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An atmospheric-pressure plasma jet (APPJ) has a lot of applications in recent years such as in material processing, surface
modiﬁcation, biomedical material processing, and thin ﬁlm deposition. APPJ has been generated by a high-voltage power supply
(0-20 kV) at an operating frequency of 27 kHz. This paper reports the generation and characterization of APPJ in argon
environment and its application in the surface modiﬁcation of polyethylene terephthalate (PET). The plasma jet has been
characterized by electrical and optical methods. In order to characterize the plasma jet, electron density and electron
temperature have been determined. The surface roughness of the untreated and plasma-treated PET samples was characterized
by contact angle measurement, surface energy analysis, Fourier transform infrared (FTIR) spectroscopy, scanning electron
microscopy (SEM), and atomic force microscopy (AFM).

1. Introduction
Nonthermal and low-temperature plasma has become a subject of great interest. Till now, diﬀerent types of low-pressure
systems and few atmospheric-pressure systems have been
developed. Low-pressure plasma sources have been used for
polymer surface treatment, cleaning of substrates, and deposition of thin ﬁlms. Various applications of nonthermal
plasma have been extensively investigated nowadays [1, 2].
The discharge produced in atmospheric pressure is also stable even at low frequency as compared to RF sources which
are much more expensive. By working under gas conditions,
the active species can be blown out of the reactor to form a
luminous plasma jet with moderate energy density in the
open air, thus fascinating its applications in material process-

ing, biomedicine, and thin ﬁlm deposition [3, 4]. Plasma consists of ions, free electrons, free radicals, excited species,
photons, and neutrals [5]. One of the important areas of
application of atmospheric-pressure plasma is in the surface
treatment of polymers to improve their hydrophilicity. This
application is motivated due to many advantages over the
conventional method of surface treatment [6, 7]. Polymers
are generally macromolecules formed by the repeated linking
of a large number of small molecules [8]. Polymers which
play an increasing role as structural materials are widely used
in industries in recent years [9, 10]. Polymers are attractive
business articles due to their superior performance, low cost,
good breakage resistance, transparency, and low inﬂammability. However, its low hardness, low scratch resistance,
and degradation by UV radiation made surface modiﬁcation
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Figure 1: Schematic diagram of the experimental setup and image of the discharge.

necessary [11, 12]. Because of their low surface energy, poor
chemical reactivity, and weak cohesion layer on the surface,
it is necessary to improve the surface properties of polymers
without changing the bulk properties [13, 14]. PET, being an
inert material, is widely accepted as a safe and recyclable plastic which is one of the reasons why it is so commonly used in
beverage packaging, electronics, and biomedical industries.
Similar to glass, it is hygienic and generally resistant to attack
by bacteria and other microorganisms [15]. Previous works
on APPJ use a single glass tube for the generation of the jet
which makes it inconvenient to introduce any additional
working gases or precursor materials in the discharge regime
[16]. However, in the present setup, three tubes are coupled
with a nylon (Teﬂon) coupler which facilitates the introduction of an additional inlet for gases in the discharge regime
without any detriment to the jet formation mechanism.
Moreover, most of the previous works have used an RF
power supply which is more expensive compared to the
power supply used in the present study.

2. Materials and Methods
The reactor was designed and fabricated at the Kathmandu
University Plasma Physics laboratory. The experimental setup
consists of a capacitively coupled electrode system made of
copper foil of thickness 1 mm wrapped around two borosilicate glass tubes of outer diameter 6 mm and inner diameter
5 mm. The copper electrode is connected to a high-voltage
power supply, and the glass tube is coupled with a nylon (Teflon) coupler of length 49 mm. The distance between two electrodes is ﬁxed at 80 mm, and the distance between the tip of
the nozzle and the lower electrode is 3 mm. The system consists of one additional gas inlet with a third tube connected
with a nylon coupler horizontally in the middle. This third
tube can be used to introduce additional gas into the system.
Argon is used as a working gas in the experiment. The schematic diagram of the experimental setup and the nature of

