Materials International
Open-Access Journal (ISSN: 2668-5728)
Article

Volume 7, Issue 4, 2025, 39
https://doi.org/10.33263/Materials74.039

The Effects of Incorporating POT-MWCNT into PEDOT:
PSS on the Performance of OFET

Manal Z. Rajab !, Kareema M. Ziadan 2

L Department of Physics, College of Science, University of Basrah, Basrah, Irag; manal.zeki@uobasrah.edu.iq (M.Z.R.);
kareema.ziadan@uobasrah.edu.iq (K.M.Z.);
*  Correspondence: manal.zeki@uobasrah.edu.iq;
Received: 29.06.2025; Accepted: 29.10.2025; Published: 10.12.2025

Abstract: The mixture of poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT: PSS)
with poly(o-toluidine)-multi-walled carbon nanotube (POT: MWCNT) composites results in a
distinctive hybrid material system for organic field-effect transistor (OFET) applications. This mixture
leverages the synergistic properties of all three constituents (PEDOT:PSS, POT, and MWCNTS) to
improve device performance. To the best of our knowledge, this is the first study to integrate POT—
MWCNT composites into the PEDOT: PSS matrix as a hybrid active layer for OFETs. This unique
combination aims to synergistically enhance charge mobility and interfacial stability beyond what has
been achieved with conventional single-polymer or nanotube-doped systems.MWCNTSs facilitate one-
dimensional conduction channels within the polymer matrix, whereas POT's extended n-conjugation
promotes intermolecular hopping, and PEDOT: PSS occupies vacancies in the MWCNT network. The
electrical characterization is performed at Vs ranging from -25 to 25 and Vps from -1 to -30 over five
sweeps for bottom-contact OFETSs fabricated with the optimized (PEDOT: PSS) + POT: MWCNT. The
Source/Drain electrodes exhibited a field-effect mobility of 5.01 cm?#(V-s), utilizing polyvinyl alcohol
as the gate dielectric. Critical device parameters (mobility, threshold voltage, on/off current ratio, etc.)
are computed. The superior device at Vps = -6.75 volts. This hybrid material shows great potential for
use in flexible electronics, smart sensors, and next-generation wearable devices.
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1. Introduction

Organic field-effect transistors are innovative devices, and multi-component blend
systems provide a crucial solution to the significant challenges faced in advancing OFETS.
Organic multi-component systems are analogous to alloys and electronics, in which the active
semiconducting layer is composed of n-conjugated organic small molecules and polymers [1].
OFETs derive substantial advantages from the incorporation of PEDOT: PSS (poly(3,4-
ethylenedioxythiophene): polystyrene sulfonate) combined with POT: MWCNT (poly(o-
toluidine)-multi-walled carbon nanotube composites). This hybrid solution improves charge
transport, interfacial properties, and device stability, making it suitable for flexible and printed
electronics [2,3]. Improved Charge Transport and Conductivity PEDOT: PSS offers elevated
electrical conductivity, reaching up to 1000 S/cm with the addition of supplementary dopants
such as DMSO or EG [4]. Creates a continuous conductive matrix that stabilizes charge
transport, stops current leakage, and increases hole transport and film uniformity through
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solution-processability[5]. Doping modification is made easier by POT's (poly(o-toluidine))
adjustable redox activity. It is more compatible with organic semiconductors due to its
conjugated structure. In comparison to pure PEDOT: PSS, improved mechanical flexibility [6].

MWCNTSs create percolation pathways, reduce the conductivity threshold, and increase
charge-carrier mobility (due to ballistic electron transport along nanotubes). In flexible organic
field-effect transistors (OFETS), mechanical strength offers high-mobility paths that enhance
field-effect mobility (WFET) and prevent crack formation [7,8]. Synergistic Impacts PEDOT:
PSS reduces contact resistance by filling up gaps in the MWCNT network. By reducing grain
boundaries and trap states, POT acts as a dispersion to improve blend homogeneity, prevent
MWCNT aggregation, and improve film form[9]. The combined effect of polymers attains
superior conductivity compared to each component, resulting in diminished series resistance
in OFET electrodes [10]. At the semiconductor/dielectric interface, the persistent dipole
generates an energy barrier to charge transfer. By raising the dielectric's HOMO energy, a
fluorinated polymer at the semiconductor/dielectric interface can improve the energetic barrier
for charge transfer from the semiconductor to the dielectric (charge trapping)[11].

