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ABSTRACT: A conductive polymeric ﬁlm, poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), is surface-modiﬁed by nitrogen plasma in order
to enhance its piezoresistive characteristics. With an optimized
3 min nitrogen plasma surface modiﬁcation, the piezoresistive
sensitivity and response were signiﬁcantly enhanced. Hall
measurements and temperature-dependent conductance measurements are carried out to determine the electron-hopping
behavior of nitrogen-plasma-modiﬁed PEDOT:PSS ﬁlms,
suppressing the horizontal carrier conducting pathway in the
PEDOT:PSS piezoresistive pressure sensors. X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy are applied to
observe the PEDOT:PSS ﬁlm surface after being modiﬁed with nitrogen plasma. The presence of sulfamate (SO3−NH2) and
thiocyanate (S−CN) groups indicates a breaking of the electrostatic bonding between PEDOT and PSS and a modiﬁcation of
the conductive PEDOT conjugated chain. At the ﬁlm surface, the formation of thiocyanate groups of PEDOT oligomers without
the electrostatic bonding of PSS makes the PEDOT:PSS more hydrophobic, changing the surface characteristics of the
PEDOT:PSS ﬁlm. The newly formed less-conductive ﬁlm surface alters the piezoresistance of PEDOT:PSS pressure sensors,
implying their potential applications for future high-performance tactile sensing.

■

orbitals create a system of delocalized π-electrons, which can
result in interesting and useful electronic properties.12
Among the conductive polymers currently known, poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) has emerged as one of the most technologically
important materials in current plastic electronics due to its high
electrochemical and thermal stability, high conductivity,
favorable optical properties, and high transparency.13,14
PEDOT is a conductive polymer based on 3,4-ethylenedioxythiophene (EDOT) monomer. To balance the cationic charge
of PEDOT and allow for the dispersion of PEDOT in water,
polystyrene sulfonic acid (PSS) is introduced to form the
water-soluble PEDOT:PSS polymer.14 Thus, PEDOT:PSS has
been used in antistatic coatings,15 as electrically conducting
coatings,16 as a transparent conductor in electroluminescent
devices,17 as a conducting layer in capacitors,18 in printed
wiring board manufacturing,15 and as the hole injection layer in
organic light-emitting diode (OLED),19 in photovoltaics,20 and

