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a b s t r a c t
In this study, the ﬂexible polymer substrate polyethylene naphthalate (PEN) was modiﬁed under two
different plasma chemistries, namely helium–oxygen (He–O2) and helium–water vapor (He–H2O)
plasmas at atmospheric pressure and room temperature. Surface changes related to wettability, chemical
functionalization, surface energy, and morphology after plasma treatment were investigated using water
contact angle (WCA) goniometry, X-ray photoelectron spectroscopy (XPS), and atomic force microscopy
(AFM). Each plasma resulted in a more hydrophilic PEN surface, with WCA decreasing by 68% and 85%
for He–O2 and He–H2O plasma treated PEN, respectively, after only 1.0 s of exposure. An aging study
of plasma treated PEN shows an increase in WCA that is still 30° lower than that of the as-received
PEN after 1 month. XPS and AFM results show that improved wettability of the plasma modiﬁed PEN
is due to the oxidation of the surface and not due to the increased surface roughness. To promote a
roll-to-roll process of atmospheric plasma treatment and inkjet deposition, printing was performed
using the conductive polymer poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) on
the as-received and plasma treated PEN surfaces where the shape and morphology of the lines were
studied. Each plasma treated PEN surface exhibited well-deﬁned, uniform inkjet-printed lines due to
the improved wettability and increased surface energy. After scanning electron microscopy (SEM) analysis
of the PEDOT:PSS dispersion of a single drop on each substrate, the He–H2O plasma treated surface led to
less agglomeration of PEDOT:PSS and a more homogeneous drop deposit.
Published by Elsevier B.V.

