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PVA thin films through secondary doping and their

strain sensors applicationt
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The field of strain sensing involves the ability to measure an electrical response that corresponds to a strain.
The integration of synthetic and conducting polymers can create a flexible strain sensor with a wide range of

applications, including soft robotics, sport performance monitoring, gaming and virtual reality, and healthcare

and biomedical engineering. However, the use of insulating synthetic polymers can impede the

semiconducting properties of sensors, which may reduce sensor sensitivity. Previous research has shown
that the doping process can significantly enhance the electrical performance and ionic conduction of
conducting polymers, thereby strengthening their potential for use in electronic devices. However the full

effects of secondary doping on the crystallinity, stretchability, conductivity, and sensitivity of conducting

polymer blends have not been studied. In this study, we investigated the effects of secondary doping on

the properties of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)/poly(vinyl alcohol) (PEDOT:PSS/
PVA) polymer blend thin films and their potential use as strain sensors. The thin films were prepared using
a facile drop-casting method. Morphology analysis using profilometry and atomic force microscopy

confirmed the occurrence of phase segregation and revealed surface roughness values. This evidence

provided a comprehensive understanding of the chemical interactions and physical properties of the thin

films, and the effects of doping on these properties. The best films were selected and applied as sensitive
strain sensors. EG-PEDOT:PSS/PVA thin films showing a significant increase of conductivity values from
the addition of 1 vol% to 12 vol% addition, with conductivity values of 8.51 x 10> t0 9.42 x 10 *Scm ™%,
Our 12% EG-PEDOT:PSS/PVA sensors had the highest GF value of 2000 too. We compared our results
with previous studies on polymeric sensors, and it was found that our sensors quantitatively had better GF
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values. Illustration that demonstrates the DMSO and EG dopant effects on PEDOT:PSS structure through

bonding interaction, crystallinity, thermal stability, surface roughness, conductivity and stretchability was
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1. Introduction

In recent years, conductive materials such as metals have been
utilized to develop smart electronic sensors for environmental
treatment, health monitoring, and renewable energy.'”® Elec-
tronic sensors potentially can be used for vibration detection
and weak physiological signal monitoring, thus high sensitivity
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also provided. This study suggests a new aspect of doping interaction that can enhance the conductivity
and sensitivity of PEDOT:PSS for device applications.

and stretchability are essential for the sensors to capture subtle
signals.* Various electronic sensors that have been developed
before are gas sensors, temperature sensors, humidity sensors,
strain sensors and biosensors.> One of the major drawbacks of
these sensors generally is in their materials, as they are
composed of metals that have very low stretching-ability, low
sensitivity and are not wearable.® Due to that, conducting
polymers (CP) such as polyaniline (PANI), polypyrrole (PPy),
poly(3,4-ethylenedioxythiophene) (PEDOT), and polythiophene
(PTh) are usually implemented as sensor materials due to their
chemical and physical properties that can be significantly
changed in response to external stimuli such as temperature,
PH, stress, moisture, electric fields, magnetic fields, light and
chemical compounds.”™® CP based thin films can exhibit some
advantages over metal-based thin films in terms of their flexi-
bility, easy-processing, low-cost and manageable-waste. They

© 2023 The Author(s). Published by the Royal Society of Chemistry
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can be fabricated through spin coating, drop casting, dipping,
chemical grafting or chemical vapour deposition method.™

Nowadays, most researchers focus on obtaining light-weight
conductive materials which are advantageous over metallic
materials. For a strain sensor application, conducting polymers
such as PEDOT:PSS have been extensively developed for strain
sensors application due to their conductivity, biocompatibility
and low redox potential, and their being cost-effective, and light-
weight.”> PEDOT:PSS has semi-crystalline properties exhibited by
PEDOT particles which can create grain boundaries that leads to
the fragility of thin films. Due to that, in most previous work on
thin film strain sensors, they mixed PEDOT:PSS with other
synthetic polymers such as polyvinyl alcohol (PVA), poly(methyl
methacrylate) (PMMA), polyethylene glycol (PEG) or poly lactic
acid (PLA)."*** Moreover, strain sensors have to be stretchable
for its applications in detecting any strain changes through
derivation of its electrical changes output with respect to its
strain changes stimulus. Good sensitivity properties are impor-
tant for a sensor to obtain higher measurement accuracy. In any
application, sensors with unstable and low sensitivity can
wrongly diagnose the input and hence create severe complica-
tions. To overcome this problem, secondary doping process was
introduced to enhance the conductivity of CPs based sensors.
Examples of dopants are dimethyl sulfoxide (DMSO), ethylene
glycol (EG), Zonyl, or acids.

The introduction of such dopants can chemically re-structure
the molecular arrangement of PEDOT:PSS that facilitates ionic
conductions and electron hopping. The addition of dopants
highly affects the crystallinity properties, molecular arrange-
ment, phase segregation and bonding strength of the films and
hence can tune the sensitivity performance. Dopants can cause
PEDOT:PSS to behave as crystalline or amorphous materials
depending on the chemical interaction and molecular arrange-
ments that occurred. The crystalline and amorphous behaviour
of PEDOT:PSS has its own way of propagating electron transfer
along the PEDOT backbone structure. The most common
mechanisms that have been reported are the phase segregation
between PEDOT and PSS, and the conformational change or
molecular arrangement of PEDOT chains from a coil structure to
an extended coil or linear structure. Moreover, it has been re-
ported that bonding strength is the main reason for the well
dispersity of the PEDOT:PSS grains.”” The inherent molecular
structure of PEDOT:PSS, which includes the conjugated bonds
existing within the polymer chains and doping effects toward the
energy band of the PEDOT:PSS would also affect the electrical
performance.” Since the sensitivity of sensors was measured
from relative resistance values which comes from electrical
behaviour of sensors, thus those above-mentioned properties are
important to tune the sensitivity of sensors. As far as we have
a concern, there is no complete and sufficient mechanism
explained on the crystallinity, stretchability and conductivity
effects upon secondary doping of PEDOT:PSS."*** To date, it is
still a challenge to fabricate polymer-based strain sensors with
desired mechanical properties and sensing performance by
intoxicated materials and facile preparation methods.

Herein, we present a conductive thin film strain sensor
based on PVA synthetic polymers blended with doped-
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PEDOT:PSS dispersion by using a simple drop-casting
method. To effectively improve the conductivity and sensi-
tivity properties of this thin film for sensors application, two
different dopants, DMSO and EG were used as secondary
dopants. Fourier transmittance infrared spectroscopy (FTIR), X-
ray diffraction spectroscopy (XRD) and thermal gravimetric
analyser (TGA) were used to analyse the chemical interactions
occurs through functional groups detection, crystallinity and
thermal properties of the films, respectively. The morphology
and surface roughness of the thin films were analysed by means
of profilometer and atomic force microscope (AFM). The elec-
trical behaviour of prepared thin films was further evaluated
and measured using a multimeter, broadband dielectric spec-
troscopy (BDS) and four-point probe to prove the secondary
doping effect concept. The stretchability of thin films was also
characterized by Lloyd Friction/Peel Tester. Based on this
evidence, a relatively complete consideration upon chemical
interactions, thermal stability, surface morphology, crystal-
linity, and conductivity effects were revealed to an extent of
portraying how the conduction mechanism occurs upon doping
process. Finally, utilising a silver paste and copper circuit
system to evaluate the sensitivity performance, the best films
were chosen and used as sensitive strain sensors. The improved
sensitivity through doping effects on thin film strain sensors
proposed here may open up new opportunities for the easiest
fabrication of other flexible devices such as actuators and health
monitoring applications.

