Chapter 13
Dielectric Barrier Discharge
(DBD) Plasmas and Their Applications

Deepak Prasad Subedi, Ujjwal Man Joshi and Chiow San Wong

13.1 Introduction

Gas discharge plasmas, also known as low-temperature plasmas, have drawn much
attention in past few decades because of their importance in many technological
developments. The use of plasma for industrial purposes began more than
100 years ago with the use of plasma sources for generation of ozone and also as
light sources [1]. Since then, plasma processes have been utilized in a wide range of
technological and research areas, including microelectronics, gas lasers, polymers
treatments [2—4], synthesis of novel materials [5, 6], protective coatings [7-9], etc.
Plasma processes are now commonly used in air cleaning systems, and treatment of
food containers, fruits, meat, vegetables, fabrics, and medical devices [10]. New
areas of application of plasma processes have also been established in recent years.
This includes plasma nanotechnology that involves plasma-based production and
modification of nanomaterials [11], plasma ignition, and plasma aerodynamics.
Recent development in the production of atmospheric pressure plasma jet has
extended the use of nonthermal plasma in biology and medicine for various
applications such as dental treatment, wound healing, decontamination of surfaces,
treatment of cancer cells, and other skin diseases [10, 12].

Among various sources of plasma, the dielectric barrier discharge (DBD) offers
one of the most cost-effective nonthermal plasma sources. This type of discharge is
known to be effective in the initiation of chemical and physical processes in gases
[13]. DBD has been extensively studied in past few years because of its potential
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application in many different areas. It covers not only material processing but also
applications in the field of energy and environment due to its ability to form highly
reactive plasma at near room temperature with low energy consumption using
simple reactor system at atmospheric pressure condition [14].

The first application of DBD plasma was in water treatment by ozone after
Siemens proposed his novel idea to use DBD for ozone generation in 1857. It was
reported in his paper that discharge initiated in an annular gap between two coaxial
glass tubes could generate ozone from atmospheric pressure oxygen or air [1]. This
invention led to the large-scale industrial production of ozone for the treatment of
drinking water around 1900 in Europe. Novel application of DBDs in the pro-
duction of flat panel television screens using AC plasma, reported in 1996, also
drew much attraction [15]. The list of applications of DBD has been extended
recently to at least two more fields of interest: airflow control and medicine [16].

The most important characteristic, which has made DBD profoundly useful in
material processing, is its nonthermal equilibrium nature (refer Fig. 13.1). This
nonthermal equilibrium plasma conditions can be established in DBDs in a much
simpler way than with other alternatives such as low-pressure discharges,
fast-pulsed high-pressure discharges, or by electron beam injection.

Figure 13.1 shows the dependence of electron temperature (7.) and neutral
temperature (T) on the pressure of mercury and rare gas mixture DBD plasma
discharge. It is evident that there is a large difference between T, (~ 10,000 K) and
T, (~300 K) at a pressure of about 1 m Torr resulting in a nonthermal equilibrium
plasma [17]. The difference in temperature between these two species arises due to
low collision frequency between electron and neutral molecules at low pressure.
However, at a pressure above 5 Torr, these two temperatures merge together to an
average value of about 5000 K. The nonthermal equilibrium nature of these dis-
charges has made them suitable for material processing.
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Fig. 13.1 Variation of electron and heavy particle temperature with pressure
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13.2 Various Types of Plasmas Useful in Industry

There are various types of plasmas which are generated in research laboratories and
many of them have been employed in industry. Classification of these wide range of
plasmas can be made mainly on the basis of power supply used to generate them,
pressure of the working gas, geometry of the electrode, and nature of the discharge.
In the following sections, some low-pressure plasmas based on different power
supplies will be discussed. This will be followed by a brief introduction to some
plasmas which are generated in atmospheric pressure and are classified based on
their discharge characteristics.

13.2.1 Low-Pressure Plasmas

There are many ways to generate a low-pressure plasma. The simplest and the
oldest method is the DC glow discharge [18]. DC discharge is useful for sputter
deposition of thin films of metals. It has a large potential drop at the conductive
cathode producing an energetic bombardment of positive ions on cathode which
sputter materials from the metallic cathode. However, they cannot be used to sputter
dielectric materials or to deposit dielectric films since insulating surfaces become
charged in opposition to the applied field. This problem is overcome using radio
frequency (RF) or microwave (MW) discharges so that the positive charges accu-
mulated during the one half cycle can be neutralized by electron bombardment
during the next half cycle [19].

