Effect of target material on electrical properties of a two-electrode dielectric barrier helium plasma jet
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Abstract

In this paper we present electrical characterization of a dielectric barrier discharge (DBD) plasma jet operating with
He (2 slm and 3 slm) as working gas and interacting with Cu, PET and distilled H.O targets. We used a plasma jet
with two copper electrodes wrapped around a glass tube. One electrode was powered by a high-voltage sinusoidal
signal of 30 kHz, whereas the other electrode and the target holder were grounded. We have performed detailed
investigation of the voltage and current waveforms, phase differences, volt-current (V-1) characteristics, calculated
impedances and power deposition. The aim was to determine the influence of different target materials and their
conductivity on the plasma properties. We calculated the total harmonic distortion (THD) factor that showed that
the current through grounded electrode depends on the conductivity of the target. We also calculated the power
delivered to the plasma core and the plasma plume regions and observed that the change in the target conductance
influenced the power in both plasma regions. The experimentally characterized electrical circuit was simulated by
a model of equivalent electrical circuit corresponding to the plasma-off and plasma-on regime. Voltage controlled

current source was added as model of a streamer formed in plasma-on regime.

Keywords: atmospheric pressure plasma jet, electrical measurements, conductive target, dielectric target,

equivalent electrical circuit

1. Introduction


Korisnik
Accepted


Cold (non-thermal) plasmas at the atmospheric pressure have been proven to be very prospective and useful in a
variety of different applications. In some cases, applications of these plasmas are as successful as of plasmas at low
pressures [1-3]. The key feature of non-thermal plasmas at atmospheric pressure is the ability to provide a
chemically reactive environment in a room-temperature gas and this has facilitated development of numerous
plasma applications in biomedicine [4-7]. In this area of applications, one of the most used sources of non-thermal
atmospheric-pressure plasma is the plasma jet [8, 9]. Generally speaking, a plasma jet is a technically simple device
comprising of a dielectric tube that directs the buffer gas to flow through a limited volume of space where a high
electric field is applied. The volume with the high electrical field is usually formed by bringing a high-voltage signal
to a conductive wire inserted into the tube or to a conductive surface attached to the outer side of the tube - to serve
as a powered electrode. Since in the latter case the electrodes are separated from the plasma region by a dielectric
this type of source is called a dielectric barrier discharge (DBD) jet. The other electrode of the jet may be positioned
somewhere at the tube or in the vicinity of the tube ending and may serve as a substrate holder. The core plasma is
formed inside the tube and as plasma plume exits the tube, it mixes with the air, providing a flux of neutral species
(reactive and others), ions, metastables and UV photons. The active species are sustained by the streamer leaving
the glass tube and extending deep into the outer region. Outside the tube, from the mixing of the plasma with the
surrounding air, different reactive oxygen and nitrogen species (RONS) [10-12] are produced. Plasma sources are
particularly advantageous for a number of biomedical and biotechnology applications as they produce small
amounts of active species sufficient to induce chains of biochemical events but insufficient to change the entire
environment into toxic.

In all applications, plasma jet is positioned in front of the target that is exposed to the flux of reactive particles
generated by the plasma [13]. The insertion of a target into the plasma plume region affects the gas flow and,
consequently, affects the mixing of the working gas with the air [14]. This, in turn, changes the properties of the
plasma and in most situations significantly modifies the delivery of the reactive species to the target.

In cases where a DBD jet has only the powered electrode, target surface connected to the ground also serves as
the grounded electrode. The target, then, obviously represents a part of the electrical circuit, thus influencing the
plasma. For plasma jets with the grounded electrode positioned at the tube, the plasma is created between two
electrodes in the noble gas [15]. Therefore, location of electrodes producing the active plasma is far from the target.
However, if the plasma region comes close to or in contact with the target surface, it will start behaving as an
additional electrode, changing the electrical circuit, and thereby altering plasma properties similar to a jet with a
single (powered) electrode and a grounded target.

As a result, the second important parameter affecting the properties of the plasma produced by jets is the target
conductivity [16-18]. It was experimentally shown by observing the optical emission spectra that the target
conductivity impacts the densities of excited species in plasma [19-23]. Computational research of the influence of

the target conductivity demonstrated that the variation of the conductivity influences electron temperature and
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densities of charged and neutral species in the plasma effluent [24]. In addition, the dependence of the impact force
of an atmospheric-pressure non-equilibrium plasma jet on different target types has been recently measured [25].

