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a b s t r a c t

The electrical properties of conducting polymer, poly(3,4-ethylenedioxythiophene) (PEDOT), nanowires
were studied to develop nitric oxide (NO) gas sensors with low working temperatures. A nanowire with
a diameter of 300 nm was fabricated using dip-pen nanolithography (DPN) across a 55 �m gap between
a pair of electrodes. The electrical properties of single or multiple PEDOT nanowires were examined
eywords:
oly(3,4-ethylenedioxythiophene
anowires
ip-pen nanolithography

by plotting the current–voltage (I–V) curves in the range −3 V to +3 V at temperatures between 298 K
and 393 K. The conductance of parallel wires was normalized with respect to the dimensions of the
fabricated nanowires. The single nanowire exhibited nonlinear conductance associated with hysteresis
but multiple wires did not. The currents increased with the temperature and the I–V characteristics were
consistent with the power law G(T)�T˛ with �∼ 5.14 and 5.43. The responses to NO were highly linear and
reproducible, indicating that sensing using PEDOT nanowires was reliable with a minimal concentration
itric oxide gas sensor
of NO of 10 ppm.

. Introduction

The development of one-dimensional (1-D) nanostructures for
pplications in electronics, optics and sensors is a very active field of
esearch. Progress in advanced fabrication approaches has led to the
se of various materials to produce nanowires, including gold [1],
latinum [2], silicon dioxide [3], titanium dioxide [4,5], conducting
olymer (CP) [6,7] and even DNA [8]. Nanowires present numerous
nique and interesting optical and electrical characteristics because
f the quantum confinement transportation phenomena, which dif-
er from those associated with continuous bands in bulk materials
9,10]. With respect to the electrical properties of nanowires, many

nvestigations have studied single electron tunneling and various
heories have been proposed to explain the electrical properties
f nanowires [11–14]. Nanowires made of CP have drawn much
esearch interest because of their advantages of ease of fabrication,
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low cost, and, most importantly, wide range of tunable electrical
properties.

CP can be easily formed in various forms from monomers
in an aqueous environment by electrochemical synthesis. Single-
step synthesis of biologically-functionalized nanowires by the
incorporation of biological molecules during electrochemical poly-
merization has been performed [15]. Although electrochemical
synthesis is a very feasible and convenient means of fabrica-
tion, the alignment of CP nanowire remains a challenge. Samitsu
utilized “molecular combing” techniques to stretch poly(3,4-
ethylenedioxythiophene) (PEDOT) nanowires on Pt nanoelectrodes
[16] and Aleshin synthesized nanowires of helical polyacetylene in
an asymmetric reaction field of chiral nematic liquid crystals [13,17].
Both groups proposed relatively easy approaches for fabricating
CP nanowires. However, precisely aligning single and multiple
CP nanowires across electrodes is difficult in both methods. The

first approach also has the drawback that making consistent size
of CP nanowires is difficult. Measurement of precise electrical
parameters for further modeling analysis is important to the the-
oretical understanding of nanowire-based devices, such as single
electron transistors (SET) and to sensing applications based on

http://www.sciencedirect.com/science/journal/00032670
http://www.elsevier.com/locate/aca
mailto:cwlinx@ntu.edu.tw
dx.doi.org/10.1016/j.aca.2009.03.006
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anostructures with finite sensing areas or volumes. This work
eports on measurements made of direct-write PEDOT nanowires
n gold electrodes by dip-pen nanolithography (DPN). The dimen-
ions of nanopatterns can be easily controlled by varying the AFM
ip size, the dwell time and environmental parameters, such as tem-
erature and relative humidity. DPN offers many advantages over
raditional microfabrications, such as flexibility of processing and
abrication procedures and the need for no photolithography[18].