INTRODUCTION

Since the discovery of electrical conductivity in polyacetylene in
the 1970s by the pioneering work of Shirakawa et al.,1
conductive polymers have attracted a great deal of attention in
both science and engineering communities. An organic polymer
that possesses the electrical, magnetic, and optical properties of
a metal, while also retaining the mechanical properties and
easily processed nature associated with conventional polymers,
it is known as an intrinsically conducting polymer and also
known as a synthetic metal.2 Conductive polymers have
favorable behaviors with regards to metal−insulator transitions,
ﬂexibility, light weight, and low production cost,3−5 allowing for
their use in biosensors,6 light-emitting diodes,7 photovoltaic
cells,8 and ﬁeld-eﬀect transistors.9 The conductivity of
conductive polymers, which are characterized by a backbone
chain of alternating double and single bonds, spans a very wide
range of 10−12−104 S·cm−1.10,11 The integrated advantages of
conjugated polymers with functional properties such as
absorption and emission of light (which can change the
conductivity) make it possible to use these materials in
innovative optoelectronics. Furthermore, the overlapping p© 2016 American Chemical Society
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in organic thin-ﬁlm transistors.21 Previous studies have also
shown that PEDOT can be applied in the development of
microelectrodes for neural interfaces22 as well as in scaﬀolds for
epithelial cell adhesion and proliferation controlled by electrochemical modulation of surface properties;23 the extent of these
applications indicates the biocompatibility of PEDOT ﬁlms.
Generally speaking, pristine PEDOT:PSS has a very low
conductivity of less than 1 S·cm−1,24 which is caused by the
PSS. The PSS, which can act on its own as the counterion, is an
insulator.25 Consequently, in order to make this material
useable as an electrode, a great deal of research has been
devoted to enhancing the conductive properties of PEDOT:PSS by using post-fabrication treatments, material
processing, and impurity doping to optimize the structural
and molecular order.26 As a result, chemically altered
PEDOT:PSS oﬀers higher conductivity and has been used in
a number of applications due to these improved characteristics.27,28
Recently, PEDOT:PSS has presented unique piezoresistive
characteristics and has been applied in pressure and tactile
sensing by using polyimide and ﬂexible poly(ethylene
terephthalate) (PET) substrates.29 Interdigitated electrode
(IDE) structure with feature sizes on the nanometer scale is
currently quite popular in the electronics industry. It has been
implemented in various devices, including surface acoustic wave
sensors,30 chemical sensors,31 microelectromechanical systems
biosensors,32 and semiconducting nanowires.33 Previously,
diﬀerent electrode structures of IDEs and cross-point electrodes
(CPEs) were implemented in PEDOT:PSS pressure sensors to
investigate the basic piezoresistive characteristics.34 The
structure-dependent piezoresistive properties provide preliminary experimental data on the PEDOT:PSS pressure sensors,
proving the use of these structures in pressure- and tactilesensing applications. To be used in the piezoresistive ﬁeld,
PEDOT:PSS ﬁlms with suﬃciently low conductivity in the
absence of applied force and rapid increase of conductivity
during the application of force are needed to obtain the
superior and necessary piezoresistive properties. In this work,
the material, physical, and piezoresistive characteristics of
PEDOT:PSS ﬁlms are investigated after nitrogen plasma
surface modiﬁcation. The piezoresistive performances of the
PEDOT:PSS pressure sensors have been enhanced and
optimized by a 3 min nitrogen plasma surface modiﬁcation.
Chemical changes at the PEDOT:PSS ﬁlm surface, determined
using X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy, lead to changes in the piezoresistive behavior of
PEDOT:PSS pressure sensors. The carrier conductive mechanism of such ﬁlms is conﬁrmed by Hall measurements and
temperature-dependent conductance measurements, which
demonstrate the improved piezoresistive sensing properties of
PEDOT:PSS pressure sensors using the surface plasma
treatment technology.

and electrical techniques.36 The pressure-sensing device (Figure
1b) is a combination of two parts, a plasma-modiﬁed

Figure 1. Schematic diagrams of the PEDOT:PSS pressure sensor
after nitrogen plasma surface modiﬁcation for (a) parts A and B, (b)
the ﬁnal device, and (c) the cross-sectional view of pressure sensor. An
image of a fabricated device is shown in panel d. Nitrogen plasma
modiﬁcation was performed on the PEDOT:PSS ﬁlm surface of part A.

PEDOT:PSS ﬁlm (part A) and a patterned interdigitated
ITO electrode (part B), as presented in Figure 1a. The width
and spacing of each ﬁnger is 500 μm, and the active cell area of
the sensors is 0.6825 cm2. The interdigitated pattern was
transferred to ITO electrode via conventional photolithography. Due to the hydrophobic nature of ITO, O2 plasma
treatment was performed for 2 min to make a hydrophilic ﬁlm
surface.37 Then, the PEDOT:PSS was spin-coated on PET−
ITO substrates at a spin speed of 500 rpm to obtain an average
ﬁlm thickness of 1.88 μm using an α-step proﬁlometer (Dektak
XT surface proﬁler, Bruker Corp.) with at least 20 fabricated
ﬁlms. In this study, a 1.6 wt % PEDOT:PSS solution was
purchased from Heraeus, by the trade name of CLEVIOS P VP
AI 4083, to have a resistivity of 7.85 × 102 Ω·cm,38 which is on
the same order of magnitude for the samples with a
PEDOT:PSS ratio of 1:6.39 All ﬁlms were baked at 120 °C
on a hot plate to evaporate excess solvent and increase ﬁlm
resilience. After that, nitrogen plasma surface modiﬁcation was
carried out on the PEDOT:PSS ﬁlm surface in a plasmaenhanced chemical vapor deposition (PECVD) system at a
power of 50 W for 1−10 min. Finally, parts A and B in Figure
1a were combined and packaged using a commercial PET
material. The package technique is used to reduce the issues
raised by the not entirely intimate contact between the top ITO
electrode and PEDOT:PSS layer. The cross-sectional structure
of the PEDOT:PSS pressure sensor is illustrated in Figure 1c,
obtained from the cut-line of Figure 1b. The image of the
fabricated PEDOT:PSS pressure sensor is shown in Figure 1d.
Characterization. Surface modiﬁcations of PEDOT:PSS
ﬁlms were examined using XPS analysis (ULVAC-PHI 5000
Versaprobe II system, ULVAC-PHI Inc.), Raman spectroscopy
(Micro Raman/PL/TR-PL spectrometer, ProTrustech Co.,
Ltd.), and Hall measurements (BioRad HL5500 Hall measurement system, Nanometrics Inc.). The electrical properties were
characterized using a Keithley 2450 interactive digital source
meter (Keithley Instruments Inc.). In addition, the variable
range hopping (VRH) measurement was performed using a

