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Surface treatment of a polyethylene naphthalate (PEN) film by atmospheric pulsed
microplasma with humid Ar gas was experimentally investigated. A Marx generator
with metal-oxide semiconductor field-effect transistor (MOSFET) switches that
generates negative pulses was used for generating microplasma. Hydrophilization was
estimated by measuring contact angle before and after the microplasma surface
treatment by a remote process. The initial contact angle was about 76°. The minimum
contact angle of about 20° was obtained after a treatment, a discharge voltage of -1.3 kV
negative pulse, a frequency of 24 kHz, a gas relative humidity of about 60%. Analysis
by X-ray photoelectron spectroscopy (XPS) showed a decrease in the C 1s peak
corresponding to the C-H bond or C-C bond, and increases in the O 1s peaks
corresponding to the C=O bond or O-H bond.
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1. Introduction

Polymer materials have a wide field of applications, for example, in food industry,
medical equipment, electronic components, and information technology industry. The
surface of polymer materials is chemically stable, but this characteristic makes it
difficult to paint on it or to adhere for practical usage. Plasma treatment has been
studied to modify polymer surface characteristics1-7). Introduction of hydrophilic
functional groups on the polymer surface is an important factor for the improvement of
hydrophilic property; therefore, a chemically reactive gas such as O2 8), acetic acid 9),
acrylic acid 10), or water vapor 11) was used as a discharge gas in surface treatment. Also,
gas humidity effect for polymer film surface treatment was investigated 12).
A polyethylene naphthalate (PEN) film was used as a target material in this study. PEN
has superior mechanical, chemical, and electrical properties among polymers

13)

.

Therefore, the PEN film has a wide field of applications such as magnetic recording
tapes for computers, capacitors and artificial skin.
For industrial applications, a plasma process in atmospheric pressure is desired to
minimize the cost and process time. The microplasma studied in our group is
atmospheric pressure non-thermal plasma, which requires a relatively low discharge
voltage. Atmospheric microplasma is a type of dielectric barrier discharge.
2

The remote microplasma method, which we propose to be applied for the treatment of
PEN film, removes the probability of damaging the exposed polymer by the formation
of micro discharges; thus, the film will be exposed only to various active species 14). The
discharge gap is set to an order of micrometers, which is extremely low, enabling the
plasma to start at discharge voltage of approximately 1 kV.
In this study, the surface treatment of a PEN film was experimentally investigated using
pulsed atmospheric microplasma with humid Ar gas compared with dry Ar gas.

2.

Experimental Method

2.1 Microplasma electrodes
A schematic image of the microplasma electrodes and surface treatment of the PEN film
is presented in Fig. 1. The electrodes have holes with a diameter of 1.1 mm for the gas
to flow. The metallic electrodes used were covered with a dielectric layer. The
electrodes were placed facing each other with a spacer (thickness 100 µm) in between.
Owing to small discharge gaps (0-100) µm and to the assumed specific dielectric
constant of εr = 104, a high-intensity electric field (107-108 V/m) could be obtained with
a relatively low discharge voltage of approximately 1 kV. Streamers were generated
between the electrodes, which generate various radicals and ions that could affect a
target surface 15, 16).
3

2.2 Marx generator
The Marx generator with MOSFET switches, which generates a negative pulse was
used for generating microplasma at atmospheric pressure. Figure 2 shows a Marx
generator circuit for an experiment. When the MOSFET switches (Tr2) are opened, the
capacitors linked in the parallel connection are charged at a given voltage VDC. By
turning on the switches, the capacitors discharge in a series connection. The output
voltage is VDC multiplied by the number of capacitors 17).
An experimental Marx generator with MOSFET switches was developed as a highvoltage supply generating microplasma. It has an output voltage of up to -2.0 kV peak
(negative pulse; rise time, 40 ns; pulse width, 3 μs; frequencies, 8-24 kHz).
Figure 3 shows the discharge voltage and discharge current waveforms at a discharge
voltage of -1.3 kV and a discharge current of -2 A. Discharge current was observed at
the rising part of discharge voltage. The discharge voltage and the corresponding
discharge current were measured using a high-voltage probe (Tektronix P6015), a
current probe (Tektronix P6022) and a digital oscilloscope (Tektronix TDS2024B).