High-frequency (HF) plasma sources can be classified according to the type of
external energy input used to sustain them. Plasma processing tools generally use
RF and microwave power to sustain the plasma. Most commonly RF power is
available at 13.56 MHz and microwave power is available at 2.45 GHz. Many
types of HF plasma sources exist for processing applications and these are generally
classified into capacitive, inductive, and types of EM wave sources used [20]. The
latter two are also referred to as high density sources with electron density 7.

10" m 3. A brief review of low-pressure DC, RF, and microwave discharges will
be presented in the following sections.

13.2.1.1 DC Discharge

DC glow discharge at low pressure is one of the most familiar of gaseous discharges
because of the ease with which it can be generated and maintained and because of
its distinctive appearance [21]. This is also one of the earliest forms of laboratory
plasma originally studied by Faraday, Crookes, and others working on cathode ray
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experiments. The appearance of the discharge is composed of several dark and
luminous regions as shown in Fig. 13.2. The light emitted from luminous zones has
specific colors which is the characteristic of the gas used. The discharge is produced
by applying a DC voltage across two metal electrodes placed inside a glass tube
evacuated and filled with a gas to a pressure in the range of 0.1-10 Torr. In a typical
DC glow discharge, the voltage is of the order of few hundreds of volts, and the
current is of the order of several milliamps [20]. The breakdown voltage Vg is a
function of the pressure p of the gas inside the tube and the interelectrode distance
d as expressed by Eq. 13.2.1 which is known as Paschen law.

Vs = f(pd) (13.2.1)

The voltage (V) along the discharge is found experimentally to vary as shown in
the lower part of Fig. 13.2. The associated curve for the axial electric field (E) can
readily be found from the voltage distribution. If the distance between the two
electrodes is reduced keeping the pressure constant, it is found that the reduction in
length is taken up entirely by the positive column of the discharge. The positive
column constitutes a plasma which is an ionized gas with no net space charge.
A detailed description of the different dark and luminous regions in the discharge
tube can be found in earlier work [21].

In fact, most of the modern plasma devices are the modified version of the
low-pressure glow discharge tube. In practical applications of the discharge for
material processing, the electrode area is enlarged whereas the interelectrode dis-
tance is reduced. When the distance between the electrodes is made much smaller
compared to the dimension of the electrode, most of the discharge will be occupied
by the positive column providing a bulk of stable and homogeneous plasma.
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Fig. 13.2 Schematic diagram of the luminous zones and dark spaces in a low-pressure DC glow
discharge
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13.2.1.2 REF Discharge

When an alternating electric field is applied to a gas, the DC breakdown charac-
teristics are still applicable if the frequency is below about 1 kHz. In this low
frequency range, the time for one cycle of the applied AC field is much longer than
the ion transit time in the plasma. However, for higher frequencies, AC breakdown
takes place at peak voltages differing from the corresponding DC values [21]. At
frequencies of the order of 100 kHz, the breakdown voltage is not only a function
of (pd) as in the case of DC discharge but also depends on (fd) as represented by the
following equation:

Ve =f(pd, fd), (13.2.2)

where fis frequency of the RF source. Radio frequency discharge is one of the most
widely used discharge types in application for thin film deposition because of its
ability to generate a large volume of stable and homogenous plasma. The com-
mercially available RF power supplies are operated at a frequency of 13.56 MHz.
Based on the method of coupling, the high-frequency power with the load, the
high-frequency discharges are usually classified into two types: (i) capacitive
coupling and (ii) inductive coupling.

The capacitively coupled internal electrode type which is also referred as
parallel-plate or diode RF system has been widely used as production-level plasma
reactors. The main reason for their wide application is due to its ease of scale-up
[22]. The schematic drawing of a typical capacitively coupled RF plasma reactor is
shown in Fig. 13.3.

