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Abstract Atmospheric pressure plasma jet operated in argon
was utilized to modify surfaces of glass, acrylic, and PTFE
dielectrics. This paper describes the influence of the dielectric
substrate on operation and properties of plasma. Two modes
of operation (each of those have two patterns) were described.
The transition from one mode to another, values of the dissi-
pated power, and spreading of plasma over the dielectric sur-
faces strongly depended on the substrate material.
Additionally, three methods of plasma spreading estimation
were presented and discussed.

Keywords Ar plasma jet . Current patterns . Atmospheric
pressure plasma jet . Electrical characterization . Plasma
spreading

1 Introduction

The development of atmospheric pressure plasma jets (APPJs)
has significantly increased in the last decades. Versatility of
APPJs (configurations, sizes, gases or mixtures, powering)
allowed finding various utilizations of these plasma sources.
Surface cleaning and functionalization [1], plasma depositions
[2], and applications of plasma in medicine [3] can be named
as ones of many examples. Application of APPJs for modifi-
cation of different substrates leads to a simple question,

whether selected plasma jet will behave the same way while
being in contact with substrates made of different materials.
There were few reports describing different behavior of plas-
ma jet depending on the substrate material. Hao et al. [4]
showed differences in electrical characteristics of Ar plasma
jet operated at same conditions (operation voltage, jet geom-
etry, distance between the jet nozzle), but different dielectric
substrate (glass, polytetrafluoroethylene (PTFE) or epoxy).
Authors presented that the values of the dissipated power
and current waveforms depended onmaterial, though geomet-
rical dimensions of samples (which, from our experience, play
determining role for the actual values) were not mentioned.
Detailed explanation of He plasma jet spreading over a glass
substrate was presented by Guaitella et al. [5]. Correlating
electrical measurements together with ICCD imaging, a pro-
pulsion of plasma was described. Norberg et al. [6] utilized
modeling of plasma propagation and concentrations of several
important species over dielectric and grounded metal surface.
They show a significant effect of the substrate permittivity and
its influence on the development of the discharge.

Surface wettability, on the other hand, is an important pa-
rameter that can indicate on the adhesion properties [7], bio-
compatibility [8], or ability to attach cells [9]. A comparative
study of surface wettability of different materials after plasma
treatments were presented by Toshifuji et al. [10], where the
effect of pulsed gliding arc on the contact angle of metal and
polymer materials was reported. They showed that wetting
behavior after plasma application is strongly dependent on
initial material; however, there were no detailed discussion
of the presented results (variation of contact angle can be
due to several changes: morphological, chemical, or both).
Kim et al. [11] presented more material-focused study of
APPJ treatment of several metals. Authors mention that the
main effect on surface modification depends on oxygen spe-
cies, and plasma induced changes onmetal surfaces have short
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duration of about 15 h until aging affect takes place. The
relationship between material properties and their influence
on plasma was investigated in detail by Zaplotnik et al. [12].
The authors mentioned that, in the articles about surface mod-
ifications by plasma jets, this relationship is often omitted.
They carefully described the changes in plasma impacted by
the contact with different substrates: electrical properties of
plasma and emission characteristics (including changes in
quantity of active species, concentrations, and plasma param-
eters). Often, the substrate plays the role of an additional elec-
trode and can be a source of vapors or sputtered material, and
influence the chemistry inside plasma.

Other important issue that was not discussed directly is the
spreading of plasma over a treated surface. Indirectly, this issue
was highlighted when surface charging was studied. For exam-
ple, Li et al. [13] demonstrated that PTFE surfaces kept higher
charge density than alumina or quartz, which indirectly resulted
in lower filament spreading that was confirmed below. Kostov
et al. [14] studied an increase of surface wettability after an Ar
plasma jet is extracted from a syringe. Authors showed that
depending on the nozzle to surface distance, the area with im-
proved wettability varies in a wide range. The study of treated
area of PET surface was also reported by Onyshchenko et al.
[15], showing that plasma jet modification extends over area
that is much larger that the nozzle orifice. Especially, the plasma
spreading is important when a jet with multiple nozzles is con-
sidered for uniform treatment of larger area [16]. Schlieren pho-
tography represents one more technique that can indirectly give
certain understanding about the plasma spreading. Robert et al.
[17] demonstrated that turning the discharge on introduces the
turbulence, even when Reynolds number is in a range of a
laminar flow. Boselli et al. [18] utilized this technique to study
the influence of many operation parameters (including the pres-
ence of a substrate) on a gas dynamics. Metal substrates were
characterized by propagation of a turbulent wave, while spread-
ing of a dielectric substrate was mostly influenced by a surface
charging.

