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Atmospheric pressure plasma jet shows great potential for polymer film processing. The electrode geometry is the
key factor to determine discharge characteristics and film modification of jets. In this paper, we compared the discharge
characteristics and the film modifications of atmospheric pressure plasma jets with needle-ring electrode (NRE) and double-
ring electrode (DRE). The results show that jet with NRE has stronger electric field intensity and higher discharge power,
making it present more reactive oxygen particles and higher electron temperature, but its discharge stability is insufficient.
In contrast, the jet with DRE has uniform electric field distribution of lower field intensity, which allows it to maintain
stable discharge over a wide range of applied voltages. Besides, the modification results show that the treatment efficiency
of PET film by NRE is higher than that by DRE. These results provide a suitable atmospheric pressure plasma jets device

selection scheme for polymer film processing process.

Keywords: atmospheric pressure plasma jet, electrode structure, jet characteristics, modification
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1. Introduction

In recent years, atmospheric pressure plasma jets (APPJ)
have garnered significant attention in materials processing,
owing to their pivotal role in material surface modification,
etching, and film deposition.!'-'% Li e al. %] investigated
mechanisms of APPJ plume formation and morphology tran-
sition by electrical and spectral measurements as well as fast
photography. An APPJ can generate a plasma plume that prop-
agates away from the confinement of electrodes and into the
ambient atmosphere. Abundant active species in the plasma
plume can therefore be delivered to a location separated from
the plasma generation zone. Compared to conventional plasma
technology, atmospheric pressure plasma boasts of simple
equipment, low power consumption, and the ability to op-

ULIZL APPJ overcomes

erate stably at atmospheric pressure.
the discharge gap limitations of plate dielectric barrier dis-
charge plasma and generates a large number of active parti-
cles, such as ions, electrons, and free radicals, in open space.
These particles treat material surfaces directly without special
requirements.'?! Therefore, APPJ exhibits great potential for
application in the field of polymer film processing. The unique
characteristics of APPJ highlight its significance in materials
processing, making it a viable candidate for further research

and development.

fCorresponding author. E-mail: wangxingquan@gnnu.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd
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Polyethylene terephthalate (PET) film is a thin, light, and
flexible polymer film widely used in the fields of electron-
ics and medical applications due to its excellent electrical in-
sulation, physical and mechanical properties. However, the
low surface energy of PET films leads to unsatisfactory hy-
drophilicity, adhesion, and printability in industrial applica-
tions. Therefore, surface modification is often required to in-
crease the surface free energy of PET films while maintaining
their other properties, in order to improve their hydrophilicity
and adhesion.[1314]

Polymer films are commonly used in various applications,
and surface modification is often necessary to improve their
properties. APPJ sources have been widely used for this pur-
pose, with different types of devices available based on the
electrode structure. The most common ones include single-rod
46,10.17] ginole-
ring,"® and double-ring.!>7%191 APPJ devices, all of which
have been used by researchers for surface modification of

electrode, 11-12:15.16] rod-ring (or needle—ring),l

polymer films. For example, Chen et al. used a double-
ring APPJ device to enhance the surface electrical strength of
epoxy resin samples by ionizing a mixture of He/CFy gas.!!]
Zhou et al. used a homemade rod-ring APPJ device to opti-
mize the cell adhesion and proliferation ability on the surface

of poly (L-lactic acid) fiber membranes.*! Baniya er al. used
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a double-ring APPJ device for polypropylene material to im-
prove its hydrophilicity.®) However, there are differences in
the discharge mechanism and the characteristics of the plasma
jets generated by these devices due to their different electrode
structures, leading to variations in the treatment results. There-
fore, it is crucial to select the appropriate APPJ device for sur-
face modification according to different needs in polymer film
processing applications. This distinction is more conducive
to the development of electronics and medical applications in
related fields. Therefore, it is essential to explore the treat-
ment effect and applicable scenarios of different types of APPJ
sources.

In this paper, two types of devices with different electrode
structures were used to generate APPJ, which were the needle-
ring electrode (NRE) and the double-ring electrode (DRE).
Furtherly, the effects of different electrode structures on the
jet were investigated by electrical characteristics, optical char-
acteristics, and electron excitation temperature. The discharge
intensity of APPJ source is usually judged by electrical char-
acteristics, including excitation voltage, current spike, and dis-
sipated power. Optical characteristics include optical emission
spectrum and spectral intensity analysis, which are used to re-
veal the presence of reactive species and the variation of spec-
tral intensity in APPJ. Then, the effect of two types of APPJ
on the surface modification of PET films was also investigated.
Lastly, this paper explored the discharge mechanism of differ-
ent electrode structures, and provided a suitable APPJ device
selection scheme for polymer film processing process.