A plasma is formed in the space between the electrodes due to the applied
electric field. The region between the plasma and both the electrodes and the walls
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Fig. 13.3 Schematic diagram of AC-coupled RF plasma reactor
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of the reactor is known as the sheath. The sheath plays an important role in the use
of plasma for various applications because it is the region where the charged
particles gain kinetic energy to bombard the surfaces to be treated by plasma. The
reactors are said to be capacitively coupled because the radio frequency currents
and voltages that sustain the plasma are introduced through the sheath, which acts
like a capacitive element in an electrical circuit [23]. These sources employ one or
more electrodes to produce plasma, with typical electrode voltages of 100-1000 V
and typical RF powers of 100-1000 W. Low-pressure RF discharges are widely
used for deposition of thin films by plasma-enhanced chemical vapor deposition
(PECVD). Zajickova et al. [8] used PECVD based on hexamethyldisiloxane
(HMDSO) monomers to deposit SiO, protective films on polycarbonate (PC).
Dependence of the sputtering of PC on the applied RF power and the self-bias
voltage in argon plasma was also investigated in this study. It was found that the
sputtering rate is proportional to these two discharge parameters.

A more detailed investigation on the surface treatment of polycarbonate sub-
strate by low-pressure RF discharge and its effect on film deposition can also be
found in an earlier work by Zajickova et al. [9]. This study revealed that treatment
of the substrate in argon discharge prior to the deposition of the thin film consid-
erably increased the adhesion of the film to the substrate.

At low pressures, a stable glow discharge can be easily generated, whereas it is
difficult to get a stable homogeneous glow discharge at atmospheric pressure.
Recently, RF power sources are also used to generate stable glow discharge in
atmospheric pressure plasma using DBD configuration. Moon et al. [24] performed
a feasibility study of controlling plasma at atmospheric pressure by investigating the
role of helium gas in an argon glow plasma using 13.56 MHz radio frequency
power. This study suggests that mixing of the supply gas is a useful way of
controlling the plasma characteristics that may be utilized for applications with
specific required discharge conditions.

13.2.1.3 Microwave Discharge

Microwave discharges are widely used for generation of quasi-equilibrium and
nonequilibrium plasma for different applications. Microwave plasma can be gen-
erated at pressures from 107> Torr up to atmospheric pressure in the pulse and
continuous wave regimes at incident powers ranging between several watts and
hundreds of kW [25].

At this range of frequency of the power supply, ions and subsequently the
electrons also can no longer reach the electrodes as they are unable to follow the
rapidly oscillating field. No secondary electron emission is required to sustain
the discharge. This makes it possible to have electrode less discharge. Therefore,
the power can be concentrated to a localized volume and thus a high-density plasma
can be generated [20]. The density of ions in such a plasma can be more than
3 x 10" em™. The most commonly used frequency of the microwave power
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supply is 2.45 GHz corresponding to a wavelength of 12.24 cm which is roughly
comparable to the dimension of a typical microwave reactor [26].

In 2012, Hoskinson et al. [27] demonstrated a novel array of micro-plasma
sources consisting of microwave resonators arranged in a two-dimensional grid.
This study verified the electromagnetic behavior of the array through application of
analytic coupled mode theory, electromagnetic modeling, and observation of the
generated plasma structures. Their investigations showed that the device in specific
mode could be useful for applications in material and surface modifications.
Microwave resonator-based discharges offer several advantages compared to DC or
low-frequency micro-plasma discharges.

A topical review on the methods of microwave plasma generation, general
features of microwave plasma, and selected aspects of microwave plasma diag-
nostics can be found in an earlier work [25].

13.2.2 Atmospheric Pressure Plasma

Atmospheric pressure nonequilibrium plasmas have made a remarkable progress in
plasma generation techniques recently, including atmospheric pressure glow dis-
charge (APGD) [28-32], dielectric barrier discharge (DBD) [1], corona discharge
[33, 34], surface discharge [35-37], pulsed discharge [14, 38, 39], etc. This has led
to an expansion of their applications into the field of energy and environment as
well as material conversion processes [14]. The widespread application of these
discharges is driven mainly by virtue of their special advantage of forming a highly
reactive plasma at near room temperature condition with low energy consumption
using simple reactor system at atmospheric pressure.

An extended review of atmospheric pressure discharges producing nonthermal
plasma has been presented in a paper by Navartovich [15] which reports the
classification of such discharges with respect to their properties, and an overview of
their possible applications. Several research papers have been published reporting
new developments in the form and applications of atmospheric pressure plasmas in
past one and a half decade.

In the following sections, corona discharge, arc discharge, surface barrier dis-
charge (SBD), dielectric barrier discharge (DBD), and atmospheric pressure glow
discharge (APGD) are briefly reviewed with some recent developments and their
new areas of applications.