1. Introduction
Inkjet printing is a mature technology that has been extensively
used for decades to develop products ranging from organic electronic
devices to biosensors [1]. However, it is only recently that inkjet
printing has been used as a viable alternative to photolithography
techniques for the development of patterns for various applications including the fabrication of light emitting diodes, thin ﬁlm photovoltaics,
and polymer electronics [2–5]. Inkjet printing offers the advantages of
high reproducibility, low costs, pattern ﬂexibility, and is roll-to-roll compatible, whereas photolithography is a costly and time consuming method that requires multiple complex steps and is not directly scalable.
Furthermore, inkjet printing allows for the deposition of solution-based
materials (e.g. colloidal suspensions of metals, oxides, and polymers) in
a controllable drop-on-demand format that helps lower production
costs due to low material waste and high throughput. Nonetheless, inkjet
printing does present some inherent technical challenges such as the
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development of well-deﬁned and uniform patterns that adhere well to
polymer substrates. Some suggested that methods for improving the
quality of inkjet-printed patterns are controlling the surface-hydrophilic
or hydrophobic character, changing the relative humidity, altering the
substrate temperature during deposition in order to control drop evaporation, and utilizing a bi-solvent system which would lead to enhanced
reproducibility and a more uniform layer morphology [6–12]. Of the
aforementioned methods, there are advantages to modifying the surface
wettability of the substrates as polymer-based substrates cannot withstand extreme temperatures. Most importantly, water is the preferred
solvent to promote a more earth-friendly printing technique. There are
several options for the surface energy enhancement and therefore the improvement of wettability of polymers that include chemical methods, ultraviolet (UV) exposure, and plasma treatments. Chemical processing can
be time consuming, whereas UV treatments can cause damage to the
polymer structure. Plasma treatments, in turn, modify only the surface
of the material at fast processing speeds.
Non-thermal plasma processing has been shown to modify polymer surfaces to improve hydrophilic character, biocompatibility, and
printability [13–15] while preserving the bulk properties of the material such as transparency and ﬂexibility. Traditionally low pressure
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plasma has been used to modify polymer surfaces, but atmospheric
pressure plasma offers several advantages. Because the plasma is generated in an ambient environment, costly vacuum equipment is eliminated. Atmospheric pressure plasma can be incorporated in a roll-to-roll
process with the capability of treating large areas at fast processing
speeds. Therefore, the combination of atmospheric plasma treatment
and inkjet deposition offers a scalable method for the printing of conductive patterns on transparent, ﬂexible polymer substrates.
Recent studies have shown that changing the wettability of a substrate through plasma treatments does affect the morphology and
quality of inkjet-printed lines and single drops. Drop morphology of
silver nanoparticles on hydrophobic and hydrophilic glass substrates
was studied by Lee and Oh [8]. In their studies, glass substrates
were exposed to a low pressure C4F8 plasma for 2 min to produce hydrophobic surfaces. The hydrophilic surfaces were produced through
treatment under low pressure oxygen plasma for 2 min. The formed
drops on the hydrophobic surfaces had thick morphologies compared
to those on hydrophilic surfaces. In a study by Wang and Wang [16],
the sharpness of pigment-based inkjet-printed lines was investigated
on control and plasma treated polyester fabric. The fabric was treated
with low pressure oxygen plasma for 9 min which resulted in a
sharper printed line compared to the untreated fabric. Atmospheric
pressure air-argon plasma has also been used to improve the wettability of polyester fabrics [14,17]. In this study, Zhang and Fang improved the sharpness of pigment inkjet-printed patterns on 150 s
plasma treated polyester fabric.
In this work, we investigate the inﬂuence of atmospheric plasma treated polymer substrates on the quality of inkjet-printed lines of poly(3,4ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) dispersed
in an aqueous solution. The surface of polyethylene naphthalate (PEN)
was modiﬁed using two different plasma chemistries, namely, helium–
oxygen and helium–water vapor plasma at atmospheric pressure, and
the plasma effects were studied. Inkjet-printed PEDOT:PSS lines were deposited on both as-received and plasma treated substrates where the
shape and morphology of the lines were studied. PEDOT:PSS dispersion
within a single drop was also analyzed for each substrate.
2. Experimental methods
2.1. Sample preparation
Polyethylene naphthalate (Dupont: Teonex Q51) with a thickness
of 50 μm and a static water contact angle of 86° was used as the ﬂexible polymer substrate. PEN was chosen because of its better thermal,
barrier, and mechanical properties compared to other polymers such
as polyethylene terephthalate (PET). The substrates were rinsed in an
ethanol bath for 10 min to remove residual surface contamination
and then were air dried once removed.
The atmospheric plasma system used in this study was a dielectric
barrier discharge (DBD) system from Sigma Technologies International, Inc. (model: APC 2000). The system is operated in open atmosphere and a schematic of the system is shown in Fig. 1. The
cylindrical ground electrode is 25.5 cm in diameter and covered
with Al2O3 as the dielectric material. This electrode will also serve
as the roller in the hybrid roll-to-roll process capable of throughputs
up to 5 m/min. Two aluminum high voltage electrodes are positioned
on top of the roller at a distance of 2 mm, and have slit channels to
allow gas diffusion. Each electrode was 45 cm in length while both
had a combined surface area of 522 cm 2. A radio-frequency power
supply operating at 90 kHz was used, with power densities ranging
from 0.73 to 2.30 W/cm 2. PEN samples were plasma treated under
helium–oxygen (He–O2) and helium–water vapor (He–H2O)
plasmas. For the He–O2 plasma, a constant helium ﬂow of 14 L/min
was used while the oxygen ﬂow was varied from 70 to 700 sccm
(standard cubic centimeters per minute). These ﬂow rates were divided equally to each electrode. The amount of water vapor

Fig. 1. Schematic of the atmospheric plasma system.

introduced into the plasma can be controlled by changing the temperature and ﬂow of the carrier gas in the evaporator. In this study,
the temperature of the evaporator was kept at 25 °C and the ﬂow of
the carrier gas (helium in this case) was kept at 12 L/min, which provided a water vapor mass fraction of 65.2 mg/g, and was used
throughout this study. For the He–H2O plasma experiments, one electrode (#2) was used for pre-treatment using the carrier gas (helium)
and the other electrode (#1) was used for functionalization purposes
using the reactive gas (water vapor). The cleaned PEN samples were
mounted on the rotating dielectric surface, and the plasma exposure
time was varied between 0.27 and 27 s by changing the rotating
speed of the roller and varying the number of rotations. The effect
of surface wettability/chemistry on power density and exposure
time was investigated for each plasma chemistry. The oxygen concentration was varied to achieve the lowest water contact angle. Also, the
aging effect of the plasma treated PEN was studied.
A custom piezoelectric inkjet printing setup was used for this
work and a schematic of the setup is shown in Fig. 2. It consists of a
high resolution (0.5 μm/pixel) Sensi-Cam QE charged coupled device
(CCD) camera (Romulus, Michigan) and a Navitar 12 × zoom lens
(Rochester, New York), synchronized with a halogen strobe light
and the drop ejection to form a high magniﬁcation goniometer for
side-view observation. The piezoelectric print head (MicroFab MJAL01-80, Plano, Texas) allows for drop-on-demand inkjet printing;
whereas, the CCD camera and the strobe light are used for visualization of the drop during ﬂight in order to determine drop stability.
The substrates were attached to a programmable x–y stage, which