Clearly, target conductivity presents a crucial parameter when it comes to applications. Hence, measurements
related to treatments have been conducted, using appropriate targets or their models treated by specific plasma jet
configurations [26-28]. In that way, valuable data related to applications have been acquired. However, in most
situations, authors studied pin/needle electrode jets or DBD jets with pulsed power. The configuration of a DBD jet
with one continuously powered and one grounded electrode is a frequently encountered configuration used in many
biomedical applications, as well in the treatment of liquids [29]. Thus, we believe that investigation of the influence
of the target conductivity on plasma parameters in this jet configuration is of interest.

Power dissipation is one of the key properties when it comes to the treatment of biological samples and water, as
it is connected to the stability and reproducibility of the plasma treatment and the heat transfer to the target [16].
The significance of the power as one of the most important parameters is visible especially in the fields of plasma
medicine and plasma agriculture where the comparison of different plasma sources and their efficacy is important.
This fact has been recognized by several groups of authors [30-33], so the procedure to establish power given to the
plasma requires further research and development of appropriate protocols. The power dissipation in plasma is
encountered as one of the open issues in plasma diagnostics. As a rule, the actual power dissipated in the plasma is
often quite different from the input power. Especially, the case of DBD plasma jets with two electrodes is intricate
since the power dissipated in the effluent that interacts with the target surface is different than the power in the
plasma core. Introducing the target produces a power outflux from the plasma [34, 35], whose accurate
determination can be a challenging task since suitable signal waveforms cannot be monitored easily.

The principal aim of this work is to investigate the effect of the conductivity and the type of the target surface on
the properties of a continuously powered DBD type atmospheric-pressure plasma jet that is operated in front of
three different targets: a copper plate, a PET plate and a distilled-water surface. The measurements presented in this
paper clarify the link between the conductivity of the targets and the electrical characteristics, namely the voltage-
current (V-1) characteristics and power. For all three types of targets, we conducted comprehensive measurements
of the average power dissipated between the powered and the grounded electrode, as well as measurements of the
average power delivered from the plasma to the grounded target, aiming at determining the power portion directed
towards the target. Also, a Simulink MATLAB model was developed to describe an equivalent electrical circuit of
the DBD jet. With this model we have given an insight of the electrical circuits (and components) that are describing
plasma-off and plasma-on regime, with consideration of three different targets. We present the results of voltage
and current waveforms and V-l characteristics obtained for different targets and gas flows. Additionally, power

dissipation is discussed with respect to the target type.

2. Experimental setup
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The studies presented here have been conducted with a two-electrode DBD jet with He as the working gas. The
schematic of the experiment is shown in Figure 1(a). The jet consists of a 20 cm long glass tube, with 6 mm outer
and 4 mm inner diameters. To produce a high-voltage signal, a 30 kHz sine signal is sent from a signal generator
(PeakTech 4025) to a “home-built” amplifier and then to a transformer. This high-voltage signal is then supplied to
the powered electrode made of a copper (Cu) foil tightly wrapped and glued around the glass tube. The width of the
powered electrode is 15 mm and it is positioned 15 mm from the end of the glass tube. The grounded electrode
made of the Cu foil is wrapped around the tube 15 mm away from the powered electrode. The flows of 2 sim or
3 sIm of Helium are introduced into the tube through a flow controller. In all experiments the jet is positioned
vertically, and the target surfaces are placed below the jet tube ending at the distance of d=10 mm (see Figure 1(a)).
We have used a Cu plate (thickness 1 mm), polyethylene terephthalate (PET) plates (thickness 2 mm) and 22 ml of
distilled water (dH20) in a glass Petry dish (& 5.5 cm) as target surfaces. In the case of the PET target, we have
used 3 plates in a stack (total thickness of 6 mm).

For all measurements presented here the plasma plume is touching the target surface (see Figure 1(b)). Plasma
was in a glow regime if looked at by a naked eye for all plasma operating conditions. In case of all three targets
with the voltage increase one conductive channel is formed along the tube axis with its emission intensity increasing
with the voltage. Even for maximum applied voltages and for Cu target we did not see the formation of separate
filaments. Nevertheless, the time resolved ICCD images show for this type of APPJ that depending on the conditions
like water vapor percentage, percentage of surrounding air mixing with helium, applied power, we can detect

formation and propagation of Pulsed Atmospheric-pressure Plasma Streamers (PAPS) [15, 36].
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Figure 1. (a) Schematics of the experimental setup. Dashed lines present the measurement points of the supplied
voltage v(t). Voltages on R=100 kQ resistors are used for monitoring the grounded electrode current ig(t) and the
target current i(t). (b) Image of He plasma jet operating.

All three targets were grounded through a resistor (R=100 kQ). The electrical conductivity and relative
permittivity for the targets are given in Table 1 [37-40]. The general relation between the permittivity and

conductivity is the following:
e(w) = &' (@) + j&" (@) = e (@) +j 22, (1)
where &(w) is relative permittivity, g is vacuum permittivity, w is frequency and o(w) is the conductivity. As
seen from Table 1, in case of Cu target, the conductivity is the one responsible for the system behaviour while in

the case of PET it is the permittivity. As it should be expected, in the case of water both parameters are almost

equally influencing the system behaviour.