We believe that the effect of substrate material on electrical
properties of plasma and plasma spreading of APPJs were not
highlighted and investigated with enough details. This article
addresses those issues. The plasma spreading will be of a high
interest for development of plasma jet arrays, when a homo-
geneous treatment of a large piece is a challenging task.

2 Experimental Arrangements

The APPJ treatments were done using a single electrode plasma
jet with normally cut nozzle described in our previous work
[19]. The experimental arrangement is presented in Fig. 1. It
consists of a Pyrex tube (inner diameter of 3.3 mm, outer diam-
eter of 7.5 mm), a tungsten rod high-voltage electrode, PTFE
holder for the electrode, and gas inlet. The plasma is generated

by 19 kHz AC signal (Minipuls 4, Germany) with applied volt-
ages varied from 10 to 18 kVp-p. Due to specific coupling
between APPJ and power supply at 19 kHz, the signal is not a
sine wave, but a combination of two sine-like signals (one with
higher amplitude, second with lower). Ar (99.99% purity) was
used as a plasma gas. Three dielectric materials were treated
using plasma. They are common glass (soda-lime-silica glass),
PTFE plastic (cuts from a PTFE rod), and acrylic sheet. In order
to make proper comparison, all samples made from the selected
materials had 4 mm thickness. Glass and acrylic samples had a
4-cm × 4-cm square shape, while the PTFE sample had a cir-
cular shape of 4 cm in diameter. Those samples were located on
a 4 mm thick glass table with 50 mm aluminum circle attached
from the bottom and used as a ground electrode. Electrical
properties of the discharge were measured using Tektronix
TDS 3032 oscilloscope. Voltagewaveformswere obtained from
a built-in exit from the generator (1:2000 divider). Current
waveforms were recorded from a 47 Ω inductance-free resistor
connected in series. The dissipated power was obtained by the
Lissajous figures by measuring the voltage on the 11 nF capac-
itor connected in series. The low voltage from resistor and ca-
pacitor was acquired using Tektronix P2220 probe.

The spreading of plasma over the sample surface was eval-
uated using three approaches. First, the area of a 32 μl water
droplet over the treated surface was measured. Second, a distri-
bution of water contact angle on the sample surface was studied
by placing a 1 μl volume of water drop each 4 mm from each
other. To do this, a standard Ramé-Hart goniometer (model
100) was utilized. The system consists of a light source, a sam-
ple table with a syringe, and a camera. The water drop volume
and the camera were controlled by computer using DropImage
software. And, finally, third, the light intensity at the surface
was analyzed on photos of the discharge using a conventional
digital camera (Nikon D3100/Tamron 70-300) in partial (yet
controlled) darkness.

Fig. 1 A schema of the experimental setup
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3 Results

3.1 Electrical Properties of APPJ Depending
on the Substrate Material

In order to analyze current waveforms, gas flow and nozzle-to-
sample distance were varied, while leaving the applied voltage
at constant value of 15 kVp-p. The current waveforms for all
three materials had related behavior. Similar current patterns
were recently reported by Fang et al. [20], where honeycomb-
like jet array was characterized. It was found that similar to
breakdown voltage of gas discharges, when a breakdown volt-
age is depending on combined parameter p·d, the current chang-
es is depending not only on the nozzle-to-sample distance or gas
flow separately, but also on a combination of both. Figure 2
illustrates an example of current waveform evolution, when
the glass substrate was in contact with plasma. For long distance
or low gas flow, currents have only few distinct positive peaks
of relatively high amplitude, and current at one negative peak
appeared in some periods (Fig. 2a).With decrease of distance or
increase of gas flow, the peaks appear in all periods, number of
positive peaks increasing, and one distinct negative current peak
appears (Fig. 2b). Further change of the mentioned above pa-
rameters led to transition of current pattern similar to filamentary

dielectric barrier discharge (DBD) plasma [21] in positive volt-
age pulse only (Fig. 2c) and then in both positive and negative
voltage pulse (Fig. 2d).