2. Experimental section
2.1 Materials

Conductive grade of poly(3,4-ethylenedioxythiophene):poly(4-
styrenesulfonate) (PEDOT:PSS) with 1.3wt% dispersion in
H,0, dimethyl sulfoxide (DMSO) (=99.9%), ethylene glycol (EG)
(=99.7%), poly(vinyl) alcohol (PVA) powder, conductive silver
printing ink with resistivity 9-10 uQ cm and xylene solution
(reagent grade) were all purchased from Sigma-Aldrich Corpo-
ration (St. Louis, MO, USA). No changes were made to the
chemicals, and they were used without further modification.
The PVA was initially dissolved in deionized water at 80 °C for
6 h, before blending. DMSO and EG solution acted as
a secondary dopant for PEDOT:PSS and their volume percentage
was prepared as 0, 1, 3, 5, 7, 9, and 12 v/v%. The volume frac-
tions described in this study were the secondary dopant
volumes to the total volumes of secondary dopants and soft
polymers PEDOT:PSS. After doping process, the doped-
PEDOT:PSS solution was added with 7 wt% PVA with 1 mL:
4 mL ratio. The polymer blending solution was stirred overnight
before use.

2.2 Samples preparation

Glass slides as film substrates of area 25 mm x 75 mm were
rinsed with acetone for 15 min. Exactly 5 mL of the polymer
blending solution was dropped onto glass substrate and was left
to dry at room temperature overnight. The film was then
annealed in the ambient atmosphere at 65 °C for 3 h. The
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thickness of all fabricated thin films was about the same
(0.065 mm < thickness < 0.15 mm) due to a fixed amount of
solution drop. All thin films samples were peeled off from the
glass substrate for further characterization. The samples for
multi-meter resistivity measurement (preliminary steps in this
study) were fabricated almost the same way, only the substrates
were indium tin oxide (ITO) - glass with an interdigital elec-
trode circuit and 3 drops of blending solutions were required.

2.3 Fabrication of doped-PEDOT:PSS/PVA strain sensors

The prepared PEDOT:PSS thin films were designed to obtain
strain sensors; the conductive silver ink and xylene solution
were used to coat the thin films and were left drying for 3 h at
50 °C. Copper tape was used to connect the copper wire with
thin films. A complete circuit for strain sensors was prepared by
having the Hantek system as a relative resistivity detector. Fig. 1
illustrates the preparation of PEDOT:PSS/PVA thin film through
drop-casting method and the experimental set-up to evaluate
strain sensors performance. The fabrication method for pres-
sure sensors was the same as strain sensors, and it was made 3
times thicker than strain sensors. They were annealed at 65 °C
for 24 h. However, in this study we only run preliminary relative
resistivity measurements on the pressure sensors.

2.4 Characterization and testing

The IR spectra of thin films were measured by Fourier-
transform infrared spectroscopy (FTIR) from PerkinElmer
Spectrum 3 with the wavenumber range from 500 to 4000 cm ™"
and were baseline corrected. The crystallinity properties were
characterized using X-Ray Diffractometer (XRD) - PANalytical
Empyrean machine. The parameters were set with CuKa radi-
ation of wavelength 1.541 A and a scanning angle 26 over

(a)
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a range of 5-90°. The thermogravimetric analysis (TGA) 4000
from PerkinElmer was used for thermal analysis with a heating
rate of 20 °C min~" from room temperature to 500 °C. The
surface roughness of thin films was 3D captured, contoured and
measured using the 3D optical surface metrology system (pro-
filometer) Leica DCMS8 (Leica, Germany). The morphology of
thin films was captured from field emission-scanning electron
microscopy (FESEM), Thermo Scientific brand (Apreo 2s) at
magnification of 2000x. The surface topography of thin films
was further pictured using atomic force microscope (AFM) MFP-
3D system (Asylum Research, USA) equipped with a cantilever
containing a sharp tip (Al reflex coated Veeco model-OLTESPA,
Olympus, Japan).

The resistivity of drop casted films onto interdigital elec-
trodes was preliminary measured using Fluke 27 handheld
digital multimeter. The sheet-conductivity of thin films was
measured using Ossila four-point probe with its system soft-
ware. The electrical properties of thin films such as their elec-
trical conductivity, permittivity and tan delta spectra were
further analysed through broad dielectric spectrometry (BDS)
Novocontrol from frequency of Hz to MHz. All direct conduc-
tivity measurements were conducted at room temperature. We
have re-measured the conductivity of films using four-point
probe after they were left for 2 weeks to study their conduc-
tivity stability. The tensile strength of thin films was evaluated
using Lloyd Friction/Peel Tester (Model: LF 1K Plus) of 1 kN
capacity. The dimension of thin film was as in ASTM D882,
a standard test method for tensile properties of thin plastic
sheeting. For the strain sensor evaluation, both sides of the
sensor were connected to the Hantek (6022BL PC USB Oscillo-
scope 2 Digital Channels) using silver paste and copper wires to
record its relative resistivity. Both ends of the sensors were
connected to the Lloyd Friction Tester grip, to exert a specific

doped-PEDOT: PSS/PVA thin film

Silver paste

Strain Sensor
bttt ,

Copper wire

pressure sensor
dimension

+«—— Hantek system

(a) Illustration on the preparation of PEDOT:PSS/PVA thin film through drop-casting method on a glass substrate. 5 mL syringe was used to

drop-wise the blended solutions covering the top flat surface of glass slides. (b) Illustration on the experimental set-up to evaluate strain sensing
performance of PEDOT:PSS/PVA thin films. The strain forces were applied vertically and the sensors were connected to Hantek system with

electrical circuit.

8204 | RSC Adv, 2023, 13, 8202-8219

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00584d

Open Access Article. Published on 13 March 2023. Downloaded on 7/19/2025 4:57:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

amount of pulling force onto the sensors. The relative resis-
tance changes were recorded over the stress-strain condition.

3. Results and discussion

3.1 Functional groups detection, crystallinity and thermal
properties of doped-PEDOT:PSS/PVA thin films

The fabricated PEDOT:PSS/PVA thin films are dark-blue in
colour. The chemical structures of PEDOT:PSS and PVA, and the
chemical interactions of their blends are illustrated in Fig. 2a.
PEDOT backbone structure is composed of -1 interaction
between its thiophene rings which conduct a certain amount of
electric current. To produce thin film, PVA is required as
a plasticizer due its great modulus strength. However, the
insulating properties of PVA might decrease the electrical
properties of PEDOT:PSS. Due to that, two different dopants
which are DMSO and EG with varied volume percentage (0, 1, 3,
5, 7, 9, 12 vol%) were utilized to counter the conductivity loss.
The conductivity of EG-PEDOT:PSS/PVA thin films is better
compared to DMSO-PEDOT:PSS/PVA thin films in terms of its
stability and sensitivity to be used as sensors. This can be
explained through chemical interactions, surface morphology
and crystallinity analysis which greatly affects the conductivity
properties of thin films.

FTIR analysis was conducted to estimate the bonding and
functional groups present in the thin films. The characteristic
peaks of the O-H group can be clearly seen at a wavenumber of
~3350 cm '. According to previous studies, the addition of
PEDOT:PSS into the PVA polymer chain should increase the
intensity of O-H peak due to the formation of more hydrogen
bonding between sulfonic groups of PSS and the hydroxy group
of PVA." However, obtained results show less intensity of O-H
peak for both PEDOT:PSS/PVA and EG-PEDOT:PSS/PVA thin
films. This might be due to fast moisture loss during the
annealing process of the films. With the addition of PEDOT:PSS
conducting polymer, C=C, C-O-C, S-O, S-phenyl and C S
bonds were all can be detected at a wavenumber of 1642, 1388,
1197, 1088 and 970 cm ' respectively (Fig. 2b).?* DMSO as
a secondary dopant intensified its characteristic peak of S-O
symmetric bonding at a wavenumber of 1044 cm™".