To enhance their physical and chemical properties over a single metal, metals are
combined with metallic or nonmetallic substances. Similarly, single-component semiconductor
materials can exhibit limited performance and are difficult to obtain simultaneously, despite
high expectations for high-performance OFETs. Consequently, materials scientists are now
concentrating on multi-component systems. This might expedite the advancement of organic
transistors. In addition, several organic optoelectronic devices have adopted multi-component
mix systems, including organic photovoltaic cells and organic light-emitting diodes, and have
advanced significantly [12,13]. Incorporating high-molecular-weight polystyrene (PS) into the
organic semiconductor (OSC) markedly affects the spatial confinement of the dopant within
the device. This method is essential for regulating dopant diffusion into the organic
semiconductor, a prevalent challenge in organic field-effect transistors [14].

Solution-processed n-conjugated semiconductive and conductive molecules represent
the most promising candidate materials for the fabrication of printed and flexible electronics
due to their numerous advantages over inorganic counterparts, including low-temperature
processing, exceptional mechanical compatibility resulting from their high bendability and
stretchability, and the potential for precise modulation of the materials' electrical properties
through molecular functionalization [15].

PVA-based OFETSs frequently exhibit lower field-effect mobility (IFE) and significant
drain current (IDS) hysteresis, which may be linked to factors such as the polar interface near
the conducting channel [16]. The substantial OH-groups on the PVA surface and the mobile
ions within the PVA bulk [17]. Carbon-based materials, including graphene and carbon
nanotubes (CNTSs), exhibit significant potential for flexible electronics due to their inherent
high mobility and mechanical flexibility [18].

Covalent functionalization of carbon nanotubes enhances their solution dispersibility and
compatibility with organic semiconductors [19]. A specific variant of carbon nanotubes is two
concentrically aligned single-walled carbon nanotubes (SWCNTSs) that make up a multi-walled
carbon nanotube (MWCNT) [20].

This study presents a composite of a conducting polymer blended with MWCNT and

another polymer, examining its impact on OFET performance, including mobility, current
density, threshold voltage, and more. Incorporating f-MWCNT into organic semiconductors
significantly  enhances the electrical  performance of the OFET. The

https://materials.international/ 20f11


https://doi.org/10.33263/Materials74.039
https://materials.international/

https://doi.org/10.33263/Materials74.039

PEDOT:PSS+POT:MWCNT hybrid system represents a significant advancement in organic
electronics, combining solution-processability with improved electrical performance and
environmental stability for future OFET applications.

2. Materials and Methods

PEDOT: PSS 99% from Sigma-Aldrich, poly(vinyl alcohol) (PVA) was purchased
from Sigma Aldrich, (Mw = 89,000 — 98,000 99+% hydrolysis), OT-monomers 99% from
Fisher Scientific, hydrochloric acid 99.9% Fluka, ammonium per sulphate, purity 98%, ethanol
purity 99.9%, Scharlau, MWCNT purity 95%, DMSO, dimethyl sulfoxide (CH3).SO, Mw
78.13, puriss. p.a., ACS reagent, >99.9% (GC) from Sigma-Aldrich.

The Ossila pre-patterned ITO Glass Substrates, 20 x 15 mm, OFET sensing substrate,
and its board are used as shown in Figure 1a. Product Code S161 is designed to allow the
fabrication and characterization of transistors. The OFET Test Board, as shown in Figure 1 b.
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Figure 1. (a) Ossila ITO OFET substrate; (b)The OFET test board.

2.1. OFET fabrication.

The OFET substrate was placed in an ultrasonic bath containing DI water for 10
minutes; after that, acetone was removed by ultrasonication for 10 minutes, and the substrate
was then placed in the oven at 40°C, where the active materials solution was deposited,
followed by the dielectric layer. A diagram showing the arrangement of the material layers in
the device is shown in Figure 2

The conducting polymer (POT-HCI) was prepared by chemical polymerization from
the monomer o-toluidine. The Ammonium persulfate (APS) is used as an oxidizing agent. O-
Toluidine monomer was dissolved in 10 mL (1M/HCI), then APS was added to it under
constant mechanical stirring at (0-5°C). The reaction was put under a magnetic stirrer for 24 h.
Finally, the resulting powder is a dark green color. The blending (POT:MWCNT+PEDOT:
PSS) active layer is made by spin-coating at 1500 rpm for 60 sec. The created film was dried
in the oven for an hour at 40°C and then raised to 60°C for 30 minutes. The conducting polymer
POT /HCI 0.1g was dissolved in DMSO (5ml). This POT/HCI blend includes 5% MWCNT
that has been ultrasonically sonicated and then blended with PEDOT: PSS pure, remained on
the magnetic stirrer for 3 hours, and then blended with PEDOT: PSS by direct mixing [21].