2. Experimental setup and diagnostic methods
2.1. APP]J source

Two self-developed APPJ devices shown in Fig. 1 were
used in the experiments. The electrode of NRE consists of
a stainless-steel capillary needle with an inner diameter of
0.24 mm and an outer diameter of 0.46 mm and a copper
ring with a thickness of 0.1 mm and a width of 5 mm. The
stainless-steel capillary needle is used as the high-voltage elec-
trode, while the copper ring is wrapped around the outer wall
of a quartz glass tube with an inner diameter of 0.5 mm and
an outer diameter of 1 mm as the grounded electrode. The
distance of the high-voltage electrode and the grounded elec-
trode from the quartz glass tube nozzle are 18 mm and 3 mm,
respectively, as shown in Fig. 1(a). The DRE consists of a
high-voltage electrode copper ring, a grounded electrode cop-
per ring, and a quartz glass tube as shown in Fig. 1(b). It is
worth noting that the dimensions of both the copper ring and
the quartz glass tube of DRE are the same as those of the NRE,
and the distances between the two electrodes and the nozzle
are also the same as the former. The position of collecting op-
tical emission for OES measurements is located at the center

point between the two electrodes, as shown in Fig. 1.

inl
(a) Gas inlet (b) ¢ Gas inlet

| Stainless steel
electrode

ptical emission
collection

Copper electrode
.—— Plasma jet —

Fig. 1. Schematic diagrams of experimental setup with (a) needle-ring
electrode (NRE) structure and (b) double-ring electrode (DRE) structure.

2.2. Diagnostic methods

In the experiments, argon (Ar, 99.99%) gas and oxygen
(02, 99.99%) gas were used as working gases. Among them,
the adjustable flow rate ranges of Ar and O, are 0-2 standard
litre per minute (slm) and 0—100 standard cubic centimeter per
minute (sccm), separately. The driving power supply of the
APP]J adopts the high frequency plasma power supply (CTP-
2000K; Nanjing Suman Electronics Co., Ltd.) with an output
voltage range of 0 kV-30 kV and a frequency adjustment range
of 5 kHz-20 kHz.

The applied voltage and discharge current of the jets were
measured using a 1:1000 high-voltage probe (P6015A; Tek-
tronix Inc.) and a current probe (P6021; Tektronix Inc.),
respectively. The discharge waveforms were displayed and
recorded by a digital oscilloscope (TDS2024C; Tektronix
Inc.). The Lissajous plot method was used to measure the dis-
sipated power with a capacitance of 10 nF, and the dissipated

power was calculated according to the following equation:!%]

P=fx /(t)l(t)dt, (1)

where f is the discharge frequency, V(¢) and I(¢) are the volt-
age and the current of the discharge. In order to ensure the ac-
curacy of the results, the average value was calculated from the
results of multiple experiments to obtain the dissipated power.
The optical emission spectra were collected using a spectrom-
eter (SE2030-010-FUV; OTO Photonic Inc.) with a spectral
wavelength range of 180 nm—850 nm. In addition, a contact
angle meter (JY-PHb) was used to detect the water contact an-
gle (WCA) on the polymer film surface. A drop of water with
the volume of 2 pL. was employed at the center of the treated
regions, and the affinity of the drop to the film surface was
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measured by a digital camera (DLC131-L) at the fixed posi-
tion.

To investigate the impact of different electrode structures
on the initial electric field distribution of the APPJ, this study
employed physical field simulation software to establish two-
dimensional axisymmetric simulation models. The electro-
static field module was utilized to calculate and solve the ini-
tial electric fields of two APPJ devices. The simulation soft-
ware adopted the finite element method to numerically simu-
late the electrostatic field simulation region, utilizing triangu-
lar mesh as the mesh division type. The simulation method
used for the initial electric field in this study is similar to that
used in the paper by Wang et al. ¥

