniline coating with supercritical CO,, Synth. Met. 159
(2009) 2329-2332.

[35] E.R. Carvalho, N.C. Filho, E.C. Venancio, N.O. Osvaldo, LH.C. Mattoso, L.
Martin-Neto, Detection of brominated by-products using a sensor array based
on nanostructured thin films of conducting polymers, Sensors 7 (2007) 3258-
3271.

[36] J. Feng, A.G. MacDiarmid, Sensors using octaaniline for volatile organic
compounds, Synth. Met. 102 (1999) 1304-1305.

[37] K. Kaneto, M. Kaneko, Y. Min, A.G. Macdiarmid, “Artifical muscle”:
electromechanical actuators using polyaniline films, Synth. Met. 71 (1995)
2211-2212.

[38] J. Su, Q.M. Zhang, P.-C. Wang, A.G. MacDiarmid, K.J. Wynne, Preparation and
characterization of electrostrictive polyurethane films with conductive
polymer electrodes, Polym. Adv. Technol. 9 (1998) 317-321.

[39] H. Okuzaki, K. Funasaka, Electro-responsive polypyrrole film based on
reversible sorption of water vapor, Synth. Met. 108 (2000) 127-131.

[40] S. Brady, D. Diamond, K.-T. Lau, Inherently conducting polymer modified
polyurethane smart foam for pressure sensing, Sens. Actuators A: Phys. 119
(2005) 398-404.

[41] S. Brady, K.T. Lau, W. Megill, G.G. Wallace, D. Diamond, The development and
characterisation of conducting polymeric-based sensing devices, Synth. Met.
154 (2005) 25-28.

[42] ]. Castellanos-Ramos, R. Navas-Gonzalez, H. Macicior, T. Sikora, E. Ochoteco, F.
Vidal-Verdu, Tactile sensors based on conductive polymers, Microsyst.
Technol. 16 (2010) 765-776.

[43] P.-C. Wang, C.-I. Chao, W.-K. Lin, S.-Y. Hung, All-polymer variable resistors as
pressure-responsive devices photochemically assembled using porous
composites and flexible electrodes based on conducting polymers, J. Chin.
Inst. Eng. 35 (2012) 595-599.

[44] A. Wu, E.C. Venancio, A.G. MacDiarmid, Polyaniline and polypyrrole oxygen
reversible electrodes, Synth. Met. 157 (2007) 303-310.

[45] C.H. Wang, C.C. Chen, H.C. Hsu, H.Y. Du, C.R. Chen, ].Y. Hwang, L.C. Chen, H.C.
Shih, ]. Stejskal, K.H. Chen, Low methanol-permeable polyaniline/Nafion
composite membrane for direct methanol fuel cells, J. Power Sources 190
(2009) 279-284.

[46] Y.F. Huang, A.M. Kannan, C.S. Chang, C.W. Lin, Development of gas diffusion
electrodes for low relative humidity proton exchange membrane fuel cells,
Int. J. Hydrogen Energy 36 (2011) 2213-2220.

[47] Y.F. Huang, C.W. Lin, C.S. Chang, M.]. Ho, Alternative platinum electrocatalyst
supporter with micro/nanostructured polyaniline for direct methanol fuel
cell applications, Electrochim. Acta 56 (2011) 5679-5685.

[48] M. Zhiani, H. Gharibi, K. Kakaei, Performing of novel nanostructure MEA
based on polyaniline modified anode in direct methanol fuel cell, J. Power
Sources 210 (2012) 42-46.

[49] S. Giines, H. Neugebauer, N.S. Sariciftci, Conjugated polymer-based organic
solar cells, Chem. Rev. 107 (2007) 1324-1338.

[50] Y.-M. Chang, L. Wang, W.-F. Su, Polymer solar cells with poly(3,4-
ethylenedioxythiophene) as transparent anode, Org. Electron. 9 (2008)
968-973.

[51] C.-Y. Su, A.-Y. Lu, Y.-L. Chen, C.-Y. Wei, C.-H. Weng, P.-C. Wang, F.-R. Chen, K.-
C. Leou, C.-H. Tsai, Scalable and surfactant-free process for single-walled
carbon nanotube based transparent conductive thin films via layer-by-layer
assembly, J. Phys. Chem. C 114 (2010) 11588-11594.

[52] C.-Y. Su, A.-Y. Lu, Y.-L. Chen, C.-Y. Wei, P.-C. Wang, C.-H. Tsai, Chemically-
treated single-walled carbon nanotubes as digitated penetrating electrodes in
organic solar cells, ]J. Mater. Chem. 20 (2010) 7034-7042.

[53] J.-S. Yeo, J.-M. Yun, D.-Y. Kim, S. Park, S.-S. Kim, M.-H. Yoon, T.-W. Kim, S.-I.
Na, Significant vertical phase separation in solvent-vapor-annealed poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) composite films leading to
better conductivity and work function for high-performance indium tin
oxide-free optoelectronics, ACS Appl. Mater. Interfaces 4 (2012) 2551-2560.

[54] Y. Xia, J. Ouyang, PEDOT:PSS films with significantly enhanced conductivities
induced by preferential solvation with cosolvents and their application in
polymer photovoltaic cells, J. Mater. Chem. 21 (2011) 4927-4936.

[55] A.C. Grimsdale, K.L. Chan, R.E. Martin, P.G. Jokisz, A.B. Holmes, Synthesis of
light-emitting conjugated polymers for applications in electroluminescent
devices, Chem. Rev. 109 (2009) 897-1091.

[56] G. Gustafsson, Y. Cao, G.M. Treacy, F. Klavetter, N. Colaneri, A.J. Heeger,
Flexible light-emitting diodes from soluble conducting polymers, Nature 357
(1992) 477-479.

[57] G. Gustafsson, G.M. Treacy, Y. Cao, F. Klavetter, N. Colaneri, A.J. Heeger, The
plastic LED: a flexible light-emitting device using a polyaniline transparent
electrode, Synth. Met. 57 (1993) 4123-4127.

[58] J. Gao, AJ. Heeger, J.Y. Lee, C.Y. Kim, Soluble polypyrrole as the transparent
anode in polymer light-emitting diodes, Synth. Met. 82 (1996) 221-223.

[59] S. Karg, J.C. Scott, J.R. Salem, M. Angelopoulos, Increased brightness and
lifetime of polymer light-emitting diodes with polyaniline anodes, Synth.
Met. 80 (1996) 111-117.

[60] H.L. Wang, F. Huang, A.G. MacDiarmid, Y.Z. Wang, D.D. Gebler, A.J. Epstein,
Application of aluminum, copper and gold electrodes in ac polymer light-
emitting devices, Synth. Met. 80 (1996) 97-104.

[61] H.L. Wang, A.G. MacDiarmid, Y.Z. Wang, D.D. Gebler, A.J. Epstein, Application
of polyaniline (emeraldine base, EB) in polymer light-emitting devices, Synth.
Met. 78 (1996) 33-37.

[62] S.-A. Chen, K.-R. Chuang, C.-I. Chao, H.-T. Lee, White-light emission from
electroluminescence diode with polyaniline as the emitting layer, Synth. Met.
82 (1996) 207-210.

[63] F. Huang, H.L. Wang, M. Feldstein, A.G. MacDiarmid, B.R. Hsieh, AJ. Epstein,
Application of thin films of conjugated polymers in electrochemical and
conventional light-emitting devices and in related photovoltaic devices,
Synth. Met. 85 (1997) 1283-1284.

[64] A.G. MacDiarmid, F. Huang, Role of ionic species in determining
characteristics of polymer LEDs, Synth. Met. 102 (1999) 1026-1029.