The transitions of current waveformmentioned above were
observed for each studied material. However, it is rather com-
plicated to determine the exact transition point, because for a
certain region of gas flows and during a set of periods, two
current patterns are presented. Table 1 represents the values of
gas flow ranges, when a certain current pattern is dominant
(pattern names are kept the same as assigned in Fig. 2) for a
constant nozzle-to-substrate distance of 10 mm. The results
clearly show that current patterns transition strongly depends
on the substrate material. Pattern BD^ (DBD-like) was detect-
ed for glass substrates and short nozzle-to-substrate distances
only (less than 6 mm).

We have observed that the jet power depends on the substrate
material. As shown in Fig. 3, the values of power significantly
depend on the material type. For example, the power of jet
generated over the glass substrate can be over five times higher
than the one over PTFE. For distances less than 3 mm, the
dissipated power saturates for all three materials, which is prob-
ably due to gas flow dynamics effects and surface charging.
Limiting the distance between the nozzle and the substrate re-
sults in decrease of the plasma volume and faster dumping of
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Fig. 2 Typical current behavior of Ar plasma jet in contact with glass substrate
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the plasma spreading which saturates the amount of transferred
charge per voltage cycle. The plasma plume reached the sub-
strate when nozzle-to-substrate distance was about 22 mm,
meaning that on this distance without light off, it is possible to
observe that the end of the plume is located above the substrate.
In this case, small changes in distance significantly affect the
power values. When the plasma jet is located far away from the
substrate, i.e., the plasma plume does not touch the substrate, air
gap represents as an additional capacitor. Therefore, increasing
the distance will lead to only gradual decrease of the calculated
power, while raising a point whether Q-V plot method is valid
for this purpose on a large nozzle to substrate distances.

3.2 Plasma Spreading

Placing a large volume of liquid (tenth of μl, comparing with
few μl for a sessile-drop method) on the sample surface leads
to spreading over big area.We have found that droplet of 32μl
is large enough to reveal the area with enhanced wettability,
while being not too heavy to affect the wetted area by gravity.
The diameter of the area with enhanced wettability depended
on the plasma treatment conditions. Table 2 presents the re-
sults for 5 s plasma treatment for all substrate types.

Usinga smallwaterdroplet volumeallowsperformingstudy
of the contact angle value distribution along the sample. Three
values ofArgas flowfor a constant distancebetween thenozzle
and the samplewere used. A typical water contact angle profile
of the plasma treated acrylic samples is shown in Fig. 4.

Overall results of the measurements are presented in
Table 3. The value of the WCA only slightly decreases with
increasing the Ar gas flow, meaning that the treatment is close
to saturation in the center area located just about the jet nozzle.

The light emission is the other characteristic that can be used
to estimate the area treated by plasma jets. For APPJs, with
respect to the plasma plume shape, the spread of plasma over
the dielectric substrate has approximately circular form. The
spread is as reported in the work of Wang et al. [22], where a
circular etching of parylene film of Si substrate was recorded.
The diameter of spreading can be determined using brightness
analysis. In this work, we utilize ImageJ software and get the
brightness profile from the surface; photos were taken perpen-
dicularly (see Fig. 5a). The time of exposition for all photos
was fixed to 40 ms, and the border for the emission was set to
10% of the maximum intensity (see Fig. 5b).

We were particularly interested to find whether the material
type would significantly influence the light emission spread-
ing. The experiment was performed for three sample config-
urations: (i) only dielectric substrate (sample was placed on

Table 1 Minimum gas flow values that correspond to a dominant
pattern type (gas flow varied from 0.2 to 3.5 L/min) for nozzle-to-
substrate distance of 10 mm

Substrate material Starting gas flow (L/min), when a current
pattern is dominant

Pattern BA^ Pattern BB^ Pattern BC^

Glass 0.2–1.0 1.2–1.4 1.6–3.5

Acrylic 0.2–1.4 1.6–3.5 –

PTFE 0.2–1.6 1.8–3.5 –
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Fig. 3 The dissipated power as a function of the distance between the jet
nozzle and the substrate and substrate material; gas flow, 0.8 L/min;
applied voltage, 15 kVp-p

Table 2 Diameter of 32 μl water droplet over a sample surface treated
for 5 s at 10 mm distance