We have conducted the XRD analysis to further analyse the
crystallinity effects on the secondarily doped thin films. The
degree of interaction between PVA and PEDOT:PSS with the
addition of secondary dopants at different vol% will impact the
crystallinity of the final doped PEDOT:PSS/PVA thin films
because both PVA and PEDOT:PSS are semi-crystalline poly-
mers. From the results plotted in Fig. 3a, the bare PVA thin films
exhibit two characteristic peaks at 26 of 19.5° and 41.5°, which
are related to the characteristic peaks of PVA membrane.”*
Normally, PVA should have two peaks at (101) and (200), but if
the crystal is not strong enough, the two peaks will merge into
one.” The crystallinity values, shown in the XRD graph, reveal
the degree of crystallinity of doped PEDOT:PSS/PVA. For the
DMSO-doped thin films, with the increasing DMSO vol%, the
crystallinity decreases from 41.10% (for 3 vol% DMSO) to
38.87% (for 12 vol% DMSO). For DMSO dopant effects, it was
reported previously that PEDOT:PSS's conductivity was boosted

© 2023 The Author(s). Published by the Royal Society of Chemistry
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by up to two orders of magnitude at room temperature. This is
due to the high dielectric constant of added polar solvents, the
screening effect was assumed to occur between the charge
carriers and counter-ions. This lowers the coulombic interac-
tion between PEDOT and PSS, thereby improving the
PEDOT:PSS conductivity.”® According to the obtained XRD
results, the crystallinity of PEDOT:PSS/PVA thin film decreases
with the increase in addition of DMSO vol%. This is due to the
chain expansion in the amorphous PSS cell where the hydrogen
bonding of PSSH with DMSO easily replaces intra-chain
hydrogen bonds of PSSH and causes the number of PSSH-
DMSO hydrogen bonds to increase.'® Meanwhile, for EG-
doped thin films, the crystallinity increases from 29.71% (for
3 vol% EG) to 31.76% (for 12 vol% EG). However, both 3 and
12 vol% EG-PEDOT:PSS/PVA demonstrates low crystallinity
compared to PEDOT:PSS/PVA with no addition of dopants. This
result proves the crystallinity effects of doped thin films can be
differentiated  through chemical interaction between
PEDOT:PSS/PVA at low and high amounts of EG dopant.
Secondarily doping of EG does affect the crystallinity, structure
and electrical conductivity of PEDOT:PSS/PVA thin films. EG
helps to remove insulating PSS from the surface of PEDOT/PSS
grains and helps to crystallize PEDOT, thus resulting in the
formation of large numbers of highly conductive grains that
improve charge carrier transport within the PEDOT:PSS
system.*” Theoretically, the improved electrical conductivity of
semiconductors comes from the ionic conduction mechanism
due to the motion of ionic charge. Materials with low crystal-
linity properties like PEDOT:PSS/PVA thin films can be known
as ionically charged.

The TGA curves and its thermogravimetric derivatives of thin
film samples were measured and presented in Fig. 3b. Both
doped PEDOT:PSS/PVA with the highest (12 vol%) of dopants
were chosen for this thermal analysis. Three decomposition
stages were measured in bare PVA and PEDOT:PSS/PVA thins
films. Meanwhile, DMSO-PEDOT:PSS/PVA and EG-PEDOT:PSS/
PVA thin films showed four decomposition stages. Bare PVA
thin films showed slight weight loss below 110 °C, which was
assigned to the evaporation of imbibed water. The second rapid
weight loss around 110-280 °C was accompanied by the
decomposition of hydroxyl groups of the PVA and the third
stage of weight loss in PVA specimens was at 280-390 °C. The
blending of PEDOT:PSS and PVA acutely decreases the thermal
stability of thin films which can be observed at T; and T,. The
addition of DMSO and EG as secondary dopants increases the
thermal stability of the thin film, where both plots have better
thermo-derivatives at T; and T,. It should be noted that EG-
PEDOT:PSS/PVA thin films experienced weight loss at T, and
Ts which can be attributed to the weak thermal properties of EG.

As compared to the bare PVA thin films, the addition of
dopants does decrease the crystallinity properties but improves
the thermal stability of thin films. Thin films with high crys-
tallinity properties often resembled fragile and brittle. Mean-
while, thin films with low crystallinity are amorphous and
might have better stretchability properties. When related to the
improved thermal stability of doped PEDOT:PSS/PVA thin film,

RSC Adv, 2023, 13, 8202-8219 | 8205
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Fig. 2 (a) The images of fabricated PEDOT:PSS/PVA thin films and its chemical interaction illustration. The hydrogen bonding forms between
sulfonic groups of PSS and hydroxy group of PVA. (b) The ATR-FTIR plot of pure PVA, PEDOT:PSS/PVA, DMSO-doped PEDOT:PSS/PVA and EG-

doped PEDOT:PSS/PVA thin films.
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(a) The XRD plots of DMSO-doped PEDOT:PSS/PVA thin film (left) and EG-doped PEDOT:PSS/PVA thin film (right). (b) The TGA plots and

its derivative thermogravimetric plot revealing the thermal properties of fabricated thin films.

it can be concluded that dopants cause a formation of strong
inter-bonding within the structure of PEDOT:PSS/PVA blending.

3.2 Surface morphology and topography of doped-
PEDOT:PSS/PVA thin films

We further analyse the morphology and topography of thin
films to have a better understanding of the dopant's effects. All
scales cannot be measured by a single measurement; hence it is
essential to establish strategies for combining data from various
instruments. Thus, in this study, we have employed three
characterization techniques; FESEM, profilometer and AFM.
FESEM analysis captures the morphology of films while the
profilometer technology offers a wider field of view, making it
possible to fully measure and then identify a bigger surface area
of films. On the other hand, the AFM approach expands the
range of capabilities, providing 3D measurement at higher

© 2023 The Author(s). Published by the Royal Society of Chemistry

lateral and vertical resolution than the range of the profil-
ometer. Fig. 4 shows the surface FESEM images of thin films.
The bare PVA films show a smooth surface and for films with
the presence of PEDOT:PSS, the randomly distributed PEDOT
particles in PVA matrix can be seen. The effects of dopant
addition on the PEDOT:PSS/PVA thin films were investigated,
and it was found that DMSO and EG dopants individually cause
morphology changes to thin films. For instance, the addition of
12% DMSO originating smaller PEDOT particles over the
surface of films. Meanwhile for EG dopants, the “network” of
grain boundaries can be seen clearly with the addition of 12%
EG. High concentration of EG does cause dominant
morphology changes. According to previous studies, the bright
region of the network often resembles phase-separated
PEDOT:PSS chains.”® We further analyse this phenomenon
with the aid of a profilometer and AFM.

RSC Adv, 2023, 13, 8202-8219 | 8207
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Fig. 4 The surface morphology of PEDOT:PSS/PVA thin films was captured using FESEM analysis. The addition of high concentration of DMSO
and EG leads to rough surface formation and phase segregation which can influence the conductivity and sensitivity performance of thin films.

