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ABSTRACT: This work presents the use of an ultra-low-cost
and flexible paper-based microplasma array to perform
maskless patterning of poly(ethylene oxide)-like (PEO-like)
thin films with a feature size down to submillimeter scale. In
this process, the liquid precursor was directly applied to the
paper substrate, gradually vaporized, and dissociated in the
microplasma cavity, which leads to plasma polymerization. The
FTIR and XPS spectra of the deposited film confirm the PEO-
like structures. The protein adsorption test using the
absorption of fluorescence-labeled fibrinogen conjugates on
the treated surface shows the deposited films possessed the antifouling property with decent pattern transfer fidelity defined by
the geometry of the microplasma array.
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1. INTRODUCTION

Atmospheric pressure (AP) microplasmas are plasmas ignited
at 1 atm with at least one geometric dimension equal to or less
than 1 mm. Due to the confined discharge volume, such a type
of plasmas offers a highly reactive environment in a confined
area. Additionally, with the feature of no need for expensive
vacuum facilities, AP microplasma offers a lot of possibilities
and has been widely utilized in various applications such as
photonic devices,1,2 surface modification,3−5 material deposi-
tion,6,7 and biomedical applications.8−10 Several of the above
applications involve maskless patterning on surfaces.11−16

Among AP microplasmas, various systems have been
developed, as summarized in review papers.17−21 Due to their
small size, they are especially suitable for applications where
localized reaction or treatment is desired.
Extensive effort has been made in the development of paper-

based devices due to the fact that paper substrates are cheap
and flexible and can be obtained easily. Various types of paper-
based devices have been reported, such as biochips,22,23

microfluidic devices,24,25 and electronic devices.26−29 The
development of paper-based plasma-generation devices has
created new venues toward various plasma-assisted pro-
cesses.30,31 Such plasma-generation devices serve as a cost-
effective and flexible platform for several applications such as
plasma spectroscopy and localized surface treatment. The
microstructure of paper allows for liquid storage and/or
transportation on the substrate. By integration of such a
feature and the highly localized environment of the micro-
plasmas, such a paper-based plasma generation device can be
used to perform localized thin-film deposition.
Poly(ethylene oxide) (PEO) is known as a protein-repelling

material.32,33 Such a material can protect surfaces in contact
with physiological fluids from the adsorption of biomolecules.

PEO films can be deposited using various processes, such as
chemical grafting,34,35 self-assembly,36,37 pulsed laser deposi-
tion,38 initiated chemical vapor deposition,39 and plasma-
assisted processes. Among these processes, various plasma-
assisted processes utilizing plasma polymerization with low
pressure40−43 and AP plasmas have been reported. Nisol et al.44

and Gordeev et al.45 reported a process by directly injecting the
precursor into the plasma system. Such a precursor injection
scheme has been widely employed and may require heating
elements to ensure that a sufficient amount of the precursor
vapor is injected. When surface patterning is desired, an extra
lithographic step is typically required.
In this work, we present a paper-based microplasma-

generation device that creates a discharge array for maskless
patterning of PEO-like films with a spatial resolution down to
submillimeter scale without the need for extra bubbling or
heating systems. The precursor, tetraglyme, was adsorbed in the
paper substrate, gradually vaporized, and reacted with the
microplasma for plasma polymerization occurring in designated
locations. The microplasma was diagnosed optically and
electrically. PEO-like films were characterized by FTIR and
XPS. The antifouling behavior was examined with the
absorption of Alexa Fluor 546-conjugated fibrinogen on the
designated locations.