Fig. 2. Schematic of the inkjet printing setup.
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allowed for the substrate to translate while the printing nozzle
remained ﬁxed.
The effect of drop spacing on line deposition for each of the different plasma treated PEN substrates was observed by varying the spacing between the centers of two consecutive drops from 25% to 125%
of the measured in ﬂight drop diameter. All inkjet printing experiments were conducted at normal ambient room conditions (i.e.
23 °C, atmospheric pressure, and 30% relative humidity) with a printing frequency of 20 Hz, a nozzle diameter of 80 μm, and a drop ﬂight
distance of approximately 1 mm. The PEDOT:PSS ink used in this
work consisted of a 1:2 ratio of PEDOT:PSS (Clevios PH 500) to
water which resulted in the PEDOT:PSS ink having a viscosity of
5.69 cP and a surface tension of 63.21 ± 0.18 mN/m.
2.2. PEN surface characterization
Wettability testing was carried out using a static contact angle
setup and by applying the sessile drop method [18]. Water contact
angles were measured using de-ionized water, and surface energies
were obtained by measuring the contact angle using de-ionized
water, dimethyl formamide, and diiodomethane as test liquids.
These test liquids were used due to their wide range of polarities.
Six drops (5 μL each) of the test liquid were used for the control and
plasma treated samples, and the values were averaged to obtain a
contact angle value.
To study the surface chemistry of the control and plasma treated
PEN, the Kratos Axis Ultra X-ray photoelectron spectroscopy (XPS)
system was used. A 100 W monochromatic Al Kα (1.4867 keV)
beam irradiated a 1 mm × 0.5 mm sampling area with a take-off
angle of 90°. The pressure in the XPS chamber was held between
10 − 9 and 10 − 10 Torr. Elemental high resolution scans for C 1s and
O 1s were taken in the constant analyzer energy mode with a 20 eV
pass energy. The calibration energy for the hydrocarbon C 1s core
level was assigned a value of 285.0 eV.
Atomic force microscopy (AFM) was used to study the morphological changes to the PEN that arose from plasma treatment. The AFM
system used was a Dimension 3100 microscope with a Nanoscope V
controller (Digital Instruments/Veeco). Imaging was done in tapping
mode, using TESP (silicon) cantilevers (Veeco Probes) with an oscillation frequency of 300 kHz and at a 0.6 Hz scan rate while the selected
scan areas were 50 × 50 μm. Using Nanoscope software (v7.30), images were ﬂattened to the third order, followed by roughness analysis.
Root mean square (rms) roughness values from 3 images, obtained
from different locations on each sample were averaged.
2.3. PEDOT:PSS printing characterization

Fig. 3. Water contact angle (WCA) data as a function of plasma power density for He–
O2 (0.5% O2 in He, 12 s exposure) and He–H2O (water vapor mass fraction in the gas
mixture was 65.2 mg g− 1, 1.3 s exposure) plasma treated PEN.

