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a b s t r a c t

Multifunctional properties of nanomaterials becomes a hot topic in nano research for the development of
multifunctional devices, because modern devices need multifunctional platform for the high efficient
plural performance on a single device. Here, we introduce a multifunctional p-conjugated poly (3-
methylthiophene) (P3MT) nanotube (NT), showing controllable optical and electrical properties
through the control of doping level. P3MT NTs were electrochemically synthesized in the low temper-
ature (�40 �C) on the nanoporous template. The change of doping level by post cyclic voltammetry (CV)
treatment on the P3MT lead the variance of polaron/bipolaron band, resulting into the drastic change of
ultraviolet-visible absorption and photoluminescence properties. While P3MT NTs before CV treatment
show an ohmic behavior in the current-voltage characteristics, those after CV treatment show high
photocurrent. From the field emission experiment, the P3MT NTs before CV treatment have a relatively
low turn-on electric field and stable electron emission property compared to the P3MT NTs after CV
treatment. This shows that the p-conjugated polymers should be shed new light on their multi-
functionality for the potential application to the multifunctional platform of opto-electronic nanodevices.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Novel properties of nanomaterials have been enthusiastically
pursued for decades due to the new needs for flexible and wearable
sensors and opto-electronics. However, as the size of materials goes
down into the nanoscale, the electrical, optical and physical prop-
erties of nanomaterials need to be studied again due to the quan-
tum size effect causing different behaviors from their bulk
properties [1,2]. Therefore, although the remarkable progresses
have been reported [3e5], it still remains a challenging task to
realize the nanoscale multifunctional devices using combination of
monofunctional materials. For example, carbon nanotubes and
Lee), donghyuk@inha.ac.kr
inorganic semiconducting nanowires have shown the multifunc-
tional properties applicable for the light emitters, photodetectors,
field emitters and field effect transistors (FET) [6e8]. However,
their delicate and non-reproducible fabrication process and com-
plex of property control have drawn back the commercial devices.
From decades ago, p-conjugated organic molecules and polymers
have been popular because of their controllable electrical and op-
tical properties as well as their relative easy synthetic process
[9e12]. This provides versatile applications of p-conjugated ma-
terials such as organic light-emitting diode, organic thin-film
transistor, organic photovoltaic cell, chemical/bio sensor, electro-
chromic device, and field emission display (FED) [13e18]. In addi-
tion, FETs fabricated by p-conjugated materials was reported to
have the light-emitting natures [19e21]. Accordingly, nano-
engineered p-conjugated polymers are worthy enough to be
considered as a multifunctional material.

p-Conjugated polymer nanomaterials have been fabricated
through chemical synthesis, soft/hard template based methods or
self-assembled mechanism [22e24]. Among them, nanoporous
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template based synthesis has various advantages owing to its cost-
effectiveness, high aspect ratio and fine controllable physical and
opto-electrical properties [22]. The optical and electrical properties
of nanotube- or nanowire-like structured p-conjugated polymer
nanomaterials synthesized by template method have been
improved [24e26]. Poly (p-phenylenevinylene) (PPV), which is
well-known light-emitting polymer, exhibited a field emission
properties when it was converted into graphitic nanotubular ma-
terial embedded by gold nanoparticles [27]. However, the electrical
and optical advantages of p-conjugated nanomaterials are gener-
ally lower than those of bulk during nano-engineering or carbon-
ization procedure [27,28]. Therefore, new process or mechanism
need to be developed for the simultaneous utilizing of electrical
and optical multifunctional properties of p-conjugated
nanomaterials.

In this work, we demonstrate enhanced and controllable
multifunctional properties of poly (3-methylthiophene) (P3MT)
nanotube (NT) synthesized using electrochemical template
method. Photoluminescence (PL), photocurrent and field emission
(FE) properties are investigated by current-voltage (I�V) mea-
surement, conducting atomic force microscope (c-AFM), photo-
luminescence and photocurrent measurements are observed from
P3MT NTs in the different doping states. Also, we investigate the
field emission properties of P3MT NTs.

2. Materials and methods

2.1. Materials

3-methylthiophene (3-MT, 98% purified one), tetrabutylammo-
nium hexafluorophosphate (TBAPF6, 96% purified one), acetonitrile
(CH3CN), and 1-butyl-3-methylimidazolium hexafluorophosphate
(BMIMPF6) were purchased from Aldrich. All the chemicals were
used as-received forms without further purification. Nanoporous
anodic aluminum oxide (AAO) was used as a template with a pore
size and height of 200 nm and 60 mm (Whatman Co.).