For applications of gas sensors, the concentration of nitric oxide
NO) in the environment is an important index of air quality because
f its potentially toxic effects. Current limits around the world on
nvironmental NO gas levels are below 25 ppm [19]. Most avail-
ble gas sensors are based on a metal oxide, semiconductor [20,21],
r electrochemical sensing [22]. Many metal oxides, such as zinc
xide and tungsten trioxides, have been adopted to sense various
ases. However, they function only at high working temperatures,
uch as above 200 ◦C, that allows the surface electrons to react
ith ambient oxygen [23,24]. Thus, implementing these sensors

n low-power-consumption portable devices is difficult. However,
lectrochemical sensing commonly requires calibration because
he membrane and electrolyte deteriorate, and so are not practi-
ally convenient. Common causes of interference include variations
n temperature, humidity, oxygen level and volatile organic com-
ounds (VOCs) in the working environment [25], which factors can
e optimized using the sensor array method. Furthermore, the long
esponses times associated with the molecular dynamics of adsorp-
ion and desorption, and the diffusion barrier in the bulk materials,
re expected to be minimized using nanoscale materials. Hence, the
se of CPs as sensing materials is attracting increasing interest in
he field of gas sensing because of their low cost, ease of fabrication,
nd low working temperature. Such an approach has been demon-
trated by several groups who have used macro-electrodes with a
hick film configuration [25]. The stability and reproducibility drop
s the number of measuring cycles increase.

To the best of the authors’ knowledge, PEDOT sensing material in
he form of nanowires is applied here for the first time to detect NO
as by direct-write DPN methods with the optimal concentration of
EDOT ink. The nonlinear I–V characteristics of PEDOT nanowires
t various temperatures (from room-temperature to 393 K) are
btained to compare the electrical properties of a single nanowire
ith those of multiple nanowires. Then, the three NO concentra-

ions in a steady state were measured to calculate a calibration
urve. Finally, the dynamic response of the NO sensor was measured
nd its stability and reproducibility evaluated.

. Materials and methods

.1. Preparation of interdigitated microelectrodes

Two gold microelectrodes were prepared in this experiment. The
rst was produced by traditional photolithography with a 55 �m
ap between the pair of electrodes. In short, the interdigitated
icroelectrode pattern was obtained by mask alignment, expo-

ure, development, metal deposition and lift-off on a p-type wafer
ith a pre-deposited 250 nm-thick insulating silicon dioxide layer

Summit Tech., Taiwan). The second is a gold microelectrode with a
�m gap between the pair of electrodes used for patterning single
EDOT nanowire. This gap was made by electron beam lithogra-
hy (Elionix. Co., Japan) to expose the resist on the glass substrate
nd then the same fabrication procedure was followed for the gold

lectrode. Before nanopatterning, the microelectrodes were treated
ith piranha solution (H2SO4:H2O2 (v:v) = 3:1) at 80 ◦C for 20 min

nd then rinsed in DI water. The surface was treated for 8 min in
xygen plasma cleaner (Harrick Plasma, NY, U.S.A.) to modify its
urface such that it became hydrophilic before patterning [26,27].
a Acta 640 (2009) 68–74 69

Therefore, the substrate surface could become negatively charged,
providing a static electrical force to cause the attachment of the
conducting polymer. For the initial experiment, the silicon wafer
(Summit Tech., Taiwan) was cut into small squares of area 1 cm2,
and then the same cleaning process was implemented before nano-
lithography.

2.2. Preparation for nanolithography

PEDOT with doped PSS (polystyrenesulfonate) was purchased
from Bayer, Inc. and was concentrated before nanolithography. Con-
tact mode AFM probes were obtained from NanoInk Inc. (type B,
NanoInk, Inc. II., U.S.A.) with a spring constant of 0.016 N m−1 . The
AFM probe was dipped into the concentrated PEDOT solution for
30 s to 40 s and then dried gently using nitrogen gas. The relative
humidity in the working chamber was set between 50% RH and
60% RH at room-temperature. All the nanolithography was per-
formed using an NSCRIPTORTM DPNWriter (Ver. 3.6.5, NanoInk, II.,
U.S.A.). The maximum patterning area for a single AFM probe was
80 �m by 80 �m . Sixty-eight PEDOT nanowires were made from
two sets of 34 lines with a pitch of 2 �m within an area of 66 �m2,
to cover the gap of 55 �m between the microelectrodes. Follow-
ing patterning, the scanning function of a lateral force microscope
(LFM) was used to confirm the fabricated nanopatterns and the
resultant images were analyzed using nanoRule++ software (Ver.
2.5, Pacific Nanotechnology, II. U.S.A.).