Gas flow, L/min Water droplet spreading, mm

PTFE Acrylic Glass

Untreated 5.0 ± 0.2 7.0 ± 0.2 7.5 ± 0.2

0.4 6.2 ± 0.3 7.5 ± 0.5 17 ± 0.4

0.8 6.6 ± 0.5 8.0 ± 0.5 22 ± 0.6

1.6 7.0 ± 0.4 10.5 ± 0.6 27 ± 1.5
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Fig. 4 Profile of water contact angle. Measurements were done for
acrylic substrate, 10 mm nozzle-to-substrate distance and 15 kVp-p ap-
plied voltage
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4 mm thick glass table), (ii) floating metal electrode placed
under the glass table, and (iii) groundedmetal electrode placed
below the glass table. The experimental values for each ap-
plied voltage/material were calculated as average of five
photos. Typical diameter of bright area for PTFE substrate is
presented in Fig. 6 as an example. As expected at the same
voltages, the extraction of the plume was significantly facili-
tated when the discharge was ignited over the grounded sam-
ple table. In addition, using grounded table resulted in plasma
ignition at lower applied voltages (from 10 kVp-p). Adding a
floating metal electrode only slightly influenced the plasma
spreading over acrylic, while for the glass and the PTFE sam-
ples, it was insignificant. Table 4 presents the light emission
diameter for three values of applied voltage.

4 Discussion

The electrical behavior (i.e., current patterns and value of the
dissipated power of plasma jets) strongly depends on the sub-
strate material. The studied single electrode Ar APPJ tends to

work in two distinct modes that depend on a parameter
Bnozzle-to-sample distance/gas flow.^ This parameter repre-
sents the coupling between the plasma plume and the sub-
strate. When coupling is low (nozzle-to-sample distance is
high or gas flow is low), the current tends to have relatively
short, high amplitude peaks with duration varied from 500 ns
to 1 μs.When coupling is high, the current pattern is similar to
the one observed in dielectric barrier discharges. In that case, a
large number of short current peaks were observed (from
about 100 to 200 ns). The transition from one to other pattern
depends on the material type. For all materials, the transition
occurs first for positive current peaks and then for the negative
ones.

The value of the dissipated power is a key control param-
eter for material treatment (in both material processing and
especially for bio-medical applications) [23, 24]. It is impor-
tant to note that changing the material can cause significant
variation in the amounts of the discharge power. In our case,
changing glass substrate to PTFE resulted in power decrease
of five times compared to glass.

Estimation of the area affected by plasma jets is an impor-
tant issue that is often omitted. Several research groups
invested efforts to study and develop 1D (linear [25]) or 2D
(honeycomb [26]) jet arrays. There are several issues when
several plasma jets are located close to each other: changes
in electric field (electric coupling) and new gas flow dynam-
ics. It results in jet interactions that often lead to non-uniform
jet array operation. Surface wettability represents a strong in-
dicator for many technological applications like adhesion of
coatings and painting and characterizes surface bio-compati-
bility. The simplest approach to check the wetting of larger
surface is to use a water spray and observe whether small
drops or continuous film is formed. However, this approach
lacks reproducibility and can be utilized mostly as a demon-
stration experiment. We tested three approaches on how to
estimate the plasma treated area. Two of them were related
to the changes of the surface wettability. The sessile-drop
technique (or contact angle measurement) is probably one of

Table 3 Area of improved wettability estimated by sessile-drop tech-
nique (treatment duration for 5 s at 10 mm nozzle-to-sample distance)

Ar flow,
L/min

WCA after
treatment, °

Diameter of area
with enhanced
wettability, mm

Glass (untreated
WCA 38°)

0.4 8 18

0.8 6 32

1.6 5 44

Acrylic (untreated
WCA 70°)

0.4 47 18

0.8 45 28

1.6 45 34

PTFE (untreated
WCA 123°)

0.4 102 10

0.8 98 12

1.6 83 14

Fig. 5 Plasma spreading
determination using a brightness
profile: a perpendicularly taken
photo of plasma jet and b
brightness profile obtained by
ImageJ. Substrate material, glass;
sample table, grounded; nozzle-
substrate distance, 10 mm; Ar gas
flow, 0.8 L/min; applied voltage,
14 kVp-p
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the most used methods to determine the surface wettability.
And another way is placing a large water drop on the surface.
We also utilize the brightness emission analysis to correlate
the obtained results. Utilizing the scanning contact angle mea-
surements, it was shown that three materials were treated dif-
ferently under same condition. The treatment led to a decrease
of WCA, though significant differences were observed in the
values of the WCA. Glass surface became almost super-hy-
drophilic, acrylic polymer showed a reasonable decrease in
the contact angle value, while PTFE almost did not changed
its wettability. Other important observation is the growth of
treated area. Increasing the flow four times led to almost six
times higher treatment area (more than twice increase of the
radius with enhanced wettability) for glass. For acrylic, the
increase of the area was about 3.5, while the PTFE surface
showed an increase a bit less than 2 times.