Table 1. Electrical conductivity and relative permittivity of the targets

Electrical Relative ) )
o > N Dominant term in
Target conductivity, permittivity, g g"
eq. (1)

o [S/m] &

Cu plate [37] 6-107 (1) 1 ~101? ~j10? Im part i.e.,
conductivity

Distilled H.O 5-10%(2) 80 (3) ~1010 ~j10tt Both Re and Im
[38]
PET plate [39, 1072 (1) 345 (4) ~10 ~j10% Re part i.e.,
40] permittivity

The Cu plate exposed to the ambient air was unprocessed and unpolished before it was used as a target, so one
may presume that an oxide layer, whose conductivity is relatively low (in the range of that for semiconductors), is
formed on the surface.

Nevertheless, we perform treatment of the surfaces by plasma before measurements to remove organic and other
complex contaminants, to clean the surface from deposited materials and to make the surface more uniform without
hoping that we have removed completely the oxide layer on the surface [41, 42]. After the plasma treatment of the
surface the influence of possible variations of the properties of the surface layer on the plate conductivity is
negligible. Similarly, clean PET plates are exposed to the preconditioning treatment before each measurement set

and no visible change of the plate surface after the measurement has been observed. For dH,O samples, the water
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conductivity was determined before the measurements and it did not change during the short duration of the
measurements. We used Hanna Instruments (HI76312) conductivity probe with Hanna Instruments controller
HI15521 to monitor the conductivity of the water target. Therefore, the stability of target surfaces is adequate so that
it does not affect the plasma during measurements in all cases.

The electrical measurements were done at three points in the electrical circuit (see Figure 1(a)). The voltage
signal supplied to the jet v(t) was measured with a high-voltage probe (Tektronix 6015A) attached to the powered
electrode of the jet. Both currents, from the grounded electrode ig(t) and the target ie(t), were monitored by
measuring the voltage drops (Agilent 10076C) on the 100 kQ resistors and are recorded separately. These recordings
allowed observing electrical waveforms during plasma operation, to obtain the RMS values of the voltage and
currents and, eventually, to calculate the power transmitted to the plasma. All measurements were repeated, and we
have obtained stable and reproducible operation of the plasma in the whole range of conditions investigated.

During initial measurements we monitored the humidity in the gas flow by using a dew point meter (Vaisala
DMT 143). The abundance of the H,O vapor proves to be an important parameter that influences the plasma
conditions [43, 44]. We observed that after 10-15 minutes of operation, the humidity dropped to ~15 ppm and stayed
at that value throughout the experiment. Thus, we adopted a procedure for preconditioning the jet before each
measurement set that includes 10 minutes of plasma operation with an appropriate target at a moderate value of the
applied voltage.
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3. Results and discussion

3.1 Equivalent electrical circuit
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Figure 2. Experimental equivalent electrical circuit of DBD plasma jet
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Figure 3. Detailed model of the equivalent electrical circuit made in MATLAB Simulink. When plasma is ignited
additional voltage controlled current sources must be added due to the occurrence of PAPS (streamer). Then the

additional elements to the circuit are shown on the right-hand side in the schematics denoted with PLASMA ON

In general, the electrical circuit of the DBD plasma jet can be represented as shown in Figure 2. Impedance Zge

represents total impedance in the first branch (plasma core) of electrical circuit consisting of two electrodes wrapped

around the glass tube. Z represents total impedance in the second branch (plasma plume) of electrical circuit with
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the target. Both Zg and Z can be calculated from the V-1 characteristics. The ON and OFF annotations represent
plasma on (discharge working in stable mode) and plasma off (no discharge) cases.

To better understand the behaviour of the plasma system we have developed a more detailed model of equivalent
electrical circuit by using Matlab Simulink. The schematics of the circuit is shown in Figure 3. All elements are
denoted in similar manner as the impedances in Figure 2. The first branch represents electrical properties of the
powered and grounded electrode wrapped around the glass tube (capacitance Cg and resistance Rge in parallel) and
second represents the target (capacitance Ci and resistance Ry in parallel).