2.3 Experimental setup
The experimental setup for surface treatment is presented in Fig. 4.

4

Ar gas was supplied from a gas cylinder as a process gas. Control of the gas humidity
was performed by mixing dry Ar gas with humid Ar gas that passed through distilled
water (an electric conductivity of 0.67 µS/cm). The humidity of process gas was
changed from 0 to 60% relative humidity (RH) at room temperature and measured at the
gas outlet of electrodes by a hygrometer. The contact angle of the water droplet on the
PEN film was measured by a contact angle meter (Kyowa PCA-1). Chemical bonds
after microplasma treatment were analyzed by X-ray photoelectron spectroscopy (XPS;
Shimadzu ESCA-3400).
The emission spectra were measured using an intensified charge coupled device (ICCD)
camera

(Ryoshi

giken

SMCP-ICCD

1024

HAM-NDS/UV),

a

spectrometer

(Ryoshi-giken VIS 351), and a photomultiplier tube (Hamamatsu Photonics R3896). A
pulse generator (Tektronix AFG 3102) was used to trigger the Marx generator consisting
of semiconductor switches and the ICCD camera. The obtained data were transferred to
a computer (Fig. 5).

3.

Results and Discussion

3.1 Contact angle measurement
Surface wettability was evaluated by measuring static contact angle with a drop of
distilled water on the sample PEN film surface. The contact angle was calculated by the
5

θ/2 method. A change in contact angle was observed; the angle considerably decreased
after 5 s of treatment using Ar with water vapor (60% RH), as shown in Fig. 6.
Figure 7 shows contact angle versus discharge voltage and discharge power at a
frequency of 24 kHz, a distance of 1 mm between the electrode and the PEN film, a
treatment time of 5 s and gas flow rate of 5 L/min.
The power was calculated using the following equation:

∫

P = f V ⋅ Idt

(1)

The energy consumption per pulse was about 92 µJ at a discharge voltage of -1.3 kV.
The energy consumption contained loss of displacement current and loss of pulse power
supply. A decrease in contact angle was observed with the increases in discharge voltage
and discharge power.
Figure 8 shows the gas humidity dependence of surface treatment at a discharge voltage
of -1.3 kV and treatment time of 5 s.
A decrease in contact angle was observed with the increase in process gas humidity. A
contact angle of about 20° was obtained at a process gas humidity of about 60% RH and
a decrease of 10° was obtained at a process gas humidity of 0% RH.
Figure 9 shows the relationship between contact angle and treatment time, at a discharge
voltage of -1.3 kV and gas humidities of 0% RH and about 60% RH.
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The initial contact angle of the PEN film was about 76°. A decrease in contact angle was
observed with the increase in treatment time. Also, we observed that using humid Ar
plasma was more effective than using dry Ar plasma for surface treatment.Under both
conditions, contact angle change was saturated at a treatment time of 5 s.

3.2 Emission spectroscopy
A higher humidity leads to an improvement of PEN film wettability. That could be
explained by the role of OH radicals in the process. Figures 10 and 11 show the
emission spectra of dry Ar plasma and humid Ar plasma, respectively at a gas humidity
of about 60% RH.
Figure 10 shows the intensity of excited Ar atoms generated by electron collision 18).
The decrease in excited Ar atom peaks was observed by humidification of Ar gas.
The presence of OH radicals was observed in dry Ar plasma and humid Ar plasma (Fig.
11) in accordance with reactions (2) and (3) of spontaneous emission.

Ar*(4p) + H2O → Ar (3p) + OH(A2Σ+) + H

(2)

OH(A2Σ+) → OH(X2Π) + hυ
spontaneous emission (3)
7

The intensity of OH radicals and excited Ar atoms was higher for dry Ar but the effect
on the PEN film was stronger at a high humidity. In dry Ar, the emission of OH is
attributed to the presence of water vapor in the reactor. According to Hilbert et al, 19) the
intensity of OH(A2Σ+) emission increases as a function of water concentration up to
2000 ppm (=6.4% RH at 295 K) after which it starts to decrease because of the
quenching effect of water (4):

OH(A2Σ+) + H2O →OH(X2Π) + H2O

(4)

The same authors 19) measured the density of OH(X2Π) and they concluded that it is
increasing with the increase in water density up to the saturation. Thus, a stronger effect
on the PEN film surface at higher humidity is attributed to an increased density of
OH(X2Π) regardless of reaction (3).