3. Results and discussion
3.1. Electrostatic field simulation

The longitudinal cross-sectional spatial distribution of
the initial electric fields of NRE and DRE are presented in
Figs. 2(a) and 2(b), respectively. The parameters of the elec-
trodes and quartz glass tube are the same as in Fig. 1. Set the
boundary conditions: terminal (high-voltage electrode bound-
aries) voltage Uy = 5 kV, ground (grounded electrode bound-
aries) voltage Ugouna = 0 kV, space boundaries were zero
charge. In this study, we have simplified the investigation of
electric field distribution in the plasma jet, as it is composed of
an electrostatic or Laplace electric field combined with a space
charge electric field at the jet front in actual situation.!®2%) As a
result, our simulation results solely present the initial electric
field of two different types of APPJ and not the actual elec-
tric field. Thus, the simulation results presented in this section
serve the purpose of qualitatively comparing the electrostatic
field distributions of two electrode structures under the same
conditions and providing a reference for the analysis subse-
quent experiments.

According to the simulation results as shown in Fig. 2,
the electric field amplitude of NRE is up to 16.2 kV/mm
of the plasma source, while the maximum of DRE is only
5.03 kV/mm, which shows that the maximum electric field in-
tensity of NRE is about 3.2 times that of DRE.

According to the legend in Fig. 2(a), it can be seen that
the maximum electric field intensity of NRE is located around
the tip of the high-voltage electrode. Taking the vertical coor-
dinate r = 0.23 at the tip edge point of the high-voltage elec-
trode as the reference, a line is drawn along the parallel direc-
tion of the quartz tube, and the electric field intensity along
the line inside the NRE and DRE quartz tubes are shown in
Fig. 3. Obviously, the electric field distribution between the
two electrodes of NRE is extremely non-uniform. Specifi-
cally, the electric field intensity reaches a maximum near the
tip of the high-voltage electrode, and diminishes rapidly along

the radial direction, reaching its minimum at the midpoint be-
tween the two electrodes, before rising again. In contrast, the
electric field distribution of DRE is relatively even, symmetri-
cal to the center point between the two electrodes. Although
the electric field intensity in DRE experiences a sudden change
at both edges of the electrodes, its maximum value is substan-
tially lower than that of NRE.

Electric field (kV/mm) Electric field (kV/mm)

12/(2) 7 12/P) 5
8 6 8
r r 4
4, 5 4 L
0f 0r
[ A [ 3
_4| 4t
—8F 3 —8Ft 2
—12} 2 12
r 1
—16+ 1 —16
I 0
0 10 mm 0 10 mm

Fig. 2. Simulation results of the electric filed for the APPJs with (a)
NRE and (b) DRE.
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Ground

electrode

Electric field (kV/mm)

Fig. 3. The distribution of electrical field intensity inside the quartz tube with
the red line. HV: high voltage electrode. Ground: ground electrode.

3.2. Electrical characteristics

As the applied voltage gradually increases from zero to
a specific value, a plasma jet abruptly generates within the
quartz tube. This voltage required to initiate the plasma jet
is referred to as the excitation voltage.!®! At the working gas
Ar flow rate of 500 sccm and an applied voltage frequency of
9 kHz, the excitation voltages of NRE and DRE are 4.16 kV
and 4.24 kV, respectively, as depicted in Fig. 4(a). With the in-
crease of O, flow rate from O sccm to 25 sccm, both NRE and
DRE show an increase in excitation voltage. Notably, DRE
consistently exhibits larger excitation voltages than NRE un-
der identical conditions. Oxygen is an electronegative gas that
can absorb electrons through the attachment processes to pro-
duce negative ions, leading to electron consumption within the
discharge.[3’19] Therefore, when the O, content increases dur-
ing discharge, a greater applied voltage is necessary to sup-
ply an adequate number of electrons to initiate and maintain
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the APPJ. Combined with the electrostatic field simulation re-
sults, the local electric field strength inside the NRE quartz
tube is higher than that of the DRE. As a result, the gas present
within the discharge zone of NRE tube is more prone to ioniza-
tion, which facilitates the generation of APPJ at lower voltage.
Conversely, DRE requires higher voltage due to its relatively
lower electric field intensity.