[65] C.-G. Wu, H.-T. Hsiao, Y.-R. Yeh, Electroless surface polymerization of
polyaniline films on aniline primed ITO electrodes: a simple method to
fabricate good modified anodes for polymeric light emitting diodes, . Mater.
Chem. 11 (2001) 2287-2292.

[66] L.-S. Yu, S.-A. Chen, High efficiency polymer light emitting diodes based on
poly(phenylene vinylene)s with balanced electron and hole fluxes, Synth.
Met. 132 (2002) 81-86.

[67] S.-R. Tseng, H.-F. Meng, C.-H. Yeh, H.-C. Lai, S.-F. Horng, H.-H. Liao, C.-S. Hsu,
L-C. Lin, High-efficiency blue multilayer polymer light-emitting diode
fabricated by a general liquid buffer method, Synth. Met. 158 (2008) 130-
134.

[68] C.-M. Yang, H.-H. Liao, S.-F. Horng, H.-F. Meng, S.-R. Tseng, C.-S. Hsu, Electron
mobility and electroluminescence efficiency of blue conjugated polymers,
Synth. Met. 158 (2008) 25-28.

[69] M. Kim, Y.S. Lee, Y.C. Kim, M.S. Choi, ].Y. Lee, Flexible organic light-emitting
diode with a conductive polymer electrode, Synth. Met. 161 (2011) 2318-
2322.

[70] Y.-C. Chao, S.-Y. Huang, C.-Y. Chen, Y.-F. Chang, H.-F. Meng, F.-W. Yen, LF. Lin,
H.-W. Zan, S.-F. Horng, Highly efficient solution-processed red organic light-
emitting diodes with long-side-chained triplet emitter, Synth. Met. 161
(2011) 148-152.

[71] Z.-Y. Liu, S.-R. Tseng, Y.-C. Chao, C.-Y. Chen, H.-F. Meng, S.-F. Horng, Y.-H. Wu,
S.-H. Chen, Solution-processed small molecular electron transport layer for
multilayer polymer light-emitting diodes, Synth. Met. 161 (2011) 426-430.

[72] J. Lu, N.J. Pinto, A.G. MacDiarmid, Apparent dependence of conductivity of a
conducting polymer on an electric field in a field effect transistor
configuration, J. Appl. Phys. 92 (2002) 6033-6038.

[73] NJ. Pinto, A.T. Johnson Jr., A.G. MacDiarmid, C.H. Mueller, N. Theofylaktos,
D.C. Robinson, F.A. Miranda, Electrospun polyaniline/polyethylene oxide
nanofiber field-effect transistor, Appl. Phys. Lett. 83 (2003) 4244-4246.

[74] H. Okuzaki, M. Ishihara, S. Ashizawa, Characteristics of conducting polymer
transistors prepared by line patterning, Synth. Met. 137 (2003) 947-948.

[75] S. Quillard, B. Corraze, M. Poncet, J.-Y. Mevellec, J.-P. Buisson, M. Evain, W.
Wang, A.G. MacDiarmid, Oligoanilines: from crystals to FET, Synth. Met. 137
(2003) 921-922.

[76] M.S. Lee, H.S. Kang, J. Joo, AJ. Epstein, ].Y. Lee, Flexible all-polymer field effect
transistors with optical transparency using electrically conducting polymers,
Thin Solid Films 477 (2005) 169-173.

[77] X. Liu, Z. Ji, D. Tu, L. Shang, J. Liu, M. Liu, C. Xie, Organic nonpolar nonvolatile

resistive switching in poly(3,4-ethylene-
dioxythiophene):polystyrenesulfonate thin film, Org. Electron. 10 (2009)
1191-1194.

[78] AA. Argun, P.-H. Aubert, B.C. Thompson, I. Schwendeman, C.L. Gaupp, ].
Hwang, N.J. Pinto, D.B. Tanner, A.G. MacDiarmid, J.R. Reynolds, Multicolored
electrochromism polymers: structures and devices, Chem. Mater. 16 (2004)
4401-4412.

[79] RJ. Mortimer, A.L. Dyer, J.R. Reynolds, Electrochromic organic and polymeric
materials for display applications, Displays 27 (2006) 2-18.

[80] P.M. Beaujuge, J.R. Reynolds, Color control in m-conjugated organic polymers
for use in electrochromic devices, Chem. Rev. 110 (2010) 268-320.

[81] F.M. Kelly, L. Meunier, C. Cochrane, V. Koncar, Polyaniline: application as solid
state electrochromic in a flexible textile display, Displays 34 (2013) 1-7.

[82] P.-L. Chang, C.-C. Wu, H.-]J. Leu, Investigation of technological trends in
flexible display fabrication through patent analysis, Displays 33 (2012) 68—
73.

[83] M.-C. Choi, Y. Kim, C.-S. Ha, Polymers for flexible displays: from material
selection to device applications, Prog. Polym. Sci. 33 (2008) 581-630.

[84] A. Khan, 1. Shiyanovskaya, T. Schneider, E. Montbach, D.J. Davis, N. Miller, D.
Marhefka, T. Ernst, F. Nicholson, ].W. Doane, Progress in flexible and drapable
reflective cholesteric displays, J. Soc. Inform. Disp. 15 (2007) 9.

[85] P.-C. Wang, A.G. MacDiarmid, Integration of polymer-dispersed liquid crystal
composites with conducting polymer thin films toward the fabrication of
flexible display devices, Displays 28 (2007) 101-104.

[86] A.G. MacDiarmid, Polyaniline and polypyrrole: where are we headed?, Synth
Met. 84 (1997) 27-34.

[87] E.C. Venancio, P.-C. Wang, N. Consolin-Filho, A.G. MacDiarmid, Flexible thin
films of single-walled carbon nanotubes deposited on plastic substrates, ].
Nanosci. Nanotechnol. 9 (2009) 567-571.


http://refhub.elsevier.com/S0141-9382(13)00040-1/h0155
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0155
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0155
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0155
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0160
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0160
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0165
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0165
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0165
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0170
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0170
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0170
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0170
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0170
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0175
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0175
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0175
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0175
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0180
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0180
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0185
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0185
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0185
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0190
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0190
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0190
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0195
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0195
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0200
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0200
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0200
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0205
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0205
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0205
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0210
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0210
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0210
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0215
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0215
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0215
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0215
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0220
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0220
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0225
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0225
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0225
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0225
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0230
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0230
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0230
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0235
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0235
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0235
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0240
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0240
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0240
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0245
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0245
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0250
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0250
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0250
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0255
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0255
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0255
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0255
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0260
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0260
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0260
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0265
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0265
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0265
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0265
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0265
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0270
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0270
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0270
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0275
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0275
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0275
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0280
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0280
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0280
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0285
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0285
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0285
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0290
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0290
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0295
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0295
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0295
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0300
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0300
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0300
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0305
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0305
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0305
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0310
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0310
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0310
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0315
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0315
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0315
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0315
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0320
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0320
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0325
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0325
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0325
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0325
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0330
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0330
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0330
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0335
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0335
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0335
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0335
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0340
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0340
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0340
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0345
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0345
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0345
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0350
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0350
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0350
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0350
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0355
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0355
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0355
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0360
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0360
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0360
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0365
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0365
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0365
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0370
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0370
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0375
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0375
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0375
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0380
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0380
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0380
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0385
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0385
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0385
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0385
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0390
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0390
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0390
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0390
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0395
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0395
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0400
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0400
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0405
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0405
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0410
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0410
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0410
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0415
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0415
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0420
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0420
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0420
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0425
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0425
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0425
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0430
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0430
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0435
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0435
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0435

312 P.-C. Wang et al./Displays 34 (2013) 301-314

[88] Y. Wang, S. Liu, F. Dang, Y. Li, Y. Yin, J. Liu, K. Xu, X. Piao, W. Xie, An efficient
flexible white organic light-emitting device with a screen-printed conducting
polymer anode, J. Phys. D Appl. Phys. 45 (2012) 402002.

