
Poly(o‑toluidine) Nanowires Based Organic Field Effect Transistors: A
Study on Influence of Anionic Size of Dopants and SWNTs as a
Dopant
Prasanta Ghosh,†,⊥ Kunal Datta,†,⊥ Ashok Mulchandani,‡ Sung-Hwan Han,§ Pankaj Koinkar,∥

and Mahendra D. Shirsat*,†

†Intelligent Materials Research Laboratory, Department of Physics, Dr. Babasaheb Ambedkar Marathwada University, Aurangabad
(MS), 431004, India
‡Department of Chemical and Environmental Engineering, University of California, Riverside, Riverside, California 92507, United
States
§Department of Chemistry, Hanyang University, Seoul, South Korea
∥Center for International Cooperation in Engineering Education, University of Tokushima, Tokushima, Japan

ABSTRACT: Poly(o-toluidine) [P(OT)] nanowires electrode junction based organic
field effect transistors (OFETs) with back-gated architecture are demonstrated. P(OT)
nanowires have been site specifically synthesized to bridge Au micropatterns on Si/SiO2
substrate by facile galvanostatic route. Dopants with various sizes of anions have been
employed during electrochemical synthesis of nanowires to study the possible impact of
the same on electrochemical, morphological, spectroscopic, electrical, and FET
characteristics. Observations show that varying the size of dopants significantly
modulates crucial characteristic features of the FETs especially charge carrier mobility
(μ) and on−off ratio (Ion/Ioff). A probable model of the observed behavior suggests the
anionic size of the dopants to be a dominant factor in deciding the conduction behavior of the FETs, and such rationalization is
supported by spectroscopic and electrical data obtained. The device fabricated with carboxylated SWNTs as dopant exhibited
superior FET properties than its counterparts in terms of μ= 3.17 × 10−4 cm2 V−1 s−1 and Ion/Ioff = 1.85 × 104.

■ INTRODUCTION

Present research impetus on one-dimensional (1-D) nano-
structures is critically driven by the necessity for minimizing
feature dimensions in order to achieve higher degree of
operational efficiency, material flexibility, device integration,
and footprint minimization. Among pronounced 1-D nanoma-
terials, carbon nanotubes (CNTs) and nanowires of conducting
polymers (CP)/metal oxides/silicon, etc., have received
substantial attention in the field of miniaturized electronics,1−4

chemical and biological sensing,5−7 and photovoltaics.8−10 CP
nanowires, however, has remained at the center of interest for a
large spectrum of research efforts since polymers exhibit
unparallel flexibility in processing capabilities along with
appealing electrical, magnetic, and optical properties of metals
and/or semiconductors.11,12 Rather importantly, electrical
conductivity of CP materials can be easily modulated by
oxidative and reductive doping,13 a classic property that has
always put these materials a step ahead of their counterparts. At
the same time, electrochemical synthesis offers a facile route to
synthesize CP nanowires with excellent site specificity.14,15

Such attractive properties, amalgamated with present stature of
microfabrication technology, have revolutionized the concepts
of traditional (inorganic) semiconductor devices and organic
field effect transistors (OFETs) based on polymeric materials
stand as a prominent representative of this all emerging change.

The performance of OFETs is generally denoted by several
characteristic parameters that include carrier mobility (μ), on/
off ratio (Ion/Ioff), and threshold voltage (VTH). Carrier mobility
defines the ease with which the charge carriers can move
through the channel when a drain to source bias is applied
while switching characteristics of an FET is illustrated by the
on/off current ratio of the device. For applications ranging from
complex chemical sensing platforms to simple large area
electronics, fast and efficient charge movement and clear
switching behavior are general prerequisites. Hence, these
sectors are of vital interest where continuous improvements are
necessary. In order to obtain such betterments, (i) controlling
the morphology, chemical modifications, and molecular
alignment of the active layer,16−18 (ii) modulation in the
device architecture,19 and (iii) engineering of the gate dielectric
material20,21 are reported to yield encouraging outcomes, yet
active layers have succeeded to attract maximum attention.
Several OFETs with polymeric materials have been achieved
with mobility more than 1 cm2 V−1 s−1,22,23 in comparison to
the present state of amorphous silicon (where mobility typically
ranges from 0.1 to 1 cm2 V−1 s−1). Derivatives of
polythiophene22−25 are among the highest reported CPs as
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active layers of OFETs. However, in most of the reported cases,
the active material is in the form of polymeric thin films. FET
structure with CP nanowires as active materials has found very
little interest till date, especially from the perspective of
investigation toward optimization of device performance. At the
same time, consistent demands for betterment ask for the study
of varied range of polymers.
The present investigation deals with facile electrochemical