were treated for 1.3 s under He–H2O plasma with power densities
1.00, 1.04, 1.26, and 1.53 W/cm 2. In all cases, the effect of plasma exposure on the improvement of the PEN hydrophilicity is evident. The
WCA exhibits a dramatic decrease from 86° (as-received ﬁlm) to an
average of about 25° and 11° for the PEN treated under He–O2 and
He–H2O plasmas, respectively. The power density that resulted in
the lowest WCA measurement was used for the remainder of the
study: 0.94 W/cm 2 for the He–O2 plasma and 1.04 W/cm 2 for the
He–H2O plasma. WCA measurements for He–H2O plasma treated
PEN are on average 15° lower than that of the He–O2 plasma treated
PEN, as observed with other polymers [19]. Nonetheless, there was
not a signiﬁcant dependence of WCA on applied power, at least within the range of this study. The power densities chosen in this work
were encompassed in the range where a sustainable plasma was
obtained. As for power densities lower than 0.6 W/cm 2, the plasma
was very weak and power densities above 1.5 W/cm 2 may have
resulted in surface damage.
In Fig. 4, water contact angle (WCA) measurements as a function
of concentration of oxygen in helium are presented. The oxygen
ﬂows used for this study were 70, 140, 350, and 700 sccm which
resulted in concentrations of 0.5%, 1.0%, 2.5%, and 5.0% oxygen in
helium, respectively. As the oxygen concentration increased the
WCA increased, where 0.5% oxygen in helium gave the lowest WCA
measurement, about 62% lower than that of the as-received ﬁlm,
which was used for the remainder of the study. This WCA increase
with respect to oxygen concentration was expected because during
the plasma processing, helium active species create active sites

Optical images of the inkjet-printed PEDOT:PSS lines were
obtained using a standard optical microscope (Nikon Eclipse ME600)
at a magniﬁcation of 5 × in order to determine and compare the overall
line morphology between the as-received and the plasma treated PEN
samples. The scanning electron microscope (SEM) that was used for
this study was a Zeiss Supra 50VP using a bias voltage of 5.0 kV and
a working distance of 2.0 mm. SEM was used in order to understand
the particle morphology and deposition within the inkjet-printed
drops of PEDOT:PSS on the plasma treated substrates.
3. Results and discussion
3.1. PEN surface modiﬁcation
Water contact angle (WCA) measurements as a function of plasma
power density for helium–oxygen and helium–water vapor plasma
treated PEN are shown in Fig. 3. PEN samples were exposed for 12 s
to He–O2 plasma with power densities 0.73, 0.94, and 1.58 W/cm 2.
The oxygen ﬂow for this experiment was 70 sccm. PEN samples

Fig. 4. Water contact angle (WCA) data as a function of concentration of oxygen in
helium for He–O2 plasma treated PEN for 1.35 s with a power density of 0.94 W/cm2.
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Fig. 5. Water contact angle (WCA) data as a function of exposure time for He–O2 and
He–H2O plasma treated PEN. The inset highlights the change in WCA measurements
for treatment times shorter than 2 s. Experimental conditions for He–O2 treatments:
0.5% O2 in He, power density: 0.94 W/cm2 and He–H2O treatments: water vapor
mass fraction in the gas mixture was 65.2 mg g− 1, power density: 1.04 W/cm2.

through energy transfer mechanisms while atomic oxygen and oxygen radicals attach to these sites. It is believed that a more oxygenrich plasma will not lead to additional surface oxidation, as excess
O2 will cause quenching of the discharge.
Water contact angle (WCA) measurements as a function of exposure time for He–O2 (0.5% oxygen in helium) and He–H2O plasma
treated PEN are presented in Fig. 5. The exposure times were varied
from 0 s, corresponding to the untreated PEN ﬁlm, to 27 s. Surface
modiﬁcation occurs within fractions of a second of plasma exposure
where the minimum WCA was reached at 0.42 s of exposure for
He–H2O treated PEN and 1.35 s of exposure for He–O2 treated PEN.
The maximum WCA decrease was 68% and 85% for He–O2 and He–
H2O plasma treated PEN, respectively. The WCA data was ﬁt to an exponential decay function as follows:
aðt Þ−aðt ∞ Þ
¼ expð−kt Þ
aðt 0 Þ−aðt ∞ Þ
where a(t0) is the WCA for the as-received PEN, a(t) is the contact
angle of the sample at a given exposure time to the plasma, a(t∞) is
the contact angle after maximum plasma treatment, and k is the
decay constant and is related to the rate of surface functionalization.
The values of k from the ﬁt were 3.43 s − 1 for He–O2 plasma and
6.92 s − 1 for He–H2O plasma. This indicates that the reactive water
vapor species are chemically modifying the surface of PEN two
times faster than the reactive oxygen species. A similar study was
done by Gonzalez et al. [20] where the PEN surface was treated
with He–O2 plasma jets. The rate of surface activation obtained was
4.6 s − 1. This value is slightly higher than the one in this study but
the plasma sources in each study were different.
Surface energies, along with their dispersive and polar components,
are presented in Table 1. After He–O2 plasma treatment, the surface energy of PEN increased by 35%. This resulted in a slight decrease of the

