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ABSTRACT: We developed single-crystal poly(3,4-ethyl-
enedioxythiopene) (PEDOT) nanowires with ultrahigh
conductivity using liquid-bridge-mediated nanotransfer print-
ing with vapor phase polymerization. The single-crystal
PEDOT nanowires are formed from 3,4-ethylenedioxythio-
phene (EDOT) monomers that are self-assembled and
crystallized during vapor phase polymerization process within
nanoscale channels of a mold having FeCl; catalysts. These
PEDOT nanowires, aligned according to the pattern in the

°
-

2000 4000 6000 8000 10000

Wire width (nm)

mold, are then directly transferred to specific positions on a substrate to generate a nanowire array by a direct printing process.
The PEDOT nanowires have closely packed single-crystalline structures with orthorhombic lattice units. The conductivity of the
single-crystal PEDOT nanowires is an average of 7619 S/cm with the highest up to 8797 S/cm which remarkably exceeds
literature values of PEDOT nanostructures/thin films. Such distinct conductivity enhancement of single-crystal PEDOT
nanowires can be attributed to improved carrier mobility in PEDOT nanowires. To demonstrate usefulness of single-crystal
PEDOT nanowires, we fabricated an organic nanowire field-effect transistor array contacting the ultrahigh conductive PEDOT

nanowires as metal electrodes.
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onjugated organic polymers with heterocyclic structures

have good electrical conductivity, excellent transmittance
in the visible frequency, structural flexibility, and tunable
electronic properties.”” The conducting polymers have shown
great promise in flexible, inexpensive, large-area applications
such as flexible displays, radio frequency identification devices
(RFIDs), photovoltaic arrays, smart cards, nonvolatile memory,
and sensors.”® Among the heterocyclic conducting polymers,
poly(3,4-ethylenedioxythiophene) (PEDOT) is a unique ma-
terial that has received significant attention for its potential
applications as transparent and flexible electrodes in organic
transistors, photovoltaic devices, optical displays, organic light
emitting diodes, and biosensors owing to its high conductivity,
good transparency, excellent thermal and atmospheric stability,
and low redox potential.” "

Since PEDOT was first synthesized at the Bayer research
laboratory, many derivatives have been developed by oxidative
chemical and electrochemical polymerization methods using
various kinds of monomers, oxidants, and counterions.'*™**
The electrical conductivity of PEDOT and its derivatives has
increased from an initial value of 2 S cm™' up to the value
exceeding 4500 S cm™."*'S Such variation of the conductivity
by several orders of magnitude is largely caused by the nature of
various dopant anions, e.g, Cl7, PF47, tosylate, poly-
(styrenesulfonate), sulfated poly(f-hydroxyether), etc.'*
These polymers with enhanced electrical conductivities have
demonstrated many traditional signatures of metallic con-
ductivity."™"* The conductivity of the PEDOT also strongly
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depends on the degree of crystallinity, confirming the general
trend that the interchain charge carrier mobility in a given
conducting polymer is significantly affected by chain alignment
and crystalline state of the polymer.">***" This suggests that
another method of achieving a higher level of conductivity in
the PEDOT is to increase crystallinity. Single-crystal PEDOT
would be particularly useful because it would show intrinsic
charge-transport properties and the highest performance due to
the perfect order of polymer chains, the absence of grain
boundaries, the good interface of contact, and the minimal
concentration of charge traps. However, the crystalline order of
PEDOT and its derivatives has been limited—usually
amorphous or paracrystalline, which leads to scattering,
trapping at defects, and localization of charge carriers.'>*%**
Herein, we developed single-crystal PEDOT nanowire arrays
using nanotransfer direct printing of the PEDOT nanowires
produced by vapor phase polymerization (VPP) of 3,4-
ethylenedioxythiophene (EDOT) in the presence of catalyst,
FeCl,. Importantly, we achieved simultaneously the synthesis,
alignment, and patterning of single-crystal PEDOT nanowires.
The PEDOT nanowires—produced inside one-dimensional
nanoconfinements, i.e., nanoscale channels of a mold, exhibit
high crystalline nature and ultrahigh conductivity (~8000 S
cm™"). Furthermore, the single-crystal PEDOT nanowires can
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be properly integrated into organic nanowire devices in such a
way that a group of nanowires, aligned with a preset interspace
according to the pattern in the mold, is directly transferred on
the device substrate.