13.2.2.1 Corona Discharge

Generally, a corona discharge is obtained when the discharge current is limited to
the micro-ampere level after electrical breakdown has been achieved. A specific
form of corona discharge at atmospheric pressure is the luminous glow localized in
space around a point tip in a highly nonuniform electric field [17]. Figure 13.4
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shows the schematic diagram of a typical point-to-plane corona discharge. In this
type of discharge, the geometry of the electrode confines the gas ionizing process to
high-field ionization region around the active pointed electrode. Usually, the corona
geometry is named positive, negative, bipolar, AC, or high frequency (HF),
according to the polarity of the active electrode. The space between the active
pointed electrode and the plane electrode can be divided into two regions: (i) the
ionization region and (ii) the drift region. The ionization region is concentrated very
close to the pointed electrode. The region outside this is the drift region where ions
and electrons react with the neutrals but with too low energy to ionize and too low
density to react with other ionized particles [33]. The application of corona dis-
charge in processing of materials is limited due to the restricted area of the dis-
charge. However, several attempts have been made to overcome this limitation
using two-dimensional arrays of electrodes. Main applications of corona discharge
are in the fields of surface modification of polymers, ozone generation, particle
precipitation, and enhancement of SiO, growth during thermal oxidation of silicon
wafers [17]. Schutze et al. reported that for a positive point-to-plane corona dis-
charge operating in air at 760 Torr, the plasma was ignited at 2—5 kV and produced
extremely small current of the order of 107'°-107> A.

Akishev et al. [34] investigated the phenomenology of a high-current negative
point-to-plane corona in nitrogen. They found that the structure and current—voltage
characteristic of the corona change significantly when the working gas is slowly
blown through the discharge cell. They also studied the time evolution of the radial
profile of the current density at the anode under different experimental conditions.

<\D\ Power supply
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Drift Region

Plane Electrode —

Fig. 13.4 Schematic diagram of a point-to-plane corona discharge
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13.2.2.2 Arc Discharge

An arc discharge is obtained when the discharge current is maintained at above
ampere level after an electrical breakdown of a gas has occurred. A thermal arc
discharge will be produced when the filling gas pressure is sufficiently high.

Figure 13.5 shows the current—voltage characteristics of a gas discharge show-
ing the Townsend (Dark) discharge, corona discharge, glow discharge, and arc
discharge regions. It is evident from the figure that an arc discharge can be
maintained by a lower voltage than a glow discharge. Further details on current—
voltage characteristics of gas discharge can be found in an open source [40].

Arc discharges are commonly used in metallurgical processes, e.g., to melt rocks
containing Al,Oj3 to produce aluminum and synthesis of carbon nanoparticles [41].
Fanara et al. [42] made a detailed investigation on the properties of atmospheric
pressure arc by means of electric exploration of the plasma column and the anode
region. A multi-wire apparatus, operating for arc currents in the range 50-200 A
has been described and the ion current density and temperature maps are also shown
in their study.

In order to obtain a nonthermal plasma at atmospheric pressure discharge, the
first step is to avoid the formation of an arc. This can be achieved by limiting the
current flowing through the discharge. Use of dielectric barrier between the elec-
trodes can be made to limit the current in the discharge thereby converting it into
high-voltage, low-current discharge. This type of discharge system in which either
one or both of the electrodes are covered by dielectric barrier is called a dielectric
barrier discharge (DBD).
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Fig. 13.5 Current voltage characteristics of gas discharge showing the Townsend (Dark)
discharge, corona discharge, and arc discharge regions
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13.2.2.3 Dielectric Barrier Discharge (DBD)

In the study of gaseous discharge, there are two main ways to prevent the transition
of a discharge from corona to spark. One approach is to use a nanosecond pulse
power supply [43]. The other approach is to insert a dielectric barrier in the dis-
charge gap. The insertion of dielectric material in the discharge gap is to limit the
discharge current thereby preventing the formation of complete breakdown. The
schematic diagram of a DBD system is shown in Fig. 13.6. Due to the absence of
complete breakdown, DBD is sometimes called silent discharge.