dispersive component and a 2.5 times increase of the polar component.
The surface energy of PEN increased by 42% after He–H2O plasma treatment. The non-polar component decreased by 37% and the polar component exhibited a 4-fold increase. This signiﬁcant increase in the
polar component upon He–H2O plasma treatment explains the dramatic
wettability improvement of the above WCA results. Since the polar component increased for each plasma chemistry, this is an indication of the
grafting of oxygen functionalities, as proven by XPS analysis below.
The shelf life of the plasma treated PEN is a property that needs to
be considered. Aging of a plasma modiﬁed polymer surface can occur
when the newly formed polar groups migrate into the bulk of the
polymer through chain rotations and translations. This results in
non-polar groups moving to the surface and increasing the WCA.
The aging effect of the plasma treated PEN is shown in Fig. 6. PEN
samples were treated under a 0.5% oxygen in helium plasma with a
power density of 0.94 W/cm 2 for 13.5 s. Similarly, PEN samples
were treated under a He–H2O plasma with a power density of
1.04 W/cm 2 for 6.75 s. The WCA for these samples was measured periodically up to 700 h or 1 month. The WCA for the He–O2 treated PEN
started at 25° and increased to 53° 1 month after the day of plasma
exposure. This ﬁnal value is about 30° lower than that of the
untreated PEN. When the data was ﬁt to a power curve, the equation
was
WCA¼31:5t

0:075

:

The WCA for the He–H2O plasma treated PEN started at 13° and
increased to 46° after 700 h. This ﬁnal value is about 40° lower than
that of the untreated PEN. When the data was ﬁt to a power function,
the equation was
WCA ¼ 14:7t

0:13

:

When comparing these equations, the He–H2O plasma treated
PEN is aging twice as fast as the He–O2 plasma treated PEN. The
WCA curve representing the aging of the He–H2O plasma treated surfaces did not reach a saturation plateau as seen for those treated
under He–O2 plasma. This observation might be an indication of a
more crosslinked surface in the case of He–O2 modiﬁed polymers,
where the grafted oxygen groups remain on the surface and do not
have the mobility to move towards the polymer bulk thus affecting
the surface hydrophilicity. It is important to note that during this
aging study, the WCA never reached the as-received value. Also, the
WCA measurements for the He–H2O plasma treated PEN always
remained lower than that of the He–O2 plasma treated PEN.

Table 1
PEN surface energies before and after plasma treatment. Experimental conditions for
He–O2 treatments: 0.5% O2 in He, power density: 0.94 W/cm2. He–H2O treatments:
water vapor mass fraction in the gas mixture was 65.2 mg g− 1, power density:
1.04 W/cm2.
Conditions

Time (s)

γp (mJ/m2)

γd (mJ/m2)

γs (mJ/m2)

As-received PEN
He–O2 plasma treated
He–H2O plasma treated

0
13.5
6.75

12.9
32.0
48.3

38.0
36.7
24.0

50.9
68.7
72.3

Fig. 6. Water contact angle (WCA) data as a function of aging of the PEN surface exposure to He–O2 plasma and He–H2O plasma. Experimental conditions for He–O2 treatments: 0.5% O2 in He, power density: 0.94 W/cm2 and He–H2O treatments: water
vapor mass fraction in the gas mixture was 65.2 mg g− 1, power density: 1.04 W/cm2.
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Table 2
Deconvolution of the C 1s and O 1s peaks from XPS for as-received and plasma treated
PEN (see Table 1 for experimental details).
Plasma

–
He–O2
He–H2O

Exposure
Time (s)

C 1s
(%)

O 1s
(%)