templateless synthesis of conducting polymer nanowires on
electrode junctions (CPNEJs)14 of poly(o-toluidine) [P(OT)]
bridging a 3 μm gap between two lithographically patterned Au
electrodes on a conventional Si/SiO2 substrate that finally
served as active material for a back-gated FET structure. This
technique was first demonstrated by Alam et al.14 for
fabrication of CP nanowires based electrolyte gated FET
structures. In spite of the simplicity and control over the
dimension of nanowires offered by this technique, not much
interest was found to be evinced in this direction in later course
of work on OFETs. The P(OT) nanowires based back-gated
FETs fabricated in the present investigation, to the best of our
knowledge, is the first of its type, and the report embodies
initial findings of the work being carried by us toward
development of back-gated OFETs with polymeric 1-D
structures as active material. P(OT) is perhaps the most widely
explored derivative of poly(aniline) that possesses excellent
processabilty as well as good thermal and environmental
stability.26 Reports have demonstrated interesting outcomes
with P(OT)/metal contact Schottkey diodes.27,28 In the
present work, the authors have probed the role of anionic
radii of employed dopants in tuning the FET characteristic
parameters. Although several literatures29,30 have discussed the
effects of dopant type on polymeric properties, the specific
aspect of anionic size of dopants is not well explored. Dopants
that were employed during on site synthesis of the P(OT)
nanowires are listed as follows in ascending order of anionic
radii: potassium hydroxide (OH− ∼ 133 pm) < sodium nitrate
(NO3

− ∼ 179 pm) < sulfuric acid (SO4
− ∼ 258 pm)31 ≪

SWNT. Attempting SWNTs as dopants is certainly an offbeat
attempt. As a matter of fact, carboxylated SWNTS (COOH-
SWNTs) have been reported to act as anionic dopants,32,33 and
the present study aims toward investigating possible effects of
the same in FET performance in contrast to conventional
dopants.

■ EXPERIMENTAL SECTION

Fabrication of OFETs. Heavily doped Si (P+) substrate
with a 300 nm thermal oxide layer served as the platform for
OFETs. The Au source and drain electrodes having a
separation of 3 μm were structured on the Si/SiO2 wafer by
transferring micropatterns through photomasks followed by
subsequent deposition of 20 nm Cr adhesive layer and 180 nm
Au layer by e-beam evaporation and thermal evaporation,
respectively. The syntheses of P(OT) nanowires were carried
out in a typical three-electrode configuration. The source and
drain electrodes were wire bonded [West Bond; 7476D] and
externally shorted to form the working electrode. A Pt wire
[CH Instruments; CHI115] and an Ag/AgCl wire (chlorinated
Ag wire) served as counter and quasi-reference electrode,34

respectively. Effective surface area of the working electrodes
was reduced by stamping of epoxy glue.5 From optical
microscopy image, the effective surface area was determined
to be ca. 38 854 μm2.

Typically, the electrolyte solution employed for polymer-
ization consisted of monomer (o-toluidine; >99%; Sigma-
Aldrich; as received) and dopants (H2SO4, KOH, and KNO3;
Rankem/India) at respective concentrations of 0.25 and 0.15
mM in water. In another attempt, COOH-SWNTS (Nanoshell
Inc., Wilmington, DE) were ultrasonically dispersed in water
(0.01 mg mL−1) for 2 h followed by addition of o-toluidine
(0.25 M) and was kept under continuous stirring for 24 h at
room temperature. All electrolytes were synthesized in HPLC
grade water (RANKEM, India) and deoxygenated prior to
synthesis. For electrochemical bridging of the source and drain
electrode, a 0.5 μL of the electrolytes were placed on the target
Au micropatterns. A single-step galvanostatic route was
employed for electrolyte containing SWNTs, and for the rest
of the cases, typical two-step deposition35 were carried out. The
reference and counter electrodes were attached to precision
micropositioners to ensure accurate contact with the electro-
lyte. An anodic current density of 0.5 mA/cm2was impressed
on the working electrode for 900 s for the single-step
deposition. The two-step deposition was carried out by initially
applying an anodic current density of 0.05 mA/cm2 (1200 s)
followed by lowering the current density to 0.02 mA/cm2

(5400 s). The electrochemical deposition were carried out by a
electrochemical workstation (CH Instruments; CHI 660C)