Contour pictures captured from the profilometry analysis
were as in Fig. S1.1 Bare PVA thin film exhibits mono-contour
properties, while other thin films incorporating PEDOT:PSS
and dopants depict 4 different contour colours. Also, contour
intensity increases after adding DMSO and EG dopants. This
can be attributed to the dopant's binding interaction that
occurs within the structure of thin films and hence causes the
distribution of different surface roughness all over the thin film
surfaces.

Fig. 5 and Table 1 shows the 3D isometric view from profil-
ometry and surface roughness value of selected thin films,

8208 | RSC Adv, 2023, 13, 8202-8219

respectively. Grossly from the obtained results, it can be said
that with the increase of dopants vol%, the surface roughness of
thin films increases. The topology of thin films analysed from
AFM 2D images in Fig. 6a confirms the surface roughness
trends determined by optical profilometry. Additional infor-
mation and evidence on AFM 3D images of thin films and their
surface roughness distribution graph were attached in Fig. S2.1
As from the AFM 3D images, the PVA film is relatively rough
(rms 4.80 nm). Upon the addition of 75% PEDOT:PSS, the films
became smoother (rms 1.698 nm). This can be attributed to the
formation of more hydrogen bonding between PVA and

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00584d

Open Access Article. Published on 13 March 2023. Downloaded on 7/19/2025 4:57:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
= 850 \”‘\
Zym 450 \\\\
Y um =
20 250
‘;‘o o0 50 \\\\
<00 ~—_— STy
X um e 800 : - = — = %‘" e
PEDOT: PSS/PVA Cursor: dz = -3.8925 ym dL = 876.55 pym
¢ B O,
Zym 7 e I
20 iy 25 VM 4\'\\
-0 : e
@00 400 = 50 "\ AP,
iy 00 =y TVM\“M”V"V,‘NW A M s 2
1%DMSO-PEDOT: PSS/PVA Cursor: dz = -1.5045 ym dL = 876.55 ym
3 - “."”"W,\VMWNW
Zym & 450 _\‘MI\
y & Y um ™
& P . | 250 “\ﬂ..\"
P - L « W ;
o0 <00 -] MJ' \
X um 900 800 "\V\‘*‘u'\*-‘r‘\(w‘.fwr :
o . Yoo e Py . e Py P P et
12%DMSO-PEDOT: PSS/PVA Cursor: dz =-3.7102 pm dL = 876.55 pm
- " - ff/“"wva,-u-
650 TN el
: 450 w_wf‘/v
P ; s Y 'ﬂ"fw
20 “ 289 MM M/"
o% 2 ,/"“-Jr
@00 <00 e “ 50 % -
Xum 800 '-:\“”*(v"f = = = =
1%EG-PEDOT PSS/PVA Cursor: dz =-0.1022 ym dL =293.48 ym
~ X . 1
e 650 At A ‘!”M‘ "Im
Zym .' e ‘ R - Y um \q“aﬂ"'k.\
A | = S AL
-40 N
o 200 400 b \\'\.\\ “““ -
X eco oo ]

12%EG-PEDOT: PSS/PVA

Fig. 5 The isometric profilometry of fabricated PEDOT:PSS/PVA thin films with its surface roughness distribution value.

Cursor: dz = -2.1131 pm dL = 876.55 ym

Table 1 The surface roughness values of selected thin films measured from profilometer and atomic force microscopy (AFM)

Surface roughness

Surface roughness

Thin films from profilometer (um) from AFM (rms @ nm)
Bare PVA 0.233 4.800
PEDOT:PSS/PVA 1.102 1.698
3% DMSO-PEDOT:PSS/PVA 0.315 2.162
12% DMSO-PEDOT:PSS/PVA 1.477 3.503
3% EG-PEDOT:PSS/PVA 0.581 4.636
12% EG-PEDOT:PSS/PVA 0.678 7.352

© 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2023, 13, 8202-8219 | 8209


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00584d

Open Access Article. Published on 13 March 2023. Downloaded on 7/19/2025 4:57:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper

(a)

485

48.0

48 475

pm

47 47.0

% 465

46.0
45

455

00 05 10 15 20 25 30
pm

BARE PVA 1%DMSO-PEDOT: PSS/PVA

YH S 3.0
h < ("J.

0.0 05 10 15 20 25 30

475

470

pm

465

46.0

455

00 05 10 15 20 25 30 00 05 1.0 15 20 25 30 00 05 10 15 20 25 30
pm um

12%DMSO-PEDOT: PSS/PVA

(b)

pm

00 05 1.0 15 20 25 30 0.0 0.5 1.0 15 2.0 25 3.0

1%DMSO-PEDOT: PSS/PVA  1%EG-PEDOT: PSS/PVA

pm

0.0 05 10 15 V 20 25 3.0 0.0 05 1.0 15 20 25 30 " 0.0 05 10 l 20 25 3.0
pm um pm
PEDOT: PSS/PVA 12%DMSO-PEDOT: PSS/PVA 12%EG-PEDOT: PSS/PVA

Fig. 6 (a) The 2D surface morphologies of fabricated thin films captured using AFM analysis. (b) The phase segregation images of fabricated thin
films from AFM phase retrace mode. The addition of high concentration of DMSO and EG leads to rough surface formation and phase segre-
gation which can influence the conductivity performance of thin films.

PEDOT:PSS, hence minimizing the vertical stacking or and 1% EG dopants (rms 4.636 nm) when compared to
agglomeration of PVA. Moreover, there is a substantial increase = PEDOT:PSS/PVA. Maximum addition of dopants (12 vol%)
in surface roughness upon adding 1% DMSO (rms 2.162 nm) recorded higher surface roughness of thin films (12% DMSO =
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rms 3.503 nm, 12% EG = rms 7.352 nm). This might be due to
the segregation occurring involving PEDOT:PSS.

From the XRD and AFM results, a gradually increased aggre-
gation formed with the addition of more DMSO dopants slightly
lowers the crystallinity of thin films. According to previous
research, the addition of DMSO decreased the thickness of the
PSS and enhanced the electrical conductivity through significant
morphology changes.” The mechanism behind these changes is
due to the interactions between the PEDOT chains and DMSO
which induce conformational changes from coil, linear, and
expanded coil structures to linear and expanded coil structures
(i.e. from benzoid to quinoid).*® The interactions are initiated by
the hydrogen bonding between the sulfonic acid groups in
PEDOT:PSS and the polar groups (SO and SCH;) of the DMSO
additive. High charge-carrier mobility results from these inter-
actions with the increased conductivity of the PEDOT:PSS thin
film.** Furthermore, another study also claimed that the
coulombic attraction between PEDOT and PSS chains is expected
to reduce with the increase of DMSO concentration, caused by
the change in the shape of the domains, from spheroidal to
ellipsoidal. Such asymmetric domains in PEDOT:PSS are known
to have thinner boundaries of PSS and hence less energy barrier
and increased hole injection.*