C/
O

Peak number/peak fraction (%)
C1

C2

C3

C4

C5

O1

O2

0
13.5
6.8

82.5
77.2
75.7

17.5
22.8
24.3

4.7
3.4
3.1

70.9
66.4
66.5

15.6
13.3
9.5

13.4
13.8
15.0

–
4.4
7.8

–
2.2
1.2

43.0
32.7
37.4

57.0
67.3
62.6

To further investigate the surface chemical modiﬁcation due to the
plasma exposure and interpret the WCA results, a thorough XPS study
was conducted. The profound increase of the oxygen surface concentration after helium–oxygen and helium–water vapor DBD treatment
was expected as both plasma environments contain a plethora of
oxygen-based species, mainly atomic oxygen and hydroxyl radicals,
respectively. The oxidation of the plasma modiﬁed surface is
expressed through the C/O ratios which decrease from 4.71 to 3.38
and 3.12 for He–O2 and He–H2O plasma treatments, respectively
(see Table 2). It is believed that these oxygen-based polar groups
that are grafted on the treated PEN surface are responsible for the
wettability improvement and the signiﬁcant increase of the polar
component of the surface free energy after plasma exposure.
Also, a conversion of the C_O to C\O bonding state was observed
from the analysis of the O 1s spectra, as seen in Fig. 7. In Fig. 7(a) the
two components appearing at 532 eV and 533.6 eV seem to contribute at an area ratio of 1:1.3 while the ratios change after the He–O2
and He–H2O treatments to 1:2 and 1:1.7, respectively as shown in
Fig. 7(b) and (c). This conversion can be explained through the interactions of the PEN surface with helium and speciﬁcally the helium
metastables, as well as with oxygen atoms or OH radicals, that participate in energy transfer reactions leading to chain scission, bond
breakage and surface functionalization.
The C 1s spectra for as-received PEN, He–O2 treated PEN, and He–
H2O treated PEN are compared in Fig. 8. The spectrum of the pristine
ﬁlm was deconvoluted into three peaks, as seen in Fig. 8(a): C1

Fig. 7. XPS spectra of the O 1s peak for PEN (a) as-received, (b) He–O2 plasma treated
for 13.5 s, and (c) He–H2O plasma treated for 6.75 s. Experimental conditions for He–
O2 treatments: 0.5% O2 in He, power density: 0.94 W/cm2 and He–H2O treatments:
water vapor mass fraction in the gas mixture was 65.2 mg g− 1, power density:
1.04 W/cm2.
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aromatic carbon peak at 285.0 eV, C2 ethylene carbon peak at
286.7 eV, and C3 ester peak at 289.0 eV according to the literature
[20,21]. However, the analysis of the carbon peaks after plasma treatment required the involvement of new components. These spectra
(Fig. 8(b), (c)) exhibit a longer “tail” compared to that obtained from
the analysis of the as-received PEN at high binding energies extending
the spectrum to 291 eV allowing the addition of peak C5. Also, the
symmetric bell curve structure of C2 appears to be distorted and that
was attributed to the contribution of a new type of functionality located at 287.5 eV (C4). This new component was assigned as an O\C\O/
C_O group resulting from chain scission of the PEN backbone through
the abstraction of the ethoxy terminal group and/or the oxidation of
the aromatic carbons and the ethylene group after hydrogen removal.
The aromatic carbon peak decreased by 4.56% and 4.44% for He–O2
and He–H2O plasma treated PEN, respectively, in agreement with our
prior observations reported in Rodriguez-Santiago et al. for helium–
water vapor treatment of polyethylene terephthalate [19]. Component C2 followed a similar trend as expected (Table 2), as C\C and
C\H have the lowest bond strength of all the groups present in the
PEN structure. During the plasma process, the hydrogen atoms on
the ethylene and aromatic carbons are replaced with oxygen functionalities. Helium plasma is responsible for the abstraction of hydrogen atoms and the breaking of C\C bonds. This leads to the formation
of active sites available to react with the radicals present in the plasma bulk as mentioned above and results in the grafting of new C\OH
and C\O groups. Also, the role of helium is to promote the formation
of cross links between side chains, a phenomenon reported in the literature [22] as CASING (crosslinking via activated species of inert
gases). The O\C_O group C3 does not appear to change drastically
after the plasma exposure proving its stability and higher energy requirements to cause bond disruption. However, it can be assumed
that the new O\C\O/C_O and OH\C_O groups are grafted due
to the He–O2 and He–H2O plasmas and are assigned to C4 and C5.
The morphology of the untreated and plasma modiﬁed PEN
obtained from AFM studies is shown in Fig. 9. The features on the surface are about 2 μm wide and 200 nm tall and they are found over the
entire as-received sample (Fig. 9(a)). The root mean square (rms)
roughness for the untreated PEN is 13.3 ± 1.0 nm. Fig. 9(b), (c), (d),