Electrical components of the equivalent circuit and their values are presented in Table 2. The values obtained
from the equivalent electrical circuit model give the current and voltage waveforms that are in 99% agreement with
the measured ones. When applied voltage v(t) is below the breakdown threshold for plasma ignition (Plasma-OFF),
equivalent electrical circuit of the DBD jet is shown in the left-hand side of the Figure 3. In Plasma-OFF regime, if
we change the target, thus changing the electrical properties, the electrical circuit representing the core of plasma
does not change (Cge, Rge). This is an expected behaviour because a two-electrode DBD jet is basically a simple
capacitor filled with gas. The capacitance Cge represents the capacitance due to the dielectric material of the tube
(Cwan) and also due to the volume of the discharge tube (Cgas). The change of target material influences only part of

the electrical circuit that includes the target where we can see small changes in Ce and Re.

Table 2. Parameters of equivalent electrical circuit

R [MQ] Rge [MQ] Cge[pF] Rt[M Q] Rte[M Q] Cte[pF]

L Cu 0.10 6.80 1.50 / 10 1.00
e
g dH20 0.10 6.80 1.50 / 13 0.75
3
o PET 0.10 6.80 1.50 / 11 0.85

Cu 0.10 2.20 1.50 2.80 7 1.50
=
O
g dH-0 0.10 2.10 1.70 3.50 7 1.25
3
o PET 0.10 2.20 1.35 3.50 / 1.40

Plasma ignition (Plasma-ON) introduces significant changes to the circuit in both branches. The capacitances of
both branches (plasma core and plasma plume) are changed depending on the electrical characteristics of the targets

and formation of the plasma sheaths. At the same time the resistances (Rqe, Ri) are decreased due to the breakdown
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and plasma ignition. When target is PET, the almost ideal insulator, target is represented only as capacitor Ce (Re
is zero). In plasma plume branch after plasma ignition, we have a new element R; representing mainly the energy
dissipation in plasma plume and trough the target. The appearance of PAPS is modelled by the voltage controlled
current source [45-47] shown in right-hand side of Figure 3 (streamer model). The PAPS appear only in the positive
half-period of the voltage signal [15, 36]. In similar DBD jet configuration, in negative half-period of the voltage
signal we did not observe PAPS, but a formation of a continuous plasma channel that starts at the target and spreads
towards powered electrode of DBD jet [48]. This plasma channel is modelled by the second voltage controlled

current source Figure 3 (channel model).

3.2 Electrical measurements

We have performed full electrical characterization of the DBD jet with a grounded target surface positioned
underneath. Three different signals were monitored in time: the voltage supplied to the powered electrode v(t), the
current flowing between powered and grounded electrode ig(t) and the current passing through the plasma plume
into the target ie(t). As the current ig(t) effectively describes the region between the electrodes, we may attribute
these values to the plasma core, while the other current, i.(t), provides an insight into the plasma plume, the region
of the plasma between the core and the target.

In Figure 4 we show waveforms obtained at 2 sim of He and three different targets. These waveforms were
obtained for each target when the discharge is ignited by the same voltage as indicated at the signal generator. The
left-hand side y-axis shows values of v(t), while the right-hand side shows values of ig(t) and ie(t). Vertical dashed
lines in the plots mark the time-point of one maximum of v(t) signal to assist the observation of the time-shift

between the voltage and current signals. The period of the v(t) signal is T=33 ps.
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Figure 4. Waveforms of voltage v(t) (left-hand side), grounded electrode current ig(t) and target electrode current
i(t) (right-hand side) recorded for three different targets and flow of 2 sIm of He. Vertical dashed lines mark the
time-point of one maximum of the v(t) signal.

For all three targets the current signals (ige(t), Ie(t)) precede the voltage signal indicating that this is a
predominantly capacitive system. This is even more pronounced when the plasma is not ignited. In that case both
currents, that pass through the grounded wrapped electrode and through the target, precede the voltage waveform
and they are influenced mainly by the geometry of the electrodes and position of the target. The phase differences
in the plasma-off case are ~55° for the grounded electrode and ~50° for the target electrode. These values differ
from the 90° phase difference that is expected for a purely capacitive impedance, due to resistance of the components
of the electrical circuit and the plasma jet.

When the discharge is ignited, the current ig(t) through the grounded electrode precedes the voltage signal for
A1=2.55 ps, which corresponds to the phase shift of ~28°. This phase shift is not influenced by the type of target
indicating that the parameters of the plasma core inside the tube are mainly governed by the inter-electrode distance
and geometry. On the other hand, the current passing through the target is highly influenced by the type of the target
and its characteristics, as expected. The phase differences between iw(t) and v(t) are ~14°, ~28° and ~41° for the Cu,

dH,O and PET target, respectively. The increase in the phase shift corresponds to the decrease in the conductivity
of the target.

