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A B S T R A C T

Background: Poly(3,4-ethylenedioxythiophene):poly-(styrenesulfonate) (PEDOT:PSS) is a promising conduc-
tive polymer for the flexible piezoresistive pressure sensor. However, intrinsic hydrophilicity is detrimental
to its structural stability under moisture. The present study aims to enhance piezoresistive pressure sensors'
stability to achieve the highly-reliable electronic device applications.
Method: ITO/PEDOT:PSS/ITO piezoresistive pressure sensors with an interdigitated electrode (IDE) structure
and different metallic interfacial layers were fabricated. Au layer was introduced between PEDOT:PSS sensing
membrane and indium tin oxide (ITO) electrode as a reaction-inhibited interfacial coating of piezoresistive
pressure sensors.
Significant findings: After a measurement time interval of 6 months, the interface reaction suppressed signifi-
cantly, resulting in low sensitivity deviation (9.22%) and improved durability (400 cycles). The devices are
completely sealed using polyethylene terephthalate packaging, avoiding humidity absorption in PEDOT:PSS
films successfully. The packaged ITO/PEDOT:PSS/ITO piezoresistive pressure sensors with a double-sided 10-
nm-thick Au interfacial layer is a promising candidate for use in highly reliable pressure sensing applications.

© 2021 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

In recent technological advancements, flexible electronic devices
have garnered significant interest due to their advantages over con-
ventional semiconductor devices, such as extraordinary flexibility,
bendability and stretchability [1�3]. This technology has emerged
from alternative low cost and mass production methods; for exam-
ple, ink-jet printing and roll-to-roll imprinting [4,5]. Among the flexi-
ble devices, pressure sensors have received considerable attention in
the scientific and industrial communities because of their extensive
usage in various fields [6�9]. Piezoresistive, piezoelectric, and capaci-
tive pressure sensors are the three foremost technologies in the pres-
sure-sensing industry, where piezoresistive sensors with the highest
sensitivity and lowest cost are extensively employed [10�12]. Poly
(3,4-ethylenedioxythiophene):poly-(styrenesulfonate) (PEDOT:PSS),
which is a conductive polymer with high transparency, high electro-
chemical and thermal stability, and favorable optical properties, is an
excellent material for flexible piezoresistive pressure sensing
[13�20]. PEDOT is a conductive polymer based on the monomer 3,4-
ethylenedioxythiophene (EDOT) and is blended with polystyrene
sulphonate (PSS) during polymerization to form PEDOT:PSS for the
balance of cationic charges and the allowance of dispersion in water;
hence, it is suitable for manufacturing via spin-coating, drop-casting
and printing methods [13,16,17]. In addition to sensing materials, a
suitable electrode material that can withstand the bending and
stretching of flexible pressure sensors must be selected. Indium tin
oxide (ITO), which exhibits good optical transparency and superb
electrical conductivity, has been proposed as one of the most promis-
ing electrode materials for flexible electronic devices such as photo-
voltaic devices and light-emitting diodes (LEDs) [21�23]. Its high
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electron density of 1021 cm�3 in the conduction band, low-tempera-
ture manufacturing on flexible substrates, and sufficient stability in
aqueous solutions render it suitable for electrochemical applications
[24,25].

Unfortunately, environmental stability is a major concern for
PEDOT:PSS films. A substantial volume of the films is occupied by
long PSS chains, resulting in low conductivity and poor device perfor-
mance because of the disruption of PEDOT chain arrangement [26].
Furthermore, in a humid environment, PEDOT:PSS films are
extremely hygroscopic because PSS chains can absorb water for unin-
tentional swelling, which is detrimental to their structural stability
[27,28]. Lin et al. reported that the post-deposition annealing of
PEDOT:PSS films in air is generally unstable due to rapid water
uptake [29], implying that the delamination of PEDOT:PSS films is
caused by a combination of thermomechanical, hygroscopic, and
voltage-induced stresses [30�34]. To improve the aqueous stability
of PSS in water, chemical cross-linkers have been typically employed.
However, both electronic and ionic mobilities of PEDOT:PSS films
will be seriously degraded owing to the interference with interchain
charge transport by the chemical cross-linking-induced densification
[26,35�38]. For the application of PEDOT:PSS films in organic LEDs
and organic solar cells, ITO electrodes have been employed and was
discovered to be etched by PEDOT:PSS solution because of the
strongly acidic nature of PSS, causing the diffusion of indium ions
into PEDOT:PSS films and weakening the stability of the PEDOT:PSS
and ITO interface [39�43]. Although the reactions between PEDOT:
PSS and ITO could be blocked via a deposition of an interfacial self-
assembled monolayer (SAM) of alkylsiloxanes, the toxic and high-
resistance nature of SAM layers limits their utilizations [41]. Cur-
rently, pressure sensors with a long lifetime under electromechanical
testing are essential for scientific and industrial applications. Never-
theless, studies pertaining to the enhancement of the time-depen-
dent reliability of PEDOT:PSS and ITO interfaces by metallic
interfacial coatings and their applications in piezoresistive pressure
sensors have not been conducted. In this study, reaction-inhibited
interfacial coatings between PEDOT:PSS sensing membranes and ITO
electrodes were demonstrated for the first time. To acquire a robust
ITO/PEDOT:PSS/ITO piezoresistive pressure sensor, the types and
thicknesses of the metallic interfacial layers were adjusted. The sur-
face morphology, surface potential, and composition of PEDOT:PSS
films on ITO layers were analyzed via material analysis, and the pie-
zoresistive pressure sensing properties of the devices were character-
ized based on resistance vs. pressure (R�P) curves. To further
enhance the stability, a complete sealing was implemented into the
piezoresistive pressure sensors via polyethylene terephthalate (PET)
packaging to eliminate the absorption of humidity in a normal envi-
ronment. Compared with samples without any interfacial layer, the
packaged ITO/PEDOT:PSS/ITO piezoresistive pressure sensors with
metallic interfacial coatings demonstrated a low sensitivity deviation
and stable cycling testing, which were correlated with the reduction
in bright spots in field-emission scanning electron microscopy (FE-
SEM) images, In�O�H bonds in the X-ray electron microscopy (XPS)
spectra, and Raman shift. No dissolution of In2O3 from ITO layers in
acidic PEDOT:PSS copolymers was achieved using a double-sided Au
interfacial coating; hence, a double-sided Au interfacial coating is
suitable for future flexible electronics and pressure sensing applica-
tions.