Fig. 8. XPS spectra of the C 1s peak for PEN (a) as-received, (b) He–O2 plasma treated,
and (c) He–H2O plasma treated. The structure of PEN is shown in the inset (experimental conditions same as those listed in Fig. 7).
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the overall improvement of the surface wettability of plasma modiﬁed
PEN is due to the oxidation of the surface and not due to the increased
surface roughness.
3.2. Inkjet printing of PEDOT:PSS
Inkjet printing of PEDOT:PSS was done on three different types of
PEN samples: untreated samples, He–O2 plasma treated samples, and
He–H2O plasma treated samples. The conditions for the He–O2 plasma treated PEN were chosen to be 0.5% oxygen in helium, a power
density of 0.94 W/cm 2, and exposure time of 13.5 s. The conditions
for the He–H2O plasma treated PEN were chosen to be a power density of 1.04 W/cm 2 and exposure time of 6.75 s. These conditions
resulted in the lowest water contact angle and the maximum surface
energy, as presented in Section 3.1. Since aging of the samples does
occur, the printing was done within 24 h of plasma treatment. The interaction between the different PEN surfaces and a single drop of
PEDOT:PSS and printed lines of PEDOT:PSS was studied.
Fig. 10 presents the single drop study of PEDOT:PSS on the three
different types of PEN surfaces. The PEDOT:PSS particles agglomerated to the center of the drop on the untreated PEN sample due to its
low surface energy leading to continuous contact line dewetting during drop evaporation. The deposition diameter of this drop is 65 μm.
As the surface energy increases, the PEDOT:PSS particles spread

Fig. 9. AFM 3D images of (a) as-received PEN and plasma treated PEN (b) He–O2 treatment for 1.3 s, (c) He–O2 treatment for 27.0 s, (d) He–H2O treatment for 1.3 s, and (e)
He–H2O treatment for 27.0 s (same power and gas composition conditions as in Fig. 5).

and (e) shows the surface morphology of plasma treated PEN versus
treatment time. The samples treated with He–O2 plasma have an
rms roughness of 11.5 ± 0.2 nm and 16.3± 4.7 nm for short and long
exposure times, respectively. The slight increase in roughness after
27.0 s of exposure is attributed to the nano-roughness among the tall
spikes as seen in Fig. 9(b). The rms roughness for the short and long exposure to He–H2O plasma is 12.9 ± 0.1 nm and 11.8 ± 0.9 nm, respectively. After 27.0 s of exposure to He–H2O plasma, the spiked features
are etched. Overall, there is no signiﬁcant roughness change bewteen
the untreated and plasma treated PEN leading to the conclusion that

Fig. 10. SEM images of PEDOT:PSS single drops on (a) untreated PEN, (b) He–O2 plasma
treated PEN, and (c) He–H2O plasma treated PEN (experimental conditions same as
those listed in Fig. 7).
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drop spacing case on the He–H2O plasma treated sample. The instability of the PEDOT:PSS line at lower drop spacing, which causes the
bulges within the inkjet-printed line, is a result of the instantaneous
contact angle of the liquid with the substrate being greater than the
static advancing contact angle [26]. However, it can be seen that
uniform PEDOT:PSS lines can be formed on both the He–O2 and
He–H2O plasma treated substrates at different drop spacing, where
the particle deposition within the lines for the He–O2 and He–H2O
PEN substrates are different. Nonetheless, there is an optimal drop
spacing for printed lines on the He–O2 and He–H2O plasma treated
PEN surface and they are 50% and 100% of the drop diameter, respectively. Since these surfaces differ in surface energy and water
contact angle, it is expected that the optimal printing condition for
the 2 plasma chemistries (helium–oxygen and helium–water
vapor) would be different.
4. Conclusion