10
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3.2.1 V-1 characteristics

To get a clearer picture of the nonlinearity that plasma introduces into the system, we have analysed the signals
in the frequency domain by using the Fast Fourier transform. When plasma is not ignited, all three signals for all
three targets have only the fundamental harmonic (1% harmonic), as expected. When plasma is ignited, the
nonlinearity introduced into the system by the plasma can be evaluated through the total harmonic distortion factor

(THD). THD is calculated as
[Znsa Vit
THD = Y2 "™ 100(%) @)

fundRMS

where Vi, rus are root mean square (RMS) values of the higher harmonics (n=2, 3...) and Vfund rus IS the RMS

value of the fundamental harmonic at f=30 kHz. The same formula was used for lge and .

Table 3. THD percentages for voltage and current signals

Target THD_V (%) THD_Ige (%) THD_ I (%)
Cu 0 18.2 38.2
dH.0 0 13.4 46
PET 0 7.3 135

The calculated THD values are shown in Table 3. While the voltage waveform is not distorted, the THD
percentage for the current going through the grounded electrode (l4) depends on the conductivity of the target. In
Table 3 we can see that the highest distortion (THD_Ig) in the signal is obtained for the Cu target and generally it
increases when target’s conductivity increases. The situation with Il iS Somewhat different, as it is in correlation
with the effective conductivity, which also depends on the stability of the material of the target surface and/or
fluctuations in plasma-surface interactions. The highest THD was obtained for the dH-O target. This indicates that
during the plasma operation the target surface is changing significantly due to the helium gas flow, evaporation, and
the plasma-water interface interactions. The high instability of the dH,O surface results in the appearance of a large
number of significant harmonics (up to n=14) present in the signal. On the other hand, for the Cu target there are
n=6 significant harmonics and for PET only n=3 (n includes the 1% harmonic). The appearance of the higher
harmonics can also be anticipated since there is a visible variation in the I signal shape at positive peak value.

To facilitate the comparison of time-varying signals, the RMS values of waveforms should be calculated. In case

of the voltage, the RMS values were calculated using:
1 T
Vams = /; Jy i@yt 3)

11
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Calculation of the RMS values for the currents was conducted in a similar manner. In all calculations, seven
periods were used (n=7).

In Figure 5 we show V-I characteristics of the DBD jet measured for three targets and 2 slm of the He flow.
Figures 5(a—c) show the dependence of the voltage on the current flowing through the grounded electrode (lg), and
Figures 5(d—f) present the V-1 characteristics depending on the current through the target (l). The measurements
are performed starting with voltages lower than the breakdown voltage and then increasing gradually to the
maximum voltage of the power supply (shown in solid symbols). Then, from the maximum voltage of the power
supply it is decreased to the starting voltage (shown with open symbols). The increment and decrement of the
applied voltage is accomplished in steps, sweeping over the same values.

The V-I characteristics for low voltages, when the plasma is not ignited, are linear since the impedance depends
only on the characteristics of the electrode system, mainly on its capacitance. In all V-1 characteristics there is a
drop of the Vrwms values at the point where plasma is ignited. As expected, the current flowing through the grounded
electrode is higher than the current through the target. After ignition, the main plasma core is constrained inside the
jet, between the electrodes wrapped around the jet tube. Here, the gas mixture consists of helium with only a small
amount of air impurities in which the breakdown occurs. Then plasma spreads towards the end of the tube where
the percentage of air in the mixture is higher. Having crossed some distance in the external region, the plasma gets
in contact with the grounded target surface.

From Figures 5(a—c) we can see that the impedance is not constant for the whole range of the applied voltages
due to the changes introduced by plasma. The nonlinearity of the impedance is more evident in the V-1 curves for
the grounded target (Figures 5(d—f)), especially for the Cu and dH-O targets. For lower applied voltages and currents
the plasma plume is a glow type. With an increase in the applied voltage an apparent conductive channel is formed
whose emission intensity increases with the voltage. After the channel formation, the applied voltage increases
slower than the current through the plasma plume. This is represented in the V-I curves as a change of the impedance
to a lower value. The plasma behavior and V-I points do not change in measurements when the input voltage is
decreased (Figures 5(a—f), open symbols). The only difference with respect to the increasing-voltage case is that the
plasma stays ignited till lower voltages are reached, thus producing a hysteresis effect. The hysteresis as shown in
Figure 5 is often observed for plasma discharges. What is interesting here is that the hysteresis depends strongly on

the material of the target and seems to be the largest for water target.

12
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Figure 5. V-I characteristics of the He DBD jet plasma in contact with 3 different targets. Solid symbols are points
obtained by increasing the input voltage, while open symbols are obtained by decreasing the voltage. Plots (a) — (c)
present the dependence of the RMS voltage on the current through the grounded electrode Irusge and (d) — (e) the
dependence on the current through the target lrmste.