Polyvinyl alcohol (PVA) was weighed, dissolved in 10 mL of deionized water,
mechanically stirred for two hours at 80°C, and filtered using a 0.22 um filter syringe. The
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insulating polymer film was also made by spin-coating and dried in an oven for 3 hours at 30
or 1500 rpm.

Gate
Dielectric

Glass substrate

Figure 2. Schematic of an OFET top-gate bottom-contact.

2.2. Physical characterization.
2.2.1. FE-SEM for POT:MWCNT+PEDOT:PSS.

Blending this POT: MWCNT composite with PEDOT: PSS further enhances the film’s
mechanical flexibility, surface smoothness, and stability. PEDOT: PSS acts as a secondary
conducting polymer and dispersing agent, improving film formation and maintaining high
conductivity even at lower processing temperatures. The sulfonate groups of PSS can also
facilitate protonic doping of POT, which contributes to higher charge carrier mobility [21]. As
shown in Figure 3.

Morphologically, SEM micrographs typically show a porous and interconnected
network with nanofiber-like or granular structures, indicating good integration of the three
components. The resulting hybrid structure combines the chemical stability and processability
of PEDOT:PSS, the electroactivity of POT, and the electronic conductivity of MWCNTS,
making it a promising candidate for applications in organic field-effect transistors (OFETS),
chemical sensors, and energy storage devices.

D2'= 16:51.nny
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(b)
Figure 3. FE-SEM micrograph of blend POT:MWCNT+PEDOT: PSS.

3. Results and Discussion

3.1. Output characteristics.

A P-type field effect transistor (POT: MWCNT/PEDOT: PSS-OFET) was fabricated
using pure polymers. The insulating layer thickness was 1500 rpm, the conducting channel
width was 30 mm, and the channel length was 50 pm.
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The PVA films' minimal thickness and elevated dielectric constant enabled the low-
voltage operation. Significant leakage currents were observed in all devices using pristine PVA
as the dielectric layer. The mobility of the charge carriers was assessed in both the linear and
saturation zones, as indicated by the two equations below (1,2). The channel length, L, is 50
um, the channel width, W, is 30 mm, and the capacitance of the insulating layer, Ci, is defined
by the relationship with capacitance in nano farads. The frequency in kilohertz, by inserting
equations (3, 4), we determined the value of mobility [22], which is equations (3) and (4):

Ids, Lin Vs <<Vgs-Vin
Wud;

Ips1in=—7— (Vas Vin) Vs 1)
if (Vbs<<Ves-Vin)
Ids, sat Vbs >Ves-Vih.
WuC;
Ipssa= = (Vos Vin)? )

if (Vbs >Ves-Vin)

According to the two equations above, the mobility of the charge carriers was calculated
in the linear region and the saturation region by substituting the equations. (2), (1) we found
the value of mobility, which is:

L dlps
Hiin = WG Vs (avgs) 3)
2
2L (Jalps
nom e (52) @

The fluctuation rate of Ips in decades concerning Ves for a device functioning in the
sub-threshold region is called the sub-threshold slope (SS). As the current increases, the value
of SS is obtained by applying a linear fit to the logarithm of Ids, revealing a value of 12 V/dec.
The mathematical formula for the sub-threshold slope is shown in. The sub-threshold swing
quantifies the rate at which the device activates, indicated by the increase in drain current (Ips)
relative to gate-source voltage (Ves), with a lower value signifying superior device
performance. Values of 0.88 V/dec were estimated for pentacene Thin Film Transistors
utilizing Cytop dielectric, while 0.1 V/dec was seen with a Self-assembled mono layer (SAM)
dielectric.

_ 0[vgs]
55 = 0[Log10Ips] ®)

gm denotes "trans-conductance.” These equations disregard the influence of traps and
parasitic resistances as they do not account for gate-voltage-dependent mobility. An
augmentation in the drain current Ip with heightened negative gate-source voltage Vgs denotes
a hole-transporting organic layer. In an electron-transporting material, the drain current rises
with the application of a positive gate-source voltage, but in the case of ambipolar transport,
the current increases for both positive and negative voltages [23].

e WG,
gm_ [aVG JVD =constant B L ﬂFETV >

(6)

The resistance in an organic field effect transistor can be calculated from the
relationship and the output characteristics, as shown in Table 1.
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R{m}
aVD Vg =constant