Figure 1la illustrates the procedure used to generate a single-
crystal PEDOT nanowire arrays by liquid-bridge-mediated
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Figure 1. Fabrication of a single-crystal PEDOT nanowire array. (a)
Schematic illustration of the procedure used to fabricate a single-
crystal PEDOT nanowire array on a substrate using LB-nTM with
VPP. (b) An SEM image of a PUA mold with a nanoscale pattern. (c)
An SEM image of the mold filled with FeCl, catalyst molecules. (d) An
SEM image of the mold filled with single-crystal PEDOT nanowires
grown via VPP process. (e) Schematic illustration of a liquid bridge
formed by a polar liquid layer between PEDOT nanowires and a
substrate. (f) An SEM image of a single-crystal PEDOT nanowire
array on a Si substrate before washing. (g) An SEM image of a single-
crystal PEDOT nanowire array on a Si substrate after washing with
methanol to remove residual FeCl,.

nanotransfer molding (LB-nTM) process in combination with
VPP of EDOT.”> A mold is fabricated by casting polyurethane
acrylate (PUA) on a silicon wafer with a nanoscale line pattern
of resists (Figure 1b). Ferric chloride (FeCly) solution fills only
the channels of the PUA mold due to selective inking based on
discontinuous dewetting.24 The thickness of the FeCl, solution
in each of the nanoscale channels is about 10 nm after drying at
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mild temperature (50 °C) for <10 min (Figure 1c). The dried
mold having FeCl; is then exposed to EDOT and methanol
vapors concurrently in a VPP chamber at 50 °C for 20 min.
The methanol vapor was exposed to make the FeCl; oxidants
liquid-like states for the bottom-up growth of PEDOT.*® The
exposing time at the polymerization conditions is sufficient for
terminating the PEDOT growth, indicating that the PEDOT
thicknesses are mainly determined by the amount of FeCl; in
the molds. The EDOT molecules are polymerized, self-
assembled, and crystallized on FeCl; molecules within the
nanoscale channels to form single-crystal PEDOT nanowires
(Figure 1d). The single-crystal PEDOT nanowires in the mold
are directly transferred on selected locations of desired
substrates (Figure 1f) using liquid-bridge-mediated transfer
process, as shown in Figure le. Subsequent washing with
methanol removes the remaining FeCl; molecules resulting in
an array of high-quality single-crystal PEDOT nanowires
(Figure 1g).

An SEM image of a single-crystal PEDOT nanowire array—
fabricated using a mold having a line pattern with a period of
200 nm (100 nm-wide parallel lines, 150 nm-deep, and 100 nm-
wide spaces between the lines)—clearly shows that the
nanowires, each with a width of 95 nm and a height of 100
nm, are perfectly aligned to form a 200 nm period array on the
substrate (Figure 2a). Note that each nanoscale channel of the
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Figure 2. Electron microscopic images and SAED patterns of PEDOT
nanowires, microribbons, and thin film. (a) An SEM image of a
PEDOT nanowire array (white) fabricated by LB-nTM on a Si
substrate (black). Inset: corresponding perspective magnified view of
the nanowire array. (b) An SAED pattern and the corresponding TEM
image (inset) of the PEDOT nanowire. The diffraction pattern shows
the single-crystalline nature. (c) An SEM image of a PEDOT
microribbon array. Inset: corresponding perspective magnified view of
the microribbon array. (d) An SAED pattern and the corresponding
TEM image (inset) of a PEDOT microribbon, which indicates the
semicrystalline nature. (e) An SEM image of a PEDOT thin film.
Inset: corresponding perspective magnified view of the thin film. (f)
An SAED pattern and the corresponding TEM image of the PEDOT
thin film, which indicates amorphous nature.
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Figure 3. Characterization of single-crystal PEDOT nanowires. (a) A TEM image of a PEDOT nanowire and the corresponding SAED patterns
corresponding to three different areas of the PEDOT nanowire. Each area shows the single-crystalline nature. (b) An XRD pattern of a PEDOT
nanowire array fabricated on a Si substrates by LB-nTM. (c) Schematic representation of the crystal structure of the single-crystal PEDOT nanowire
along the nanowire direction. (d) An EDX spectrum of a PEDOT nanowire array. (e) An XPS spectrum of the PEDOT nanowire array. The inset
shows a high-resolution spectrum of the S(2p) signal of the PEDOT nanowires.