Characterization Techniques. Field emission scanning
electron microscopy (FESEM) images were recorded (FESEM;
Hitachi S4800) to examine the surface morphology of
fabricated devices. I−V characteristics were recorded by linearly
sweeping potential from −1 to +1 V (CHI660C). Spectro-
scopic studies were carried out by a UV−vis spectrophotometer
(UV 2450, Shimadzu). Field effect transistor (FET) character-
istics (forward and transfer) in back-gated configuration were
recorded with a Keithley 2636 A dual channel source measure
unit. For studying the forward characteristics, drain to source
voltage (VDS) was swept from 0 to −25 V while varying the
gate to source voltage (VGS). Transfer characteristics were
obtained by sweeping the VGS from −20 to +20 V at fixed
VDS (−10 V). The I−V and FET measurements were recorded
under ambient conditions. For estimating the stability of the
best observed FET platform, i.e., SWNTs doped P(OT)
nanowires, mobility of a particular device was estimated every 5
days by recording transfer characteristics as described above.
The investigation was carried for 150 days.

■ RESULTS AND DISCUSSION
Electrochemical and Morphological Studies. Figure 1

shows the chronopotentiogram recorded during electro-
deposition for P(OT) nanowires under different dopant
conditions. During two-step galvanostatic synthesis, the
effective potential for various dopants at the working electrode
was found to lie in the range of 0.42−0.37 V during the first
step and observed to be decreased to the range of 0.38−0.36 V
during the final step. Typically, the first step of a two-step
galvanostatic process initiates the nucleation of polymeric seeds
on the electrode surface while during the subsequent step,
growth of the nanowires occur from the nucleation sites.35 The
chronopotentiogram for single-step galvanostatic deposition of
P(OT) nanowires with SWNTs as dopants is given as inset of
Figure 1. A single-step deposition was employed in this case
since the SWNTs are supposed to act as nucleation sites for the
polymer owing to their highly conductive surface. Hence, initial
nucleation step that was required for other dopants needed not
to be employed. The polymerization potential for P(OT)/
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SWNTs (D4; as denoted hereafter) was recorded to be the
lowest (0.31 V). The polymerization potential for other devices
were found to follow the order P(OT)/KOH (D1) < P(OT)/
KNO3 (D2) < P(OT)/H2SO4 (D3). A lower polymerization
potential is indicative toward higher electrical conductivity of
the yield.36

Typical FESEM image of P(OT) nanowires (with KOH as
dopant) along with the optical microscope image of the Au
fingertips is given in Figure 2. The FESEM image shows
formation of uniform dendritic P(OT) nanowires with

numerous intertwines. The average diametric distribution of
the nanowires was found to lie within 200−250 nm. Similar
morphological nature could be observed in case of other
devices (i.e., D2 and D3; data not shown).
This is a striking difference with the thin film modality of

polymers where dopants are reported to have considerable
impact on morphological features.28,29,37 Thus, the applied
current density of the initial step of the two-step galvanostatic
synthesis seems to be the prime deciding factor for the
diameter of synthesized nanowires. Inset of Figure 2 shows the
FESEM image of the P(OT) nanowires (average diameter 30−
40 nm) synthesized with SWNTs as dopant. A steep decrease
in the average diameter of the nanowires in this case certainly
ensures that the SWNTs have acted as nucleation sites for
polymeric growth.

Electronic Spectroscopy Studies. Figure 3 represents the
UV spectra of P(OT) nanowires synthesized with various

dopants. The spectra reveals well-defined absorptions around
345 nm signifying π−π* transitions in benzene rings. The
absorptions near 385 nm represents the polaron generation,
suggesting the occurrence of bipolaronic transitions. The
humps around 460 nm are assigned to n−π* transitions
between HOMO orbital of the benzenoid ring and LUMO
orbital of the quinoid ring. The broad 550 nm band is often
assigned to the polaronic transitions. The observations are well
in line with earlier reported literature.28,38−40 As evidenced
from the spectra, the P(OT)/SWNT device has exhibited the
characteristic peaks with greater intensity than others,
demonstrating well-defined π-electron resonance.41 The band
gap determined for the π−π* transitions corresponding to the
first absorption band were calculated using the formula ΔE =
hc/λπ−π* (h = 6.625 × 10−34 J s and c = 3 × 108 ms−1)29 and
given in Table 1. The band gap values were found to lie in the
order D1 < D2 < D3 corresponding to the hypsochromic shift in
π−π* transition wavelength in accordance with the increase in
ionic radii for all dopants when SWNTs stood as the exception,
empirically, for the reason already defined.