2.3. Measurement of electrical properties

I–V curves of multiple PEDOT nanowires on interdigitated
microelectrode are acquired using a potentiostat (CHI 440, CH
Instrument U.S.A.) with a sweep potential in the range of −3 V
to +3 V and a sweep rate of 25 mV sec−1 at temperatures from
room-temperature to 393 K in steps of 20 K. I–V curve of the single
nanowire that was patterned on the microelectrode with 3 �m gap
was measured using a picoammeter (Model 6487, Keithley, U.S.A.)
with a sweep rate of 0.6 V sec−1 at room-temperature. A control
program was developed using LabVIEW software (Ver. 8.2, National
Instrument Corp. U.S.A) to transmit digital signals through a serial
interface (RS-232) from a picoammeter to a computer.

2.4. NO gas sensing setup

The performance of the fabricated nanosensor was measured
against various concentrations of NO gases (99.9995%, ShenYi Gas
Co., Taiwan) in a closed glass gas chamber with a constant flow rate
of 250 mL min−1 [28]. The dynamic responses of PEDOT nanowires
to repetitive NO–N2 cycles were measured in amperometric mode
by applying −10 V across the microelectrodes; the measurements
were recorded using the same potentiostat as for the determination
of the I–V curves.

3. Results and discussion

3.1. Fabrication and confirmation of performance of PEDOT
nanowires

DPN is a method direct-write nanolithography that is imple-
mented using an AFM probe with a nanometer spatial resolution.
Therefore, ensuring the smoothness of the surface of the substrate

is very important. Silicon wafer was adopted herein because of the
inherent perfect lattices of its surface. Other than roughness, the
hydrophobicity of the surface crucially determines the performance
of nanolithography, especially when aqueous PEDOT is used. Nor-
mally, the surface of silicon forms a thin layer of silicon dioxide in air.
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ig. 1. (a) LFM image of PEDOT nanowires with measured line width of 240 nm an
ith a 2 �m per unit scale on the along the x and y axes; (c) corresponding line pro

he wafer can be soaked in piranha solution to remove this protec-
ive layer and then placed in an oxygen plasma cleaner to modify its
urface properties. It thus becomes a hydroxyl-rich surface that has
weak electrostatic force for the attachment of PEDOT molecules

n the DPN fabrication processes. Fig. 1(a) presents a lateral force
icroscopy (LFM) image of the resultant PEDOT nanowires. The
anowires were successfully patterned on the surface of a silicon
afer, and the width and length of these patterned nanowires were
40 nm and 52 �m, respectively. Accordingly, the aspect ratio of the
EDOT nanowires went as high as 200 times. As shown in Fig. 1 (b)
nd (c), the three dimensional images and line profiles of PEDOT

ig. 2. (a) Schematic diagram of designed interdigitated microelectrode and (b) SEM ima
orizontal gold electrodes.
th of 52 �m on the surface of silicon wafer; (b) 3D image of fabricated nanowires
show the height of fabricated nanowires, which is approximately 200 nm.

nanowires are much clearer than the background of the substrate,
and the height of nanowire was approximately 200 nm.

The interdigitated microelectrode was designed and fabricated
on the silicon wafer, with a pre-deposited 250 nm-thick silicon
dioxide layer to act as an insulation layer. The silicon wafer, with its
native lattice surface, has an ultra-flat surface for DPN nanopattern-

ing. Fig. 2(a) depicts the diagram interdigitated microelectrode. The
electrical contact pads are in contact with the measurement system
and the 1D nanopattern is written onto the space between the two
adjacent electrodes. Fig. 2(b) presents part of the SEM image of the
fabricated electrode; the light gray bands are the gold electrode

ge of fabricated device, where PEDOT nanowires are patterned by DPN across two
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ig. 3. (a) LFM image of 64 PEDOT nanowires, with 300 nm line width and 2 �m line
hick layer of silicon dioxide for insulation. (Inset: enlargement of part of image to s
nit along x and y axes; (c) corresponding line profile of scanned image; calculated