■

EXPERIMENTAL SECTION
Sample Preparation. Piezoresistive pressure-sensing devices with IDE structure were fabricated on ﬂexible PET
substrates with an indium−tin oxide (ITO) layer. The thickness
of PET and ITO ﬁlms was 200 and 0.35 μm, respectively. ITO
was used as the electrode material, due to its advantages of high
electron density (1021 cm−3) in the conduction band and
suﬃcient stability in aqueous solution for electrochemical
applications.35 Further, ITO is transparent to visible light,
which enables multiple parameter measurements using optical
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nitrogen plasma surface modiﬁcation for 3 min. Figure 2c
shows the reversible testing of the PEDOT:PSS pressure
sensors after nitrogen plasma surface modiﬁcation for at least
ﬁve loops. A pressure of 20 kPa applied under a 10-s holding
time (th) was used for these measurement. All samples present
a stable resistive switching for 2 min sequential and reversible
operations. To further investigate the piezoresistive response of
these materials, the resistance versus time (R−t) behavior of the
pressure sensors after pressure release is displayed in Figure 2d.
The relaxation time (tr) is deﬁned as the waiting time required
to reach a resistance of 1 GΩ after the normal pressure is
released, which can be calculated using eq 2 and is summarized
in Table S1 of the Supporting Information
tr = t1GΩ − th
(2)

cryogenic prober station (CG-196CU, EverBing Int’l Corp.).
The samples were placed on a homemade sample holder, and
the pressure was applied using a JSV H1000 vertical stand
(Japan Instrumentation System Co., Ltd.) equipped with a
force gauge. A quartz buﬀer layer of 1 cm2, larger than that of
the active area, was used to apply equal pressure throughout the
whole sensor device. A pressure of 0.1−20 kPa was applied on
the samples to obtain the piezoresistive characteristics. The
ﬂowchart for the piezoresistive measurement algorithm of
PEDOT:PSS pressure sensors is illustrated in Figure S1 of the
Supporting Information.

■

RESULTS AND DISCUSSION
Piezoresistive Behavior. Figure 2a graphically demonstrates the resistance versus pressure (R−P) behavior of

where t1 GΩ is the time required for the resistance to reach 1
GΩ and th is the holding time (10 s). This ﬁgure demonstrates
that the relaxation time of PEDOT:PSS pressure sensors is
signiﬁcantly reduced after the nitrogen plasma surface
modiﬁcation.
Physical Properties. Figure 3 shows the VRH distance and
carrier mobility of PEDOT:PSS ﬁlms with diﬀerent nitrogen

Figure 3. Variable range hopping (VRH) distance and carrier mobility
of PEDOT:PSS ﬁlms with diﬀerent nitrogen plasma treatment times.

plasma modiﬁcation times. The hopping distance is determined
from the temperature-dependent conductance, G(T), of
PEDOT:PSS ﬁlms (Supporting Information, Figure S2a),
which can be described by Mott’s law40