mold is filled with a 10 nm-thick FeCl; oxidant layer. The
height of the PEDOT nanowire is mainly determined by the
amount of FeCl; oxidants in the molds because the
polymerization time is sufficient for terminating the PEDOT
growth. The crystalline structures of the PEDOT nanowires
were examined by selective-area electron diffraction (SAED). A
SAED pattern and a corresponding TEM image (inset) of the
PEDOT nanowire are shown in Figure 2b. The SAED pattern
presents very well-ordered, bright Bragg diffraction spots,
indicating that the PEDOT nanowire is of single-crystalline
nature.

For comparison, PEDOT microribbons and PEDOT thin
films were also fabricated by the same method, using a
micropatterned mold with 4 pm-wide parallel lines and 2 ym-
wide spaces between the lines and using a nonpatterned mold,
respectively. SEM images of the resultant PEDOT micro-
ribbons with a width of 1.8 ym and a height of 600 nm and the
thin film with a thickness of 180 nm are shown in Figure 2¢,e,
respectively. Note that the thicknesses of the FeCl; oxidants in
the micro- and nonpatterned molds are 60 and 20 nm,
respectively. SAED patterns and TEM images of the micro-
ribbon and the thin film are shown in Figure 2d,f, respectively.
The SAED pattern of the PEDOT microribbon shows discrete
diffraction spots in each Debye ring, indicating that they have a
preferred-oriented polycrystalline ordering. Ring-type diffrac-
tion was observed for the PEDOT thin film, which indicates
that it is amorphous and random-oriented polycrystalline.
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These results could be attributed to formation of the PEDOT
in environments with different spacial restrictions during the
VPP process. It can therefore be concluded that nanoconfine-
ment effect provided by the nanochannels in the mold is crucial
for the formation of the single-crystal PEDOT nanowires.

The single crystalline nature of the PEDOT nanowires was
confirmed by the SAED analysis (Figure 3a), which was
performed at three different positions along a PEDOT
nanowire. The SAED patterns were obtained perpendicular to
the length axis of the PEDOT nanowire, presenting very well-
ordered diffraction spots. A repetition unit of 7.91 A along the
polymer chain direction and a repetition unit of 4.64 A along
the 7—x stacking direction were observed. These data indicate
that the PEDOT nanowire has an orthorhombic crystal unit cell
with lattice constants of a = 11.01 A, b= 4.64 A, and c = 7.91 A
and that it forms along the [010] direction on the substrate,
coinciding with the (100) projection from XRD results (Figure
3b). Thus, we can draw a schematic representation of the
crystal structure of the single-crystal PEDOT nanowire along
the nanowire direction, as shown in Figure 3c. The lateral chain
spacing (a) and m—7z stacking distance (b) are smaller than
those of the previously reported PEDOT with different dopants
and crystallinity, probably due to the relatively small (CI7)
dopant and the favorable packin§ of the incoming monomers
within the nanoscale channels.”>*®