ires and the dark gray background is the silicon dioxide substrate.
ig. 3(a) shows an LFM image of the 68 lines of the PEDOT nanowires
ith a width of 300 nm and a line pitch of 2 �m, and gold microelec-

rodes on the upper and lower parts of the image. Fig. 3(b) shows
3D plot of the fabricated nanowires with a rough background,
hich may be produced by the micro-fabrication process during

he preparation of the microelectrode, as seen in Figs. 1 and 3, in
hich the native surface of the silicon wafer is smoother than the

urface following the processes. However, the calculated mean dif-
erence between the peaks and the background is around 100 nm
Fig. 3(c)).

.2. I–V characteristics

To determine the electrical properties of the fabricated PEDOT
anowires, their I–V curves were measured at various tempera-
ures, from 298 K to 393 K, with an applied bias of −3 V and 3 V. The
nset in Fig. 4(a) plots the background current with a bare electrode
rray at 393 K. The low background current (< nA) clearly indi-
ates the effective insulation and the low leakage current between
he electrodes and the substrate. The recorded currents are in
he range of microAmperes, which is consistent with the elec-
rical behavior of the patterned PEDOT nanowires. As shown in
ig. 4 (a), the recorded I–V curves exhibit nonlinear and asym-
etric behavior. The structures of the fabricated devices can be

iewed as an interface between metal (gold) and a p-type semi-
onductor (PEDOT:PSS). Hence, the conductivity in the reverse
ias region exceeds that in the forward bias region. Restated, the
otential barrier between the p-type semiconductor and the metal

eclines under the reverse bias, and the conductivity at the reverse
ias exceeds that at forward bias. It also indicates that the tem-
erature effect of PEDOT nanowires in stronger in the reverse
ias region. These I–V curves demonstrate a positive correlation
etween recording current and the rising working temperature,
, between two Au electrodes; substrate is silicon wafer with pre-deposited 250 nm-
ore detail); (b) 3D surface image of fabricated nanowires with scale of 2.1 �m per

difference between height of peaks and background is about 100 nm.

which is attributable to the increase in the kinetic energy of car-
riers within conducting polymer. Fig. 4(b) is a double log plot of the
calculated conductance against temperature from 298 K to 393 K
with applied constant biases of +3 V (solid triangles) and −3 V (solid
squares). Aleshin et al. found that the conductance of conducting
polymer nanofibers follows the power-law G (T)∝T˛ with the power
exponent ˛ in the range 2.2–7.7 [13,17]. According to the fitting
results herein, the power exponent of � is 5.14 at forward bias and ˛
is 5.43 at reverse bias, which results are consistent with published
studies. The larger slope at a negative bias of −3 V is associated
with higher sensitivity of conductance and nonlinear gains with
increasing reverse biases for sensing applications.

A device with a single PEDOT nanowire in a 3 �m microelectrode
that is at the lower limit of the proposed DPN system was prepared
to compare its behavior with the measured nonlinear and asym-
metrical behavior of multiple PEDOT nanowires. Fig. 4 (c) plots the
I–V curve of a single PEDOT nanowire that was patterned across
a 3 �m gold electrode gap by DPN. Since the recorded current in
the single PEDOT nanowire is much lower than that in multiple
nanowires, a picoameter was utilized to record the weak electrical
signals. In the same bias range, the measured I–V curve of a single
nanowire exhibited similar nonlinear and asymmetrical charac-
teristics, without passing through the origin, perhaps because of
changes in the induced dipole alignment as the applied electrical
field crosses zero, increasing the contact barriers [29]. Hence, the
I–V curve, exhibited hysteresis, does not pass through the origin
with zero bias.