[89] H.]. Lee, T.H. Park, J.H. Choi, E.H. Song, S.J. Shin, H. Kim, K.C. Choi, Y.W. Park, B.-
K. Ju, Negative mold transfer patterned conductive polymer electrode for
flexible organic light-emitting diodes, Org. Electron. 14 (2013) 416-422.

[90] C.K. Chiang, C.R. Fincher, Y.W. Park, AJ. Heeger, H. Shirakawa, EJ. Louis, S.C.
Gau, A.G. MacDiarmid, Electrical conductivity in doped polyacetylene, Phys.
Rev. Lett. 39 (1977) 1098-1101.

[91] H. Shirakawa, E.J. Louis, A.G. MacDiarmid, C.K. Chiang, A.]. Heeger, Synthesis
of electrically conducting organic polymers: halogen derivatives of
polyacetylene, (CH),, J. Chem. Soc., Chem. Commun. (1977) 578-580.

[92] T.C. Chung, A. Feldblum, A]J. Heeger, A.G. MacDiarmid, Experimental studies
of sodium-doped polyacetylene: optical and ESR results of (CHNa,),, ]. Chem.
Phys. 74 (1981) 5504-5507.

[93] J.M. Pochan, D.F. Pochan, H. Rommelmann, H.W. Gibson, Kinetics of doping
and degradation of polyacetylene by oxygen, Macromolecules 14 (1981) 110-
114.

[94] R. Huq, G.C. Farrington, Stability of undoped and oxidized polyacetylene, ].
Electrochem. Soc. 131 (1984) 819-823.

[95] AF. Diaz, K.K. Kanazawa, G.P. Gardini, Electrochemical polymerization of
pyrrole, J. Chem. Soc., Chem. Commun. (1979) 635-636.

[96] K. Kaneto, Y. Kohno, K. Yoshino, Y. Inuishi, Electrochemical preparation of a
metallic polythiophene film, ]J. Chem. Soc., Chem. Commun. (1983) 382-383.

[97] A. Pron, P. Rannou, Processible conjugated polymers: from organic
semiconductors to organic metals and superconductors, Prog. Polym. Sci. 27
(2002) 135-190.

[98] R.D. McCullough, The chemistry of conducting polythiophenes, Adv. Mater.
10 (1998) 93-116.

[99] J.C. Chiang, A.G. MacDiarmid, ‘Polyaniline’: protonic acid doping of the
emeraldine form to the metallic regime, Synth. Met. 13 (1986) 193-205.

[100] J. Molina, A.L. del Rio, ]. Bonastre, F. Cases, Chemical and electrochemical
polymerisation of pyrrole on polyester textiles in presence of
phosphotungstic acid, Eur. Polym. J. 44 (2008) 2087-2098.

[101] ]. Stejskal, I. Sapurina, J. Prokes, J. Zemek, In-situ polymerized polyaniline
films, Synth. Met. 105 (1999) 195-202.

[102] J.K. Avlyanov, J.Y. Josefowicz, A.G. Macdiarmid, Atomic force microscopy
surface morphology studies of ‘in situ’ deposited polyaniline thin films,
Synth. Met. 73 (1995) 205-208.

[103] J.Y. Josefowicz, ].K. Avlyanov, A.G. MacDiarmid, Complete alignment of
polyaniline monolayers on muscovite mica: epitaxial effects of a lattice-
matched substrate, Thin Solid Films 393 (2001) 186-192.

[104] A. Varesano, A. Aluigi, L. Florio, R. Fabris, Multifunctional cotton fabrics,
Synth. Met. 159 (2009) 1082-1089.

[105] R.A. de Barros, C.R. Martins, W.M. de Azevedo, Writing with conducting
polymer, Synth. Met. 155 (2005) 35-38.

[106] J. Molina, M.F. Esteves, ]. Fernandez, J. Bonastre, F. Cases, Polyaniline coated
conducting fabrics. Chemical and electrochemical characterization, Eur.
Polym. J. 47 (2011) 2003-2015.

[107] S. Kwon, JW. Ha, J. Noh, S.Y. Lee, Patterning of polypyrrole using a
fluoropolymer as an adsorption-protecting molecule, Appl. Surf. Sci. 257
(2010) 165-171.

[108] D. Hohnholz, A.G. MacDiarmid, D.M. Sarno, W.E. Jones ]Jr., Uniform thin films
of poly-3,4-ethylenedioxythiophene (PEDOT) prepared by in-situ deposition,
Chem. Commun. (2001) 2444-2445.

[109] L. Dall’Acqua, C. Tonin, R. Peila, F. Ferrero, M. Catellani, Performances and
properties of intrinsic conductive cellulose-polypyrrole textiles, Synth. Met.
146 (2004) 213-221.

[110] H. Chelawat, S. Vaddiraju, K. Gleason, Conformal, conducting poly(3,4-
ethylenedioxythiophene) thin films deposited using bromine as the oxidant
in a completely dry oxidative chemical vapor deposition process, Chem.
Mater. 22 (2010) 2864-2868.

[111] T-M. Wu, H.-L. Chang, Y.-W. Lin, Synthesis and characterization of
conductive polypyrrole with improved conductivity and processability,
Polym. Int. 58 (2009) 1065-1070.

[112] J.P. Lock, S.G. Im, KK. Gleason, Oxidative chemical vapor deposition of
electrically conducting poly(3,4-ethylenedioxythiophene) films,
Macromolecules 39 (2006) 5326-5329.

[113] P. Pfluger, M. Krounbi, G.B. Street, G. Weiser, The chemical and physical
properties of pyrrole-based conducting polymers: the oxidation of neutral
polypyrrole, J. Chem. Phys. 78 (1983) 3212-3218.

[114] KJ. Wynne, G.B. Street, Poly(pyrrol-2-ylium tosylate): electrochemical
synthesis and physical and mechanical properties, Macromolecules 18
(1985) 2361-2368.

[115] J. Stejskal, J. Prokes, M. Trchovd, Reprotonation of polyaniline: a route to
various conducting polymer materials, React. Funct. Polym. 68 (2008) 1355-
1361.

[116] L.A.P. Kane-Maguire, .D. Norris, G.G. Wallace, Properties of chiral polyaniline
in various oxidation states, Synth. Met. 101 (1999) 817-818.

[117] A. Manzoli, C. Steffens, R.T. Paschoalin, A.A. Correa, W.F. Alves, F.L. Leite, P.S.P.
Herrmann, Low-cost gas sensors produced by the graphite line-patterning
technique applied to monitoring banana ripeness, Sensors 11 (2011) 6425-
6434.

[118] L. Groenendaal, F. Jonas, D. Freitag, H. Pielartzik, J.R. Reynolds, Poly(3,4-
ethylenedioxythiophene) and its derivatives: past, present, and future, Adv.
Mater. 12 (2000) 481-494.

[119] ].Y. Lee, D.Y. Kim, C.Y. Kim, Synthesis of soluble polypyrrole of the doped state
in organic solvents, Synth. Met. 74 (1995) 103-106.

[120] Y. Cao, P. Smith, A.J. Heeger, Counter-ion induced processibility of conducting
polyaniline and of conducting polyblends of polyaniline in bulk polymers,
Synth. Met. 48 (1992) 91-97.

[121] R.V. Gregory, W.C. Kimbrell, H.H. Kuhn, Conductive textiles, Synth. Met. 28
(1989) €823-C835.