Figure 2. (a) R−P characteristics of the PEDOT:PSS pressure sensors
after nitrogen plasma surface modiﬁcation. (b) Piezoresistive
sensitivity of pressure sensors at an applied pressure lower than 10
kPa. (c) Reversible testing of pressure sensors for at least ﬁve loops. A
pressure of 20 kPa applied under a 10-s holding time (th) was used for
these measurements. (d) R−t behavior after pressure release. The
relaxation time (tr) is deﬁned as the waiting time required to reach a
resistance of 1 GΩ after the normal pressure is released.

G(T ) = G0 exp[−(T0/T )γ ]

where G0 is the conductance prefactor, T0 is the characteristic
temperature, T is the measurement temperature (230−300 K),
and γ is an exponent related to the transport process. In the
usual analysis of VRH transportation, the exponent γ equals 1/
(d + 1), where d is the dimensionality of the electrical
conduction path.41 Hence, γ = 1/4 indicates a three-dimensional
variable-range hopping, and the conductance versus T1/4
characteristics are linearly ﬁtted to extract T0 (Supporting
Information, Figure S2b). The linear ﬁtting seems to be a
departure when the PEDOT:PSS ﬁlms are modiﬁed by the
nitrogen plasma. The departure may be due to the plasmadamage-induced leakage current. In Figure S2b, there appears
to be a conductance limitation of approximately 9 × 10−8−10−7
S, which resulted from the leakage current. When the nitrogen
plasma treatment time increases, the conductance of the
PEDOT:PSS ﬁlm decreases; thus, the departure from a linear
response will become greater. To obtain the intrinsic hopping
characteristics, the conductance values higher than the portion
by leakage current are used for the linear ﬁtting. Then, the
extracted T0 is related to the density of states at the Fermi level,
g(EF), via eq 4

PEDOT:PSS pressure sensors after nitrogen plasma surface
modiﬁcation. To obtain the statistical distribution, at least 20
samples were measured for each pressure sensor. The
piezoresistive sensitivity of these samples can be acquired by
calculating the slope of the curves at a pressure lower than 10
kPa, which is the starting pressure of response saturation in
Figure 2a, as presented in eq 1 and summarized in Table S1
(Supporting Information)
S=

log(R 0) − log(R10kPa)
10 kPa

(3)

(1)

where S is the piezoresistive sensitivity, R0 is the resistance
without any pressure applied, and R10 kPa is the resistance at 10
kPa. With the increase of nitrogen plasma treatment time, the
piezoresistive sensitivity ﬁrst increases and then decreases, as
shown in Figure 2b. The sensitivity can be optimized to be
0.527 kPa−1 for the PEDOT:PSS pressure sensors with
25979
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T0 =

β
g (E F)ξ 3kB

2p, C 1s, and O 1s core level spectra are presented in Figure 5a.
The position of the binding energy scale was adjusted to set the

(4)

where ξ is the localization length, β is a numerical factor with
the value of 21.2, and kB is the Boltzmann constant.40 g(EF) can
be extracted on the basis of T0, and the hopping distance (l0)
can be obtained from eq 542
⎧
⎪
l0 = ⎨
⎪ 2α
⎩

⎫1/4
⎪
⎬
g (E F)kBT ⎪
⎭
3

( 43π )

(5)

where α is the rate of decay of the wave function, which is
related to ξ using eq 6
α = 1/ξ

(6)

In the ﬁgure, the PEDOT:PSS ﬁlms with and without
nitrogen plasma surface modiﬁcation present the hopping
distance of 17.7−24.6 nm, which is of the same magnitude as
that observed by Nardes et al.43 The increment in hopping
distance is determined as a function of the nitrogen plasma
surface modiﬁcation time. Furthermore, the carrier mobility is
signiﬁcantly decreased after nitrogen incorporation. The
changes in the variable range hopping distance and carrier
mobility can be ascribed to the chemical changes of the
PEDOT:PSS ﬁlm surface after nitrogen plasma treatment.
Figure 4 displays the wetting ability of water for the
PEDOT:PSS ﬁlms with and without nitrogen plasma surface