Comparing different methods of plasma spreading for each
studied material was different. Table 5 shows combined
values for same treatment condition estimated by three
methods. The values obtained by the sessile-drop technique

showed the largest affected by plasma area for most treatment
conditions. However, note that each material demonstrated
different values estimated by different approaches. It seems
that surface wettability and its estimation cannot be simplified,
as wettability area estimated using contact angle measurement
scanning was always higher than emission of light over the
same material.

5 Conclusion

Single electrode Ar atmospheric pressure plasma jet has two
distinct operation modes while being in contact with a dielec-
tric substrate: low- and high-gas coupling. Due to different
behavior of current filaments in positive and negative volt-
ages, each operation mode has two current patterns.
Therefore, four current patterns can be expected for similar
jets operated in Ar also. The change of pattern depends on
three major parameters: substrate material, plasma jet to sub-
strate distance, and gas flow. The first one determines the
interaction between charged particles generated in plasma
and surface charging. The other two parameters determine a
coupling between the substrate and the plasma plume.

The substrate material strongly influences the value of the
dissipated power in the plasma jet. This is an important find-
ing, as in the majority of reports; the parameter that is used to
quantitatively estimate the degree of modification is plasma
treatment time, though, if different materials are treated, it is
necessary to substitute the treatment time by the amount of
deposited energy (power multiplied by time) in order to com-
pare the APPJ efficiency for different materials. As an exam-
ple, it has been shown that changing from glass to PTFE
substrate keeping same operation parameters led to a five-
time reduction in dissipated power.

Surface wettability is an important surface characteristic
and its value directly influencesmany processes, like adhesion
of paintings and coatings, and several bio-applications. It is
known that plasma treatments modify surface wettability (by
cleaning, roughening, functionalization or a combination of
those), and APPJ systems, due to their construction, alter only
some limited surface areas. Ar plasma jets in ambient air typ-
ically increase the surface wettability. Three methods to esti-
mate the area with enhanced wettability, scanning of contact
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Fig. 6 Light emission spreading for PTFE. D dielectric only, F floating
metal electrode, G grounded metal electrode. Ar gas flow, 0.8 L/min;
nozzle-to-substrate distance, 10 mm

Table 4 Light emission values

Water droplet spreading, mm

Glass sample Acrylic sample PTFE sample

D F G D F G D F G

13 kV 10 12 14.9 7 9.2 11.3 6.4 7.3 9.5

15 kV 15 15.5 17.9 7.8 10.2 14.4 9 9.2 12.5

17 kV 17.8 17.9 21.1 9.1 11.3 18.5 10.7 11 13.1

Ar gas flow, 0.8 L/min; nozzle-to-substrate distance, 10 mm; D, sample
table without metal; F, sample table with floating metal electrode; G,
sample table with grounded metal electrode. Error of measurements
was less than 2 mm

Table 5 Comparative values of enhanced wettability area for 15 kV
applied voltage and 0.8 L/min Ar gas flow

Sessile-drop
scanning

Light intensity
spreading

Large volume
drop spreading

Glass 32 [highest] 18 [lowest] 22

Acrylic 28 [highest] 14.4 8 [lowest]

PTFE 12 12.5 [highest] 6.6 [lowest]
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angle, light emission measurement, or area of a large-volume
drop were employed. It has been shown that material signifi-
cantly influences the obtained areas after certain plasma treat-
ment conditions. Though the highest area of the enhanced
wettability was obtained for scanning the contact angle over
the surface, each material showed different comparative
values of each used approach. The obtained data of area mod-
ified by APPJ area were not presented to claim or state, rather
to put a question, what is the most appropriate approach to
determine the surface wettability? As for now, the obtained
data showed that the nature of treated material strongly influ-
ences the plasma modification, difficulting an easy answer.
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