The discharge voltage and current waveforms of NRE
and DRE were shown in Figs. 4(b) and 4(c), respectively,
when pure Ar was used as the working gas at a flow rate of
500 sccm, with an applied voltage frequency of 8.5 kHz and
voltage magnitude of 6.5 kV. Notably, the current waveform
of NRE displays a single intense spike during each positive
half cycle of the applied voltage with the largest peak value
of about 432 mA, whereas DRE exhibits multiple relatively
weak but uniform and stable current spikes during each pos-
itive and negative half cycles of the applied voltage, with the
largest peak value of approximately 352 mA. This can be at-
tributed to the high-voltage electrode of NRE being exposed
inside the quartz tube and in direct contact with the plasma
during discharge, while the electrode structure of DRE is sym-
metrical, and there is a quartz dielectric layer between the elec-
trode and the plasma. Additionally, electrostatic field simula-
tion results showed that there is an intense local electric field
near the high-voltage electrode of NRE, which can provide a
large number of electrons for the ignition of the plasma. While
the electric field of DRE is symmetrical and weak, so only a
small number of electrons accumulate on the surface of the
quartz tube near the two electrodes. Therefore, the electrode
structure could greatly affect the electrical characteristics of
the plasma. For NRE, the extremely nonuniform electric field
distribution tends to form intense current spikes. And the uni-
form electric filed distribution generated by the DRE makes
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the discharge more even and form multiple smaller amplitude
current spikes. In addition, the electric field of the needle elec-
trode of NRE is mainly concentrated near the tip, which results
in only a small number of current pulses forming at the same
location during a positive voltage cycle. The ring electrode of
DRE has a width, and the electric field distribution near the
electrode is not uniform,?! which means that discharge will
occur at different positions on the inner surface of the dielec-
tric layer during different times of a positive voltage cycle. As
the external voltage increases, the charges accumulated on the
inner surface of the dielectric layer successively form multi-
ple current pulses. Therefore, the number of current pulses for
DRE is much more than that for NRE.

The dissipated power is a crucial factor affecting the elec-
trical characteristics of APPJ with different electrode struc-
tures and also need to be considered in the practical appli-
cation of APPJ. It can be calculated using Eq. (1), and fig-
ure 4(d) shows the power variation with applied voltage for
NRE and DRE. Both NRE and DRE exhibit an increasing
power trend with applied voltage, but with different voltage
ranges. Specifically, we observed that APPJ could only be sus-
tained in the 5.5 kV to 6.5 kV range for NRE, beyond which
it would transition to an arc discharge accompanied by a loud
current sound. This is mainly caused by the intense local elec-
tric field of NRE, which allows it to generate and maintain
APPJ at lower voltages. For DRE, it requires a higher voltage
to initiate APPJ, and its power rises continuously in the volt-
age range of 6.5 kV to 9 kV. The uniform and lower intensity
electric field makes it less prone to arc discharge. The dissi-
pated power results of the APPJ with two different electrodes
confirmed that the discharge of NRE was more intense than
that of DRE.

7.5 (b) — Voltage L 600
5_()— —Curr nt, - 400 :E\
2.5 - 200 &
0 -0 g
[0}
,2_5— - —200 &
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Fig. 4. The electrical characteristics of APPJs with (a) excitation voltages of two different electrode structures with different O, flow rates, the
waveforms of voltage and current for (b) NRE, (¢) DRE, and (d) the dissipated power variation with applied voltage.
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3.3. Optical characteristics

Optical emission spectrum (OES) is utilized to detect
the chemical species present in APPJ. The emission spec-
tra in the range of 250 nm to 850 nm, obtained in Ar/O,
plasma jet for two different types of APPJ, with an applied
voltage frequency of 8.5 kHz, a dissipated power of 1.9 W,
and Ar flow rate of 500 sccm, are shown in Fig. 5. Fig-
ures 5(a) and 5(b) show the emission spectra of NRE at
added O, flow rate of 20 sccm and 40 sccm, respectively,
while figure 5(c) exhibits the emission spectra of DRE at an
added O, flow rate of 20 sccm. It is evident that the ex-
cited species present include OH (A%X* — X°IT) at 309.1 nm,
N, second positive band (C’IT —B>II), O at 777.4 nm and
844.6 nm, and intensive argon lines in the range from 680 nm
to 850 nm. As the plasma is generated at atmospheric pres-
sure, impurities such as Ny, H,O, and O; present in the air
can easily mix into the working gas. In this experiment,
the working gas is an Ar/O; mixture, the Ar metastables
and electrons generated in the discharge collide with impu-
rities in the gas, resulting in a variety of excited species ob-
served in the emission spectra.[?>?3] The atomic O in APPJ
is mainly produced through the collision of oxygen molecules
with electrons or Ar metastables (e +0, — O(3p°P) + 0O +e,
Ar* +0, — O(3p°P) + O + Ar),[>*1 and the presence of the
OH radical is attributed to the dissociation of water molecule
(e+H,0 — e+H+OH, Ar* +H,0 — OH+ Ar+H).[1924]
These reactive oxygen species (ROS) are strongly oxidizing