2. Experimental

2.1. Sample preparation

ITO/PEDOT:PSS/ITO piezoresistive pressure sensors with an inter-
digitated electrode (IDE) structure and different metallic interfacial
layers were fabricated. The IDE structure comprises two parts, i.e.,
parts I and II, where part I is a patterned ITO electrode on a PET
substrate, and part II is an ITO/PET substrate with a spin-coated
PEDOT:PSS film. In this study, a 0.35-mm-thick ITO film covered on a
188-mm-thick flexible PET substrate was obtained from Sigma-
�Aldrich Co. (St. Louis, USA). The ITO/PET substrates were cleaned in
an acetone, methanol, and deionized (DI) water bath for 3 min. Sub-
sequently, a thin Al interfacial layer with a thickness of 5 nm and Au
interfacial layers with thicknesses of 5, 10, and 20 nm were directly
deposited on ITO/PET substrates using a thermal evaporator (Fig. 1a,b
and e,f), which has been used to improve the interface quality
between the ITO anode and the organic layer in organic LEDs for bet-
ter electrical performance [44]. The operating pressure was 10�6 Torr
with pure Al and Au bullets (99.999% purity). For part I, the IDE pat-
tern was transferred via conventional photolithography (Fig. 1c). The
ITO/PET substrates were coated with a positive photoresist (AZ-6112,
Merck KGaA, Darmstadt, Germany) and exposed to ultraviolet light
for 6 s through a photomask. Then, the photoresist was developed
(AZ-300, Merck KGaA, Darmstadt, Germany), and a solution compris-
ing HCl, HNO3, and H2O with a volumetric mix ratio of 50:3:50 was
used to etch the ITO. For the samples with an Au interfacial layer in
part I, the Au-401B etchant solution provided by Chemleader Corp.,
Taiwan was used to etch the Au film prior to etching the ITO. The
top-view image of the well-defined patterned electrode was analyzed
using an optical microscope, as shown in Fig. 1d. For part II, the ITO/
PET, Al/ITO/PET, and Au/ITO/PET substrates were cleaned with ace-
tone and DI water bath. To render the surface hydrophilic for the
spin-coating of PEDOT:PSS films, the substrates were treated by an
O2 plasma for 10 min. Thus, some polar groups on the top of the sub-
strates were created. The aqueous solution with a PEDOT:PSS concen-
tration of 1.6 wt% and a resistivity of 785V�cm (Clevios P VP AI 4083,
Heraeus Holding GmbH, Germany) was used to form the PEDOT:PSS
sensing membrane on the O2-plasma-treated surfaces. The substrates
were vacuumed on a spin-coater and a specific amount of PEDOT:PSS
solution was dropped on the substrates. To make the solution uni-
formly distributed over the substrates, a lower spin-coating speed of
300 rpm (revolutions per minute) for 5 s was performed and then a
higher spin-coating speed of 500 rpm for 10 s was used to achieve
the desired PEDOT:PSS film thickness. Then, all samples were sub-
jected to the hot plate and baked at 120 °C for 20 min to evaporate
excess water, as shown in Fig. 1g. The thickness of the fabricated
PEDOT:PSS sensing membranes was approximately 1.9 mm, which
was confirmed using an alpha-step surface profiler (DektakXT Stylus
profiler, Bruker, Massachusetts, USA). Finally, the ITO/PET substrate
with a spin-coated PEDOT:PSS film (part II) was overturned and put
on the patterned ITO electrode of part I to form a sandwich structure
for piezoresistive pressure sensing (Fig. 1h) and the devices were
packaged using a commercial PET to avoid humidity absorption. The
thickness of the PET packaging film was approximately 60 mm with
glue at one side of the film. Two pieces of the PET packaging films
were prepared and placed at the top and the bottom of the sandwich
devices separately and then sealed together. Fig. 1i shows a real-time
image of the packaged ITO/PEDOT:PSS/ITO piezoresistive pressure
sensing device with a double-sided 10-nm-thick Au interfacial layer.
The sensing area was approximately 2.56 cm2. In addition, the cross-
sectional schematics of the devices with and without single-sided
and double-sided metallic interfacial layers are illustrated in
Fig. 1j�m.