[122] 1. Sapurina, A. Riede, ]. Stejskal, In-situ polymerized polyaniline films 3. Film
formation, Synth. Met. 123 (2001) 503-507.

[123] Z. Huang, P.-C. Wang, ]. Feng, A.G. MacDiarmid, Y. Xia, G.M. Whitesides,
Selective deposition of films of polypyrrole, polyaniline and nickel on
hydrophobic/hydrophilic patterned surfaces and applications, Synth. Met.
85 (1997) 1375-1376.

[124] E.C. Venancio, P.-C. Wang, A.G. MacDiarmid, The azanes: a class of material
incorporating nano/micro self-assembled hollow spheres obtained by
aqueous oxidative polymerization of aniline, Synth. Met. 156 (2006) 357-
369.

[125] E.C. Venancio, P.-C. Wang, O.Y. Toledo, A.G. MacDiarmid, First preparation of
optical quality films of nano/micro hollow spheres of polymers of aniline,
Synth. Met. 157 (2007) 758-763.

[126] Z.Y. Huang, P.-C. Wang, A.G. MacDiarmid, Y.N. Xia, G.M. Whitesides, Selective
deposition of conducting polymers on hydroxyl-terminated surfaces with
printed monolayers of alkylsiloxanes as templates, Langmuir 13 (1997)
6480-6484.

[127] ]. Stejskal, I. Sapurina, M. Trchov4, E.N. Konyushenko, P. Holler, The genesis of
polyaniline nanotubes, Polymer 47 (2006) 8253-8262.

[128] J. Stejskal, I. Sapurina, M. Trchovd, E.N. Konyushenko, Oxidation of aniline:
polyaniline  granules, nanotubes, and oligoaniline microspheres,
Macromolecules 41 (2008) 3530-3536.

[129] ]. Stejskal, I. Sapurina, M. Trchova, Polyaniline nanostructures and the role of
aniline oligomers in their formation, Prog. Polym. Sci. 35 (2010) 1420-1481.

[130] H.D. Tran, J.M. D’Arcy, Y. Wang, P.J. Beltramo, V.A. Strong, R.B. Kaner, The
oxidation of aniline to produce “polyaniline”: a process yielding many
different nanoscale structures, J. Mater. Chem. 21 (2011) 3534-3550.

[131] J.K. Avlyanov, H.H. Kuhn, ].Y. Josefowicz, A.G. MacDiarmid, In-situ deposited
thin films of polypyrrole: conformational changes induced by variation of
dopant and substrate surface, Synth. Met. 84 (1997) 153-154.

[132] J.P. Boutrois, R. Jolly, C. Petrescu, Process of polypyrrole deposit on textile.
Product characteristics and applications, Synth. Met. 85 (1997) 1405-1406.

[133] Y.Q. Shen, M.X. Wan, In situ doping polymerization of pyrrole with sulfonic
acid as a dopant, Synth. Met. 96 (1998) 127-132.

[134] S.-S. Jeon, S.-I. Han, Y.H. Jin, S.S. Im, Polycarbonate-based conductive film
prepared by coating DBSA-doped PEDOT/sorbitol, Synth. Met. 148 (2005)
287-291.

[135] C. Yang, P. Liu, Water-dispersed conductive polypyrroles doped with
lignosulfonate and the weak temperature dependence of electrical
conductivity, Ind. Eng. Chem. Res. 48 (2009) 9498-9503.

[136] C. Yang, P. Liu, Water-dispersed polypyrrole nanoparticles via chemical
oxidative polymerization in the presence of a functional polyanion, React.
Funct. Polym. 70 (2010) 726-731.

[137] Y. Wang, C. Yang, P. Liu, Acid blue AS doped polypyrrole (PPy/AS)
nanomaterials with different morphologies as electrode materials for
supercapacitors, Chem. Eng. J. 172 (2011) 1137-1144.

[138] C. Yang, X. Wang, Y.J. Wang, P. Liu, Polypyrrole nanoparticles with high
dispersion stability via chemical oxidative polymerization in presence of an
anionic-non-ionic bifunctional polymeric surfactant, Powder Technol. 217
(2012) 134-139.

[139] A. Mohammadi, M.A. Hasan, B. Liedberg, I. Lundstrém, W.R. Salaneck,
Chemical vapour-depostion (CVD) of conducting polymers: polypyrrole,
Synth. Met. 14 (1986) 189-197.

[140] D. Bhattacharyya, R.M. Howden, D.C. Borrelli, KK. Gleason, Vapor phase
oxidative synthesis of conjugated polymers and applications, J. Polym. Sci.,
Part B: Polym. Phys. 50 (2012) 1329-1351.

[141] M. Ogasawara, K. Funahashi, T. Demura, T. Hagiwara, K. Iwata, Enhancement
of electrical conductivity of polypyrrole by stretching, Synth. Met. 14 (1986)
61-69.

[142] M. Yamaura, T. Hagiwara, M. Hirasaka, T. Demura, K. Iwata, Structure and
properties of biaxially stretched polypyrrole films, Synth. Met. 28 (1989)
C157-C164.

[143] T. Hagiwara, M. Hirasaka, K. Sato, M. Yamaura, Enhancement of the electrical
conductivity of polypyrrole film by stretching: influence of the
polymerization conditions, Synth. Met. 36 (1990) 241-252.

[144] A.G. MacDiarmid, Y. Min, J.M. Wiesinger, E.J. Oh, E.M. Scherr, AJ. Epstein,
Towards optimization of electrical and mechanical properties of polyaniline:
is crosslinking between chains the key?, Synth Met. 55 (1993) 753-760.

[145] J. Feng, A.G. MacDiarmid, AJ. Epstein, Conformation of polyaniline: effect of
mechanical shaking and spin casting, Synth. Met. 84 (1997) 131-132.

[146] T.H. Lim, KW. Oh, S.H. Kim, Self-assembly supramolecules to enhance
electrical conductivity of polyaniline for a flexible organic solar cells anode,
Sol. Energy Mater. Sol. Cells 101 (2012) 232-240.

[147] A.G. MacDiarmid, AJ. Epstein, The concept of secondary doping as applied to
polyaniline, Synth. Met. 65 (1994) 103-116.

[148] J.K. Avlyanov, Y.G. Min, A.G. Macdiarmid, A.. Epstein, Polyaniline:
conformational change induced in solution by variation of solvent and
doping level, Synth. Met. 72 (1995) 65-71.


http://refhub.elsevier.com/S0141-9382(13)00040-1/h0440
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0440
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0440
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0445
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0445
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0445
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0450
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0450
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0450
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0455
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0455
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0455
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0455
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0460
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0460
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0460
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0460
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0460
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0465
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0465
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0465
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0470
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0470
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0475
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0475
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0480
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0480
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0485
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0485
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0485
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0490
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0490
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0495
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0495
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0500
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0500
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0500
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0505
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0505
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0510
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0510
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0510
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0515
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0515
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0515
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0520
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0520
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0525
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0525
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0530
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0530
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0530
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0535
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0535
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0535
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0540
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0540
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0540
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0545
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0545
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0545
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0550
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0550
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0550
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0550
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0555
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0555
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0555
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0560
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0560
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0560
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0565
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0565
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0565
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0570
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0570
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0570
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0575
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0575
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0575
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0580
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0580
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0585
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0585
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0585
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0585
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0590
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0590
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0590
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0595
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0595
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0600
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0600
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0600
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0605
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0605
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0610
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0610
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0615
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0615
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0615
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0615
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0620
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0620
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0620
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0620
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0625
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0625
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0625
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0630
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0630
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0630
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0630
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0635
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0635
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0640
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0640
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0640
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0645
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0645
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0650
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0650
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0650
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0655
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0655
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0655
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0660
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0660
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0665
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0665
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0670
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0670
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0670
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0675
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0675
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0675
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0680
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0680
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0680
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0685
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0685
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0685
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0690
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0690
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0690
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0690
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0695
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0695
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0695
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0700
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0700
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0700
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0705
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0705
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0705
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0710
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0710
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0710
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0715
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0715
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0715
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0720
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0720
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0720
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0725
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0725
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0730
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0730
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0730
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0735
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0735
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0740
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0740
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0740

P.-C. Wang et al./Displays 34 (2013) 301-314 313

[149] Y.N. Xia, A.G. MacDiarmid, A.J. Epstein, Camphorsulfonic acid fully doped
polyaniline emeraldine salt: in situ observation of electronic and
conformational changes induced by organic vapors by an ultraviolet/
visible/near-infrared spectroscopic method, Macromolecules 27 (1994)
7212-7214.