the discharge is shown in Figure 1. The ﬂow rate for argon
gas is 2 L/min, and the voltage and frequency are maintained
at 4.5 kV and 27 kHz, respectively. The electrical characterization of the discharge is done by the measurement of current
and voltage waveforms using a Tektronix TDS2002 oscilloscope by a current probe and high voltage probe (PINTEK
HVP-28HF). The attenuation ratio of the voltage probe is
1000 : 1. Similarly, optical characterization of the discharge
has been done using the line intensity ratio method with the
help of an optical emission spectrometer (USB 2000+, Ocean
Optics). The contact angle of the untreated and plasmatreated PET samples is measured using the Rame Hart contact
angle goniometer (Model 200). The ATR-FTIR spectroscopy
measurements of PET foils were performed with the PerkinElmer Spectrum 100 FTIR spectrometer ﬁtted with a Universal
Attenuated Total Reﬂectance (UATR) polarization accessory
in the spectral range of 4000-500 cm-1 at the resolution of
4 cm-1 for 20 accumulations per analysis. Before the treatment,
the samples of dimensions (50 mm × 15 mm × 0:05 mm) were
taken. The samples were provided by Goodfellow, UK. Before
treatment, removal of organic contaminants from the surface
of the specimens was done by rinsing in isopropyl alcohol
for 10 minutes. The samples were then ultrasonically cleaned
in distilled water for 20 minutes and after that dried at room
temperature. All plasma treatments were carried out in argon
at atmospheric pressure and ambient temperature. The contact angle measurement was done at ﬁve diﬀerent locations
of the same samples, and the average value of the contact angle
thus obtained was used for the surface energy calculations.
In this work, an LEO (500)/Zeiss ﬁeld-emission scanning
electron microscope (SEM) was used to examine surface
morphology. A Multimode 8 Nanoscope atomic force microscope (AFM, Bruker, USA) was used to image the surfaces of
the nonmodiﬁed substrate and plasma-treated ﬁlms of PET.
Silicon cantilevers with a spring constant of ca. 0.5 N m-1
(HQ:NSC19/No Al type; MikroMasch, Bulgaria) were applied
for imaging in PeakForce Tapping™ Force Microscopy Mode.
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Figure 2: Current voltage graph at gas flow rate ðQÞ = 2 L/min at an applied voltage of 4.5 kV.

The microscope was calibrated by the imaging of calibration
gratings supplied by the manufacturer.

3. Results and Discussions
3.1. Electrical Characterization of the Discharge. Figure 2
shows the applied voltage and discharge current waveforms
obtained in APPJ with electrode distance 80 mm, applied
voltage 4:5 kV, and resistance 10 kΩ. Electron density can
be estimated from the measured value of current density
according to the relation [17].
ne =

J
:
μeE

ð1Þ

For the electron mobility, we use μ = 302 cm2 V−1 S−1
the strength of the electric ﬁeld, E = 5:625 × 102 V cm−1 .
Substituting this value in Equation (1), the electron density
was found to be 2:25 × 1015 cm−3 .
3.2. Optical Characterization of the Discharge. Figure 3 shows
the spectra of the discharge and their corresponding intensities and wavelength using argon as a working gas. The optical characterization of the discharge was carried out by using
the line intensity ratio method. In this method, four suitable
lines (two for Ar I and two for Ar II) were chosen from spectral lines of argon obtained from the discharge. The working
formula used to calculate the electron temperature is as
follows [18, 19].
!
! 
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=
=
R2 I 3 /I 4
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gr
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:
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Here, in Equation (2), R is the ratio of the intensity of
two lines, I is the intensity of the spectral line, A ji is the
transition probability of the transition i → j, gi is the statistical weight of the upper level, λ is the wavelength of
the line radiation, Ei is the energy of the upper level, K B
is the Boltzmann constant, and T e is the electron temperature. The values of λ and I are obtained from the observation, and the values of A ji , gi , and Ei are obtained from
the National Institute of Standards and Technology
(NIST) Atomic Spectra Database.
The corresponding values of the transition probability,
statistical weight, and energy levels for the argon I and II lines
were obtained through the NIST database [20].
Table 1 shows the corresponding value of the ratio of the
intensity of the spectral lines (R1 /R2 ) with change in electron
temperature (T e ).
From Figure 4, the electron temperature (T e ) was found
to be 0:551 eV.
Also, the electron density was calculated by using
!
!
!
 
λpq
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I1
gx
ne = 2
I2
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gp

3/2


E i + Ep − E x
2πme K B T e

exp −
:
K BT e
h2

ð3Þ

Hence, the electron density was found to be about ne =
2:116 × 1016 cm−3 .
3.3. Surface Modiﬁcation of Polyethylene Terephthalate (PET)
3.3.1. Contact Angle and Surface Energy Measurements. For
an ideal, smooth, and homogeneous surface, the water contact angle and surface free energy are measured at the
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Figure 3: Spectra of the discharge at a frequency of 27 kHz and an applied voltage of 4.5 kV in argon environment
(gas flow rate ðQÞ = 2 L/min).
Table 1: Electron temperature and its corresponding intensity ratio.
Electron temperature (T e )

Ratio of the intensity of
spectral lines (R1 /R2 )

0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5

1.7751
1.76531
0.41961
0.26736
0.1883
0.14225
0.11309
0.09341
0.07945
0.06916
0.06133

equilibrium according to Young’s equation and OwensWendt-Kaelble methods, respectively [21].
cos θ =

γsv − γsl
,
γlv

ð4Þ

where γsv is the surface free energy of the solid substrate, γsl is
the interfacial tension between the solid and the liquid, and
γlv is the surface tension of the liquid.
For two liquids i and j,