2.2. Characterization of materials and devices

The key focus of this study is the time-dependent reliability evalu-
ation of ITO/PEDOT:PSS/ITO piezoresistive pressure sensors with dif-
ferent metallic interfacial layers. Hence, all samples were stored
under atmospheric conditions for 6 months and investigated after a
particular interval. Samples investigated immediately after fabrica-
tion were denoted as Day 0, whereas those investigated the day after
fabrication and after 2 days, 1 week, 2 weeks, 3 weeks, 1 month, 2



Fig. 1. Fabrication procedures of piezoresistive pressure sensing devices with an IDE structure by a combination of two parts, i.e., parts I and II. (a)(e) ITO/PET substrate; (b)(f) Depo-
sition of Al or Au films on ITO/PET substrates using a thermal coater; (c) Transferring of the pattern by a conventional photolithography method; (g) Performing of the PEDOT:PSS
films on ITO/PET substrates with metallic interfacial layers at a spin speed of 500 rpm by spin-coating; (h) Combination of parts I and II to form the sandwich structure of pressure
sensing device and packaged using a commercially available PET. The real-time photo image of the well-defined patterned electrode was shown in (d) using an optical microscope.
The real-time image of the fabricated sensing device with a length of 1.6 cm was shown in (i). The cross-sectional diagrams of the piezoresistive pressure sensing devices (j) without
and with (k) a single-sided Al interfacial layer, (l) single-sided Au interfacial layer, and (m) double-sided Au interfacial layer.
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months, 3 months, and 6 months of fabrication were denoted as Days
1, 3, 7, 14, 21, 30, 60, 90, and 180, respectively. To investigate the
changes in the film surface, the morphological and potential analyses
of ITO/PET substrates, thermally coated Au and Al films, and spin-
coated PEDOT:PSS films were performed via FE-SEM (SU8010, Hitachi
High-Technologies Corp., Tokyo, Japan), atomic force microscopy
(AFM) (Bruker AXS MultiMode 8, Bruker Corp., Billerica, USA), and
Kelvin probe force microscopy (KPFM) (Dimension-3100 Multimode,
Digital Instruments, Bresso, Italy). Additionally, the PEDOT:PSS films
on the ITO/PET substrates with different metallic interfacial layers
were examined via XPS analysis (ULVAC-PHI 5000 Versaprobe II sys-
tem, ULVAC-PHI Inc., Kanagawa, Japan) and Raman spectroscopy
(Micro Raman/PL/TR-PL spectrometer, ProTrustech Co., Ltd., Taiwan)
to investigate the chemical reaction. Their effects on the piezoresis-
tive behaviors were investigated by measuring the resistance change
via applying a 0 � 20 kPa mechanical pressure on the sensing devices.
The fabricated pressure-sensing devices were placed on a custom-
developed sample holder made of rigid steel, and the pressure was
applied using a vertical stand equipped with a force gage (JSV-H1000
Vertical Servo Stand, ALGOL Instrument Co., Ltd., Taiwan) through an
Al tip. To apply a uniform pressure over the samples, a square quartz
buffer of 1 cm2 was inserted between the Al tip and the sensing devi-
ces. The pressure was applied at a rate of 2 mm/s to analyze the pie-
zoresistive behavior, and the resistance was monitored using a
Keithley 2450 interactive digital source meter (Keithley Instruments
Inc., Solon, USA). Furthermore, the carrier conduction mechanism
was realized via variable range hopping (VRH) measurements of the
PEDOT:PSS films on ITO/PET substrates with different metallic
interfacial layers. The low-temperature current-voltage character-
istics were measured using a cryogenic probe station (CG-196CU,
EverBeing International Corp., Taiwan). Finally, a theoretical
model with carrier conduction pathways is proposed to interpret
the material and electrical properties of packaged ITO/PEDOT:PSS/
ITO piezoresistive pressure sensors with reaction-inhibited inter-
facial coatings.