[150] A.G. MacDiarmid, AJ. Epstein, Secondary doping in polyaniline, Synth. Met.
69 (1995) 85-92.

[151] Y. Min, Y. Xia, A.G. MacDiarmid, AJ. Epstein, Vapor phase secondary doping of
polyaniline, Synth. Met. 69 (1995) 159-160.

[152] P.-C. Wang, A.G. MacDiarmid, Vapor phase secondary doping of polyaniline
(emeraldine salt) thin films with o-chlorophenol investigated by UV-VIS-
NIR: effects of primary dopants, substrate surfaces, and pre-treatments of
organic vapors, React. Funct. Polym. 68 (2008) 201-207.

[153] W. Zheng, Y. Min, A.G. MacDiarmid, M. Angelopoulos, Y.H. Liao, A]. Epstein,
Effect of organic vapors on the molecular conformation of non-doped
polyaniline, Synth. Met. 84 (1997) 63-64.

[154] Y.-L. Chen, H.-C. Hsieh, W.-T. Wu, B.-J. Wen, W.-Y. Chang, D.-C. Su, An
alternative bend-testing technique for a flexible indium tin oxide film,
Displays 31 (2010) 191-195.

[155] B.-]. Wen, T.-S. Liu, Flexible-characteristics inspection system for flexible
substrates by using image feedback control, Displays 32 (2011) 296-307.

[156] P.-C. Wang, A.G. MacDiarmid, Dependency of properties of in situ deposited
polypyrrole films on dopant anion and substrate surface, Synth. Met. 119
(2001) 367-368.

[157] K.S. Jang, S.S. Han, ].S. Suh, E.J. Oh, Synthesis and characterization of alcohol
soluble polypyrrole, Synth. Met. 119 (2001) 107-108.

[158] EJ. Oh, KS. Jang, A.G. MacDiarmid, High molecular weight soluble
polypyrrole, Synth. Met. 125 (2001) 267-272.

[159] K.T. Song, J.Y. Lee, H.D. Kim, D.Y. Kim, S.Y. Kim, C.Y. Kim, Solvent effects on the
characteristics of soluble polypyrrole, Synth. Met. 110 (2000) 57-63.

[160] G. Greczynski, T. Kugler, M. Keil, W. Osikowicz, M. Fahlman, W.R. Salaneck,
Photoelectron spectroscopy of thin films of PEDOT-PSS conjugated polymer
blend: a mini-review and some new results, J. Electron Spectrosc. Relat.
Phenom. 121 (2001) 1-17.

[161] G. Greczynski, T. Kugler, W.R. Salaneck, Characterization of the PEDOT-PSS
system by means of X-ray and ultraviolet photoelectron spectroscopy, Thin
Solid Films 354 (1999) 129-135.

[162] L.A.A. Pettersson, S. Ghosh, O. Ingands, Optical anisotropy in thin films of
poly(3,4-ethylenedioxythiophene)-poly(4-styrenesulfonate), Org. Electron. 3
(2002) 143-148.

[163] S.K.M. Jonsson, ]. Birgerson, X. Crispin, G. Greczynski, W. Osikowicz, A.W.
Denier van der Gon, W.R. Salaneck, M. Fahlman, The effects of solvents on the
morphology and sheet resistance in poly(3,4-ethylenedioxythiophene)-
polystyrenesulfonic acid (PEDOT-PSS) films, Synth. Met. 139 (2003) 1-10.

[164] ]. Ouyang, Q. Xu, C.-W. Chu, Y. Yang, G. Li, ]. Shinar, On the mechanism of
conductivity enhancement in poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) film through solvent
treatment, Polymer 45 (2004) 8443-8450.

[165] S. Timpanaro, M. Kemerink, F.J. Touwslager, M.M. De Kok, S. Schrader,
Morphology and conductivity of PEDOT/PSS films studied by scanning-
tunneling microscopy, Chem. Phys. Lett. 394 (2004) 339-343.

[166] X. Crispin, F.L.E. Jakobsson, A. Crispin, P.C.M. Grim, P. Andersson, A. Volodin,
C. van Haesendonck, M. Van der Auweraer, W.R. Salaneck, M. Berggren, The
origin of the high conductivity of poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT-PSS) plastic electrodes, Chem. Mater. 18
(2006) 4354-4360.

[167] AM. Nardes, RAJ. Janssen, M. Kemerink, A morphological model for the
solvent-enhanced conductivity of PEDOT:PSS thin films, Adv. Funct. Mater.
18 (2008) 865-871.

[168] AM. Nardes, M. Kemerink, M.M. de Kok, E. Vinken, K. Maturova, RA]J.
Janssen, Conductivity, work function, and environmental stability of
PEDOT:PSS thin films treated with sorbitol, Org. Electron. 9 (2008) 727-734.

[169] S.-I. Na, G. Wang, S.-S. Kim, T.-W. Kim, S.-H. Oh, B.-K. Yu, T. Lee, D.-Y. Kim,
Evolution of nanomorphology and anisotropic conductivity in solvent-
modified PEDOT:PSS films for polymeric anodes of polymer solar cells, ].
Mater. Chem. 19 (2009) 9045.

[170] E. Montibon, M. Lestelius, L. Jarnstrom, Electroconductive paper prepared by
coating with blends of poly(3,4-ethylenedioxythiophene)/poly(4-
styrenesulfonate) and organic solvents, ]J. Appl. Polym. Sci. 117 (2010)
3524-3532.

[171] A. Onorato, M.A. Invernale, .D. Berghorn, C. Pavlik, G.A. Sotzing, M.B. Smith,
Enhanced conductivity in sorbitol-treated PEDOT-PSS. Observation of an
in situ cyclodehydration reaction, Synth. Met. 160 (2010) 2284-2289.

[172] T. Takano, H. Masunaga, A. Fujiwara, H. Okuzaki, T. Sasaki, PEDOT nanocrystal
in highly conductive PEDOT:PSS polymer films, Macromolecules 45 (2012)
3859-3865.

[173] Y. Xia, H. Zhang, J. Ouyang, Highly conductive PEDOT:PSS films prepared
through a treatment with zwitterions and their application in polymer
photovoltaic cells, J. Mater. Chem. 20 (2010) 9740-9747.

[174] C. Badre, L. Marquant, A.M. Alsayed, L.A. Hough, Highly conductive poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) films using 1-ethyl-3-
methylimidazolium tetracyanoborate ionic liquid, Adv. Funct. Mater. 22
(2012) 2723-2727.

[175] Y.-B. Kim, S. Park, J.-W. Hong, Fabrication of flexible polymer dispersed liquid
crystal films using conducting polymer thin films as the driving electrodes,
Thin Solid Films 517 (2009) 3066.

[176] Y.H. Ha, N. Nikolov, S.K. Pollack, ]J. Mastrangelo, B.D. Martin, R. Shashidhar,
Towards a transparent, highly conductive poly(3,4-ethylenedioxythiophene),
Adv. Funct. Mater. 14 (2004) 615-622.