Figure 5. (a) XPS and (b) Raman spectra of PEDOT:PSS ﬁlms after
nitrogen plasma surface modiﬁcation. The formation of sulfonamide
(SO2−NH2) and thiocyanate (S−CN) for nitrogen-plasmamodiﬁed PEDOT:PSS ﬁlms can be observed by XPS and Raman
analyses.

main C 1s feature (C−C) at 284.6 eV.46 For the S 2p spectra of
the pure PEDOT:PSS ﬁlm, there are two binding energy
components observed around 164.0 and 168.2 eV, which
indicate PEDOT and PSS respectively.47,48 The S 2p
contributing peaks at 163.9 and 165.3 eV result from the
spin-split doublets of the sulfur atoms in PEDOT. On the other
hand, the S signals from PSS are present at 166.5−171.0 eV
because high-electronegative oxygen atoms attach to sulfur
fragments of PSS.49 The higher binding energy component of
the S 2p peak at 169.2 eV (green line, Figure 5a) is associated
with the SO3−H group of PSS, whereas the lower binding
energy component of the S 2p peak at 168.1 eV (orange line,
Figure 5a) corresponds to the SO3− group of PSS.50 For the
samples with nitrogen plasma surface modiﬁcation for 3 min, an
extra peak is present at 169.9 eV, possibly corresponding to the
SO3−NH2 of PSS. In addition, another peak at 164.7 eV could
be ascribed to the S−CN group generated in PEDOT
oligomer after nitrogen plasma surface modiﬁcation.51
For the C 1s spectra of PEDOT:PSS ﬁlms, three components
are present at binding energies of 284.6, 285.2, and 286.8 eV,
denoting C−C, C−S and C−O−C bonds, respectively.48 An
additional peak is present in the nitrogen-plasma-modiﬁed
PEDOT:PSS ﬁlm at 285.9 eV, which indicates modiﬁcation of
the C−N groups in the EDOT monomer.52 Besides, the O 1s
peaks of the spectra reveal three major components for the
PEDOT:PSS ﬁlm at 531.7, 533.0, and 533.4 eV, corresponding
to SO, O−H, and C−O−C bonds, respectively.53,54 The
intensity of the C−O−C peak is the highest among these,
indicating the existence of the EDOT monomer. For the
samples with nitrogen plasma surface modiﬁcation for 3 min,

Figure 4. Contact angle versus the time of nitrogen plasma surface
modiﬁcation of PEDOT:PSS ﬁlms.

modiﬁcation. The water contact angle images shown in Figure
S3a−f (Supporting Information) were measured using the
sessile drop method with a water droplet partially wetting the
PEDOT:PSS ﬁlms.44 It can be found that the water contact
angle of the original PEDOT:PSS ﬁlm was 88°. After nitrogen
plasma surface modiﬁcation for 3 min, the PEDOT:PSS ﬁlm
possesses a much higher water contact angle (95°) than the
unmodiﬁed ﬁlm. Previous studies have indicated that the
changes in the hydrophobicity of PEDOT:PSS ﬁlms with
poly(butyl acrylate) (PBA) are linked to changes in the ﬁlm
composition and structure,45 which are observed at the surface
of our nitrogen-plasma-modiﬁed PEDOT:PSS ﬁlms and will be
discussed later. Further, for the PEDOT:PSS ﬁlms with a
nitrogen plasma surface modiﬁcation of more than 3 min, the
water contact angle decreases dramatically and the ﬁlm
becomes more hydrophilic due to the plasma damage at the
PEDOT:PSS ﬁlm surface.
Chemical Analysis. XPS and Raman spectra were
measured to determine the surface chemical composition of
PEDOT:PSS ﬁlms modiﬁed by nitrogen plasma for 3 min.
High-resolution peak areas, line shapes, and intensities of the S
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Scheme 1. Molecular Structure of PEDOT:PSS (a) without and (b) with Nitrogen Plasma Surface Modiﬁcation