Energy dispersive X-ray spectroscopy (EDX) analysis was
performed to determine the composition of the PEDOT

dx.doi.org/10.1021/n1500748y | Nano Lett. 2014, 14, 3321-3327
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Figure 4. Conductivity measurements of PEDOT nanowires, microribbons, and thin films. (a) An optical microscopy image of a device for four
point resistivity measurements (top). An SEM image of the dotted rectangle in the optical microscopy image: a magnified view showing a S PEDOT
nanowire array connected by four Ag electrodes (bottom). (b) V—I plots for an array of S PEDOT nanowires. (c) Conductivity of the PEDOT
nanowires or microribbons as a function of the width. The solid line indicates the conductivity of the PEDOT thin films.
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nanowires fabricated by this process. An EDX spectrum
obtained from the 95 nm-wide and 100 nm-thick single-crystal
PEDOT nanowires displays the characteristic peaks for carbon,
oxygen, sulfur, and chlorine but none for iron, as shown in
Figure 3d. Note that iron peaks are supposed to appear at 6.4
and 7.1 e€V. The atomic concentrations for C, O, S, and Cl are
64.46%, 24.83%, 9.65%, and 1.06%, respectively. These results
give the C/O/S ratio of 6:2:1 that matches with the atomic
ratio of pristine PEDOT. It should be noted that there was no
external doping of Cl, and therefore the Cl should originate
from FeCl,. It looks like that the Fe was efficiently removed by
methanol washing but the Cl counteranions remained in the
PEDOT crystals so as to serve as a major dopant. There is one
chloride for 10 thiophene rings on average, and the estimated
doping level is 10%. This conclusion is further confirmed by X-
ray photoelectron spectroscopy (XPS) analysis, as shown in
Figure 3e. The estimated elemental composition of the
PEDOT nanowires by the XPS analysis is C 65.09%, O
22.61%, S 11.12%, and CI 1.18%. As a result, the atomic ratio of
S to Cl is approximately 10:1, which is consistent with the
estimated doping level by EDX. Moreover the thiophene S(2p)
signal in the high-resolution XPS spectrum also allows us to
evaluate the doping level, utilizing the amount of positive
charges—induced by anion (Cl™) dopants—on the thiophene
rings.27_29 The high-resolution spectrum (Figure 3e, inset)
shows the natural S(2p) region consisting of a spin-split
doublet, S(;3)1 /2,3/2), with the energy splitting of 1.2 eV (blue
solid lines).** The peaks include two S(2p) doublets with the
blue solid and dotted lines denoting neutral and partially
oxidized S atoms, respectively.’ It is likely that these doublets
correspond to undoped (163.4 eV for S(2p,,,), 164.6 eV for
S(2p,/2)) and doped (164.7 eV for S(2p;;), 165.9 eV for
S(2py,)) sulfur atoms. These results revealed the doping level
of about 10%—estimated from the area ratio of doped/
undoped peaks—for the PEDOT nanowires, which is
consistent with the EDX and XPS data. For comparison, the
PEDOT thin films and microribbons were also analyzed by
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EDX and XPS, which results in the same doping levels (x10%)
as that of the nanowires. (Figure S1)