Electrical and FET Measurements. Apart from the
P(OT)/SWNTs device, all other devices revealed linearity
and symmetry in current/voltage relation as shown in Figure 4.
Thus, formation of the ohmic contacts indicates lower work
function of the synthesized polymeric matrices than Au (ϕAu =
5.1 eV).27,42 However, for the P(OT)/SWNTs device,

Figure 1. Chronopotentiograms for two-step galvanostatic synthesis of
P(OT) nanowires with various dopants. Inset: chronopotentiogram
for P(OT)/SWNT nanowires synthesis by single-step deposition.

Figure 2. (a) FESEM image of P(OT) nanowires (KOH as dopant).
Inset: FESEM of P(OT)/SWNT device. (b) Optical microscope
image of the Au micropattern (3 μm apart) that served as source-drain
electrodes.

Figure 3. UV−vis spectra of P(OT) nanowires with various dopants.
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nonlinearity could be observed that can probably be attributed
to the formation of slightly rectifying contacts due to the
presence of semiconducting SWNTs with small band gap.43

Device resistance was determined by calculating inverse of the
slope of current−voltage curves for the linear devices. For the
P(OT)/SWNTs device, the absolute linear portion current
voltage characteristic (for a potential window of 0.3 V with
centered null current) was considered for calculation of the
device resistance. The resistance values have been presented in
Table 1. The best observed conduction behavior for the
P(OT)/SWNTs can be attributed to efficient coupling between
P(OT) and SWNTs leading to overlap of wave functions and
enhancement in average localization length.44 The device
resistance values are found to be in sound agreement to the
band gap values.
The FET characteristics of the P(OT) nanowires devices

with different dopants are given in Figures 5 and 6. As depicted
by the typical output characteristics (Figure 5a−d), all the
devices have exhibited p-type nature with well-defined linear
and saturation behavior that conforms well to conventional
FET models in both the regimes of operation. The maximum
saturation current was recorded for D4 while the rest of the
devices followed the order D1 > D2 > D3. At the same time, it
can be well observed that the pinch-off voltage (Vp) for the
fabricated devices is strongly dependent on the anionic size of
dopants. Dopants with higher anionic radii were observed to
exhibit lower Vp in regularized manner with SWNTs based
device (D4), again, as exception. The control on Vp allows to
tune the width of the saturation region and enables to lower the
operating VDS of the devices.
Figure 6 gives the transfer characteristics of the fabricated

devices recorded at constant VDS (−10) V. All the fabricated

devices have exhibited off state current in the order of 10−11A
that is significantly lower than earlier reported electrolyte gated
FETs14 or single nanowires based FETs.3 Measurably higher off
sate current for D4, in contrast to other devices, could probably
be attributed to the presence of metallic SWNTs. The devices
could also be characterized with excellent switching behavior.
Highest Ion/Ioff factor could be recorded for D4 (1.85 × 104)
that is comparable to reported pentacene-SWNTs based
TFTs.45 The charge carrier mobilities and Ion/Ioff of all the
investigated devices have been estimated from the transfer
curves, and the average and maximum values of the same are
furnished in Figure 7. Device transconductance (gm = dI/dVg)
were estimated in linear regime to determine charge carrier
mobility values by the formula μ = L2

SDgm/CGVDS.
2 For these

analyses, full parallel plate gate capacitance CG = εWLSD/LOX
(W = 200 μm, LSD = 3 μm, LOX = 300 nm) was used. The
regularity in the trends in carrier mobility and Ion/Ioff values is
in inclination with the fact that higher carrier mobility leads to
high on current values that ultimately contributes to a higher
Ion/Ioff factor.46 Apart from SWNTs, we could observe an
orderly shift in the threshold voltage (VTH) toward more
positive value when the anionic radius of dopant is decreased.
Most importantly, very low device to device performance
variation could be observed in all cases. Thus, the questionable
effects of intertwines of nanowires on device performance (that
can be mitigated with aligned/single nanowires) can well be
traded off with the ease of fabrication of the present modality of
device active layer.
Conduction behavior in a polymeric material is known to be