2. EXPERIMENTAL PROCEDURE
The paper-based microdischarge array device has been demonstrated
and described previously.31 In brief, it consists of paper-based ground
and powered electrodes and a dielectric barrier between the two
electrodes. The ground electrode was made of paper coated with
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conductive carbon pastes. Scotch tape was used as the dielectric layer.
The powered electrode consisted of a layer of double-sided tape
attached to the backside of the carbon-coated paper. Discharge cavities
were defined by perforations through the power electrode using a 25 G
puncher with an outer diameter of 500 μm. A device with a 4 × 4 array
was used in this work. The device is flexible itself, and the variation in
power consumption of the device is well below 10% after 100 bending
cycles on a surface with a radius of curvature of 4.5 mm. The lifetime
of this device is at least 55 min when being operated under an Ar
atmosphere with proper operating conditions. For maskless patterning
of PEO-like thin films, 15 μL of the precursor liquid (tetraglyme,
CH3O(CH2CH2O)4CH3, Aldrich, 99%) was absorbed in the paper of
the power electrode. Figure 1a shows a schematic of the device cross

section. During the PEO-like materials patterning process, a substrate
was firmly attached to the device. When the plasma was ignited, the
liquid precursor was partially vaporized, diffused into the cavities, and
reacted with plasmas. By using this device, no additional heating
source is needed to vaporize the precursor into the cavities, and the
precursor can be distributed to each cavity evenly.
Figure 1b shows a schematic of the experimental setup. A 50 kHz

sinusoidal wave with a duty cycle of 10% and a repetition frequency of
1 kHz generated by a function generator (ww1071, Tabor Electronics
Ltd.) was amplified by an amplifier (5/80, Trek) and applied to the
device. The device was placed in an ambient-controlled chamber and
was connected in series with a 910 Ω resistor (Ri) to measure the
current on the basis of Ohm’s law. To minimize the ambient gas
contamination in the patterning step, the chamber was pumped down
and then filled up with the plasma gas at a flow rate of 570 sccm before
each coating process. The voltages across the system and across Ri
were monitored by voltage probes V1 (P5100A, Tektronix) and V2
(P2221, Tektronix), respectively. The discharge voltage reported in
this work is the root-mean-square voltage across the device unless
otherwise specified. The plasma emission spectra were obtained by the
optical emission spectrometer (SP2500i, Princeton Instrument).
The deposited patterned films were analyzed by FTIR (Spectrum

100, PerkinElmer) and XPS (VG ESCA Scientific Theta Probe). Au-
coated silicon wafers were used as a substrate for samples for FTIR
and XPS analyses. An FTIR spectrometer equipped with an attenuated

total reflectance (ATR) module was used, and the resolution of the
spectra was 4 cm−1. A ZnSe crystal was used in the ATR module, and
the depth of penetration was about 2 μm at 1000 cm−1. In XPS
analyses, the samples deposited with PEO-like films were irradiated by
a monochromatic Al Kα X-ray source (1486.6 eV) with a spot size of
400 μm and a takeoff angle of 53°. For each measurement, the samples
were cleaned by an Ar ion gun for 2 s first to remove the potential
contamination.

The fouling property of the deposited PEO-like patterns was
studied using protein adsorption tests. In this test, PEO-like films were
deposited on glass substrates (plane, FEA). Alexa Fluor 546-
conjugated fibrinogen was utilized as a model reporter molecule,
and the protein solutions were prepared at a concentration of 100 μg/
mL. The patterned substrates were incubated in the protein solution
for 10 min and then washed three times with phosphate-buffered
saline (PBS) (Sigma, pH 7.4, contains 0.05% Tween 20) and once
more with PBS (Sigma, pH 7.4) to rinse off the excess adsorbed
proteins. The prepared samples were examined by a fluorescence
microscope (NikonTE2000-U).

3. EXPERIMENTAL RESULTS
The behavior of plasmas generated by the paper-based device
with and without the introduction of a liquid precursor was first
investigated. To simulate the plasma behavior during the PEO-
like thin film deposition process, the power electrode was firmly
attached to a glass substrate and a voltage of 700 V was applied
to the device. Parts a and b of Figure 2 show the voltage and
current waveforms of the plasmas ignited without and with the
introduction of the precursor, respectively. The current
waveforms show several current spikes superimposed onto
the sinusoidal displacement current. To more clearly show the
difference in the current waveforms, the detailed structures are
shown in the inset of these two figures. Such current waveforms
clearly indicate that the discharge is filamentary in nature.46,47

They clearly show that, with the introduction of a precursor
liquid, the number and amplitude of current spikes decrease,
suggesting quenching of the discharge with the addition of the
precursor vapor. The power consumptions under these two
conditions were less than 0.1 W on the basis of Lissajous
plots.48,49