For a better comparison, the V-1 characteristics obtained for the different targets are presented together in Figure
6. The voltage dependance on the current through the grounded electrode are given in Figure 6(a) and the
dependance on the current through the target in Figure 6(b). The points acquired after the plasma ignition are marked

by open symbols and connected with a line to make the data more legible.
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Figure 6. V-1 characteristics of the DBD jet in contact with 3 different targets. The dependence of Vrwms is plotted
against (a) grounded electrode current, (b) target current. The open symbols are measured with the plasma ignited
and they are connected by lines to improve legibility.

The data points obtained without plasma for the targets fall on top of each other, as shown in Figure 6(a).
Obviously, before the breakdown, the impedance is the same for all three targets (Zg=3.3 MQ) and this is also
confirmed by components (Cge, Rge) Obtained by Simulink model. As observed in the previous section, after the
plasma ignition, the voltage drops significantly for all the targets and regimes of operation, i.e., the voltage and
current obviously depend on the type of the target. For the Cu target, the plasma after ignition initially operates at
around 1700 V, while the current flowing between electrodes is around 700 YA. This is the lowest plasma operation
voltage and current for all three targets. The reason lies in the high conductivity of the target that enables efficient
breakdown and discharge operation. For the case of the PET target, the voltage after ignition is around 1830 V and
the current is at 800 pA (see Figure 6(a)). A similar operating voltage of around 1800 V is also obtained with the
dH,O target, while the current immediately goes to around 850 pA.

Slopes of the V-1 characteristics of the core plasma after plasma ignition change in a different manner, depending
on the target (Figure 6(a)). The curves obtained for the PET and dH,O targets both change the slope in the 0.9 mA-
1 mA interval, while for the Cu target the change is observed around 0.8 mA. By assessing the recorded waveforms
that are used to obtain points of the V-I characteristics we could observe only variation in the amplitude of the
waveforms. The slope change (i.e., the impedance change) is due to the nonlinear changes of charge densities in the
plasma that may originate from different reaction kinetics in the gas phase and/or effects of the surface charges [49,
50]. We could not observe any additional distortion of the waveforms that has been detected by other authors in the
case of the plasma mode transition [51-53].

The points of the plasma plume V-I characteristics obtained before plasma ignition differ significantly with the
targets used (Figure 6(b)). After ignition, the highest RMS current values (li) are recorded for the Cu target. This
can be explained by a considerable amount of charged particles that are efficiently transferred to the plasma plume.
In the case of PET and dH.0O targets the maximal measured currents are similar. However, the RMS voltages depend
on the target’s conductivity. For the PET target the impedance is constant for all applied voltages. However, for the
dH,0 and Cu targets the impedances change and this corresponds to an appearance of a stronger, more intense,
conductive plasma channel.

In Figure 7 we show the V-I characteristics obtained for the PET and dH,O targets at two different He flow rates:
2 slm and 3 sIm. Points obtained with ignited plasma are connected by lines. The variations in He gas flow affect
the V-I characteristics for these two targets, but they do not introduce significant changes for the Cu target. With
the Cu target the plasma plume impinges on a highly conductive surface, which may result in the occurrence of a
stronger gas flow of He between the jet tube and the target [54, 14]. Thus, relatively small changes in the gas flow

rate (between 2 sim and 3 sIm) cannot modify the electrical properties of the jet.
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Figure 7. V-1 characteristics of the DBD jet in contact with PET and dH20 targets at two He flow rates. The
dependence of Vrus is plotted against (a) grounded electrode current, (b) target current. Lines connect the points

obtained when plasma is ignited to improve legibility.

For the V-I characteristics of the plasma core part, i.e., for the voltage dependence on the current through the
grounded electrode, in the case of the water target there is a very small difference between the operating points
obtained at different flow rates (Figure 7(a)). For the currents below 1.1 mA the curves are indistinguishable, while
at higher currents the difference is of the order of the voltage measurement error (around 20 V). However, for the
PET target there are bigger differences in the operating voltages at different flow rates. For jet currents above
0.9 mA, voltages may be different as much as 100 V. The V-I characteristic of the plume region, i.e., the voltage
dependence on the current through the target, shown in Figure 7(b), has a similar dependence as in Figure 7(a). In
the plume region the V-I characteristics in the case of dH>O do not change with the gas flow, while for the PET
target the operating voltages become different for the currents above 4 mA. Hence, the pronounced difference in
the V-I characteristics of both regions measured at different flow rates is observed only for the PET target. Since
the effect of the surface charges is pronounced on the PET target, these results indicate that the surface charges can
affect both the plasma plume region and the plasma core. This has been thoroughly studied in the case of the pulse-
powered jets [24, 26, 55]. In papers [18, 56] it has been shown that for low-permittivity dielectric targets (such as
PET) there is a rapid charging of the surface and formation of surface ionization waves. Additionally, properties of
the dielectric target influence not only the density of electrons, i.e., the electric field, but also the density of radicals
in the plume region [57]. In our case of continuous power supply, the same processes occur, but may be diminished
due to short plasma-off time in comparison to the low-duty cycle pulsed discharges. Nevertheless, a strong influence
of the low-permittivity PET target on both the electron and neutral species in the plasma plume is reflected in the
plasma core, resulting in visible differences in the V-1 characteristics obtained with the two He flow rates. For the
case of a pulse-powered jet in contact with high-permittivity dielectric (H2O target), authors discuss the existence
of a return stroke (or ‘third” discharge) due to the high electron production and enhancement of the electric field