3. Results and discussion

3.1. Surface morphological analysis of PEDOT:PSS films on ITO/PET
substrates with reaction-inhibited interfacial coatings

Fig. 2 shows the topographical images of the ITO/PET substrates,
thermally coated metallic interfacial layers, and spin-coated PEDOT:
PSS films via FE-SEM at 100X magnification on Days 0 and 180. The
pristine ITO film on the PET substrate exhibited an amorphous nature
with micro-cracks, as shown in Fig. 2a, which was also reported by
Lee et al. [45]. Meanwhile, for the samples with a thermally coated Al
film on ITO/PET substrates, a compact and uniform film structure was
obtained, as shown in Fig. 2b. As the thickness of the thermally
coated Au film increased, the micro-cracks on the Au/ITO stacked
films reduced significantly (Fig. 2c�e), contributing to a better reac-
tion-inhibited behavior. After the spin-coating of PEDOT:PSS films on
pristine ITO films and metallic interfacial layer-coated ITO films, a
similar surface morphology was observed on Day 0 (Fig. 2f�j) in all
samples. However, on Day 180, the PEDOT:PSS film on pristine ITO
films presented multiple bright spots, whereas the films on the
metallic interfacial layer-coated ITO films exhibited the same images
as those on Day 0, as shown in Fig. 2k�o, because of the macroscopic
phase separation and generation of highly resistive compounds
caused by the reaction between PEDOT:PSS and ITO films [46,47]. To
further confirm the surface morphology, AFM images of ITO/PET sub-
strates, thermally coated metal interfacial layers, and spin-coated
PEDOT:PSS films with a field of view of 5 mm £ 5 mm on Days 0 and
180 were analyzed and are shown in Fig. S1. The surface roughness of
the ITO films was measured to be 3.5 nm, whereas for the Al- and Au-
coated ITO films, the surface roughness increased up to 5.39 nm (Fig.



Fig. 2. FE-SEM images of (a) pristine ITO/PET substrate and with a metallic interfacial layer of (b) 5-nm-thick Al film, (c) 5-nm-thick Au film, (d) 10-nm-thick Au film, and (e) 20-nm-
thick Au film, respectively. FE-SEM images of spin-coated PEDOT:PSS films on (f)(k) pristine ITO/PET substrate and with a metallic interfacial layer of (g)(l) 5-nm-thick Al film, (h)(m)
5-nm-thick Au film, (i)(n) 10-nm-thick Au film, and (j)(o) 20-nm-thick Au film, respectively, on Days 0 and 180.
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S1a�e). Moreover, after spin-coating the PEDOT:PSS film, the surface
roughness reduced to less than 1.99 nm, as shown in Fig. S1f�j, indi-
cating the high uniformity of PEDOT:PSS films. However, on Day 180,
the PEDOT:PSS films became rough in all the samples (Fig. S1k�o),
owing to the high absorption coefficient of humidity of PEDOT:PSS
films in a normal environment, as proposed by Muckley et al. [48].
This can be prevented by complete sealing via PET packaging, as
shown in Fig. 1i.

3.2. Reliability behaviors of ITO/PEDOT:PSS/ITO piezoresistive pressure
sensors with reaction-inhibited interfacial coatings

More than 20 samples were prepared for each case and stored in a
normal environment for a particular time interval of measurement to
investigate the time-dependent reliability of ITO/PEDOT:PSS/ITO pie-
zoresistive pressure sensors with different metallic interfacial layers.
Fig. 3a�c shows the R�P characteristics of the ITO/PEDOT:PSS/ITO
pressure sensors without any metallic interfacial layer, with a single-
sided 10-nm-thick Au interfacial layer, and with a double-sided 10-
nm-thick Au interfacial layer, respectively, for a time interval of 6
months. A pressure of 0� 20 kPa was applied to the samples to inves-
tigate the resistance change. The R�P curves of ITO/PEDOT:PSS/ITO
pressure sensors with a single-sided 5-nm-thick Al interfacial layer,
single-sided 5-nm-thick Au interfacial layer, and single-sided 20-nm-
thick Au interfacial layer were measured and are presented in Fig. S2.
The fabricated sensors exhibited an ideal piezoresistive pressure
sensing behavior, i.e., the resistance value decreased with the applied
pressure for all samples. As the time interval of measurement
increased, the resistance of the sample without any metallic interfa-
cial layer increased significantly, as shown in Fig. 3a. At 20 kPa, the
resistance increased by at least two orders of magnitude between
Days 0 and 180, along with a distinct late piezoresistive response.
Fortunately, a significant improvement in piezoresistive characteris-
tics was observed in the samples with an Au interfacial layer between
the PEDOT:PSS sensing membrane and ITO electrode, particularly in
the sample with a double-sided 10-nm-thick Au interfacial layer
(Fig. 3b,c and Fig. S2b,c). Between Days 0 and 180, stable piezoresis-
tive characteristics with the reduction in resistance deviation were
observed. Additionally, the piezoresistive pressure sensor with an Al
interfacial layer showed a notable response delay, especially at long
measurement times, as shown in Fig. S2a, which can be ascribed to
the formation of a native AlxOy layer on the Al film surface in the
environment [49]. Hence, the Al interfacial layer is not a suitable
material for use in reaction-inhibited interfacial coatings of ITO/
PEDOT:PSS/ITO piezoresistive pressure sensors and only the thick-
ness of 5 nm was investigated in this study. Furthermore, the piezor-
esistive sensitivity of all samples at different time intervals of
measurement can be calculated from the slopes of the R�P curves
presented in Fig. 3a�c and Fig. S2a�c at pressures lower than 6 kPa
using the following equation:

S ¼ logðR0Þ � logðR6kPaÞ
6 kPa

ð1Þ

where S is the piezoresistive sensitivity and R0 and R6kPa are the resis-
tances when no pressure and a pressure of 6 kPa are applied, respec-
tively. In the sample without any interfacial layer, the piezoresistive
sensitivity decreased significantly as the time intervals of measure-
ment increased, as shown in Fig. 3d. Furthermore, the pressure sen-
sors with metallic interfacial layers exhibited moderate degradation
in terms of piezoresistive sensitivity. To realize the change in piezore-
sistive sensitivity of the samples at each time interval, the sensitivity
difference ratio, i.e., DS/S0, was calculated as follows:

DS
S0

¼ S0 � Sd
S0

ð2Þ

where S0 is the sensitivity of the pressure sensor on Day 0 and Sd is
the sensitivity of the pressure sensor at a specific time interval of
measurement. The sensitivity difference ratio as a function of the
time intervals of measurement is plotted in Fig. 3e. Compared with
the sample without any interfacial layer, the DS/S0 was much smaller
for the ITO/PEDOT:PSS/ITO piezoresistive pressure sensors with
metallic interfacial layers, indicating their high stability in terms of
sensitivity. The variation in the resistance (DR/R0) between Days 0
and 180 of the PEDOT:PSS piezoresistive pressure sensors was calcu-
lated under pressures of 6 and 20 kPa respectively, and are shown in
Fig. S3. A similar behavior was observed, i.e., the samples with metal-
lic interfacial layers can reduce the variation in resistance between
Days 0 and 180. In addition, the coefficient of variation (CV), defined
as the ratio of the sample standard deviation (s) to the sample mean
(x) of the resistance, is a standardized indication of dispersion of a
probability distribution for expressing the stability and repeatability
of ITO/PEDOT:PSS/ITO piezoresistive pressure sensors. To calculate



Fig. 3. R�P curves of the ITO/PEDOT:PSS/ITO piezoresistive pressure sensors (a) without and with (b) a single-sided 10-nm-thick Au interfacial layer and (c) double-sided 10-nm-
thick Au interfacial layer for a time interval of 6 months. (d) 3D matrix in sensitivity of the ITO/PEDOT:PSS/ITO piezoresistive pressure sensors with different metallic interfacial
layers and measurement time intervals. (e) Calculated sensitivity difference ratio (DS/S0) and (f) coefficient of variation (CV) as a function of measurement time interval of the ITO/
PEDOT:PSS/ITO piezoresistive pressure sensors with different metallic interfacial layers.
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the CV, more than 20 samples of each pressure sensor were measured
for the entire time interval. In Fig. 3f, it was observed that the CV was
low initially but increased significantly as the measurement time
interval increased. The degradation can be ascribed to the large devi-
ation in resistance and was particularly severe in the sample without
any interfacial layer, where a CV exceeding 16% was recorded on Day
180. Meanwhile, for the sample with a double-sided 10-nm-thick Au
interfacial layer, the CV can be improved significantly to less than 9%
(on Day 180), which is adequate for future highly reliable piezoresis-
tive pressure sensing applications.

Fig. 4a�c shows the reversible testing characteristics of loading/
unloading cycles for the ITO/PEDOT:PSS/ITO piezoresistive pressure
sensors without any metallic interfacial layer, with a single-sided 10-
nm-thick Au interfacial layer, and with a double-sided 10-nm-thick
Au interfacial layer, respectively. A fixed pressure of 20 kPa was
applied for 400 cycles on Days 0 and 180. The reversible testing char-
acteristics of ITO/PEDOT:PSS/ITO pressure sensors with a single-sided
5-nm-thick Al interfacial layer, single-sided 5-nm-thick Au interfacial
layer, and single-sided 20-nm-thick Au interfacial layer were mea-
sured and are presented in Fig. S4a�c, respectively. To emphasize the
differences, the first and last 50 cycles of the reversible testing char-
acteristics were magnified, as shown in Fig. 4d�f and Fig. S4d�f. On
Day 0, all devices demonstrated stable switching throughout the
loading/unloading cycles. Meanwhile, the resistance on Day 180
increased by least one order of magnitude at the end of 400 cycles for
the ITO/PEDOT:PSS/ITO pressure sensor without any metallic interfa-
cial layer. The instability in resistance under loading/unloading cycles
can be improved notably by depositing a metallic interfacial layer
between the PEDOT:PSS sensing membrane and ITO electrode, partic-
ularly in the sample with a double-sided 10-nm-thick Au interfacial
layer, as shown in Fig. 4c,f. The data presented above indicate that
conventional ITO/PEDOT:PSS/ITO piezoresistive pressure sensors suf-
fer from a severe time-dependent reliability degradation, resulting in
a high possibility of device failure after prolonged usage; however,
this can be effectively solved by applying a cost-effective Au interfa-
cial coating of 10 � 20 nm. For the reliability testing of the ITO/
PEDOT:PSS/ITO piezoresistive pressure sensors at high temperature
or under high humidity conditions, the reaction-inhibition behaviors
of the metallic interfacial coating might get worse, which could be
investigated in future.