3.3 XPS analysis
Chemical bonds on the surface of the PEN film was analyzed by XPS. The untreated
sample and treated samples, which were exposed to microplasma at a discharge voltage
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of -1.3 kV, a frequency of 24 kHz, a distance of 1 mm between the electrode and the
PEN film, a gas flow rate of 5 L/min, a treatment time of 5 s, and gas humidities of 0%
and about 60% was analyzed.
Table I shows the elemental composition obtained using XPS of the PEN surface. The
PEN surface is mainly composed of carbon and oxygen. We confirmed that the O/C
ratio was increased by microplasma treatment.
Figure 12 shows C 1s peaks of the PEN surface. The decrease in the C 1s peak at 285
eV

20,21)

, which corresponds to the C-H or C-C bond was measured after microplasma

treatment.
Figure 13 shows the O 1s peaks of the PEN surface. The increases in the O 1s peaks
corresponding to the O-H bond (534 eV) and O=C bond (532 eV)

22-24)

, which are

hydrophilic functional groups, were measured after microplasma treatment.
This could be the result of the excited Ar atoms responsible for attacking the C-H or
C-C bond leading to the production of carbon radicals. These radicals could react with
oxygen and water vapor in ambient air resulting in the incorporation of oxygen
functional groups. The wettability of the PEN surface was improved by these reactions
25)

.

The peaks of the oxygen functional group after humid Ar treatment were higher than the
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peaks of oxygen functional group after dry Ar treatment. This could be explained by the
effect of the reactions of OH(X2Π) and water vapors in the process gas. Water vapor on
the PEN surface could be again reacted with the excited Ar atoms to produce OH(A2Σ+)
radicals.
4.

Conclusions

The following conclusions were obtained from the series of experiments by atmospheric
microplasma treatment.
(1) The surface of the PEN film was modified by pulsed powered atmospheric
microplasma.
(2) A contact angle of about 21° was obtained at a discharge voltage of – 1.3 kV, a
frequency of 24 kHz, a treatment time of 5 s with about 60% RH.
(3) Humid Ar plasma was more effective than dry Ar plasma for improving the
hydrophilic property of the PEN film surface.
(4) XPS of the surface of the PEN film showed a decrease in the C 1s peak
corresponding to the C-H or C-C bond and increases in the O 1s peaks
corresponding to the O=C bond and O-H bond as a result of active species and
radicals generated by microplasma.
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Fig. 1 Schematic image of microplasma electrodes.
Fig. 2 Marx generator circuit.
Fig. 3 Discharge voltage and discharge current waveforms.
Fig. 4 Experimental setup for surface treatment.
Fig. 5 Experimental setup for emission spectroscopy analysis.
Fig. 6 Image of contact angle of a waterdrop on PEN film.
Fig. 7 Contact angle versus discharge voltage and discharge power.
Fig. 8 Contact angle as a function of process gas humidity.
Fig. 9 Relationship between contact angle and treatment time.
Fig. 10 Emission spectrum of excited Ar atoms.
Fig. 11 Emission spectrum of OH radical.
Fig. 12 C1s peaks of PEN films analyzed by XPS.
Fig. 13 O1s peaks of PEN films analyzed by XPS.
Table I Elemental composition on the PEN surface.
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Fig. 1 Schematic image of microplasma electrodes.
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Fig. 2 Marx generator circuit.

16

GND

GND

(a) Time axis: 1.0 µs
GND

GND

(b) Time axis: 100ns

Fig. 3 Discharge voltage and discharge current waveforms.
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Fig. 4 Experimental setup for surface treatment.
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Fig. 5 Experimental setup for emission spectroscopy analysis.
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(b) After microplasma treatment
(5 s).

(a) Before microplasma treatment.

76°

21°

Fig. 6 Image of contact angle of a waterdrop on PEN film.
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Fig. 7 Contact angle versus discharge voltage and discharge power.
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Fig. 8 Contact angle as a function of process gas humidity.
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Fig. 9 Relationship between contact angle and treatment time.
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Fig. 10 Emission spectrum of excited Ar atoms.
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Fig. 11 Emission spectrum of OH radical.
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Fig. 12 C1s peaks of PEN films analyzed by XPS.
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Fig. 13 O1s peaks of PEN films analyzed by XPS.
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Table I Elemental composition on the PEN surface.

Atomic
concentration

O/C

(%)

ratio

Sample
C

O

Untreated

77.61

22.13

0.29

Treated with dry Ar

70.79

28.60

0.40

Treated with humid Ar

68.03

31.63

0.46
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