The dimensions of the PEDOT nanowires are another key factor
that can influence their electrical behavior. The height of PEDOT

nanowires cannot be measured from the brightness of the LFM
images. Possible artifacts may arise because of the material proper-
ties of the specimen, the surface patterns and the spring constant of
the used probe. The height of the fabricated patterns was calculated
by assuming that the conductance per unit area of the cross section
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ig. 4. (a) I–V curves of PEDOT nanowires at various temperatures from room-tempe
t 393 K. (b) Double log plot of calculated conductance (�S) against temperature (K
c) I–V curve of single PEDOT nanowire with length of 3 �m and width of 68 nm (so

as constant and that the heights of the PEDOT nanowires with
idths of 300 nm and 68 nm are h1 and h2 , respectively. Based on

he results shown in Fig. 4 (a) and (c), the current at −3 V is 1.236 �A
or 68 nanowires (with a width of 300 nm) and 0.467 nA for a single
anowire (with a width of 68 nm). The calculation yields 0.467 nA
current at −3 V) ÷[68 nm) × h1 (nm )] = 1236 nA) (current at −3 V)

[300 (nm)÷h2 (nm) × 68 (lines)]). Hence, the ratio of h1 to h2 is
.11. The height (h’1) of the nanowire with a width of 300 nm in
FM (Fig. 1 (c)) is about 200 nm, and that (h’2) of a single nanowire
ith a width of 68 nm in LFM (not show here) is about 20 nm, and

hus the ratio of h’1 to h’2 is about 0.1, which is close to the result
alculated from their electrical behaviors. The result indicates that
he electrical behavior of 68 nanowires exhibits parallel connec-
ion, which can serve in the future as the basis of the design of a
ogic circuit.

.3. Sensing gas

Based on the results in Fig. 4 (a), four working temperatures,
98 K, 313 K, 333 K and 353 K, were used in the NO gas sensing setup.

he best working temperature in the current setup was about 353 K
80 ◦C) because of the detection limit of the potentiostat. Firstly,
he steady-state measurement of I–V curves was performed to
etermine the performance of the PEDOT nanowires in various con-
entrations of NO. As presented in Fig. 5(a), the I–V curves measured
e to 393 K. Inset plots the voltage vs. current curve of bare microelectrode measured
298 K to 393 K with constant biases of +3 V (solid triangle) and −3 V (solid square).
e dash line of background control.

in 0 ppm (solid line), 50 ppm (dashed line) and 100 ppm (cross line)
NO gas over an extended bias range from −6 V to 0 V, respectively.
The current passed in response to the 100 ppm NO gas exceeded
that in response to the 50 ppm nitric oxide, indicating that the reac-
tion of PEDOT nanowires with NO gas increases the concentration
of carriers. One possible sensing mechanism is based on changes
in electron density upon the physical adsorption/desorption of
gas molecules by the PEDOTs. Several publications [28,30] have
demonstrated that NO can react with sensing materials, such as
carbon nanotubes, and thus increase their conductance by adding
free electrons from defect sites. Flushing with nitrogen gas pro-
motes desorption from the sensor surface and restores the baseline
with less residual interference in the ambient environment. More-
over, the calculated sensitivity is approximately 1 �A ppm−1 at
−6 V bias with good linearity (y = −0.936x) and correlation coef-
ficient (R2 = 0.997), as shown in Fig. 5(b). The estimated detection
limit at S/N = 3 (signal-to-noise ratio = 3) is about 9 ppm. Fig. 5(c)
plots the measured I–V curve in 10 ppm and the current difference
is around 0.09 �A. This result demonstrates that the nanosen-
sor made from PEDOT nanowires has the potential to sense the

NO concentration in practical environmental applications due to
the current limit, 25 ppm, of NO [19]. Moreover, the response is
linear at applied biases of up to −10 V, as shown in the inset
in Fig. 5 (a). The calculated sensitivity at −10 V against NO gas
is approximately 1.6 �A ppm−1. Therefore, a −10 V bias can be
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Fig. 5. (a) Measured I–V curves reveal performance of PEDOT nanowires in different concentrations of NO at 353 K with applied biases of 0 V and −6 V. Gas flow rate
is 250 mL min−1 and the inset figure extends curve from −5 V to −10 V; (b) calculated sensitivity is approximately 1 �A ppm−1 at −6 V bias; linearity (y = −0.936x) and
correlation coefficient (R2 = 0.997) are favorable; (c) estimated detection limit at S/N = 3 is around 9 ppm.