3.3. Time-dependent material analysis of PEDOT:PSS films on ITO/PET
substrates with reaction-inhibited interfacial coatings

To determine the factors contributing to the time-dependent reli-
ability degradation, changes in the material properties of the PEDOT:
PSS sensing membrane and ITO electrode were analyzed via XPS and
Raman spectroscopy at different time intervals of measurement.
Fig. 5a and Fig. S5 show the O 1s XPS spectra of the PEDOT:PSS films
on ITO/PET substrates with and without metallic interfacial layers on
Days 0, 90, and 180. A faster spin-coating of 3000 rpm was performed
for 15 s to obtain a thinner PEDOT:PSS film (90 nm), and the film was
sputtered using Ar plasma for 2 min to investigate the material
changes in the PEDOT:PSS films at a depth of 80 nm from the film
surface. The primary deconvoluted peaks in the O 1s spectra were
obtained at 531.8, 532, and 533 eV, corresponding to S=O, O�H, and
C�O�C bonds, respectively [50�52]. As shown in Fig. 5a, when the
time interval of measurement increased, the intensity of the O�H
peak increased significantly, which can be attributed to the ease of
water absorption of PEDOT:PSS in air [49]. The hygroscopicity of
PEDOT:PSS films can be prevented via complete sealing using PET, as
shown in Fig. 1i. An additional peak at 531.2 eV was observed for the
PEDOT:PSS film on the ITO electrode, and it belonged to the In�O�H
bond caused by the doping of In into PEDOT:PSS from the ITO elec-
trode [53]. Compared with Day 90, the intensity of the In�O�H peak
increased on Day 180, indicating that In doping into PEDOT:PSS
would be more significant as the time intervals increase. Moreover,
no In�O�H peak appeared for the PEDOT:PSS films on the ITO elec-
trode with metallic interfacial layers. However, as shown in Fig. S5,
the PEDOT:PSS film on the ITO electrode with a 5-nm-thick Al interfa-
cial layer presented an Al�O�Al bond at 531 eV, which belonged to
the native AlxOy layer on the Al film surface [54]. The presence of the



Fig. 4. Reversible testing characteristics of loading/unloading cycles for the ITO/PEDOT:PSS/ITO piezoresistive pressure sensors (a) without and with (b) a single-sided 10-nm-thick
Au interfacial layer and (c) double-sided 10-nm-thick Au interfacial layer on Days 0 and 180. The first and last 50 cycles of the reversible testing characteristics for the ITO/PEDOT:
PSS/ITO piezoresistive pressure sensors (d) without and with (e) a single-sided 10-nm-thick Au interfacial layer and (f) double-sided 10-nm-thick Au interfacial layer on Days 0 and
180.
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AlxOy layer might be responsible for the response delay of the piezor-
esistive pressure sensors with a 5-nm-thick Al interfacial layer, as
shown in Fig. S2a. Additionally, the In 3d XPS spectra of the PEDOT:
PSS films on ITO/PET substrates were compared, as shown in Fig. 5b.
Two components of binding energy at approximately 445.5 and
453.1 eV, belonging to In 3d5/2 and In 3d3/2 of the oxidation state of
indium (In�O), respectively, were observed [55]. On Day 0, the inten-
sity of the In 3d spectra of the PEDOT:PSS films on ITO/PET substrates
without any metallic interfacial layer was higher than those of the
other samples. For the samples with metallic interfacial layers, the
intensity of the In�O bond at the PEDOT:PSS and ITO interface can be
reduced effectively, particularly in the sample with a 5-nm-thick Al
interfacial layer. This reduction is attributable to the presence of a
native and dense AlxOy layer on the Al film surface for preventing
In�O diffusion. As the time interval of measurement increased, the
intensity of the In�O bond increased, particularly in the sample with-
out any metallic interfacial layer, thereby resulting in time-depen-
dent reliability issues in the ITO/PEDOT:PSS/ITO piezoresistive
pressure sensors, as discussed in the previous section.