The dielectric barrier discharge (DBD) has a number of possible industrial
applications and has been a subject of research for many years [44]. It possesses
potential advantages in atmospheric pressure surface processing and plasma
chemistry. The most important characteristic of DBD is that a nonthermal equi-
librium plasma condition can be achieved in a much simpler way compared to other
alternatives like low-pressure discharges, fast-pulsed high-pressure discharges, or
electron beam injection. The flexibility with respect to geometrical configuration,
operating medium, and operating parameters is another important advantage of
atmospheric pressure DBD.

Moreover, the conditions optimized in laboratory experiments can easily be
scaled up to large industrial installations [45]. In 2004, Laroussi and Lu [38]
presented a study on the power consideration in the pulsed dielectric barrier dis-
charge at atmospheric pressure. Pulsed operation with pulse widths in the range of
nanoseconds has been suggested to enhance the plasma chemical processes. This
study reports on a specially designed, dielectric barrier discharge-based
diffuse-pulsed discharge and its electrical characteristics. Their results indicated
that the mechanism in this system would lead to a much improved power transfer to
the plasma.

In a recent study by Gibalov and Pietsch [16], dynamics of dielectric barrier
discharges in different arrangements has been investigated. Based on experimental
results, they have performed numerical investigations of DBDs in three basic
configurations: volume, coplanar, and surface discharge arrangements. This study
found that the anode- and cathode-directed streamers appear with a highly

Electrode
Dielectric - )
Discharge gap : / HV power supply
(2 -5 mm) [ g

Fig. 13.6 Schematic diagram of a parallel-plate DBD
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conductive channel in between. The interaction of the streamers with conductive
and dielectric surfaces determines the filamentary or homogeneous appearance of
the discharge and its properties.

13.2.2.4 Surface Barrier Discharge (SBD)

There are several terms used in literature to describe surface discharge. They are
often named as sliding discharge and/or creeping discharge. A surface discharge is
called dielectric barrier discharge (DBD) when one or both the electrodes are
covered by dielectric material. SBDs are commonly used for surface treatment of
materials, ozone generation, aerodynamics, etc. Schematics of typical surface
barrier discharge systems are shown in Fig. 13.7.

A detailed investigation of SBD generation and its application for surface
modification of polypropylene nonwoven fabrics has been reported in an earlier
work by Cernakova et al. [35]. An experimental study of a SBD for the active
control of subsonic airflow has been made by Dong et al. [36]. This study also
performed complementary and coherent electrical, optical, and aerodynamic mea-
surements as a function of various parameters and geometries. They have investi-
gated the influence of the frequency and applied voltage of the discharge on the
dissipated power. Their investigation resulted in an empirical formula to calculate
the dissipated power and the energy lost in the dielectric.

In 2009, Cech et al. [46] reported on the influence of electrode gap width on
plasma properties of diffuse coplanar surface barrier discharge in nitrogen. They
studied the plasma parameters by means of time- and space-resolved optical
emission spectroscopy and oscilloscopic measurements which provided a spatial
and temporal distribution of the luminosity of the discharge. An elaborated
description on SBD can also be found in an earlier report [37].

13.2.2.5 Atmospheric Pressure Glow Discharge (APGD)

The APGDs are closely related to DBDs and they are operated in a similar dis-
charge configuration with high-voltage electrodes that are covered by dielectric
barriers that lead to self-quenching of the micro-discharges and prevention of spark
formation [47].

Fig. 13.7 Examples of surface DBD configurations. Reprinted from Kogelschatz [37] with
permission
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The DBD at atmospheric pressure usually has a filamentary nonhomogeneous
form. The first step to get a homogeneous discharge at atmospheric pressure con-
sists of avoiding the formation of a streamer and then of a micro-discharge. The
origin of the streamer is a large electronic avalanche creating enough ions to
localize the electrical field. The streamer formation is observed when the gas gap
becomes large compared with the electron mean free path. At room temperature, the
transition between the Townsend and the streamer breakdown occurs when the
product of the gas gap and the pressure (pd) becomes around 100 Torr cm. An easy
solution to avoid streamer formation at atmospheric pressure has been suggested by
Massines et al. The solution consists of using micro-plasmas made in micrometric
cells. Another solution consists of heating the gas in order to decrease its density
[48]. Several researchers have tried to obtain the homogeneous DBD at atmospheric
pressure [49, 50]. Okazaki et al. [SO] were able to show that a uniform DBD could
be generated under specific condition of power supply and electrode configuration.
They named such discharge as APGD. Their study showed that DBD can be made
homogeneous, if the frequency of the power supply is higher than 1 kHz and if
helium or argon with a small admixture of acetone is used. A new technique of
stabilizing the homogeneous glow discharge at atmospheric pressure by 50 Hz
source in any gas was reported by Okazaki et al. [50]. Due to the possibility of
using line frequency power supply, this system could be more cost-effective
compared to the systems which work with power supplies of frequencies in the
range of kHz or MHz.