2.2. Synthesis and post cyclic voltammetry

The P3MT NTs were synthesized through electrochemical
polymerization method on the AAO templates at �40 �C under
constant current (1.4 mA at 4.5e5.0 V) as schematically shown in
Fig. 1a. The electrolyte consisted of 3-MT, TBAPF6, and acetonitrile
as monomer, solvent and dopant, respectively. The monomer to
dopant molar ratio was 5: 1 [29]. The as synthesized P3MT NTs
were treated a cyclic voltammetry (CV, EC Epsilon, Bioanalytical
Systems Inc.) from 0 V to 1 V with a step of 20 mV/s for 20 cycles in
0.1 M BMIMPF6 at CH3CN solution. The electrochemical window
and scan rate were 0e1 V and 20mV/s, respectively. More details of
the synthetic and dedoping conditions were reported earlier
[24,25,29,30].

2.3. Characterization

The structure of the P3MT NTs were measured by using scan-
ning electron microscope (SEM; JSM-5200, JEOL) and transmission
electron microscope (TEM; JEM-3010, JEOL). Optical properties,
such as ultraviolet-visible (UV-Vis) absorption and PL spectrum of
the P3MT NTs were investigated through UV-Vis absorption spec-
trometer (HP-8453), laser confocal microscope (LCM) and color
charge-coupled device (CCD) experiments (see the Supporting
Information for more details). The I�V characteristics of the iso-
lated single strand of P3MT NTs was measured using c-AFM (n-
Tracer, Nanofocus Inc.) with platinum/Iridium5 (PtIR5) coated tip
(Nanoworld). After synthesizing P3MT NTs, AAO template was
removed by hydrofluoric (HF) acid solution. The remained P3MT
NTswere gathered and then homogeneously dispersed inmethanol
with ultrasonication for ~10 s. The dispersed P3MT NTs were drop-
casted onto p-type doped silicon (Si) wafer and dried in a vacuum
oven (�10�2 torr) for 30 min at room temperature (RT).

For the measurement of the photocurrent, P3MT NTs were
deposited onto Au electrodes with a distance of 5 mm fabricated on
p-Si/SiO2 (~2500 Å) through a conventional photolithography
method. The contact resistance between P3MT NTs and electrodes
was compensated by an AC dielectrophoresis (f¼ 1MHz, Vp-p¼ 1 V)
[26,31]. The excitation wavelength (lex) was 577 nm generated
from a mercury-xenon lamp (Spectra-Physics 66902) combined
with monochromator (Newport 77250). The I�V characteristics
was also measured under a vacuum condition (�10�2 torr) using a
Keithley 237 SMU instrument.

The field emission device (FED) was fabricated using solution
drop casting method [32,33]. After drop-casting P3MT NTs
dispersed in methanol on copper (Cu) anode, we measured the
emission current from randomly distributed P3MT NTs under a
high vacuum condition (�10�7 torr). The distance between cathode
and anode was maintained at ~300 mm.

3. Result and discussion

3.1. Morphological properties of P3MT NTs

P3MT materials exhibits superior controllability as well as sta-
bility of doping level among poly (3-alkylthiophene)s due to its
shortest length of alkyl side chain [34,35]. To synthesize the P3MT
NTs, we used AAO (diameter z 200 nm) as nanoporous template
for the electrochemical synthesis with galvanostatic method
(Fig. 1a). After synthesizing, post CV was treated without monomer
for the control of doping level. The P3MT NTs removing template
were dispersed in methanol for further experiments (see detail in
Method). Fig. 1b and c are SEM images showing the side and top
views of the P3MT NTs synthesized at �40 �C and then removed
template. P3MT NTs have a height of about 30 mm (Fig. 1b) and an
open end (Fig. 1c). From the TEM image of Fig. 1d, P3MT NTs are
hollow tube-like structure with diameter and wall thickness of
~200 nm and ~10 nm, respectively.