Fig. 5c,d and Fig. S6 present the Raman spectra of the PEDOT:PSS
films on ITO/PET substrates with and without metallic interfacial
layers on Days 0, 90, and 180. For the PEDOT:PSS film without any
metallic interfacial layer (Fig. 5c), the primary bands were symmetric
Ca=Cb stretching vibrations at 1440 cm�1; asymmetric Ca=Cb stretch-
ing vibrations from the thiophene rings in the middle and end of the
PEDOT chains at 1498 and 1591 cm�1, respectively; Ca�Ca inter-ring
vibrations at 1256 cm�1; and Cb�Cb stretching vibrations at 1365
cm�1 [56�59]. When the time interval of measurement increased,
the main peaks shifted toward lower wave numbers, owing to the
longer bond length [60]. Both the PEDOT oligomers and PSS chains
were modified by In ions from indium hydroxide (In�O�H),
thereby modifying the bond length of the PEDOT:PSS chains. For-
tunately, the Raman peaks of the samples with metallic interfacial
layers did not shift, as shown in Fig. 5d and Fig. S6, thereby prov-
ing that the bond length of the PEDOT:PSS chains remained
unchanged because of the effective suppression of In diffusion via
metallic interfacial layers.
The VRH distances of the PEDOT:PSS films on ITO/PET substrates
with and without metallic interfacial layers on Days 0 and 180 were
measured and are plotted in Fig. 5e. The temperature-dependent
conductance, G(T), of the PEDOT:PSS films were used to determine
the VRH distance and can be described by Mott’s law, as follows [61]:

GðTÞ ¼ G0 � T0
T

� �g� �
ð3Þ

where G0 is the conductance pre-factor, T0 is the characteristic tem-
perature, T is the measurement temperature (230 � 300 K), and g is
an exponent related to the carrier transport process in PEDOT:PSS
films on ITO/PET substrates with and without metallic interfacial
layers. For VRH analysis, the exponent g is expressed as 1/(d + 1),
where d is the dimensionality for the carrier conduction [62]. For the
PEDOT:PSS films, a three-dimensional VRH is suggested, indicating
g = 1/4. Hence, the conductance vs. T�1/4 characteristics were linearly
fitted and the T0 can be extracted from the slopes of the curves, as
shown in the inset of Fig. 5e. The relationship between T0 and the
density of states at the Fermi level, g(EF), was established using
Eq. (4):

T0 ¼ b

g EFð Þξ3kB
ð4Þ

where ξ is the localization length, b is a numerical factor with the
value of 21.2, and kB is the Boltzmann constant [61]. Subsequently, g
(EF) can be extracted based on T0, and the hopping distance (l0) can
be calculated using Eq. (5) [63]:

l0 ¼ 3
2a 4p

3

� �
g EFð ÞkBT

( )1=4

ð5Þ

where a, which is equal to 1/ξ , is the decay rate of the wave function
[64]. The PEDOT:PSS films on ITO/PET substrates without and with
metallic interfacial layers showed an average hopping distance value
of 15.53 to 14.34 nm on Day 0, which is similar to that proposed by
Nardes et al. [65]. On Day 180, the hopping distance of the PEDOT:
PSS films on ITO/PET substrates without metallic interfacial layer



Fig. 5. (a) O 1 s XPS spectra of the PEDOT:PSS films at a depth of 10 nm from the ITO interface with and without a 10-nm-thick Au interfacial layer on Days 0, 90, and 180. (b) In 3d
XPS spectra of the PEDOT:PSS films at a depth of 10 nm from the ITO interface with and without metallic interfacial layers on Days 0, 90, and 180. Raman spectra of the PEDOT:PSS
films on ITO/PET substrates (c) without and (d) with a 10-nm-thick Au interfacial layer on Days 0, 90, and 180. (e) VRH distance of the PEDOT:PSS films on ITO/PET substrates with
and without metallic interfacial layers on Days 0 and 180. The inset shows the linear fitting of G�T�1/4 curves for all samples on Days 0 and 180. (f) Work function of the PEDOT:PSS
films on ITO/PET substrates with and without metallic interfacial layers on Days 0 and 180. The inset shows the CPD images of all samples on Days 0 and 180.
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increased significantly to 19.84 nm, whereas those of the films with
metallic interfacial layers showed a relatively low deviation in terms
of the hopping distance, as observed in Fig. 5e. This increment in hop-
ping distance is a clear indication that the properties of PEDOT:PSS
copolymers are influenced by the formation of highly resistive
indium salts because In2O3 in ITO can be dissolved in acidic solutions
such as PEDOT:PSS [47,66,67], as revealed in Fig. 5a, leading to the
time-dependent reaction of PEDOT:PSS films on the ITO layer.