[177] Y.H. Kim, C. Sachse, M.L. Machala, C. May, L. Miiller-Meskamp, K. Leo, Highly
conductive PEDOT:PSS electrode with optimized solvent and thermal post-
treatment for ITO-free organic solar cells, Adv. Funct. Mater. 21 (2011) 1076-
1081.

[178] B. Winther-Jensen, K. West, Vapor-phase polymerization of 3,4-
ethylenedioxythiophene: a route to highly conducting polymer surface
layers, Macromolecules 37 (2004) 4538-4543.

[179] D. Alemu, H.-Y. Wei, K.-C. Ho, C.-W. Chu, Highly conductive PEDOT:PSS
electrode by simple film treatment with methanol for ITO-free polymer solar
cells, Energy Environ. Sci. 5 (2012) 9662-9671.

[180] Y. Xia, J. Ouyang, Significant different conductivities of the two grades of
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate), Clevios P and
Clevios PH1000, arising from different molecular weights, ACS Appl. Mater.
Interfaces 4 (2012) 4131-4140.

[181] Y. Xia, K. Sun, J. Ouyang, Highly conductive poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) films treated with an
amphiphilic fluoro compound as the transparent electrode of polymer solar
cells, Energy Environ. Sci. 5 (2012) 5325-5332.

[182] Y. Xia, K. Sun, J. Ouyang, Solution-processed metallic conducting polymer
films as transparent electrode of optoelectronic devices, Adv. Mater. 24
(2012) 2436-2440.

[183] M.V. Fabretto, D.R. Evans, M. Mueller, K. Zuber, P. Hojati-Talemi, R.D. Short,
G.G. Wallace, PJ. Murphy, Polymeric material with metal-like conductivity
for next generation organic electronic devices, Chem. Mater. 24 (2012) 3998-
4003.

[184] S. Holdcroft, Patterning m-conjugated polymers, Adv. Mater. 13 (2001) 1753.

[185] D. Samanta, A. Sarkar, Immobilization of bio-macromolecules on self-
assembled monolayers: methods and sensor applications, Chem. Soc. Rev.
40 (2011) 2567-2592.

[186] A. Ulman, Formation and structure of self-assembled monolayers, Chem. Rev.
96 (1996) 1533-1554.

[187] C.-]. Chang, C.-S. Yang, L.-H. Lan, P.-C. Wang, F.-G. Tseng, Fabrication of a SU-
8-based polymer-enclosed channel with a penetrating UV/ozone-modified
interior surface for electrokinetic separation of proteins, ]J. Micromech.
Microeng. 20 (2010) 115031.

[188] R.-G. Wu, C.-S. Yang, P.-C. Wang, F.-G. Tseng, Nanostructured pillars based on
vertically aligned carbon nanotubes as the stationary phase in micro-CEC,
Electrophoresis 30 (2009) 2025-2031.

[189] H.-Y. Hsieh, J.-L. Xiao, C.-H. Lee, T.-W. Huang, C.-S. Yang, P.-C. Wang, F.-G.
Tseng, Au-coated polystyrene nanoparticles with high-aspect-ratio
nanocorrugations via surface-carboxylation-shielded anisotropic etching for
significant SERS signal enhancement, J. Phys. Chem. C 115 (2011) 16258-
16267.

[190] H.-Y.Hsieh, T.-W. Huang, J.-L. Xiao, C.-S. Yang, C.-C. Chang, C.-C. Chu, L.-W. Lo,
S.-H. Wang, P.-C. Wang, C.-C. Chieng, C.-H. Lee, F.-G. Tseng, Fabrication and
modification of dual-faced nano-mushrooms for tri-functional cell
theranostics: SERS/fluorescence signaling, protein targeting, and drug
delivery, ]. Mater. Chem. 22 (2012) 20918-20928.

[191] P.-C. Wang, Y.-C. Liao, Y.-L. Lai, Y.-C. Lin, C.-Y. Su, C.-H. Tsai, Y.-J. Hsu,
Thermally induced variation in redox chemical bonding structures of single-
walled carbon nanotubes exposed to hydrazine vapor, Carbon 50 (2012)
1650-1658.

[192] P.-C. Wang, Y.-C. Liao, Y.-L. Lai, Y.-C. Lin, C.-Y. Su, C.-H. Tsai, Y.-J. Hsu,
Conversion of pristine and p-doped sulfuric-acid-treated single-walled
carbon nanotubes to n-type materials by a facile hydrazine vapor exposure
process, Mater. Chem. Phys. 134 (2012) 325-332.

[193] P.-C. Wang, G. Vilaire, W.F. DeGrado, ].S. Bennett, Interactions of
ADP-stimulated human platelets with PEGylated polystyrene substrates
prepared by surface amidation, Colloids Surf. B: Biointerfaces 58 (2007) 225~
230.

[194] ].S. Buch, P.-C. Wang, D.L. DeVoe, C.S. Lee, Field-effect flow control in a
polydimethylsiloxane-based microfluidic system, Electrophoresis 22 (2001)
3902-3907.

[195] Y. Jiang, P.-C. Wang, L.E. Locascio, C.S. Lee, Integrated plastic microftuidic
devices with ESI-MS for drug screening and residue analysis, Anal. Chem. 73
(2001) 2048-2053.

[196] P.-C. Wang, ]J. Gao, CS. Lee, High-resolution chiral separation using
microfluidics-based membrane chromatography, J. Chromatogr. A 942
(2002) 115-122.

[197] P.-C. Wang, D.L. DeVoe, C.S. Lee, Integration of polymeric membranes with
microfluidic networks for bioanalytical applications, Electrophoresis 22
(2001) 3857-3867.

[198] J.M. Obliosca, P.-C. Wang, F.-G. Tseng, Probing quenched dye fluorescence of
Cy3-DNA-Au-nanoparticle hybrid conjugates using solution and array
platforms, J. Colloid Interface Sci. 371 (2012) 34-41.

[199] H.-Y. Hsieh, P.-C. Wang, C.-L. Wu, C.-W. Huang, C.-C. Chieng, F.-G. Tseng,
Effective enhancement of fluorescence detection efficiency in protein
microarray assays: application of a highly fluorinated organosilane as the
blocking agent on the background surface by a facile vapor-phase deposition
process, Anal. Chem. 81 (2009) 7908-7916.

[200] X. Xu, G. Yu, Y. Liu, D. Zhu, Electrode modification in organic light-emitting
diodes, Displays 27 (2006) 24-34.


http://refhub.elsevier.com/S0141-9382(13)00040-1/h0745
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0745
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0745
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0745
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0745
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0750
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0750
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0755
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0755
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0760
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0760
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0760
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0760
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0765
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0765
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0765
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0770
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0770
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0770
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0775
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0775
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0780
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0780
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0780
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0785
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0785
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0790
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0790
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0795
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0795
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0800
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0800
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0800
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0800
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0805
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0805
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0805
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0810
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0810
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0810
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0815
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0815
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0815
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0815
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0820
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0820
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0820
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0820
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0825
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0825
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0825
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0830
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0830
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0830
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0830
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0830
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0835
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0835
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0835
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0840
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0840
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0840
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0845
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0845
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0845
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0845
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0850
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0850
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0850
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0850
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0855
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0855
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0855
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0860
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0860
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0860
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0865
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0865
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0865
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0870
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0870
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0870
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0870
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0875
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0875
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0875
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0880
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0880
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0880
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0885
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0885
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0885
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0885
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0890
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0890
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0890
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0895
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0895
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0895
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0900
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0900
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0900
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0900
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0905
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0905
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0905
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0905
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0910
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0910
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0910
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0915
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0915
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0915
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0915
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0920
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0925
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0925
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0925
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0930
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0930
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0935
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0935
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0935
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0935
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0940
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0940
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0940
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0945
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0945
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0945
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0945
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0945
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0950
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0950
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0950
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0950
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0950
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0955
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0955
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0955
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0955
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0960
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0960
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0960
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0960
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0965
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0965
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0965
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0965
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0970
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0970
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0970
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0975
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0975
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0975
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0980
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0980
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0980
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0985
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0985
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0985
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0990
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0990
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0990
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0995
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0995
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0995
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0995
http://refhub.elsevier.com/S0141-9382(13)00040-1/h0995
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1000
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1000

314 P.-C. Wang et al./Displays 34 (2013) 301-314

[201] P.-C. Wang, Z. Huang, A.G. MacDiarmid, Critical dependency of the
conductivity of polypyrrole and polyaniline films on the hydrophobicity/
hydrophilicity of the substrate surface, Synth. Met. 101 (1999) 852-853.