The increase in surface roughness in the EG-PEDOT:PSS/PVA
might be due to the PSS segment's thinning effect due to its
interaction with EG. Since EG has two hydroxyl groups that can
readily interact with the PEDOT and PSS segments, we can expect
a compact morphology of the doped PEDOT:PSS thin film.**
When relate to the XRD results, this compact morphology of EG-
PEDOT:PSS/PVA thin films also shows higher crystallinity index
with increasing amount of EG. The addition of EG allows the PSS
chains to reorganize and the PEDOT nanocrystals to pack
together and form a layered structure with a higher order, which
with an increasing number of bi-polarons of PEDOT.** This
causes transitions between quinoid- and benzoid-dominated
structures. The PEDOT chain stores charge in the form of
polarons/bi-polarons; continuously propagates an electrical
current along the polymer chain.*® Phase separation between the
conducting PEDOT and insulating PSS was expected to occur
based on the AFM results from phase retrace mode. As shown in
Fig. 6b, the high concentration of DMSO and EG dopants addi-
tion caused the segregation of phases. The polar additions were
proposed to reduce the electrostatic connections between
PEDOT and PSS, allowing the two polymers to separate.*® During
the screening process, PEDOT on PSS chains may be redis-
tributed, allowing the “release” of free PSS. PSS and EG can
combine forming sulfonic esters.*” Polyalcohols, such as glycerol
and ethylene glycol, have been shown to cross-link sulfonated
polymer films via this reaction. These interactions provide the
free energy that promotes the dissolution of PSS in the additive
phase. They can also impede the electrostatic contacts between
PEDOT and PSS, promoting reorganisation and separation.*

3.3 Electrical behaviour of doped-PEDOT:PSS/PVA thin films

Electrical behaviour of thin films was investigated by using
broadband dielectric spectroscopy (BDS) and four-point probe

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to prove all the results obtained in the previous section. The
resistivity of dried doped-PEDOT:PSS/PVA blending on inter-
digital electrode ITO glass was preliminary tested by using
a multimeter and their reading was recorded as in Fig. S3.7 All
blending was provenly having an amount of resistivity values at
kQ scale which reflects their semi-conducting properties except
for bare PVA. From the BDS analysis, we obtained the thin films’
electrical conductivity, permittivity and tangent loss over
a frequency range from 10° to 10° Hz (Fig. 7a-c). All samples
exhibit similar behaviour for the frequency dependence of
conductivity (S em™!). The conductivity of bare PVA cannot be
read by four-point probe due to the very low resistance detected.
According to a previous study, PVA exhibits the electrical
conductivity of 1.63 x 107> S ecm ™' at room temperature.* We
have used this value to compare the performance of doped
PEDOT:PSS/PVA films. We have and both DMSO- and EG-
PEDOT:PSS/PVA thin films increases with increasing frequen-
cies, obeying the universal power law. The DMSO-PEDOT:PSS/
PVA thin films behave slightly dependent with increasing
frequency. The addition of higher vol% of DMSO increases the
conductivity performance of thin films from 107° to
107%S ecm ™! over a frequency range from 10° to 10° Hz. This is
due to the favourable hopping conduction caused by segregated
grains forming dipole polarization effects and facilitating the
migration of charge carriers.*” Among all prepared DMSO
doped thin films, PEDOT:PSS/PVA with 12 vol% of DMSO shows
the highest conductivity of the order 107° S cm™* at 10° Hz. For
EG-PEDOT:PSS/PVA thin films, the conductivity of all thin films
is almost constant, which can be described as independent and
stable from exerted frequencies. Thin films with the addition of
5 vol% of EG portray better conductivity behaviour. Previous
study stated that the doping of EG in PEDOT:PSS led to the
creation of large grains with a compact morphology and facili-
tated the charge transport mechanism in the form of polarons
and bipolarons, which resulted in a significant enhancement in
the frequency-dependent conductivity.*

Also, conductivity permittivity properties of DMSO- and EG-
PEDOT:PSS/PVA thin films were measured. In this study, the
conductivity permittivity or real part of dielectric constant
explains the ability of thin film materials to store electrical
energy in the electric field. The results showed that the
permittivity of both DMSO- and EG-PEDOT:PSS/PVA thin films
decreased gradually as a function of applied frequency. An
obvious decrement pattern of permittivity can be observed from
PEDOT:PSS/PVA thin films with higher dopants vol% (7 to
12 vol% of DMSO and EG). The permittivity of the thin films was
found to be high at lower frequencies due to polarisation
effects, but decreased at higher frequencies due to the switching
action of dipoles to the applied electric field. With the addition
of dopants in PEDOT:PSS/PVA, the drop in permittivity values
(from 10* to 107> F m~ ") may be primarily caused by resonant
electronic transitions or molecular vibrations in the polymer
matrix as well as interfacial electrode polarisation at the grain
boundaries.

The tangent loss of thin films quantifies the way in which
thin film material absorbs and disperses the energy. Thin films
with DMSO and EG dopants show a gradually decreasing

RSC Adv, 2023, 13, 8202-8219 | 8211


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00584d

Open Access Article. Published on 13 March 2023. Downloaded on 7/19/2025 4:57:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
10* 10*
(a) @=Ears VA PVA
@ PEDOT. PSSPVA @ PEDOT: PSSPVA
& | J=@=1% OMSO-PEDOT: PSSPVA 5 ] |=#=1% €G-PEDOT: PSSPVA
10 o fo=3% OMSO-PECOT. PSSPVA ~t 107 o Lo 3% EGPEDOT PSSPVA
— =0 5% OMSO-PEDOT: PSSPVA ? o~ - 5% EG-PEDOT: PSSPVA
£ 7% DMSO-PEDOT. PSSPVA s88® £ 7% EG-PEDOT. PSSPVA
O 407 o [##=% OMSO-PECOT. PSSPVA O 10 | [#o=9% EGPEDOT: PSSPVA
h 3 12% DMSO.PEDOT. PSSPVA _onafBY5S0ed 5 1 12% EGPEDOT. PSSPV, 000®
~ - - °
00'°..
§ 10° 4 g 1074 naaecosc000022223 ~n®
3 B 3t
.I"ocoo ®
'§ 10°4 '§ 10° !’3333':'....'..' ...:i:o!g.
S 3 S o08® °*®
&é 10" O o0 J3838888880s00000 o
3 o**
: : (]
3 107 S 107 o’
» ! o 3 .o”
w w ..o‘
10"2'] 10" 1 .....
107 T T T T T 102 T T T T T
10° 10' 10? 10° 10* 10° 10° 10° 10' 10? 10° 10* 10° 10°
log Frequency (Hz) log Frequency (Hz)
5
(b) 10 <
Fo=Ewo PVA 10
@ PEOOT: PSSPVA o=t PuA
10* =@ 1% DMSO-PEDOT: PSSPVA o @ PECOT: PSSEVA
] [=@= 3% DMSO-PEDOT: PSSPVA 10° 4 e pel= 1% EG 00ped-PEDOT: PSS-PVA
=@ 5% DMSOPEDOT: PSSPVA .‘. 0= 3% EG doped-PEDOT. PSS-PVA
7% DMSO-PEDOT: PSSPVA © 0= 5% EG doped-PEDOT: PSS-PVA
10° 1’!. fe@ 9% DMSO-PEDOT: PSSPVA s 2o, 7% EG 62ped-PEDOT: PSS-PVA
— l.. o 12% DMSOPEDOT: PSSPVA 107 o " %o - -o—megsgp&ng&ngpx‘
— ° -
5 E 5 b ..'Oo ...'°°o
= E 10%3 .."‘.‘ .".'0,.""'00. * o
2 P Shagee st
% S 10' %00 o %%000,,2
= £ haal 18 4 .s"v“'.'...
g 3 E 0 "“...o ...
&) .... o 1071 “- .0.....
1 o a Yo Svinasee
10° 1 LTYY " v
107 o
2
10 7 102 o
10° b - " ! ’ 10° T r T T T 1
10° 10' 10° 10° 10 10° 10° 10° 10' 102 10° 10¢ 105 10°
log Frequency (Hz) log Frequency (Hz)
(c) 10° 10°
e aro FVA P oo PVA
= PEDOT. PSSPVA @ PECOT. PSSPVA
10( = 1% DMSO-PEDOT: PSSPVA 10‘ == 1% EG-PEDOT. PSSPVA
1 @ 3% OMSO-PECOT. PSSPVA 1 L@~ 13% EG-PEDOT. PSSPVA
-0 5% OMSO-PEOOT: PSSPVA -0~ 5% EG-PEDOT. PSSPVA
3 7% DMSO-PEDOT: PSSPVA 7% EG.PEDOT. PSSPVA
107 o =@ % OMSO-PEDOT: PSSPVA 10° o b % EG-PEDOT: PSSPVA
12% DMSO-PEDOT: PSSPV 12% EG-PEDOT. PSS/PVA]
oo
« 107 4 a 10? 11\.. :..‘
° @ e ange
0O 10' % o 1p! .n: "- ana® 8 ......‘
c 01 ey c - Yeutwunrsy
5 3pggseftte oo00?%00y & 1 RO Sdtae
L= ceecesisy IPPPPTT L () oo Ly
1001 "":!!l"" % '00.000. 1001 G0 '00000...032:..’
coe “ll“““o““.“ eoe oo Oo}“l}
10" 4 §il 107 5
102 + 102 4
10° " T . . . 10° T T T T T
10° 10" 10? 10° 10° 10° 10° 10° 10' 10? 10° 10 10° 10°
log Frequency (Hz) log Frequency (Hz)