dependent on the movement of charge carriers along a chain
(intrachain hopping) and across the chain (interchain
hopping). Such conduction is bound to be highly affected by
the pinning of charge carriers to their dopant counterions by
electrostatic attraction. This situation can be further elucidated
as self-trapping of charge by the deformation it induces in the
chain.46 As a matter of fact, theoretical calculations suggest that
in lightly doped semiconductors about 97% dopants form
charge transfer complexes which hardly contribute to charge
transport.47 Thus, the situation can be envisaged as the
formation of deep Coulomb wells filled with self-trapped
charges introduced by dopants.48 From this standpoint, perusal
of the size of dopant anions leads to certain interesting
conclusions. Electrostatics suggests that Coulombic attraction is
higher for spherically symmetric charged particle with smaller
radius which readily allows inferring that for anions with lower
radius trapping of charge carriers is more severe. Thus,
accumulated charges in polymeric FET structures are supposed
to experience less electrostatic attraction for small anionic
dopants as Coulomb wells are already filled with self-trapped
charges induced by dopants.48 Such situation results in large
number of free charge carriers in the conduction backbone, and
equally, conduction behavior is better in terms of better inter-
and intrachain hopping. However, difficulty arises if larger sized
dopants are considered since in such cases, charge carriers are
less affected by electrostatic attraction. Hence, to rationalize the
I−V and FET data that show poor conduction/FET behavior
for larger sized dopants, it may be hypothesized that since
Coulombic wells are less filled in such cases, accumulated
charge carriers are more susceptible to trapping. The trend that
could be observed for VTH values also supports this view since,
more positive values of gate potential is needed to be applied to
deplete the channel in case of higher mobile charge carrier
density which is the case with lower sized dopants. Also, as the

Table 1. Band Gap Values Synthesized P(OT) Nanowires
with Various Dopants and Resistance of Corresponding
Devices

device band gap (eV) resistance (MΩ)

D1 3.61 11.04
D2 3.63 12.20
D3 3.66 15.60
D4 3.50 3.80

Figure 4. Room temperature I/V characteristics of P(OT) nanowires
with various dopants.
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anionic size was increased, the lowering in crystallinity resulted
in enhanced interchain separation, thereby hindering the
interchain hopping component of the conduction mecha-
nism.29 The conduction behavior is well supported by the

spectroscopic data that certainly indicates higher degree of
conjugation in polymeric chain for small anionic dopants.
Although the above model of conduction behavior stands

well for D1, D2, and D3, the stiff exception that could be
observed in case of D4 may be attributed to the high π-electron
resonance of SWNTs with P(OT) backbone as suggested by

Figure 5. Output characteristics of (a) D1, (b) D2, (c) D3, and (d) D4 for different VGS values.

Figure 6. Transfer characteristics of the fabricated devices.
Figure 7. Mobility and on/off ratio of the fabricated devices (at least
seven devices were tested in each case).
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spectral and I−V data. In this particular case, the extent of
delocalization of the charge carriers with π-electron cloud
probably accounts for the superior conduction behavior than
other devices. At the same time, lower cross section of SWNTs
doped P(OT) nanowires results in reduction of phase space for
scattering, thereby enhancing the bulk mobility along the
nanowires structure.49 Finally, the highest value of VTH
observed for this devices, could possibly be ascribed to the
presence of higher carrier density at the interfacial layer of
P(OT)/SWNTs. We are presently exploring the fabricated
FET devices for possible gas sensing applications.
Stability of the Best FET Platform. A very negligible drift

could be observed (Figure 8) in the performance of the device

until 70 days with a maximum deviation of 10.67% from the
initial value of mobility. Rapid fall in the FET performance
thereafter could well be attributed to the natural degradation of
polymer.

■ CONCLUSION
In summary, OFETs containing P(OT) nanowires as active
semiconductor layer were fabricated. Two-step galvanostatic
deposition proved to be a facile route for synthesis of nanowires
electrode junctions on Si/SiO2 substrate. Dopants with various
anionic radii were employed during electrochemical synthesis.
Apart from SWNTs, anionic size was not found to affect the
morphological features of synthesized nanowires. Steep
decrease in average diameter of nanowires with SWNTs as
dopants suggests the role of SWNTs as templates for
polymerization. UV−vis spectroscopic studies have shown
that dopants with smaller anionic size offer higher degree of
conjugation in polymeric chain that is responsible in shaping
the conduction characteristics of the material. The I−V and
FET observations were correlated in terms of variation in
electrostatic attraction and trapping offered by dopants with
different anionic size. All the fabricated devices have exhibited
p-type conduction while retaining basic FET characteristics.
Crucial FET parameters, viz., Vp, VTH, μ, and Ion/Ioff are found
to be easily modulated by changing anionic size of dopants and
observations show sheer regularity for dopants KOH, KNO3,
and H2SO4. An interesting direction of further investigation can
be toward pursuit of a trivial point where requisite device Vp
and corresponding mobility can be achieved for low power
application by varying dopant dimension. The exceptional

behavior of the device with SWNTs as dopant could be
attributed to high π-electron resonance of SWNTs with P(OT)
backbone.
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