adjacent to the substrate surface [18, 57]. On the other hand, in the situation with continuously powered jet against
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a grounded conductive target, the appearance of anode directed streamers has been observed but only in a narrow

range of operating conditions [48].

3.2.2 Power transmitted to the discharge

Another important parameter that describes interactions between the plasma and the target is the power delivered
to the discharge and then forwarded to the target. In this study, as the first step in power assessment, time-dependent
power signals are obtained. The instantaneous power is calculated from the voltage and current waveforms (as
shown in Figure 4). Since we recorded both the current between powered and grounded electrode ig(t) and the
current passing through the plasma plume into the target iw(t), powers delivered to the core of the plasma and from
the plume to the target could be calculated. The following formula is used for calculation:

p@) =v(t) - i (0) (4)
providing the appropriate current waveform is used (denoted by index k).

The instantaneous power calculated using plasma-on waveforms also contains the power losses in the plasma jet
circuitry [58]. To separate this part, several approaches could be used. For instance, at a specific current, the input
power without plasma could be measured allowing an estimate of the power losses [58, 59]. Another approach
applied here is to subtract the effect of the displacement current, assuming only stray capacitance of the plasma
source from calculated circuit impedance [60]. Then, the time-averaged power is obtained from the equation:

Pe=—Jo" p()dt 5)

The calculated powers are plotted against the RMS voltages for the Cu, dH,O and PET targets at 2 sIm of He in
Figure 8. P4 shown in Figure 8(a) is the average power dissipated between powered and grounded electrode (in the
plasma core region), while in Figure 8(b) we calculated P as the average power delivered from the plasma to the
grounded target (plasma plume region). The lowest plasma core power of 1.1 W is obtained for the Cu target at the
lowest operating voltage of 1700 V. The highest power is for the PET target, i.e 3 W at 2580 V RMS (Figure 8(a)).
The powers calculated for all three targets in the RMS voltage range from 1900 V to 2100 V are very similar. For
higher voltages, the discrepancy is more pronounced. The highest power dissipated at a specific voltage is for the
water target and the lowest power is for the PET target. These results are in accordance with the V-1 characteristic
(Figure 6(a)). In the plume region, the lowest power of 0.5 W is measured for the PET target and the highest power
of 1.5 W is obtained for the Cu target (Figure 8(b)). Unlike the power dissipated in the plasma core (Figure 8(a)),
here the lowest and the highest powers are not correlated with the extreme values of operating voltages. These
results agree well with the V-1 characteristic in Figure 6(b) — at a particular operating voltage, the highest current is
achieved for the Cu target and hence the highest powers in Figure 8(b) are also obtained for this target. The power
from the plasma plume dissipated to the target (Pt«) strongly depends on the target type, with a difference between

the minimal and maximal power of more than 40 % at around 2300 V. For voltages below 2100 V powers measured
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for a high-permittivity dielectric (dH.O) and a low-permittivity dielectric (PET) are almost the same. Concerning
the dependence of Py and Py on the respected currents, as slopes of the V-I characteristics obtained for all 3 targets
showed similar rising tendency (Fig.6), the dependence of power Pge on grounded electrode current and power Pte
on target current would be similar to the dependences on voltages plotted in Fig. 8 with slightly different slopes.
Calculated Py values would correspond to the RMS values of grounded electrode current from 0.7 mA to 1.3 mA
while for P values the target current range would be from 0.35 mA to 0.65 mA.
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Figure 8. The average power as a function of the RMS voltage in the case of Cu, dH-0O and PET targets at 2 slm of
He. a) Average power dissipated between the powered and grounded electrode (plasma core region) and b) average

power dissipated from the plume to the grounded target (plasma plume region).

To estimate the efficiency of transferring the power from the plasma core to the plasma effluent in contact with
the target, we calculated the ratio of the average power dissipated between the powered and the grounded electrodes
to the average power delivered from the plume to the grounded target. This power transfer efficiency as a function
of the RMS voltage is shown in Figure 9. The obtained values clearly show the changes in plasma behavior related
to the target conductance.