Fig. 7

(a) The electrical conductivity, (b) permittivity and (c) tan delta of fabricated PEDOT:PSS/PVA thin films measured through broadband

dielectric spectroscopy (BDS). From this BDS analysis, tin films with higher dopant percentages are likely to show better electrical behaviour.

pattern over a gradually increasing frequency. However,
PEDOT:PSS/PVA thin films, with 7, 9 and 12 vol% of DMSO and
EG dopants, demonstrate an increase-decrease pattern of
tangent loss. This explains that the dissipation of the electrical
energy happens due to different electrical conduction, as the
frequency increases.**

We did measure the surface conductivity of the thin films by
using a four-point probe to analyse the electrical performance of
thin films when it is in-touch with any external materials

8212 | RSC Adv, 2023, 13, 8202-8219

exerted on the surface of the thin films. For the thin film to be
used as sensor, its surface must have an adequate amount of
electric current to facilitate the transportation of electrical
changes from the thin film to any materials that act as
a “bridge” in the sensor system. The average conductivity
reading was recorded in Table 2 and Fig. 8a for both DMSO- and
EG-PEDOT:PSS/PVA thin films. The conductivity pattern of
DMSO-PEDOT:PSS/PVA has slightly fluctuated with low addi-
tion of DMSO (3 vol%) and it continue to gradually increase

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The electrical conductivity values of fabricated thin films
measured from four-point probe

Thin films Electrical conductivity (S em™")
Bare PVA 1.63 x 102 (ref. 33)
PEDOT:PSS/PVA 4.37 x 107° £+ 2.08 x 10~
1% DMSO-PEDOT:PSS/PVA 343 x 10"+ 1.13 x 10°°
3% DMSO-PEDOT:PSS/PVA 8.50 x 107 ° 4+ 1.94 x 1077
5% DMSO-PEDOT:PSS/PVA 1.53 x 107 * £ 5.20 x 10°°
7% DMSO-PEDOT:PSS/PVA 2.27 x 1074 £3.32 x 1077
9% DMSO-PEDOT:PSS/PVA 7.16 x 107* £ 7.05 x 10°
12% DMSO-PEDOT:PSS/PVA 1.20 X 107° + 9.64 x 10~°
1% EG-PEDOT:PSS/PVA 8.51 x 107° + 1.12 x 107>
3% EG-PEDOT:PSS/PVA 1.71 x 107* + 1.25 x 10°°
5% EG-PEDOT:PSS/PVA 5.91 x 10 % £ 7.27 x 10
7% EG-PEDOT:PSS/PVA 3.13 x 10 * £ 1.67 x 10 *
9% EG-PEDOT:PSS/PVA 7.25 x 107> £ 5.25 x 10~*
12% EG-PEDOT:PSS/PVA 9.42 x 107> £2.50 x 10~ *

from 1.53 x 107* (5% DMSO) to 1.20 x 10> S em " (12%
DMSO). EG-PEDOT:PSS/PVA thin films showing a significant
increase of conductivity values from the addition of 1 vol% to
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12 vol% addition, with conductivity values of 8.51 x 10> to 9.42
x 107* S em™". Both DMSO and EG, which act as dopants to
PEDOT:PSS/PVA thin films have their own conductivity mech-
anism. However, it can be clearly seen that EG-PEDOT:PSS/PVA
thin films show better properties in terms of their conducting-
stability. It should be highlighted that all obtained conduc-
tivity results support the morphological observation, including
the crystallinity and thermal behaviour findings on thin films.

In addition to analyzing the behavior of molecules in
a magnetic field, it should be noted that the purpose of the BDS
analyzer is also to study the movement of electronic dipoles in
the presence of an electric field. The frequency at which
a particular dipole response is related to the “relaxation time” of
that system. From our BDS results, the conductivity pattern of
all fabricated films can be said to be stable at frequency of 1 Hz
to 1 MHz. In addition to proving the conductivity stability of
fabricated films, we did re-measure the average conductivity of
films after they were left at room temperature for 2 weeks. From
Table 3, it can be said that the electrical conductivity of all films
is quite similar to their first conductivity reading and their
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(a) The surface conductivity of fabricated PEDOT:PSS/PVA thin films measured from four-point probe analysis showing that the surface

conductivity of thin films increases as the dopant percentage increases. (b) The stress-strain graph of selected fabricated thin films. The addition
of PEDOT:PSS causes thin films to be less stretchable due to crystallinity properties of PEDOT.
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Table 3 The electrical conductivity values of fabricated thin films after
they were left at room temperature for 2 weeks

Thin films Electrical conductivity (S cm™")
Bare PVA 1.63 x 102 (ref. 32)
PEDOT:PSS/PVA 4.82 x 107° + 3.47 x 107’
1% DMSO-PEDOT:PSS/PVA 2.87 x 107 £ 3.37 x 1077
3% DMSO-PEDOT:PSS/PVA 8.78 x 107° + 4.12 x 10~
5% DMSO-PEDOT:PSS/PVA 1.60 x 107* 4+ 1.27 x 10°°
7% DMSO-PEDOT:PSS/PVA 2.04 x 107* + 1.40 x 10°°
9% DMSO-PEDOT:PSS/PVA 7.77 x 107* £ 2.48 x 10°°
12% DMSO-PEDOT:PSS/PVA 1.28 X 107° + 1.72 x 107
1% EG-PEDOT:PSS/PVA 8.52 X 107> + 1.55 x 10~°
3% EG-PEDOT:PSS/PVA 1.73 x 107* + 1.44 x 107
5% EG-PEDOT:PSS/PVA 5.26 x 107* £ 1.93 x 10°°
7% EG-PEDOT:PSS/PVA 3.52 x 10 % £ 1.79 x 10 °
9% EG-PEDOT:PSS/PVA 6.94 x 107> + 3.61 x 10°°
12% EG-PEDOT:PSS/PVA 9.76 x 10> + 1.17 x 10°

magnitude value remained the same. This concludes that the
electrical conductivity of fabricated films is stable at room
temperature.