eﬀectively react with the PEDOT:PSS chains. Because of this,
the thiophene rings of PEDOT can be chemically modiﬁed to
form the thiocyanate groups (S−CN). PEDOT itself is a
conductive polymer, and the source of its conductive nature
comes from its conjugated backbone. After nitrogen plasma
surface modiﬁcation, the conjugated chain of PEDOT is
modiﬁed by the thiocyanate groups; consequently, the carrier
transportation is interrupted due to the reduction of carrier
mobility and the increase of 3D VRH distance, as shown in
Figure 3. Also, the formation of sulfamate (SO2−NH2) in the
nitrogen-plasma-modiﬁed PEDOT:PSS micelles indicates the
electrostatic bond breakage. Besides, due to the formation of
thiocyanate groups of PEDOT oligomers without the electrostatic bonding of PSS, the nitrogen-plasma-modiﬁed PEDOT:PSS becomes more hydrophobic,60,61 as revealed in the
contact angles of Figure 4.
Physical Mechanisms. For the carrier transportation of
PEDOT:PSS ﬁlm, it is reported that in the horizontal direction,
the PEDOT-rich lamellas are only separated by the not
completely closed constrictions, allowing carriers to hop to
non-nearest-neighbor sites through a thin or nonexistent barrier
and achieving a resistivity of 6.22 × 107 Ω·cm.34,41 On the other
hand, in the vertical direction, the PEDOT-rich domains are
separated by thick PSS-lamella barriers, enforcing only nearestneighbor hopping with a resistivity of 1.79 × 1011 Ω·cm. Thus,
for the device with a thin PEDOT:PSS ﬁlm of 1.88 μm and a
wide ﬁnger spacing of 500 μm, both horizontal and vertical
pathways of carrier conduction, i.e. paths 1 and 2 in Figure 6a,
respectively, can be observed for the PEDOT:PSS pressure
sensors with IDE structure, resulting in the slow response.34
Further, the resistance modiﬁcation of PEDOT:PSS ﬁlms with
and without force applied is responsible for the sensitivity
enhancement of PEDOT:PSS pressure sensors modiﬁed by
nitrogen plasma, as shown in Figure 2b. First of all, the initial
resistance value (resistance without any pressure) increases as
the nitrogen plasma treatment time increases (Figure 2a). This
enhancement can be attributed to the modiﬁcation of PEDOT
conjugated chains at the PEDOT:PSS ﬁlm surface by nitrogen
plasma treatment, decreasing the surface carrier mobility and
increasing the hopping distance, as shown in Figure 3. Thus,