[202] C. Perruchot, M.M. Chehimi, M. Delamar, E. Cabet-Deliry, B. Miksa, S.
Slomkowski, M.A. Khan, S.P. Armes, Chemical deposition and
characterization of thin polypyrrole films on glass plates: role of
organosilane treatment, Colloid Polym. Sci. 278 (2000) 1139-1154.

[203] C.P. Tripp, M.L. Hair, Reaction of methylsilanols with hydrated silica surfaces:
the hydrolysis of trichloro-, dichloro-, and monochloromethylsilanes and the
effects of curing, Langmuir 11 (1995) 149-155.

[204] P.-C. Wang, R.E. Lakis, A.G. MacDiarmid, Morphology-correlated electrical
conduction in micro-contact-printed polypyrrole thin films grown by in situ
deposition, Thin Solid Films 516 (2008) 2341-2345.

[205] P.-C. Wang, ].-Y. Yu, Dopant-dependent variation in the distribution of
polarons and bipolarons as charge-carriers in polypyrrole thin films
synthesized by oxidative chemical polymerization, React. Funct. Polym. 72
(2012) 311-316.

[206] G. Cho, ]. Jang, I. Moon, ].-S. Lee, D.T. Glatzhofer, Enhanced adhesion of
polypyrrole film through a novel grafting method, J. Mater. Chem. 9 (1999).

[207] ]. Choi, I. Lee, S.Y. Lee, Deposition of polypyrrole thin film through the
molecular interaction with a designer peptide, Langmuir 25 (2009) 11495-
11502.

[208] C.G. Wu, J.Y. Chen, Chemical deposition of ordered conducting polyaniline
film via molecular self-assembly, Chem. Mater. 9 (1997) 399-402.

[209] C.G. Wy, Y.R. Yeh, ].Y. Chen, Y.H. Chiou, Electroless surface polymerization of
ordered conducting polyaniline films on aniline-primed substrates, Polymer
42 (2001) 2877-2885.

[210] C.G. Wu, C.Y. Chen, Chemical deposition of ordered conducting polypyrrole
films on modified inorganic substrates, J. Mater. Chem. 7 (1997) 1409-1413.

[211] F. Faverolle, A]. Attias, B. Bloch, P. Audebert, C.P. Andrieux, Highly conducting
and strongly adhering polypyrrole coating layers deposited on glass
substrates by a chemical process, Chem. Mater. 10 (1998) 740-752.

[212] C. Intelmann, U. Rammelt, W. Plieth, X. Cai, E. Jdhne, H.-P. Adler, Preparation
of ultrathin polypyrrole films using an adhesion promoter, J. Solid State
Electrochem. 11 (2007) 1-9.

[213] Z.F. Li, E. Ruckenstein, Conductive surface via graft polymerization of aniline
on a modified glass surface, Synth. Met. 129 (2002) 73-83.

[214] Y. Chen, E.T. Kang, K.G. Neoh, W. Huang, Electroless metallization of glass
surfaces functionalized by silanization and graft polymerization of aniline,
Langmuir 17 (2001) 7425-7432.

[215] P.-C. Wang, J.-Y. Yu, K.-H. Li, All-organic polymer-dispersed liquid crystal
light-valves integrated with electroactive anthraquinone-2-sulfonate-doped
polypyrrole thin films as driving electrodes, Mater. Chem. Phys. 130 (2011)
1346-1350.

[216] T. Mehmood, X]J. Dai, A. Kaynak, A. Kouzani, Improved bonding and
conductivity of polypyrrole on polyester by gaseous plasma treatment,
Plasma Process. Polym. 9 (2012) 1006-1014.

[217] S.G. Im, P.J. Yoo, P.T. Hammond, K.K. Gleason, Grafted conducting polymer
films for nano-patterning onto various organic and inorganic substrates by
oxidative chemcial vapor deposition, Adv. Mater. 19 (2007) 2863.

[218] J.K. Wang, X.Y. Liu, H.S. Choi, J.H. Kim, Conducting polymer films fabricated
by oxidative graft copolymerization of aniline on poly(acrylic acid) grafted
poly(ethylene terephthalate) surfaces, J. Phys. Chem. B 112 (2008) 14829-
14835.

[219] H.L. Ricks-Laskoski, L.J. Buckley, Twenty-year aging study of electrically
conductive polypyrole films, Synth. Met. 156 (2006) 417.

[220] B. Kim, V. Koncar, C. Dufour, Polyaniline-coated PET conductive yarns: study
of electrical, mechanical, and electro-mechanical properties, J. Appl. Polym.
Sci. 101 (2006) 1252-1256.

[221] K.F. Schoch Jr., W.A. Byers, LJ. Buckley, Deposition and characterization of
conducting polymer thin films on insulating substrates, Synth. Met. 72
(1995) 13-23.

[222] A. Kaynak, E. Hakansson, Short-term heating tests on doped polypyrrole-
coated polyester fabrics, Synth. Met. 158 (2008) 350-354.

[223] W.E. Alves, E.C. Venancio, F.L. Leite, D.H.F. Kanda, LF. Malmonge, J.A.
Malmonge, LH.C. Mattoso, Thermo-analyses of polyaniline and its
derivatives, Thermochim. Acta 502 (2010) 43-46.

[224] H.H. Kuhn, A.D. Child, W.C. Kimbrell, Toward real applications of conductive
polymers, Synth. Met. 71 (1995) 2139-2142.

[225] A.D. Child, H.H. Kuhn, Enhancement of the thermal stability of chemically
synthesized polypyrrole, Synth. Met. 84 (1997) 141-142.

[226] T.Y. Kim, J.E. Kim, K.S. Suh, Effects of alcoholic solvents on the conductivity of
tosylate-doped poly(3,4-ethylenedioxythiophene) (PEDOT-OTs), Polym. Int.
55 (2006) 80-86.

[227] B. Winther-Jensen, J. Chen, K. West, G. Wallace, Vapor phase polymerization
of pyrrole and thiophene using Iron(lll) sulfonates as oxidizing agents,
Macromolecules 37 (2004) 5930-5935.

[228] M.K. Traore, W.T.K. Stevenson, B.]. McCormick, R.C. Dorey, S. Wen, D. Myers,
Thermal analysis of polyaniline Part I. Thermal degradation of HCl-doped
emeraldine base, Synth. Met. 40 (1991) 137.

[229] L.A.P. Kane-Maguire, A.G. MacDiarmid, 1.D. Norris, G.G. Wallace, W.G. Zheng,
Facile preparation of optically active polyanilines via the in situ chemical
oxidative polymerisation of aniline, Synth. Met. 106 (1999) 171-176.