Fig. 6. (a) Current transient response of PEDOT nanowires-based sensor to 100 ppm NO gas, measured at bias of −10 V at 353 K (80 ◦C). Gas flow rate is 250 mL min−1. (b) One
of above figure three cycles. Black line represents raw data and gray line represents exponential fitting results.
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pplied to measure the dynamic response in the presence of NO
as.

Before the transient response of current to NO gas was mea-
ured, a continuous flow of nitrogen gas was used to pre-condition
he sensor chip for a short period to eliminate the unwanted gas

olecules to stabilize the background signal. Then, the NO gas
as switched on and the conductivity of the PEDOT nanowires in

he testing chamber therefore changed. When the current did not
hange for more than a minute, such that the response was quasi-
table, the NO gas channel was closed and the nitrogen (N2) channel
as opened to remove the residual NO. In our earlier studies of the

esponses of dip-coated thick-film PEDOT to NO, the baseline was
estored after more than four hours [31]. In this work, the PEDOT
anowires took only about 11 min to recover to the baseline, which
eriod is much less than four hours. Since the PEDOT nanowires
ade by DPN have a larger sensing surface and a thinner thickness,

he sensing surface is expected to reach equilibrium more rapidly.
ccordingly, this nanosensor provides better sensitivity than other
lm-type sensors and exhibits fast dynamics for practical applica-
ions. Fig. 6(a) displays the dynamic responses of PEDOT nanowires
o exposure to 100 ppm NO and N2 gases. The results show that this
eproducible dynamic response is reversible. The signal-to-noise
atio in 100 ppm NO gas is quite high (SNR = 34), and the response
imes are about 15 min for adsorption and 10.83 min for recovery.
he change in current caused by a reaction with 100 ppm NO gas
s about 0.17 mA. The mean background current in nitrogen gas is
bout −1.23 ± 0.0049 mA (n = 3) and the mean current generated by
00 ppm NO is −1.40 ± 0.0158 mA (n = 3). Fig. 6 (b) plots a detailed
nalysis of one cycle of the dynamic response to determine the
esponse time constants in NO and N2 gases. A single exponen-
ial function was adopted to determine the optimal recovery, t’95%,
nd response time, t”’95% plus t’95%, which is determined when the
urrent reaches 95% of its final steady-state value. In Fig. 6(b), t’95%
s 5.5 min and t”95% is 3.4 min, which values are two to three times
etter than those in our previous work [31], in which the response
ime was 10.3 min and the recovery time was 35.4 min.

The obtained results demonstrate that the PEDOT-based
anosensor exhibits good sensitivity and reproducibility and can be
sed for NO gas sensor applications. Although NO easily becomes
O2 by reaction with oxygen in a typical environment, by NO and N2
ases were mainly responsible for the changes in the currents in this
ork, because of isolation of the environmental oxygen by the sens-

ng chamber. However, interference testing of various gases will be
ssential in the future to determine the selectivity of gas sensors
ased on PEDOT nanowires. The sensitivity can be further improved
y increasing nanowire density and lowering working temperature.
herefore, the sensing and electrical properties of PEDOT nanowires
ill also be investigated further using DPN nanofabrication with a
igh spatial arrangement.

. Conclusions

In summary, a gas nanosensor based on patterned PEDOT

anowires can be operated at a lower temperature than others
ensors that are based on metal oxides. This work reports on
he successful fabrication of PEDOT nanowires with a diameter of
00 nm in the gap between interdigitated microelectrodes by DPN.
xperimental results demonstrated nonlinear electrical properties

[
[

[

a Acta 640 (2009) 68–74

of multiple and single nanowires, whose conductance changed with
temperature according to a power law with exponents of 5.14 (at
3 V) and 5.43 (at −3 V), respectively. The lowest NO concentration
was 10 ppm in the present experimental setup, suggesting that good
stability and good sensitivity make the PEDOT nanowire-based
nanosensor a potential candidate for NO gas sensing applications.
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