Figure 4 shows the output characteristic (source-drain) as a function of the negative
voltage (source-drain) for all values of gate voltage Ves=25, 12.5, 0.12.5, -25 volts. It can be
seen from the Figure that the Ips increases with an increase in the negative voltage Vps, and
this increase is linear and subject to Ohm's law until the pinch-off point. This ohmic behavior
continues until the saturation state is reached, after which the source-drain current conductance
becomes almost constant with increasing source-drain voltage for all values of applied gate
voltage. The polyethylenedioxythiophene (PEDOT) chain is rich with holes and then doped
with polystyrene sulfonate (PSS) with sulfonate anions that compensate for these holes.
According to the literature, PEDOT: PSS is conductive (p-type) in its initial state (i.e., no gate
voltage is applied). This confuses me because | would have thought compensating these holes
by adding PSS would have made the PEDOT less conductive.

Figure 4 describes the relation between Drain-Source current (Ips) versus Drain-Source
voltage (Vps) for this device's Organic field effect transistor with different Vgs. High saturation
levels at Vps=-13 V and the contact resistance (R) were determined from the linear region of
Ips-Vbs with constant Vgs, where it decreases with decreased Vgs. Figures 4 and 5 show the
transfer characteristics of the OFET device. This is represented by the relation between Ids
versus Vs from the voltages (-25 — 25) Volt at different Vps (0 — -30) V. The Current Ips
were increased with decreased Vps, and the tars-conductance (gm) appeared semi-stable with
decreased Vps, where it changed between 2.2x102 — 1.2x10 S,

(7)

Table 1. Device parameters OFET of PEDOT: PSS+POT/HCI based devices (L=50um, W=30mm).

MLin Msat SS
Vbs Vin (V) lon/loft (cmZIVs) (cmst) gm(S) Vo (V) (V/dec)
Vbs=-30 1.9 1.02x10? 4.003 5.01 1.2x101 24.8 1.1x107?
Vps=-22.25 3.8 1.2x10? 217 3.59 1.15x10? 25.06 1.2x107?
Vps=-14.5 2.7 1.0x10? 6.7x10? 3.2x107? 9.8x107? 24.2 1.2x10°8
Vbs=-6.75 1 1.3x10° 3.6 4.53 2.2x107? 24.6 2.3x10*
1.2
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Figure 4. Output characteristic of PEDOT: PSS+POT-HCI/MWCNT based OFET (L=50 pm, W=30 mm).

The mobility of the charge carriers in the linear region and the saturation region was
calculated from the slope of the tangent straight line in Figure 5 by taking advantage of relations

https://materials.international/ 6 of 11


https://doi.org/10.33263/Materials74.039
https://materials.international/

https://doi.org/10.33263/Materials74.039

(3), (4), (5), and (6). The straight-line extension along the Vs axis also found the threshold
voltage. The ratio between the on and off currents, lon/loff, Was also calculated from the highest
and lowest values in Figure 6.

The device was evaluated for drain-source voltages (Vps) between (-1—-30) V, and
gate-source voltages (Ves) between (-25 — 25 )V. Their electrical parameters are in Table 1.
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Figure 5. Transfer curves of OFET (ITO/PEDOT: PSS+POT-HCI/MWCNT/PVA/AI).

1.02 0.72 - ~
Vg =2510-25 EEEEEEEEEEEEEEE Vs =250 -25
Vy=-110-30 0.70 Vys=-110-30
..MOO.. at V,,=-30 L} at V,,=-14.5
1.00 0.68 =
o [ 3 Vth=1 9 %_\ - Vlh 2.72
- (] =4
< ° 2 066+ .
5 . 8 .
) 0.98 - . :'ff' 0.64 - -
- L "
L 0.62 - .
[ 1 n
006 - .
’ ... 0.60 .
. L]
-30 -25 20 15 -10 -5 0 5 10 15 20 25 30 O%4 _
V,(Volts) -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
Vs(Volts)
(@ (b)
e _ s V,, =25 to -25
L ] Vgs =2510-25 0.50 4 - _
. - V=110 -30 LTI Vgs=-110-30
0.88 4 (1] _
" - at V,,=-22.25 0.48 .. atV,=-6.75
- V,,=3.805 V,,=1.004
0.86 4 -. th o 0.46 . t
= . L 044 .
= 0844 2 e "a
o o T
= L ey gy
:‘? " :‘ 040 -l
0.82 |
. 038 - "aa,
0.804 .l 0.36 - L]
- L
L] 0.34 (]
078 T