For the copper target, more than 50 % of the plasma core power is delivered to the plume region and the target,
while for the dielectric targets (PET and dH-0) these percentages are around 35 %. The reason for this is twofold.
One is the combination of a strong conductive channel impinging upon conductive material results in high power
delivered to the target. This is also visible in the V-1 measurements plotted with Il (Figure 6(b)) where the current
obtained for Cu target is higher than for other two materials. The highest conductivity led to the highest currents.
Apart from the current and voltage amplitudes their phase difference will determine the average power delivered to
that part of the circuit. In case of Cu target the phase, difference is 2 and 3 times smaller compared to the phase
differences in case of dH20 and PET, respectively. Thus, one can assume that there is a threshold conductivity of

the target below which the power ratio appears to be the same regardless of the conductivity.
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Figure 9. Ratio of the power dissipated in the plume (passing through the target) and the power in the plasma core

region for three different targets: PET, Cu and dH»O. The results are obtained for 2 slm of He.

Values of the power ratio for the Cu target oscillate, i.e., the efficiency curve presented in Figure 9 has inflections.
In the case of the water and PET targets, the ratios are nearly the same below 2100 V. Above that voltage, the ratio
for dH,0 stays around 40 %, while the values for PET decrease slightly reaching 35 %. This difference between the
dielectric targets at higher voltages is also visible in Figure 6(b) and Figure 8(b). Considering the presented results,
the efficiency of the power transfer is one of the important parameters that should be considered when performing

treatments with conductive or dielectric substrates.

4. Conclusion

In this paper we presented detailed electrical characterization of a DBD plasma jet in contact with three different
types of targets: a conductive Cu plate, a PET plate (low electrical-permittivity sample) and distilled H.O (high-
permittivity sample). The analysis included an equivalent electrical circuit model that emphasizes differences
between plasma-off and plasma-on regime (by including voltage controlled current source representing a streamer
with a leading ionisation and tail back to the electrode). Small changes in electrical elements corresponding to the
target’s electrical properties (Cr, Rie and R;) are also observed.

The experimental setup allowed us to record the high-voltage signal supplied to the jet and two currents. One
current was recorded at the grounded electrode ig(t), while the other was in the line connecting the target and the
ground iw(t). In both cases the currents were separately monitored by measuring the voltage on 100 kQ resistors. In
this way we were able to obtain waveforms from the core and plume regions of the plasma. Using the waveforms,
plasma-induced nonlinearity in the sine signal was assessed and described using the total harmonic distortion factor
(THD). The voltage waveform was not distorted, but the THD for the grounded electrode current (lg) was shown

to depend on the conductivity of the target. The highest distortion in the Ig signal is obtained for the Cu target and
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for other dielectric targets the distortion is increased with the increase of the target conductivity. For the current
passing through the target (le), the situation was somewhat different and THD did not appear to be directly in
correlation with the target conductivity, but with the target surface stability and/or plasma-surface interactions.
Moreover, we assessed the phase shift between the voltage and currents waveforms. Only for I, the phase shift
changed when we exchanged the target type. The observed increase in the phase shift corresponded to the decrease
in the conductivity of the target.

Using the recorded time-varying signals, we calculated appropriate RMS values and plotted V-1 characteristics
for two plasma regions: the plasma core and plasma plume. The V-I characteristics were obtained for two gas flow
rates. From plasma-off measurements we were able to calculate the impedance of the plasma source. The changes
in slopes of the V-1 characteristics occurred due to the nonlinear variations of the charge density at different currents,
which, in turn, affected the amplitudes of the waveforms and consequently RMS values. We could not observe any
additional distortion in the waveforms that was detected by other authors in the case of plasma mode change. The
influence of the He flow rate on the V-I characteristics was clearly visible only for the PET target, while the effect
is barely present for the dH,O target. In the case of the Cu target we could not observe any change in the V-I
characteristics for the two flows investigated.

By calculating the instantaneous power, we obtained the average power delivered to the plasma core region Pge
and the plume region Pe. The values obtained for Py were similar for different targets, while the Py values had
considerable differences depending on the targets. The highest power was delivered to the conductive type of target,
i.e., the Cu plate. For dielectric targets the calculated powers were lower from 30 % to 40 % in comparison to the
Cu target, showing weak dependence on operating voltage and the target. To estimate the power transfer efficiency
between the core plasma and the plasma effluent that was in contact with the target, we calculated the ratio of powers
in these two regions. The ratio of the average powers P«/Pg showed that the efficiency of the power transfer was

higher for the Cu target and lower for PET and dHO targets, with similar ratios for these two dielectric targets.
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