3.2. Optical properties

Fig. 2a shows the comparison of UV-Vis absorption spectra of
P3MT NTs before and after CV treatment, which were dispersed in
chloroform solution. Both samples exhibit bimodal absorption
characteristic peaks around ~383 nm and ~775 nm, which are
corresponding to the pep* transition and polaron/bipolaron peaks,
respectively [24,29,30]. For the as-prepared P3MT NTs (hereafter
referred to as P3MT NT-A), relatively broad and strong absorption
around 775 nm implied a highly doped state, which was attributed
to chemical doping-related electrochemical polymerization mech-
anism [36], and also reinforced in lower synthetic temperature [29].
However, for the P3MT NTs post-treated by CV (i.e., P3MT NT-B),
polaron/bipolaron peak (~775 nm) was significantly decreased
indicating that the P3MT NT-B was gradually dedoped during CV
process.

The change of doping state in P3MT NTs was confirmed by
nanoscale LCM PL spectra (Fig. 2b). From the Gaussian decompo-
sition of the LCM PL spectrum (see Supporting Information), the
main PL peaks of P3MT NT-B were identified to locate at 634 nm
and 682 nm, which were originated from 0-0 electronic transition
and 0-1 vibronic mode, respectively [37e39]. After post CV treat-
ment, the intensities of these two peaks are increased up to 38
times and 79 times, respectively, and the total PL is 20 fold



Fig. 1. (a) Schematic procedure for preparing electrochemically synthesized P3MT NTs. (b) Side-view and (c) top-view of SEM images of P3MT NTs. (d) TEM image of a single strand
of P3MT NT.

Fig. 2. (a) Comparison of UVeVis absorption spectra of P3MT NTs before (P3MT NT-A) and after (P3MT NT-B) post CV treatment. Each spectrumwas normalized with respect to the
p�p* transition peak (~383 nm). (b) Comparison of normalized LCM PL spectra of the isolate single strand of the P3MT NT-A and NT-B. Inset: A magnified LCM PL spectrum of the
P3MT NT-A as a reference spectrum for normalization expluding Raman mode (see Supporting Information). 3D LCM PL images of (c) P3MT NT-A and (d) P3MT NT-B. Insets:
Luminescent Color CCD images of the corresponding P3MT NTs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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enhanced compared to that of the highly doped P3MT NT-A. This
 clearly demonstrates the correlation between the PL intensity and
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the number of polaron/bipolaron state. It is known that the high
density of polaron/bipolaron state acts as PL quencher through
providing a trap for excitons [40,41]. While illumination, the
photoexcited polarons could be generated on the isolated polymer
chains. This may significantly increase the number of bipolaron on
P3MT NT-A which leads nonradiative recombination. On the while,
as the number of polaron on the P3MT NT-B is relatively small, the
photoexcited polaron could be singlet exciton contributing radia-
tive decay. The main PL peak of P3MT NT-A was shown at around
587 nm, which is blue shifted compared with that shown in P3MT
NT-B. This might be due to the observation of radiative decay at the
undoped thiophene ring chains [42]. The variation of PL properties
depending on doping level was visualized by 3-dimensional (3D)
LCM PL images of a single strand of P3MTNT-A and B (Fig. 2c and d).
In Fig. 2c, the PL intensity was almost quenched in 3D LCM PL image
that cannot figure out where the P3MT NT-A is located from
luminescent color CCD image (Inset of Fig. 2c). On the while, due to
the high PL intensity it can be easily recognized a single strand of
P3MT NT-B from 3D LCM PL and color CCD images (Fig. 2d and its
inset). Moreover, PL was homogeneously observed from one end to
the other end in a single strand of P3MT NT-B, suggesting that the
doping level was well controlled in the whole P3MT NTs.

3.3. Electrical and optoelectrical properties

Electrical properties of P3MT NTs were investigated by I�V
characteristic curves measured from an isolated single strand by
using c-AFM (Fig. 3a). The P3MT NT-A showed ohmic behavior with
a resistance of ca. 51.9 MU. On the while, the P3MT NT-B showed
non-ohmic behavior with low current level. This is correspondence
in the above optical analysis that P3MT NT-A is in the higher doping
state than P3MT NT-B. Fig. 3b shows the photo-induced I�V curves
of the P3MT NT-B with and without illumination (lex ¼ 577 nm).
While the dark current of P3MT NT-B was about 0.036 mA at 3 V,
the current level under illumination increased up to ca. 0.126 mA,
three times larger than the dark current. This suggests that P3MT
NT-B has a potential applicable for photo-detecting or photo-
switching devices.