The visual appearances of the devices with and without the
addition of the precursor are also shown (Figure 2c). Plasmas
were ignited in all 16 cavities of the 4 × 4 array. A weaker
visible light emission intensity was observed for the device
ignited at ambient with the addition of the precursor. Such an
observation is consistent with the current waveform measure-
ments shown above. The optical emission spectra emanating
from the plasma were also examined and are shown in Figure
2d. We observed much stronger emission line intensities for the
case without precursor addition. When the precursor is
vaporized and reacted with plasma, the excited-state species is
quenched by inelastic collisions with species generated by the
precursor molecules. In addition, a certain amount of energy is
consumed on dissociation of the precursor molecules, resulting
in a decrease in the current spike amplitude and the light
intensity.50

Figure 3 shows the visual appearances of the device ignited
with voltages of 500, 600, and 700 V. We first note that no
plasma emission was observed with an applied voltage below
400 V. With an increase in the applied voltage, ignition of the
plasmas in the cavities occurred. With an applied voltage not
sufficiently high, e.g., 500 and 600 V, plasmas were only ignited
in part of the cavities. This cavity-to-cavity emission intensity
variation is likely due to the nonuniform nature of the paste and
paper substrate, as well as the fabrication process. At an optimal

Figure 1. Schematic of the paper-based microarray system for PEO-
like thin film deposition: (a) cross-section view of the device and (b)
circuitry of the system. The schematic is not to scale.
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applied voltage of 700 V, the plasmas were stably ignited in
each cavity. A further increase in the applied voltage will lead to
undesirable breakdown and eventually damage of the device.

An increase in the frequency of the applied voltage plays the
same role as an increase in the applied voltage and is therefore
not further discussed.
Parts a and b of Figure 4 show the FTIR spectra of the

precursor and patterns deposited under different applied
voltages, respectively. The tetraglyme spectrum shows the
absorptions of the O−H stretching vibration (3200−3500
cm−1), C−H stretching vibration (2800−3000 cm−1), C−H
scissoring vibration (∼1450 cm−1), and C−O−C stretching
vibration (∼1100 cm−1), which are consistent with those
reported in the literature.44 The patterns of the films deposited
at voltages ranging from 500 to 700 V after 10 min of
deposition were examined by FTIR analyses. This analysis was
performed at a selective area where plasma polymerization
occurs. The results show stronger absorption peaks with an
applied voltage of 700 V. The peak intensities decrease with the
applied voltage. Under 500 V of applied voltage, rather weak
absorption peaks were observed. At a lower operating voltage,
the lower plasma density leads to a lower deposition rate, which
leads to the formation of a much thinner film thickness. By
comparing the spectra of the sample deposited at 700 V and
tetraglyme, we found good retention of the C−O−C stretching
vibration at 1100 cm−1, suggesting the functionality is retained
and the antifouling property is therefore expected.51,52 An
additional CO peak at 1730 cm−1 was observed, and it was
attributed to the destruction and rearrangement of the
backbone of the precursor.
The elemental composition and chemical environments of

deposited PEO-like thin films were further examined by XPS.
The patterned thin films to be characterized were deposited on
a Au-coated Si wafer for 150 s. To demonstrate that the
patterns were deposited only on designated regions, namely,
the location where discharges occurred, XPS survey scan
spectra of the sample on deposition and nondeposition regions

Figure 2. Current and voltage waveforms of the plasmas ignited (a) without and (b) with the introduction of the precursor. (c) Visual appearances
and (d) optical emission spectra under with- and without-precursor conditions. The plasmas were ignited at 700 V.