[230] AJ. Motheo, J.R. Santos Jr., E.C. Venancio, L.H.C. Mattoso, Influence of different
types of acidic dopant on the electrodeposition and properties of polyaniline
films, Polymer 39 (1998) 6977-6982.

[231] J.W. Doane, N.A. Vaz, B.-G. Wu, S. Zumer, Field controlled light scattering
from nematic microdroplets, Appl. Phys. Lett. 48 (1986) 269.

[232] P.S. Drzaic, Polymer dispersed nematic liquid crystal for large area displays
and light valves, J. Appl. Phys. 60 (1986) 2142.

[233] D.A. Higgins, Probing the mesoscopic chemical and physical properties of
polymer-dispersed liquid crystals, Adv. Mater. 12 (2000) 251.

[234] E. Harlev, T. Gulakhmedova, I. Rubinovich, G. Aizenshtein, A new method for
the preparation of conductive polyaniline solutions: application to liquid
crystal devices, Adv. Mater. 8 (1996) 994.

[235] F. Roussel, R. Chan-Yu-King, J.-M. Buisine, Conducitng polymers as driving
electrodes for Polymer-Dispersed Liquid-Crystals displsy devices: on the
electro-optical efficiency, Eur. Phys. J. E 11 (2003) 293.

[236] ]J.-Y. Kim, H.-Y. Woo, J.-W. Baek, T.-W. Kim, E.-A. Song, S.-C. Park, D.-W. Ihm,
Polymer-dispersed liquid crystal devices using highly conducting polymers
as electrodes, Appl. Phys. Lett. 92 (2008) 183301.

[237] M. Boussoualem, R. Chan-Yu-King, J.F. Brun, B. Duponchel, M. Ismaili, F.
Roussel, Electro-optic and dielectric properties of optical switching devices
based on liquid crystal dispersions and driven by conducting polymer
poly(3,4-ethylene dioxythiophene):polystyrene sulfonate (PEDOT:PSS)-
coated electrodes, J. Appl. Phys. 108 (2010) 113526.

[238] D. Hohnholz, A.G. MacDiarmid, Line patterning of conducting polymers: new
horizons for inexpensive, disposable electronic devices, Synth. Met. 121
(2001) 1327-1328.

[239] D. Hohnholz, H. Okuzaki, A.G. MacDiarmid, Plastic electronic devices through
line patterning of conducting polymers, Adv. Funct. Mater. 15 (2005) 51.

[240] Y. Cao, P. Smith, A.J. Heeger, Counter-ion induced processibility of conducting
polyaniline, Synth. Met. 57 (1993) 3514-3519.

[241] Y. Cao, G.M. Treacy, P. Smith, AJ. Heeger, Optical-quality transparent
conductive polyaniline films, Synth. Met. 57 (1993) 3526-3531.

[242] Y. Yang, A]. Heeger, Polyaniline as a transparent electrode for polymer light
emitting diodes: lower operating voltage and higher efficiency, Appl. Phys.
Lett. (1994).

[243] Y. Yoshioka, G.E. Jabbour, Desktop inkjet printer as a tool to print conducting
polymers, Synth. Met. 156 (2006) 779-783.

[244] K. Fehse, G. Schwartz, K. Walzer, K. Leo, Combination of a polyaniline anode
and doped charge transport layers for high-efficiency organic light emitting
diodes, J. Appl. Phys. 101 (2007).

[245] M. Cai, Z. Ye, T. Xiao, R. Liu, Y. Chen, RW. Mayer, R. Biswas, K.-M. Ho, R. Shinar, ].
Shinar, Extremely efficient indium-tin-oxide-free green phosphorescent
organic light-emitting diodes, Adv. Mater. 24 (2012) 4337-4342.

[246] A. De Girolamo Del Mauro, G. Nenna, F. Villani, C. Minarini, Study of the effect
of the doped poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
polymeric anode on the organic light-emitting diode performances, Thin
Solid Films 520 (2012) 5386-5391.

[247] R. Baetens, B.P. Jelle, A. Gustavsen, Properties, requirements and possibilities
of smart windows for dynamic daylight and solar energy control in buildings:
a state-of-the-art review, Sol. Energy Mater. Sol. Cells 94 (2010) 87-105.

[248] U. Lange, N.V. Roznyatouskaya, V.M. Mirsky, Conducting polymers in
chemical sensors and arrays, Anal. Chim. Acta 614 (2008) 1-26.

[249] C. Bartic, G. Borghs, Organic thin-film transistors as transducers for (bio)
analytical applications, Anal. Bioanal. Chem. 384 (2006) 354-365.

[250] L. Wang, D. Fine, D. Sharma, L. Torsi, A. Dodabalapur, Nanoscale organic and
polymeric field-effect transistors as chemical sensors, Anal. Bioanal. Chem.
384 (2006) 310-321.

[251] S. Kola, J. Sinha, H.E. Katz, Organic transistors in the new decade: toward n-
channel, printed, and stabilized devices, ]. Polym. Sci., Part B: Polym. Phys. 50
(2012) 1090-1120.

[252] D. James, S.M. Scott, Z. Ali, W.T. O’'Hare, Chemical sensors for electronic nose
systems, Michrochim. Acta 149 (2005) 1-17.

[253] S.-I. Na, S.-S. Kim, ]. Jo, D.-Y. Kim, Efficient and flexible ITO-free organic solar
cells using highly conductive polymer anodes, Adv. Mater. 20 (2008) 4061-
4067.


http://refhub.elsevier.com/S0141-9382(13)00040-1/h1005
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1005
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1005
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1010
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1010
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1010
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1010
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1015
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1015
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1015
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1020
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1020
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1020
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1025
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1025
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1025
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1025
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1030
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1030
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1035
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1035
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1035
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1040
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1040
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1045
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1045
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1045
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1050
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1050
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1055
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1055
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1055
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1060
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1060
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1060
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1065
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1065
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1070
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1070
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1070
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1075
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1075
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1075
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1075
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1080
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1080
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1080
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1085
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1085
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1085
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1090
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1090
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1090
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1090
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1095
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1095
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1100
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1100
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1100
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1105
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1105
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1105
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1110
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1110
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1115
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1115
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1115
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1120
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1120
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1125
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1125
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1130
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1130
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1130
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1135
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1135
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1135
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1140
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1140
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1140
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1145
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1145
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1145
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1150
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1150
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1150
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1155
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1155
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1160
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1160
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1165
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1165
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1170
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1170
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1170
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1175
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1175
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1175
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1180
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1180
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1180
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1185
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1185
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1185
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1185
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1185
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1190
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1190
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1190
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1195
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1195
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1200
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1200
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1205
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1205
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1210
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1210
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1210
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1215
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1215
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1220
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1220
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1220
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1225
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1225
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1225
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1230
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1230
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1230
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1230
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1235
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1235
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1235
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1240
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1240
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1245
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1245
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1250
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1250
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1250
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1255
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1255
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1255
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1260
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1260
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1265
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1265
http://refhub.elsevier.com/S0141-9382(13)00040-1/h1265

	Transparent electrodes based on conducting polymers for display applications
	1 Introduction
	2 Transparent conducting polymer thin films
	2.1 Properties of conducting polymers
	2.2 Preparation
	2.2.1 Coating treatment with a conducting polymer solution/dispersion
	2.2.2 Deposition in a polymerizing solution
	2.2.3 Chemical vapor deposition

	2.3 Transparency
	2.4 Conductivity
	2.5 Adhesion
	2.6 Stability

	3 Display devices integrated with organic transparent electrodes based on conducting polymers
	3.1 Polymer-dispersed liquid crystal (PDLC) devices
	3.2 Organic light-emitting diode (OLED) devices

	4 Outlook
	5 Conclusion
	Acknowledgement
	References