3.4 Tensile properties of doped-PEDOT:PSS/PVA thin films

Tensile testing was conducted to evaluate the mechanical
properties of selected thin films by adding different vol% of
dopants (3, 7 and 12 vol% to see their stretchability trend). The
stretching direction is parallel to the longitude side of the thin
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films. From the results obtained (Fig. 8b), all thin films with
DMSO dopants have very low strain at break (%) and behave less
stretchable compared to the bare PVA. The stress-strain pattern
shows a decrement in tensile properties as the vol% of DMSO
dopants increases. For example, at a stress below 10 MPa, the
DMSO doped-thin film starts losing its stretchability. The 12%
PEDOT:PSS/PVA thin films show the lowest stress-withstanding
value (=7 MPa), and break when the strain nearly achieves
1.5%. According to a previous study, the addition of DMSO
enhanced inter-PEDOT connection, resulting in high cohesion
energy. This will cause thin films to become brittle leading to
fracture behaviour under tensile loading.** Fig. 9a illustrates the
DMSO dopant effects on PEDOT:PSS structure through bonding
interaction, crystallinity, thermal stability, surface roughness,
conductivity and stretchability. When related to the AFM and
electrical conductivity results, the addition of DMSO into
PEDOT:PSS/PVA increase the surface roughness of the thin
films and cause the film to be more brittle. This finding
supports the previous study reported by Dhar et al. in 2018.*
The increasing surface roughness with the addition of DMSO as
PEDOT:PSS's dopant is due to the removal of insulating PSS
layers which creates PEDOT rich grains that facilitates the
conductivity of charge along the 7-conjugated polymer chain of
PEDOT.*

Meanwhile, for the case of EG dopant, all prepared
PEDOT:PSS/PVA thin films showed greater resilience towards
stress applied compared to bare PVA. 3 vol% EG-PEDOT:PSS/
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(a) The illustration on DMSO dopants effects on PEDOT:PSS structure through analysed bonding interaction, crystallinity, thermal stability,

surface roughness, conductivity and stretchability. lllustration inspired from ref. 29, 32 and 43. (b) The illustration on EG dopants effects on
PEDOT:PSS structure through analysed films' bonding interaction, crystallinity, thermal stability, surface roughness, conductivity and stretch-

ability. Ilustration inspired from ref. 27, 33, 35, 45 and 46.
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PVA thin film is very low in stretchability but can bear the stress
up to 35 MPa and elongation at a break of <0.5%. The thin films
become more stretchable as the EG vol% addition increases.
Among all the tested thin films, PEDOT:PSS/PVA thin films with
the addition of 12 vol% EG showed greater stretchability (with
elongation at break of 2.5% strain). When related to the

View Article Online

RSC Advances

obtained XRD results, the addition of a high amount (12 vol%)
of EG slightly increases the films' crystallinity. However, the
12% EG-PEDOT:PSS/PVA recorded a great tensile strength
among all films. The improved crystallinity properties of thin
films have often been related to the strong inter-packing of
molecular arrangement which resembles the brittle properties

(b) Strain (%)
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04 005 0.06 0.07 0.08 009 0.10
15

-

T T

o —

T
14
13
k12
11

@
Stress (MPa)

(e)

Strain (%)

(c)

Strain (%)

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
50 _— 15

T T T T T T

40

ARIR,

(d)

Stress (MPa)
AR/R,

Strain (%)

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
10

T T T T T T T T 5

(f)

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
5 5

Stress (MPa)
AR/R,

(9)

Strain (%)

0.00 0.01
5

Strain (%)

0.04 0.05 0.06 0.07 0.08 0.09 0.10
40

T T

T

(h)

0.00 0.01 0.02 0.03 0.04 0.05 006 0.07 0.08 0.09 0.10
5 40

Strain (%)

0.00 0.01 002 0.03 0.4 005 006 0.07 0.08 009 0.10
300 40

250

200 +

T T

[35

(a) The movement and breakup process of films sensors under strain condition and the relative resistivity plot of sensors upon tensile

force condition; (b) bare PVA, (c) 3% DMSO-PEDOT:PSS/PVA, (d) 9% DMSO-PEDOT:PSS/PVA, (e) 12% DMSO-PEDOT:PSS/PVA, (f) 3% EG-
PEDOT:PSS/PVA, (g) 9% EG-PEDOT:PSS/PVA and (h) 12% EG-PEDOT:PSS/PVA.
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Table 4 The gauge factor values of sensors calculated from the ob-
tained relative resistance results

Gauge factor

Thin film sensors (GF)
Bare PVA 10
3% DMSO-PEDOT:PSS/PVA 300
9% DMSO-PEDOT:PSS/PVA 60
12% DMSO-PEDOT:PSS/PVA 10
3% EG-PEDOT:PSS/PVA 40
9% EG-PEDOT:PSS/PVA 20
12% EG-PEDOT:PSS/PVA 2000

of films. In this case, the crystallinity enhancement in EG-
PEDOT:PSS/PVA thin films can also be attributed to the great
inter-bonding formed between EG and PEDOT:PSS, causing the
film to have better stretchability performance. The improved
inter-bonding between EG, PEDOT:PSS and PVA might be due
to the good miscibility of those soft polymers.** From the ob-
tained conductivity results, the presence of EG is proven to
effectively increase the electrical conductivity properties of thin
films.** In another note, the addition of EG removes some
insulating PSS and changes of
PEDOT:PSS from coiled to linear structure.*® During the tensile
testing condition, this linear arrangement of PEDOT:PSS
probably supports and withholds the film from tensile break
resulting in higher stretchability performance. Fig. 9b demon-
strates the EG dopant effects on PEDOT:PSS structure through
bonding interaction, crystallinity, thermal stability, surface
roughness, conductivity and stretchability.

causes conformational

3.5 Strain sensor application of doped-PEDOT:PSS/PVA thin
films

After investigating the conductivity and stretchability perfor-
mance, selected doped-PEDOT:PSS/PVA thin films are applied
as strain sensors. To prepare the sensors, thin film was coated
with conductive silver paste and connected to a copper wire
circuit using copper tape. All obtained results were recorded by
using the Hantek system and software. For the purpose of
exploiting stretchable sensors, keeping the electrical properties
under strain operation is one of the most important issues. The
setup of this experiment is shown in Fig. 10a. In the beginning
of when tensile force was applied, copper wire was perfectly
connected. However, when the sensor's elongation starts to
reach 0.3% strain, the electrical circuit loses its connection due
to the cracking of long polymer chain. The mechanism entails
the movement of strain during stretching from the substrate to
the conductive layer, which causes cracks and subsequently
raises electrical resistance. As a result, the resistance-strain
behaviour of the conductive film is substantially determined
by the strain distribution of polymer substrates, which in turn
dictates sensitivity.*” Most of the tested thin films were having
tensile breaks at strain of >0.5%. The relative resistance (AR/R,)
change of doped-PEDOT:PSS/PVA polymer blends thin films
under 1 kN tensile force was plotted as in Fig. 10b-h.