The conductivity of the single-crystal PEDOT nanowires was
measured using a four-point resistivity measurement technique.
An array of the five PEDOT nanowires—each having 95 nm
width, 100 nm height, and 100 ym length—was fabricated on a
200 nm-thick SiO, substrate using LB-nTM with VPP. Next, a
metal electrode array made of four 1.5 pm-thick Ag
microribbons was perpendicularly defined to contact the
PEDOT nanowires on the substrate by LB-nTM using a
micropatterned mold with 3 gm-wide parallel lines and 2 ym-
wide spaces (Figure 4a, bottom). Finally, 200 nm-thick Au pads
were deposited by evaporation using a shadow mask for
electrical measurements (Figure 4a, top). More than 20
PEDOT nanowire devices were fabricated for measuring the
resistivities of the nanowires. Figure 4b shows the linear voltage
(V) versus current (I) curve for the highest conductive PEDOT
nanowire device. More than 20 PEDOT nanowire devices were
fabricated and voltage (V) versus current (I) plots were
obtained using a four point probe to measure the resistance of
the devices. The resistivity and conductivity of the PEDOT
nanowires in each device were then calculated using the
measured resistance value of the device and the dimension of
the five PEDOT nanowires (each having 95 nm width, 100 nm
height, and 3.5 pm length). Figure 4b shows a linear V versus I
plot obtained for the highest conductive PEDOT nanowire
device which showed the resistivity value of 1.13 X 107* Qcm,
equivalent to the conductivity value of 8797 S cm™. We also
measured the resistivity from the two-point measurement using
the inner pair of electrodes is about 1.19 X 10™* Qcm which is
almost identical to that obtained from the four-point probe,
indicating that the contact resistance at the interface between
the nanowires and the Ag metal pads is negligible. The
conductivity measurements of the 20 PEDOT nanowire devices
result in an average value of 7619 S cm™ with the standard
deviation of 771.6 S cm™". Significantly, the conductivity of the
single-crystal PEDOT nanowires is higher than typical PEDOT
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Figure S. Fabrication and characterization of organic nanowire FETs. (a) A photograph of an array of FETs on a flexible substrate: Each FET uses a
single-crystal TIPS-PEN nanowire as p-type active channel and a pair of single-crystal PEDOT nanowires as source and drain electrodes (top). A
schematic of the FET array (middle). An SEM image of a single TIPS-PEN nanowire with a pair of PEDOT nanowires in the FET array: A 30°
tilted, magnified view of the white dotted rectangle in the schematic (bottom). (b) Drain current—gate voltage (I—Vy;) transfer curves (Vp, = —30
V) of TIPS-PEN nanowire FETs. (c) Drain current—drain voltage (I—Vp) output curves obtained from the same device.

thin films by almost 2 orders of magnitude and is the highest
among the values achieved in PEDOT and its derivatives.'>>"**
For comparison, the PEDOT submicroribbons and micro-
ribbons were fabricated by LB-nTM for conductivity measure-
ments using the same method as that used for the nanowires.
Note all PEDOT samples for conductivity measurement have
the same thickness of about 100 nm. Figure 4c displays the
variation in the conductivity of the PEDOT nanowires or
microribbons with respect to their width. The conductivity
rapidly decreases with increasing width and levels off to the
conductivity value of PEDOT thin films at 8000 nm.
Unambiguously, our study shows a very strong increase in
the conductivity for the single-crystal PEDOT nanowires. A
material’s conductivity (o) is generally known to be propor-
tional to the product of the carrier density (N) and the carrier
mobility (#) and can be expressed as ¢ = Ny, where q is the
elementary charge. From this relationship, it is possible to
expect that the outstanding conductivity of the single-crystal
PEDOT nanowires can be generated from the enhanced
doping level and/or crystallinity. As the estimated doping level
of the single-crystal PEDOT nanowires is the same as that of
the PEDOT thin films or microribbons, about 10% by the EDX
and XPS results, the carrier mobility (or crystallinity) seems to
play a major role for the enhanced conductivity of the single-
crystal nanowires. The carrier mobility (4) of the single-crystal
PEDOT nanowires can be estimated by using the equation y =
6/qN. The carrier density (N) of the VPP-grown PEDOT
structures is calculated to be approximately 6.23 X 10*° cm™ by
using the relation, N = dN,n/FW, where d = 1.45 g/ cm®, FW =
140 g/mol, and N, is Avogadro’s number.””*"** Using this N
value, the carrier mobility of the nanowires showing the highest
conductivity (8797 S cm™) becomes 88.08 cm® V! s7'.
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Notably, this carrier mobility value is the highest among
reported values for PEDOT and its derivatives.>"** Such high
enhancement in the mobility of the single-crystal PEDOT
nanowires strongly suggests that their high crystalline structure
with a small 7—7n stacking distance mainly contributes to the
ultrahigh conductivity.