Figure 3. Visual appearances of the devices at different applied
voltages.
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were acquired. Figure 5 shows the survey scan of the deposition
and nondeposition regions. On the deposition region, the

carbon and oxygen peaks dominate the spectrum, and the
intensity ratio of carbon to gold is 8.15, while the C/Au ratio is
0.12 on the nondeposition region. This clearly shows that
plasma polymerization occurs in the designated areas. The
probing depth of the XPS analysis is several nanometers near
the surface with an X-ray spot size of 400 μm. The Au signal on
the deposition region can come from the vicinity of the
nondeposition region due to slight misalignment of the

patterned area. The results suggest the capability of surface
patterning of the device without the need for additional masks.
Figure 6 shows the detailed carbon scan of the samples

deposited under various applied voltages. The C peaks were

deconvoluted into four components at 284.8 eV (C−C/C−H
groups), 286.5 eV (C−O groups), 288 eV (CO/O−C−O
groups), and 289.5 eV (COOH/COOR groups).44 The C−O
peak at 286.5 eV is the typical bonding of PEO, and the relative
abundance indicates the retention of the functionality after the
polymerization process. The presence of CO/O−C−O
groups and COOH/COOR groups is attributed to the
dissociation of the precursor molecules by the plasmas,
indicating a certain degree of destruction of precursor
molecules. This figure shows that, with an increase in the
applied voltage, the percentages of CO/O−C−O and
COOH/COOR bonding increase. This effect can be explained
by a higher plasma density at higher applied voltage, increasing
the degree of dissociation of the precursor molecules, as
reported in the literature.40,44,52

The antifouling property of the deposited films was examined
by using Alexa Fluor 546-conjugated fibrinogen as model
molecules. On the regions deposited with PEO-like thin films,
the thin film hindered the adsorption of fibrinogen molecules,
resulting in the dark regions in the image, while the rest of the
regions were covered by fluorescently labeled fibrinogen
conjugates and displayed red color in the fluorescence
microscope. Figure 7 shows the visual appearances of the
device when the plasma is ignited and corresponding
fluorescence images of the sample processed at 600 and 700
V after the maskless patterning of PEO-like films. Since
obtaining the mirror-reflected patterns is the feature of this
patterning method, the mirrored images of the fluorescence
microscope images are presented. Under the optimal
conditions (700 V), they show clear contrast between 4 × 4
black array and red areas. Under 600 V, only a portion of the 4
× 4 spots exhibit the antifouling property since plasmas were
not ignited in every cavity under this applied voltage. The size

Figure 4. FTIR spectra of (a) tetraglyme and (b) the deposited films
at different applied voltages.

Figure 5. XPS survey scan spectra of (a, top) deposition and (b,
bottom) nondeposition regions of the sample prepared at 700 V.

Figure 6. XPS C 1s high-resolution scan spectra of the deposited films
prepared under different applied voltages.
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of the antifouling spots is somewhat larger than that of the
discharge region. This is due to the lateral diffusion of the
species during the process. We note that the shape and size of
the antifouling spots are not as clearly defined as those shown
in the literature.53 This is a result of the nonuniform nature of
this ultra-low-cost plasma-generation device.

4. CONCLUSION
An ultra-low-cost and flexible paper-based array microplasma-
generation device was used to perform the patterning of PEO-
like thin films. This is a maskless surface patterning process. In
this process, a precursor liquid was absorbed in the paper
substrates and vaporized to react with plasmas during the
polymerization process. The FTIR and XPS spectra of the
deposited films show good retention of ether structures during
the polymerization process. To examine the antifouling
property, the protein adsorption test was performed. The
fluorescence image shows contrast between the regions with
and without deposition, and the pattern follows the geometry
on the electrode. Submillimeter feature sizes can be obtained
using this process.
We note that several state-of-the-art techniques such as

lithographic, laser-assisted, and nanoimprinting processes are
able to perform surface patterning with better patterning spatial
resolution. These techniques, however, require sophisticated
equipment and/or complicated operating procedures. The
intention of this work was to present a facile and cost-effective
method for patterning submillimeter features. This technique is
able to perform maskless patterning with an ultra-low-cost
device (composed of paper, tape, and carbon paste) within one
step. The desired patterns can be transferred to the substrates
in a very simple manner. Furthermore, by utilizing the capillary
phenomena of paper fibers, this process is capable of handling a
liquid precursor without the need for additional heater or
bubbler systems. This process is flexible in two senses: first, the
paper-based device itself is flexible; second, this device can be
fabricated into arbitrary shapes to fit the need of various

applications. Such ultra-low-cost and flexible features allow the
utilization of such a device in various applications.
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