In this experiment, the relative resistance difference was
calculated in percentage by considering the initial and final
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readings of resistivity. AR was denoted as resistivity changes
while R, was denoted as initial resistance. Bare PVA sensors
show no change in resistance at all up to 0.1% of strain. For
DMSO-based sensors, it can be said that thin films with 3 and
9 vol% DMSO addition shows high sensitivity over the stress-
strain changes. For EG-based sensors, the obtained resistivity
changes are not stable. However, with the addition of 12% EG,
PEDOT:PSS/PVA sensors showing highest sensitivity with rela-
tive resistance value of =100 under 0.02% < strain < 0.07%. It
can be said that the 12% EG-PEDOT:PSS/PVA sensors have very
low detection limits in the small strain range. When compared
to one previous study on PEDOT:PSS/PVA strain sensor, our
sensors have better sensitivity since they only secured a relative
resistance value of 20 at 50% strain.*® It should be noted that
there is a fluctuation pattern of relative resistance for 9% EG-
and 12% EG-doped PEDOT:PSS/PVA films. This might be due to
the high sensitivity of the samples to detect any slight changes
of strain during the stretching of strain sensors. According to
the literature, the slight fluctuation in resistance with strain is
also an attribute that is highly advantageous in resistive-type
pressure sensors, in which the electrical signal change should
reflect the pressure response but not the tensile strain.* The
slight fluctuation in resistance with strain is also an attribute
that is highly advantageous in resistive-type pressure sensors, in
which the electrical signal change should reflect the pressure
response but not the tensile strain. In addition, the fluctuation
pattern is usually detected by strain sensors due to properties
changes of samples either of their dimensions, crystallinity or
conductivity changes. Previous studies reported that vibrations
and fluctuations often occur for the case of strain sensors
applied for chewing several times and micro-strains of the
human body such as respiratory-breathing rate detection.****

The gauge factor (GF) value of sensors was also calculated
and tabulated in Table 4. The sensitivity of strain sensors can be
calculated as gauge factor (GF), representing the ratio of relative
change in electrical resistance to their mechanical strain. A
resistive strain gauge as sensor, is often used because resistance
is easier to be measured with a simple processing circuit and is
less susceptible to vibration.** From the data, it can be said that
12% EG-PEDOT:PSS/PVA sensors acquire the highest GF value,
2000. We compared our work with some previous experimental
work on polymeric sensors and found that our sensors quanti-
tatively gave better GF value (Table 5).

As from the four-point probe results, 3% DMSO-, 9% DMSO-
and 12% EG-PEDOT:PSS/PVA have conductivity value of 8.80 x
107°% 7.16 x 107" and 9.42 x 107> S cm ™, respectively. Among
all prepared thin films, the 12% EG-PEDOT:PSS/PVA films have
greater conductivity and tensile properties to be applied as
strain sensors. Apparently, the 12% addition of EG dopants is
the best-prepared thin film among other films. In another note,
considering the sensor's fabrication method, we must further
analyse the physical attachment occurring between the surface
of thin films and silver paste that might affect the relative
resistance changes reading.” Fig. 11 shows the linear regres-
sion plots of 2 selected samples; 12% DMSO- and 12% EG-
PEDOT:PSS/PVA sensors. Initially, the sensor can respond well
to tensile strain. The negative slope from the graph indicates

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison between our work and recently published research (2019-2022) on polymeric strain sensor

Gauge factor

Materials used Strain exerted (k) Potential application Ref.
SnS,-PDMS 1.25% 3933 Body movements detector 53
Mxene/polypyrrole/PVDF 34-44% 352.86 Health care diagnostic and physical management 54
Graphene/PVDF/PU 5-8% 87 Commercial bandage as wearable sensors 55
TER/PEDOT:PSS (40/60) n/a 680.86 Stable piezoresistive sensors 56
MWCNT/PDMS 5% 513.2 Structural health monitoring or 57
wearable electronic devices
PVA/PEDOT:PSS 100% 4.4 Flexible electronic skin 58
PAANa/PEDOT:PSS/PVA 200% 0.57 Flexible wearable electronics 59
PEDOT:PSS/PVA/glycerin 130% 5.4 Humans' complex movements sensors 60
TPU/PEDOT:PSS 0-40% 20 Flexible strain sensor 61
PEDOT:PSS/0.75% EG 37.5% 0.16 Stretchable strain sensor by the use of a wearable 62
polymer dies coating and a slitting apparatus
CNCs/PEDOT:PSS 0-50% 25 Electronic skins, artificial intelligence and 63
health/structure monitoring
HCPN/PDMS-SS doped by 0.1 M H,SO, 0-70% 32 General strain sensors 64
PEDOT:PSS in PDMS microchannel 10% 12 000 Stretchable strain sensor 65
oCVD-PEDOT:PSS/H,S0, =0.35% 11.4 Piezoresistive sensor 66
Ag NWs-PEDOT:PSS 0-100% 10.2 Transparent and stretchable strain sensors 67
PVA/PEDOT:PSS 100% 4.4 Wearable electronics and healthcare devices 68
MWCNT-PEDOT:PSS nanocomposite 6% 22.8 Piezoresistive strain sensing 69
Gr-PEDOT:PSS/MnO, nanowires/ 0-320% 0.8 Stretchable sensor 70
Ecoflex
composite
EG-doped PEDOT:PSS/PVA 0.05% 2000 Conductive strain sensor This work
(a) 12% DMSO-PEDOT: PSS/PVA the reduction of gauge factor as the exerted strain increases.
® Gauge Factor This commonly occurred phenomenon for strain sensor is due
0 et inear (Gauge Factor) to the polymer chain disruption within the sensor materials
25 ° that disturb the electron transfer along PEDOT backbone.” The
° strain also results in the loss of conductive path which causes
3 20 \ difficult electron pass, and a crack generation led to electrical
© L] . . . . o e e
%15 ° breakdown at higher strain.” We did run a simple resistivity
=
8 o measurement on 12% EG-PEDOT:PSS/PVA thin films by using
y=-72.75x+22.281 finger-touching, to see its potential to be applied as pressure
2 = . . . . .
5 Ri=0.2528 sensors. The setup is shown in Fig. S41 where a multimeter is
o used to check the sensors' resistivity changes. When pressure is
0 0.02 0.04 0.06 0.08 applied between both film surfaces, the resistivity changes
strain % (decreases) in values. The measurement was repeated three
times proving that the prepared thin film can potentially be
(b) 12% EG-PEDOT: PSS/PVA S proving prepare ) p Y
® Gou applied as a pressure sensor. This work will be carried out in the
ge Factor
8000 Linear (Gauge Factor) near future. Fig. S5 shows some images of fabricated films
7000 o applied as strain sensors. The ability of films to be bend
6000 promising a variety of potential applications.
& s000
S 4000 4. Conclusions
5 3000 PY
26000 In this study, the crystallinity and other physical properties that
1000 ¥ =-82653x + 6275.5 lead to the conductivity performance of PEDOT:PSS/PVA thin
R?=0.796 . . . .
films were investigated. Secondarily doping effects of DMSO
0 . .
0 0.02 0.04 0.06 0.08 and EG were comparatively studied. The 12% EG-PEDOT:PSS/
Strain % PVA films recorded the highest sensitivity value of =100

Fig. 11 (a) The linear regression of Gauge factor for 12% DMSO-
PEDOT:PSS/PVA sensors and (b) the linear regression of Gauge factor
for 12% EG-PEDOT:PSS/PVA sensors. The negative slopes pattern
indicates the reduction of sensitivity as the exerted strain increases.

© 2023 The Author(s). Published by the Royal Society of Chemistry

under 0.02% < strain < 0.07% as strain sensors compared to
other previous studies on PEDOT:PSS/PVA films. It also acquires
a huge GF value; 2000. All obtained data from XRD, TGA and
AFM analyses support the findings on the conductivity
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performance of thin films where the conductivity is highly
dependent on their crystallinity, phase segregation and
bonding strength. By comparing both DMSO and EG as
dopants, it can be concluded that EG dopants contribute
towards better properties of thin films. EG PEDOT:PSS thin
films also demonstrates great tensile strength due to the
improved inter-bonding and good miscibility which supports
and withholds the film from tensile break resulting in higher
stretchability performance. This study suggested a new doping
interaction aspect of crystallinity properties to enhance the
sensitivity performance of PEDOT:PSS for device applications.
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