=30 -25 -20 -15 -10 -5 0
V,u(Volts

(©)

T T T T T
5 10 15 20 25 30

)

T T T T T T
-30 -25 -20 -15 -10 -5 0 5§

T
10 15 20 25 30
Vgs(Volts)

(d)

Figure 6. The square root as a function of for OFET with different Vps.
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The electrical performance of the fabricated OFET based on POT blended with
MWCNT and PEDOT: PSS shows a noticeable enhancement compared to devices reported in
previous studies using pure conducting polymers. The incorporation of MWCNTSs within the
POT matrix significantly improves the charge carrier mobility due to the formation of
additional conductive pathways that facilitate electron transport. Furthermore, the addition of
PEDOT: PSS enhances the interfacial contact and film uniformity, leading to a more stable
current-voltage behavior. Although the on/off current ratio obtained in this study is slightly
lower than that reported in previous studies, the charge-carrier mobility shows a clear
improvement. The reduction in the on/off ratio may be attributed to increased leakage current
due to the presence of MWCNTSs, which provide additional conductive pathways even in the
off-state. However, the same conductive network significantly enhances charge transport in the
active layer, resulting in higher mobility than similar OFETs based on POT or PEDOT: PSS
alone. These findings suggest that while introducing MWCNTSs improves carrier transport
properties, further optimization of the device structure or the dielectric interface is required to
balance the trade-off between mobility and on/off ratio. The data in Table 1 indicate that
mobility in the saturation zone exceeds that in the linear region. This indicates that the transistor
has superior current transfer efficiency at elevated operating voltages. This behavior results
from multiple physical phenomena within the OFET, including lower resistance or enhanced
conductivity compared to the results reported by Prasanta Ghosh [23,24].

The on-off current ratio at a voltage of Vps=-6.75 is 1.3 x 103, representing the optimal
value, and remains nearly steady across all voltage levels. The transistor may alternate between
the on and off states with average efficiency. The sub-threshold voltage (SS) quantifies the
efficiency of a transistor in transitioning between its on and off states. A lower slope value
indicates superior current control by the organic field effect transistor, resulting in reduced
power consumption and diminished current leakage in the off state. In this study, at Vps = -
6.75, the value is 2.3x10 V/dec.

As shown in Table 2, in an organic field-effect transistor (OFET) application, negative
resistance corresponds to negative differential resistance (NDR). This does not imply that the
material exhibits negative resistance in the conventional sense (where current increases as
voltage decreases); instead, it indicates that, within a particular segment of the current-voltage
(1-V) curve, an increase in the applied voltage leads to a decrease in the current through the
device. Pinch-off or saturation: In field-effect transistors, when the drain-to-source voltage
(Vps) reaches a specific value (the saturation voltage), the conduction channel begins to
"pinch” or narrow near the drain terminal. Any further increase in Vps after this point does not
result in a significant increase in the drain current (Ips). In some cases, complex events such as
oversaturation or the introduction of opposing charge carriers can result in a slight decrease in

current.
Table 2. Shows the OFET device parameter for resistance as a function of gate-source voltage.

Ves(Volt) | R(Q)
25 -30.85
125 -28.7

0 275
125 -25.95
25 2422

Mechanisms for trapping and untrapping: Organic materials have a variety of deep
energy levels that can trap charge carriers, such as electrons or holes. When a specific voltage
is applied, these sites may become more effective at trapping charge carriers, reducing the
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number of free charge carriers available for conduction, and lowering the current as the voltage
rises. Interface Effects: The appearance of negative differential resistance (NDR) may be
affected by contact between an organic semiconductor and an insulator or between a
semiconductor and a metal (electrodes) [25].

4. Conclusions

Organic field-effect transistors (OFETs) with PEDOT: PSS and POT: MWCNT
composites have significantly improved a number of electrical characteristics. In comparison
to traditional polymer systems, these hybrid materials improve charge carrier mobility and
conductivity by utilizing the unique properties of each component. Multi-walled carbon
nanotubes (MWCNTSs) effectively overcome the limitations typically encountered by
conventional organic semiconductors by creating one-dimensional conduits that improve
charge transfer. The poly(o-toluidine) conjugated with T (POT) architecture is essential for this
composite material's charge transport kinetics. Moreover, experimental findings demonstrate a
significant enhancement in electrical conductivity and mobility inside these composites,
improving overall performance. This development underscores the substantial potential of
integrating conductive polymers with nanomaterials, such as MWCNTS, to markedly enhance
the performance attributes of OFETSs.
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