and play a crucial role in various applications such as materi-

als processing and biomedical processes. >3]
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Fig. 5. OES of APPJ generated by NRE with the O, flow rate of (a)
20 sccm, (b) 40 sccm, and (c) DRE with the O, flow rate of 20 sccm.
The optical emission spectral intensity of OH (309.1 nm),
Ar (763.5 nm), O (777.4 nm), and O (844.6 nm) radicals in
the OES of NRE and DRE are shown in Figs. 6(a) and 6(b),
respectively, as the function of added O, flow rate. It can be
seen that the intensity of the O atoms (777.4 nm, 844.6 nm)
in the plasma rises with O, flow rate when the working gas is
doped with a small amount of O, (content of 0%—7.4%), with

the optimal O, content being 7.4% in this experiment. How-
ever, the intensity of the O atoms decreases as the O, flow rate
beyond 40 sccm (content > 7.4%). In the Ar/O; plasma jet, O
atoms are primarily generated via electron dissociation of oxy-
gen molecules and Penning ionization of oxygen molecules
with Ar metastables.**! Properly adjusting the flow rate of O,
can increase the number of O atoms. The electronegativity
of O, causes electron attachment in the discharge, which con-
sumes electrons to produce negative ions.!>!! This process
competes with the collision of oxygen molecules with elec-
trons. At O, flow rates below 40 sccm, collision dominates
in the discharge and the attachment process has little effect
on electron consumption and the generation of Ar atoms and
metastables. However, as the O, flow rate is equal to 40 sccm,
the intensity of Ar atoms starts to decrease while the inten-
sity of O atoms reaches its peak. Consequently, as the O,
flow rate exceeds 40 sccm, the intensities of both O atoms and
Ar (763.5 nm) atom decrease sharply. This can be attributed
to the enhancement in electron attachment, which consumes
more electrons during the formation of negative ions. There is
a reduction in the number of electrons available for collision
with O, and Ar, ultimately suppressing the production of O
atoms and Ar metastables. The trend of OH (309.1 nm) radi-
cal production is consistent with that of Ar atoms as shown in
Fig. 6.

16
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Fig. 6. Spectral intensity of OH at 309.1 nm, Ar at 763.5 nm, O atoms
at 777.4 nm and 844.6 nm in the plasma generated by (a) NRE and (b)
DRE with different O, flow rates.

In summary, it is evident that the reaction system in APPJ
is complex during O, flow rate variation. Various reactions
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such as electron collision and electron attachment of elec-
tronegative gas work jointly to determine the formation of ex-
cited species. Notably, the highest efficiency of active O atoms
production was observed at the O, flow rate of 40 sccm in this
experiment.

The relationship between the variation of the O
(777.4 nm) atom spectral intensity in the plasma generated by
NRE and DRE with the O, flow rate is presented in Fig. 7.
The trends in intensity variation of O atoms are similar in
both cases, with the highest generation efficiency of O atom
achieved at the O, flow rate of 40 sccm. Moreover, the APPJ
of NRE exhibits higher relative intensities of O atoms than
the DRE under all conditions, indicating its stronger oxida-
tion characteristics. This finding further confirms the greater
electric field intensity in APPJ of NRE compared to DRE, as
observed in the electrostatic field simulation.

Intensity (arb. units)
®©
S
S

10 20 30 40 50
O, flow rate (sccm)

Fig. 7. The variation of the O (777.4 nm) atom spectral intensity in the
plasma generated by NRE and DRE with different O, flow rates.

3.4. Electron excitation temperature

Crucial parameters of APPJ, including electron excitation
temperature (7ex.), can be calculated by OES results, as fiber
optic devices used in optical diagnostics exhibit low sensitivity
to the electromagnetic field generated by APPJs.[>°!