the presence of an extra component at 531.4 eV is linked to the
formation of the O−N bond in PSS.55 From the XPS analyses,
it is evident that the chemical change takes place in both
PEDOT and PSS after nitrogen plasma surface modiﬁcation,
leading to the breaking of the electrostatic bonding between
PEDOT and PSS and the modiﬁcation of the conductive
PEDOT conjugated chains. Thus, the PEDOT:PSS ﬁlm surface
becomes rough as a result of the treatment, as shown in the
atomic force microscopy (AFM) images of Figure S4 in the
Supporting Information.
To further investigate the mechanism of chemical change in
PEDOT:PSS ﬁlms after nitrogen plasma surface modiﬁcation,
Raman spectra were collected and displayed in Figure 5b.
These data show that the most obvious spectral changes occur
at 1452 and 1524 cm−1, representing the CαCβ symmetrical
and asymmetrical stretching vibrations of the pure PEDOT:PSS
ﬁlms, respectively.48,55−57 In addition, the vibrational modes at
1040 and 1140 cm−1 belong to the SO3−H (PSS) and SO,
respectively.56 After nitrogen plasma surface modiﬁcation for 3
min, a new peak emerges at 630 cm−1, denoting the S−C
stretch. There is another new stretch at 467 cm−1 belonging to
the ring deformation of thiophene.46 These new modes indicate
possible chemical changes in the thiophene rings of PEDOT
oligomers, i.e., the formation of the thiocyanate groups (S−C
N). The thiocyanate groups are only observed in nitrogenplasma-modiﬁed samples, clearly demonstrating the nitrogen
incorporation in the PEDOT:PSS ﬁlm surface.
Chemical Modiﬁcations. In general, PEDOT:PSS ﬁlms
consist of PEDOT:PSS micelles with a core−shell structure
(PEDOT as the core and PSS as the shell).58 Nitrogen plasma
treatment of PEDOT:PSS micelles modiﬁes both the PEDOT
oligomers and PSS chains. The material properties of nitrogenplasma-modiﬁed PEDOT:PSS micelles are changed signiﬁcantly, as displayed in Figure 5. The chemical structures of
PEDOT:PSS micelles before and after nitrogen plasma
modiﬁcation are shown in parts a and b of Scheme 1,
respectively. It is suggested that the electrostatic bonding is
broken because of the nitrogen plasma surface modiﬁcation.
Traditionally, charged particles of molecular N2+ ions are
abundant in nitrogen plasma environments59 and will
25981
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bonding between PEDOT and PSS, the PEDOT conjugated
chains, and the surface morphology of nitrogen-plasmamodiﬁed PEDOT:PSS ﬁlms. To understand the carrier
conductive mechanism, Hall measurements and temperaturedependent conductance measurements were examined to
realize the modiﬁcation of variable-range hopping at the
PEDOT:PSS ﬁlm surface. Thus, the piezoresistive sensing
behaviors of PEDOT:PSS pressure sensors, such as sensitivity
and response, were signiﬁcantly improved by nitrogen plasma
surface modiﬁcation, making high-performance pressure
sensing possible.
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Figure 6. Schematic diagrams of carrier conducting pathways of
PEDOT:PSS pressure sensors (a) without and (b) with nitrogen
plasma surface modiﬁcation.

■

the horizontal carrier conducting pathway is eﬀectively
suppressed (Figure 6b), presenting the high initial resistance
value.41 When a normal pressure is applied, the measured
resistance of PEDOT:PSS pressure sensors decreases due to
the more closely arranged PEDOT micelles of compressed ﬁlm,
demonstrating the well-known piezoresistive characteristics.
When a high normal pressure (>10 kPa) is applied to the
pressure sensors, it will contribute to the lowest value of
measured resistance, which is strictly inﬂuenced by the nitrogen
plasma treatment. Compared to the original ﬁlm, the
PEDOT:PSS pressure sensor after a nitrogen plasma surface
modiﬁcation of less than 3 min shows a decrease of its lowest
resistance due to the broken electrostatic bonding between the
positively charged PEDOT and negatively charged PSS,
reducing the Coulomb interaction between them and helping
to increase the conductivity of PEDOT:PSS ﬁlm during the
force applied.62 Hence, the piezoresistive sensitivity is
eﬀectively enhanced for the nitrogen-plasma-modiﬁed samples.
In addition, a single carrier conducting pathway in the vertical
direction can hasten the return of the resistance to its initial
value when the normal pressure is released, leading to the short
relaxation time of the R−t curve. With a nitrogen plasma
treatment of more than 3 min, the modiﬁcation of PEDOT
conjugated chains becomes much more signiﬁcant. Too much
nitrogen incorporation will modify the PEDOT conjugated
chains not only at the ﬁlm surface but in the bulk of the
PEDOT:PSS ﬁlms, increasing the lowest resistance and
reducing the piezoresistive sensitivity. Therefore, the piezoresistive performances of the PEDOT:PSS pressure sensors with
nitrogen plasma modiﬁcation are optimized at 3 min, which is
suitable for future high-performance pressure-sensing applications.
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NOTE ADDED AFTER ASAP PUBLICATION
This paper was published to the Web on November 9, 2016,
with an error in Figure 6. This was corrected in the version
published to the Web on November 17, 2016.
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