Fig. 11. Optical images of printed PEDOT:PSS lines versus drop spacing on (a) asreceived PEN, (b) He–O2 plasma treated PEN, and (c) He–H2O plasma treated PEN plasma treated PEN (experimental conditions same as those listed in Fig. 7).

more evenly inside the drop to eventually form a uniform deposition
on the He–H2O plasma treated PEN surface. The diameter of the drop
deposit on the He–O2 plasma treated PEN surface is also 65 μm, but
the drop spreads to 135 μm in diameter on the He–H2O plasma treated PEN. From Fig. 10(a), the PEDOT:PSS drop on as-received substrate experiences all three stages of evaporation (i.e., constant
contact area, constant contact angle, and mixed mode). In the constant contact area stage of evaporation, PEDOT:PSS ink is advected
to the pinned contact line due to the evaporatively-driven ﬂow.
Once the contact angle reaches the static receding contact angle
soon after a short constant contact area stage, the contact line starts
to recede. At the constant contact angle stage, drop evaporation occurs uniformly along the liquid–vapor interface and the contact area
of the drop decreases linearly with time [23]. The lack of long outward evaporative ﬂow regime increases the PEDOT:PSS volume fraction inside the evaporative drop which increases the aggregation of
PEDOT:PSS. The receding liquid–vapor interface forces these aggregations toward the center of the drop [24]. In Fig. 10(b), it can be seen
that due to the aggregation of PEDOT:PSS near the contact line during
constant contact area creates a “coffee ring” deposition on the He–O2
plasma treated PEN substrate [25]. Here, improved wettability of the
substrate restricts the receding of the contact line and limits aggregation of PEDOT:PSS compared to the as-received PEN substrate. In
Fig. 10(c), the He–H2O plasma treated PEN substrate has a lower
WCA which results in more spreading of the drop and restricts evaporation to only the constant contact area stage. Here, the lack of receding of the liquid–vapor interface restricts the formation of
PEDOT:PSS aggregates. Overall, the increased surface energy reduced
agglomeration of the PEDOT:PSS.
The effects of varied drop spacing on inkjet-printed PEDOT:PSS
lines were examined. The as-received PEN sample does not allow
for the formation of a connected uniform line but only allows for
the deposition of isolated drops that get signiﬁcantly larger as the
drop spacing decreases (see Fig. 11(a)). This is a result of the asreceived PEN having a high water contact angle, which will result
in a high advancing contact angle and a receding contact angle
that cannot be neglected. In Fig. 11(b) and (c), the He–O2 and He–
H2O plasma treated PEN samples show a large liquid instability at
low drop spacing. This instability is reduced and a stable line deposition is produced as the drop spacing increases. However, if this
drop spacing is too large then the uniform line starts to show a scalloped shape [10], which can be seen in Fig. 11(c) for the 125% of

Atmospheric pressure helium–oxygen and helium–water vapor
plasma chemically modiﬁed the surface of PEN promoting the formation of well-deﬁned and uniform printed PEDOT:PSS lines. The total
WCA decrease was 68% and 85% for He–O2 and He–H2O plasma treated PEN, respectively, which is attributed to oxidation of the surface
and not increased surface roughness. This signiﬁcant decrease in
WCA was observed for plasma treatments of only fractions of a second to a few seconds. After He–O2 plasma treatment, the surface energy of PEN increased by 35%. The surface energy of PEN increased by
42% after He–H2O plasma treatment. This resulted in a signiﬁcant
change in the polar and dispersive components. XPS results conﬁrm
the oxidation of the PEN surface upon plasma treatment and show
addition of new O\C\O and OH\C_O groups on the surface of plasma treated PEN. Aging of the newly functionalized PEN surface occurs. He–H2O plasma treated PEN ages twice as fast as the He–O2
plasma treated PEN, but after one month the water contact angles
are still at least 30° lower than that of the untreated PEN. With this
improved wettability, continuous PEDOT:PSS lines were printed on
plasma treated PEN. Atmospheric plasma offers a more attractive
method to modify the surface energy of ﬂexible polymer substrates.
The hybrid method of atmospheric plasma processing and inkjet
printing of water based organic ink allows for an earth-friendly technique for producing conductive patterning on ﬂexible substrates for
the fabrication of light emitting diodes, thin ﬁlm photovoltaics, and
polymer electronics.
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