To ensure the accuracy of the T« calculation of APPJ,
we selected several characteristic atomic Ar spectral lines
(750.4 nm, 794.8 nm, 811.5 nm, 826.5 nm, 842.5 nm) from the

OES for the Boltzmann plot method. The calculation equation
27,28

LA; E;
In =— +C, (2
(giAi) kTexc

is as follows:!

where [; is the atomic emission intensity, A; is wavelength
of spectral lines, A; and g; are the transition probability and
degeneracy of different energy levels, respectively, and k is
the Boltzmann constant. The parameters of the characteris-
tic atomic Ar spectral lines used for the calculation are list in
Table 1.13:271

The Boltzmann plot of atomic Ar spectral lines of at the
O, flow rate of 30 sccm is shown in Fig. 8(a), and figure 8(b)
displays the variation of T¢. for both NRE and DRE with O,
flow rate. The results indicate that the T, of NRE and DRE

range from 0.336 eV to 0.455 eV and 0.305 eV t0 0.410 eV, re-
spectively. A slight increase in Teyc is observed for both when
the O, flow rate is increased from 10 sccm to 30 sccm. This
increase can be attributed to the increase in discharge volt-
age caused by the electronegativity of O,, which enhances the
electric field intensity of APPJ. As a result, the mean electron
kinetic energy increases, resulting in an increase of Tpyc.[2%30]
However, the variation of Tk is small due to the relatively
low percentage of O, in the gas mixture and electron colli-
sion dominates in the discharge. At O, flow rates of 40 sccm
or greater, Tex. decreases rapidly due to the enhanced electron
attachment of O,,!'”) which reduces the number of electrons
available for collision in APPJ. This finding is supported by
the variation of the intensities of Ar atoms and OH radicals, as
shown in Fig. 6. T derived from Boltzmann plot is a rough
approximation of the electron temperature (7;) under atmo-
spheric pressure.[?>-311 It is evident that, under the same condi-
tions, 7. of APPJ generated by NRE and DRE varies similarly
with the addition of O, flow rate, while the 7. of APPJ gen-
erated by NRE is higher than that of DRE, indicating stronger
chemical characteristics of NRE than DRE.

Table 1. The data of selected argon spectral lines.

A (nm) A (107 s7h g E (eV)
750.4 45 1 13.47989
794.8 1.86 3 13.28265
811.5 33 7 13.07572
826.5 1.53 3 13.32786
842.5 2.15 5 13.09488
424 (@)
4.0 Toxe = 0.455 eV
< 3.8
(=)
~
< 3.6 7
g
£ 3.47
3.2
3.0 . . . . ;
13.0 13.1 13.2 13.3 13.4 13.5
Ei (eV)
z " (b)
L —e— NRE
; 0.5+ —=— DRE
i
g 0.4
[oN
g
2 0.3
[=]
.8
§ 0.21
S
-
A 0.1 ; . T

10 20 30 40 50
O, flow rate (sccm)

Fig. 8. (a) Boltzmann plot of argon lines (750.4 nm, 794.8 nm, 811.5 nm,
826.5 nm, 842.5 nm) with the O, flow rate of 30 sccm and (b) the electron
excitation temperature of APPJ generated by NRE and DRE with different O,
flow rates.
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3.5. PET surface treatments

To further investigate the differences between two types
of APPJs, both were employed for surface modification of
PET films. The effect of APPJs with different electrode struc-
tures on the treatment outcomes was evaluated by analyzing
the variation of hydrophilicity on the PET surface. Commer-
cial PET films with thickness of 50 um and permittivity of
3.8 were used for treatments. The films are uniformly sized
to 1.5 mmx1.5 mm and positioned on a quartz glass sub-
strate with a permittivity of 3.8. The experimental parameters
comprised an applied voltage frequency of 8.5 kHz, dissipated
power of 1.9 W, Ar flow rate of 500 sccm, O, flow rate of
40 sccm, distance between device nozzle and sample of 7 mm
or 10 mm, and various treatment times (10 s, 15s, 30 s, 60 s,
and 90 s). In all the treatment times, the temperature of APPJs
did not rise obviously. The variation of WCA on the PET sur-
faces as a function of treatment time using NRE is presented in
Fig. 9(a). The WCA decreased to 26.9° when film was treated
90 s. The ROS particles, showed in Fig. 5, such as OH radicals
and O atoms can break chemical bonds (C—C or C-H, etc.) on
the PET surface, resulting in the formation of macromolecu-
lar radicals. Subsequently, the macromolecular radicals com-
bine with ROS particles to generate oxygen-containing polar
groups (C-O or C=0, etc.) on the film surface, thus enhancing
the hydrophilicity of the PET film through the incorporation of
the polar groups.[?3?]