In order to demonstrate usefulness of ultrahigh conductive
PEDOT nanowires, a large-scale array of field-effect transistors
(FETs) was fabricated on S X 5 cm? poly(ether sulfone) (PES)
substrates using single-crystal 6,13-bis(triisopropylsilylethynyl)-
pentacene (TIPS-PEN) nanowires as p-type active channels
and single-crystal PEDOT nanowires as source and drain
electrodes for bottom gate and bottom contact configuration
(Figure Sa, top). A 150 nm-thick indium—tin oxide (ITO) gate
electrode and a 200 nm-thick SiO, dielectric layer were formed
on a PES substrate by sputter deposition. A pair of the 95 nm-
wide PEDOT nanowires with 550 nm-wide space between
them was then deployed on the substrate by using LB-nTM
with VPP. Next, an array of the 90 nm-wide and 135 nm-high
TIPS-PEN nanowires as p-type active channel layers was
defined on the substrate by LB-nTM contacting the PEDOT
nanowire electrodes.’® Finally, the PEDOT nanowire source
and drain electrodes were electrically connected by evaporation
of 200 nm-thick Au using a shadow mask. A schematic
illustration of the array is shown in Figure Sa (middle). Figure
Sa (bottom) shows an SEM image of a part of single FET—the
single-crystal TIPS-PEN nanowire in contact with two single-
crystal PEDOT nanowires functioning as source and drain
electrodes. Figure Sb,c presents typical drain current—gate
voltage (Ip—V() transfer curves and drain current—drain
voltage (I,—Vp) output curves measured in air, respectively,
for the FETs with single TIPS-PEN nanowire in the channel
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region. The FETs were well-modulated, as typical p-type
transistors, in accordance with the gate voltage and exhibited
clear saturation behavior. The field-effect mobility (#) and
threshold voltage (V) were calculated in the saturation regime
(Vp = =30 V) by plotting the square root of the drain current
versus the gate voltage using I, = (WC,/2L)u(Vg — Vy)?
where C, is the capacitance/unit area of the gate dielectric layer
(15 nF/cm?), and W and L are the channel width and length,
respectively.

The TIPS-PEN FETs with single-crystal PEDOT nanowires
as source/drain contacts showed excellent device performance,
with a field-effect mobility of 0.15 cm® V™' s, an on/off
current ratio of ~10% and a threshold voltage of —2.5 V. We
note that these FETs have a field-effect mobility that is lower
than those of the FETs with micrometer-size metal electrodes
due to a smaller contact area between the active nanowires and
the nanowire electrodes.** However, this FET performance is
comparable to that of the FETs containing Ag nanowire
electrodes (Figure S2). Due to its high-metallic properties, the
single-crystal PEDOT nanowires, fabricated using LB-nTM
with VPP, are very applicable as metal components for
transparent and flexible electronics.

In summary, we have developed single-crystal PEDOT
nanowires with ultrahigh conductivity by using a direct printing
method combined with vapor phase polymerization process. In
this method, EDOT monomers are oxidized, self-assembled,
and crystallized in nanoscale channels of the mold containing
the FeCl; catalysts, producing an array of single-crystal PEDOT
nanowires. Thus, formed PEDOT nanowires are of single
crystal nature, with closer lateral chain spacing and 7—7n
stacking distance than those of most PEDOT systems. The
single-crystal PEDOT nanowires have ultrahigh conductivity up
to 8797 S cm™! in comparison to the microribbons and thin
films that were prepared by the same method except the
dimension of patterned channels. This increase in conductivity
of the single-crystal PEDOT nanowires is due to their high-
crystalline structures resulting in carrier mobility enhancement.
It is suggested that the nanoscale channels of a mold strongly
affect to form single-crystal PEDOT nanowires of such
ultrahigh conductivity by this method. Moreover, single-crystal
PEDOT nanowires were successfully demonstrated for their
use as flexible metal electrodes in high-integrated organic field-
effect transistors. The single-crystal PEDOT nanowires, due to
their ultrahigh conductivity and their ability to be printed on
the substrates, could potentially be used in all organic nanowire
electronics for transparent, flexible, inexpensive, and large-area
applications.
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