3.4. Field emission properties

Fig. 4a shows a schematic illustration of field emission device,
where the cathode substrate was Cu and the anode was Au coated
indium tin oxide glass substrate. P3MT NTs were drop-casted and
the measurement was conducted under a pressure less than
Fig. 3. (a) I�V characteristic curves of the isolated single strand of the pristine (NT-A) and d
setup. (b) A comparison of the I�V characteristic curves of the P3MT NTs-B under the dark
contacted 2-probe electrodes.
1 � 10�7 torr. Fig. 4b shows the FE images of P3MT NTs obtained
from the phosphor screen as a function of the electric field. While
the light emitting spot of P3MT NT-A (upper lane) was observed
from 3.5 V/mm and then continuously increases as the electric field
increases, P3MT NT-B device (lower lane) showed the emitting spot
from 4.5 V/mm and the screen was not fully brightened even up to
the field of 6 V/mm (See Fig. S1 in Supporting Information). Fig. 4c
presents the field emission characteristic curves of P3MT NTs. At
the turn-on field (3.2 V/mm), the current of P3MT NT-A was dras-
tically increased up to ca. 5 � 10�2 mA/cm2 at 4 V/mm, which is
three orders higher than that (ca. 3.5 � 10�5 mA/cm2 at 4 V/mm) of
P3MT NT-B. The maximum current density was ca. 1 mA/cm2 at
6.5 V/mm for P3MT NT-A, two orders higher than 0.014 mA/cm2 at
6.4 V/mm for P3MT NT-B. Moreover, the emission property of P3MT
NT-A was much stable in the high electric field compared to that of
P3MT NT-B. This corresponds to the expectation by a relative lower
current level of P3MT NT-B in I�V characteristic curves (Fig. 3a).
The inset of Fig. 4c shows a Fowler-Nordheim (FN) plot of P3MT NTs
devices. The tunneling current I ¼ A� F2expð�Bf3=2=FÞ, where I is
FE current, F ¼ bV/d ¼ bE is local field and b is field enhancement
factor, A is proportional constant, B is 6.83� 109 V/eV3/2m and f is
work function of material, respectively [27,43]. In this experiment,
we used the HOMO level (�4.99 eV) of P3MT instead of work
function [44e46]. From the fitting slopes in the inset of Fig. 4c
plotted lnðI=E2Þ versus 1/E, the b1 was ca. 8270 for P3MT NT-A and
ca. 889 for P3MT NT-B, which is almost comparable to the value of
CNT [47,48]. This result, although P3MT NTs have much structural
defects and a high density of nanotubes, might come from the high
aspect ratio and lower work function of highly doped P3MT NT-A
[49,50]. To test the stability of FE device using P3MT NT-A, the
emission current was measured at 6 V/mm for 30 min. As shown in
Fig. 4d, the emission current was rather stable without device
failure during the test. However, the current density gradually
decreased to about 90% of the initial current level after 30 min,
which is caused by the weak thermal durability of polymer tip even
though low work function and high b value. As a result, this FE
properties of P3MT NTs provides a potential probability for the
application of field emission devices.
4. Conclusion

Up to now, we have demonstrated the multifunctional proper-
ties of P3MT NTs. Using the nanoporous template and electro-
chemical polymerization method, the structural property of P3MT
NTs was engineered. Through the post CV process, we controlled
edoped (NT-B) P3MT NT by using c�AFM. Inset: Schematic illustration of measurement
and photo-excited conditions. Inset: SEM image of the P3MT NTs-B onto the bottom-



Fig. 4. (a) Schematic diagram of the FE cell. (b) A comparison of FE images of the P3MT NTs-A [top] and P3MT NTs-B [bottom] through green phosphor screen. (c) J�E characteristic
curves of the P3MT NTs-A (,) and NTs-B ( ). Inset: FN Plot of Fig. 4c. (d) Time dependent (J�t) FE characteristics of the P3MT NTs-A. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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the doping level of P3MT NTs, which induced the variation of I�V
characteristics, photocurrent, and field emission property of P3MT
NTs. This result shows that the multifunctional properties of nano-
structured p-conjugated polymers can be simultaneously
controlled for the applications of multifunctional organic nano-
devices.
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