Figure 9(b) shows the variation of the WCA on the PET
surface as a function of treatment times for NRE and DRE with
different nozzle-to-sample distances. At a distance of 10 mm,
the WCA exhibited a sharp decrease within the first 10 s, with
change rates of 38.9% and 29.6% for NRE and DRE, respec-
tively. After 90 s of treatment, the WCAs decreased to 27.0°
and 29.9°, respectively. These results indicate that both APPJ
exhibit similar treatment trends, but NRE is more efficient than
DRE. By adjusting the distance to 7 mm, the WCA change
rates for both NRE and DRE increased to 54.9% and 50.2%,
respectively, within the first 10 s of treatment. After 90 s of
treatment, both WCAs approached 27.0°. It can be seen that
decreasing the distance of nozzle-to-sample facilitates more
efficient contact between the ROS particles and the sample,
leading to improved treatment efficiency. At a given treatment
time, NRE exhibits higher treatment efficiency than DRE, but
ultimately DRE can achieve a similar treatment effect as NRE.
OES and T¢x results of APPJ indicate that NRE has a greater
concentration of O atoms, which results in stronger oxidation
characteristics and enables it to treat PET surfaces more effi-
ciently than DRE per unit time. As discussed in the electrical
characteristic subsection, NRE can obtain higher discharge in-
tensity of APPJ at lower voltages, but is more prone to transi-
tioning to arc discharge. The high temperature plasma gener-
ated by arc discharge may damage polymer films during treat-
ment, while DRE can maintain stable discharge over a wide

range of applied voltage. In general, the discharge intensity
and chemical characteristics of APPJ are influenced by the
electrode structure, which ultimately affects efficiency of PET
surface treatment. Both kinds of APPJ have good treatment
effect on improving the hydrophilicity of PET film. Among
them, APPJ with NRE has stronger discharge intensity and its
treatment efficiency is slightly higher than that of DRE, while
APPJ with DRE is more stable and more suitable for continu-
ous and stable surface modification.

Q. T —_—-

Pristine: 75.1° 10 s: 45.9° 15 s: 40.1°

30 s: 35.8° 60 s: 29.9° 90 s: 26.9°

80

(b)

04 % DRE-10
~ 3 A NRE-10
2 604 o —=— DRE7
=
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< 504
-
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T 404
[e]
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30 4
20 T T T T T T T

Treatment time (s)

Fig. 9. (a) The photos of PET surface WCA with treatment time using
NRE and (b) the variation of PET surface WCA as a function of treat-
ment time for NRE and DRE with different nozzle-to-sample distances.

4. Conclusion

This paper discussed the discharge mechanism and the
characteristics of Ar/O, APPJ with two different kinds of elec-
trode structures and their effects on surface modification of
PET films. Electrostatic field simulation results showed that
NRE exhibits an extremely asymmetric electric field distribu-
tion and high field intensity, which provides more electrons
for the generation of APPJ. In contrast, APPJ with DRE dis-
plays a more uniform electric field distribution with lower field
intensity. The electrical characteristics results show that to ob-
tain the same dissipated power of APPJ, NRE requires a lower
voltage than DRE, but it has a narrower range of applied volt-
age range and is prone to transition to arc discharge, while
DRE can maintain stable APPJ at higher voltages. OES and
Texc results presented that both APPJs contain multiple ROS
particles, such as O (777.4 nm). The production of ROS was
affected by the flow rate of O, with the intensity of O atoms
peaking at an O, flow rate of 40 sccm due to competition
between electron collision processes and electron attachment
processes. The intensity of O atoms and 7; of NRE was found
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to be higher than those of DRE under the same conditions, in-
dicating that APPJ with NRE has stronger chemical oxidation
characteristics. PET surface treatments showed that both APPJ
exhibited similar treatment trends, but NRE was more efficient
than DRE. NRE has stronger discharge intensity and its treat-
ment efficiency is slightly higher than that of DRE, while DRE
is more stable and more suitable for continuous and stable sur-
face modification. This study provides valuable insights for
selecting the appropriate APPJ with different electrode struc-
tures for polymer film processing applications.
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