To further identify the effect of the ITO layer on PEDOT:PSS
copolymers, KPFM measurements were performed, and the contact
potential difference (CPD) between the reference Pt/Ir tip and the
surface potential of the PEDOT:PSS films was obtained using the fol-
lowing formula:

CPD ¼ ðftip � fsÞ
e

ð6Þ

where ftip and fs are the work functions of the reference tip and
PEDOT:PSS films, respectively, and e is the charge of an electron.
Before the measurement, a gold reference sample was used to cali-
brate the work function of the Pt/Ir coated tip for approximately
5.1 eV [68]. The CPD images and calculated work function of the
PEDOT:PSS films on ITO/PET substrates with and without metallic
interfacial layers on Days 0 and 180 are presented in Fig. 5f. At least
20 samples of each stacked film were investigated for statistical anal-
ysis. On Day 0, an average work function of 5.34 eV was obtained, i.e.,
within the range of 4.7 to 5.4 eV for pristine PEDOT:PSS films [69].
However, on Day 180, a lower work function was observed, particu-
larly in the PEDOT:PSS film on the ITO/PET substrate without any
metallic interfacial layer (5.09 eV). The extremely low work function
on Day 180 can be ascribed to the reaction of PEDOT:PSS films on ITO
layers, i.e., the dissolution of In2O3 from ITO in acid PEDOT:PSS, where
the work function of In2O3 is approximately 5.0 eV [70]. For the sam-
ples with metallic interfacial layers, the average work function values
on Day 180 were 5.23 to 5.27 eV, which were slightly lower than that
of pristine sample, because of the absorption of humidity in the
PEDOT:PSS films when they were exposed to a normal environment
[49,71].

3.4. Carrier transportation mechanisms of ITO/PEDOT:PSS/ITO
piezoresistive pressure sensors with reaction-inhibited interfacial
coatings

Fig. 6a illustrates the schematic of surface and interface reaction
mechanisms of the PEDOT:PSS film on the ITO layer in a normal



Fig. 6. (a) Schematic diagram of the surface and interface reaction mechanisms of the PEDOT:PSS film on the ITO layer in a normal environment. Schematic diagrams of the carrier
conducting pathways of the ITO/PEDOT:PSS/ITO piezoresistive pressure sensors without metallic interfacial layer on Days (b) 0 and (c) 180, and (d) with a double-sided 10-nm-thick
Au interfacial layer on Day 180.
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environment. When the time interval of measurement increased, the
dissolution of In2O3 from the ITO layer in the acidic PEDOT:PSS film
became more active, thereby contributing to the degradation of sen-
sitivity and stability in the ITO/PEDOT:PSS/ITO piezoresistive pres-
sure sensors. Furthermore, as discussed previously, the absorption of
humidity in PEDOT:PSS films occurs easily in a normal environment
and worsen the reliability of the pressure sensors. Hence, a complete
sealing of the devices via PET packaging, as displayed in Fig. 1i, is
inevitable. For conventional piezoresistive pressure sensors with an
IDE electrode structure, two conductive pathways have been pro-
posed to achieve superior electrical behaviors [72], as shown in
Fig. 6b. However, after a long time interval of measurement, interface
reaction occurred between the PEDOT:PSS sensing membrane and
ITO electrode, and some highly resistive indium salts formed and dif-
fused into the PEDOT:PSS films. The increase in resistance of the
PEDOT:PSS copolymers at the ITO interface interrupted the second
conductive pathway (Fig. 6c), resulting in deteriorated piezoresistive
pressure sensing characteristics, as shown in Figs. 3 and 4. Hence, a
reaction-inhibited Au interfacial coating between the PEDOT:PSS
sensing membrane and ITO electrode is proposed, as presented in
Fig. 6d, which is promising for future highly reliable piezoresistive
pressure sensors. The comparison on the device structures, issues
and solutions of the time-dependent instability, temperature or envi-
ronment, and measurement time intervals of piezoresistive pressure
sensors between this study and some published works was made
and is shown in Table S1 to emphasize the robustness of Au
interfacial coating and PET packaging on the reliability of ITO/PEDOT:
PSS/ITO piezoresistive pressure sensors.

4. Conclusion

In summary, reaction-inhibited interfacial coatings were success-
fully implemented in ITO/PEDOT:PSS/ITO piezoresistive pressure sen-
sors to demonstrate robust sensitivity and reliability characteristics
over a long time interval of measurement. To maintain desirable pie-
zoresistive properties, various metallic materials and thicknesses
were optimized at the interface between the PEDOT:PSS sensing
membrane and ITO electrode. Subsequently, the PEDOT:PSS films on
ITO layers with different metallic interfacial coatings were analyzed
via material analysis methods, such as XPS, FE-SEM, AFM, Raman
spectroscopy, and KPFM. After using metallic interfacial coatings, the
bright spots in the SEM images and In�O�H bonds in the XPS spectra
of the PEDOT:PSS films were reduced significantly, indicating the
suppression of the dissolution of In2O3 from ITO layers in acidic
PEDOT:PSS copolymers. In addition, a complete sealing of the piezor-
esistive pressure sensors using PET packaging was conducted to
effectively reduce the absorption of humidity in the PEDOT:PSS films
even after a measurement time interval of 6 months; this is useful for
demonstrating the robust piezoresistive pressure sensing behaviors.
Among the samples, those devices with a 10-nm-thick double-sided
Au interfacial layer exhibited a low sensitivity deviation of 9.22% and
stable cycling tests for more than 400 times, indicating that the
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reaction-inhibited interfacial coatings between PEDOT:PSS and ITO
can be applied in future flexible pressure sensing technologies.
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