1/2
 p
+ 2 γli γps
γli ð1 + cos θi Þ = 2 γdli γds

1/2

,


1/2

1/2

p
+ 2 γlj γps
:
γlj 1 + cos θ j = 2 γdlj γds

ð5Þ
ð6Þ

Putting the known values of the surface tension and its
polar and dispersion components of the test liquids, compo-

nents of surface free energy of the solid γps and γds can be
determined by solving Equations (5) and (6). The sum of
these two quantities eventually gives the total surface energy
of the solid [22].
The treatment of the sample was performed for various
exposure times (10-120 seconds). The inﬂuence of this
parameter on the hydrophilicity was investigated by contact
angle measurement using two test liquids (water and glycerol) on the surface. It is seen that a rapid decrease in the
static water contact angle takes place with the treatment time
up to 10 seconds which shows an increase in wettability in
the surface induced by APPJ treatment. Initially, the contact
angle of the untreated PET for water and glycerol was 82° and
88°, but after plasma treatment, the contact angle was eﬀectively reduced to 26° and 30°, respectively, and became almost
constant after the treatment time 50 seconds as shown in
Figure 5. The reduction in the contact angle might be due
to the change in the surface roughness as seen from SEM
and AFM micrographs [23].
The variation of surface energy with a polar and dispersive component is shown in Figure 6. Total surface energy
increases from 26.1 mJ/m2 to 64.99 mJ/m2 during 10 seconds
of its treatment time. A similar trend is also observed for the
polar component, and it is mainly due to the incorporation of
the polar species such as carbonyl (C=O), hydroxyl (–OH),
and carboxyl (–COOH) groups on the treated PET surface.
The dispersive component almost remains constant. This
component does not have any contribution to increase the
wettability [24].
3.4. SEM Images of the Control and Plasma-Treated PET.
Figures 7 and 8 show the SEM morphology of the control
and plasma-treated surfaces of PET at 60 seconds. The gradual increase in the particle grain size with the image scan area
can be realized. SEM images of the control and treated samples clearly indicated that the plasma jet treatment produces
a signiﬁcant increase in roughness on the surface [25].
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3.5. AFM Images of the Control and Plasma-Treated PET.
Figures 9 and 10 show the AFM micrographs of the control
and plasma-treated surfaces of PET at 120 seconds. The control surface is relatively smooth, homogeneous, and defectfree, without speciﬁc morphological aspects. After the plasma
jet treatment, the surface of the PET ﬁlm showed rough
morphology. It can be seen that the surface is etched and
the surface roughness is increased. Here, it is seen that the
treatment forms numerous uniformly distributed smaller
irregular protrusions on the treated surface. These morphological changes may be due to the removal of the top few
monolayers of the polymer ﬁlm, caused by the bombardment of plasma particles on the surface. The change in surface morphology of the sample after treatment was studied
by atomic force microscopy (AFM). This resulted in an
apparent increase in the surface roughness causing improvement in wettability [26].

Figure 8: SEM image of the plasma-treated sample of PET.

3.6. Fourier Transform Infrared (FTIR) Analysis. Figure 11
shows the FTIR spectra of control and plasma-treated samples at 120 seconds. Chemical changes in surface properties
of the plasma-treated polymer were analysed by FTIR spectroscopy. Spectra show that there is change in intensity of
absorption peaks of certain functional groups. FTIR analysis
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Figure 10: AFM image of the plasma-treated sample of PET.
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1720 cm−1, 1410 cm−1, and 1340 cm−1, respectively. It represents that the carbon content decreases and the oxygen content increases on the surface. The relative intensity of
absorption peaks at 1720 cm−1 and 1340 cm−1 is also
enhanced, suggesting the increase in the aldehyde, ketones,
and aromatic groups on the surface [27]. During this case, a
large amount of oxygen polar functional groups is introduced
into the surface of plasma-treated PET ﬁlms. This is responsible for improving wettability and changing the chemical
composition of the surface [28].

The atmospheric-pressure argon plasma jet has been produced
and characterized by electrical and optical methods. Electron
density (ne ) and electron temperature (T e ) were found to be
of the order of 1016 cm−3 and 0.551 eV, respectively, using the
intensity ratio method. Similarly, electron density (ne ) was
found to be of the order of 1015 cm−3 using an electrical
method. Treatment of PET using the atmospheric-pressure
plasma jet resulted in an improvement in hydrophilicity. It
is mainly due to the increase in the polar component of the
surface free energy after plasma jet treatment which indicates
the formation of polar functional groups on the surface. The
improvement of the wettability of PET strongly depends on
the treatment time. Results showed that there is a signiﬁcant
reduction in the water contact angle on the polymer surface
after plasma jet treatment with a consequent increase in its
surface free energy. SEM and AFM images of the control
and treated samples clearly indicated that the plasma treatment produces a signiﬁcant increase in the roughness of the
ﬁlm. AFM can show the 3D pore structures of the sample
and can detect the pores at the nanoscale which is beyond
the ability of many conventional methods. Characterization
of PET done by FTIR analysis showed adhesion of oxygen
polar functional groups and stretching of C–H bonds which
can be correlated to improve wettability of the PET surface.
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shows aromatic C–H wagging at 722.57 cm−1, O–C–C asymmetric stretching peaks at 1096 cm−1, carbonyl (C=O) peaks,
and two C–H stretching peaks along with spectra of
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