In 2001, Trunec et al. [49] reported the generation of atmospheric pressure glow
discharge in neon. They investigated the electrical characteristics of APGD in neon
for different voltages and frequencies of power supply and different gas flows. This
study also made a comparison of electrical properties of the discharges in neon with
that of the discharge in argon and in the mixture of neon with argon.

Chen et al. [30] presented a preliminary discharging characterization of a novel
APGD plume and its application in organic contaminant degradation. They were
able to generate an atmospheric pressure glow discharge plume (APGD-p) using a
dielectric barrier discharge reactor with one conductive liquid electrode. Their
results showed that the APGD reactor produced a cold plasma plume with tem-
perature not higher than 320 K at power of 5-50 W.

In another work reported in 2007, Buntat et al. [31] reported the generation of a
homogeneous glow discharge in air at atmospheric pressure. They have experi-
mentally investigated the discharge using two different electrode configurations of a
perforated aluminum sheet and stainless steel wire mesh. This study showed that the
perforated material shows a better glow discharge stabilization than that of stainless
steel wire mesh.
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13.3 Generation and Characterization of DBD

13.3.1 Introduction

DBD systems can be made in many configurations. The most convenient is the
planar-type DBD using parallel plates separated by a dielectric material. Cylindrical
DBDs are also widely used for ozone generation. This system is made using coaxial
tubes with a dielectric material between them. The schematics of planar and
cylindrical DBDs are shown in Fig. 13.8 [1]. This discharge requires alternating
voltage for operation due to the presence of a dielectric barrier between electrodes.
The interelectrode distance may considerably depend upon the type of DBD. In
plasma displays, it is less than 0.1 mm where as it can be up to several millimeters
in ozone generators and up to several centimeters in the case of CO, lasers. In the
DBD systems described here, the interelectrode distance is varied from 1 to 3 mm.

13.3.2 Principle and Operation of DBD

As a consequence of the presence of at least one dielectric barrier, the DBD acts as
a capacitor. Its capacitance is contributed by both the dielectric and the air/gas
space. The capacitance, in combination with the time derivative of the applied
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Fig. 13.8 Common dielectric barrier discharge configurations
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voltage determine the amount of displacement current that can be passed through
the DBD. The main discharge current flows through the DBD when the electric
field is high enough to cause breakdown in the discharge gap. In most applications,
the dielectric limits the average current density in the gas space. It thus acts as a
ballast which, in ideal case, does not consume energy. Preferred materials for the
dielectric barrier are glass, quartz, ceramics, thin enamel, or polymer layers or other
materials of low dielectric loss and high breakdown strength. In some applications,
additional protective or functional coatings are applied. At very high frequencies,
the current limitation by the dielectric becomes less effective. For this reason, DBDs
are normally operated between line frequency and 10 MHz. When the electric field
in the discharge gap is high enough to cause the breakdown, in most gases a large
number of micro-discharges are observed when the pressure is of the order of
10° Pa (atmospheric pressure). This is a preferred pressure range for ozone gen-
eration, pollution control as well as material processing and polymer surface
modification.

To generate a discharge, one of the electrodes is connected to the high-voltage
power supply with voltages in the range of a few hundred volts to several hundred
kilovolts (operated between line frequency and about 10 MHz as mentioned above)
through a ballast resistor (5-20 MQ) in series to limit the current which prevents
the electric puncture in case of material processing and polymer surface modifi-
cation. Another electrode is grounded through a shunt resistor of 10 kQ across
which the discharge current is measured. The voltage applied to the electrodes can
be measured by a high-voltage probe. In case of atmospheric pressure DBD, the
most common electrical diagnostic consists of the measurement of the voltage
applied to the electrodes and the discharge current. The voltage across the shunt
resistor connected in series to ground yields the discharge current. The current and
voltage waveforms can be recorded with the help of a digital oscilloscope. From
these observations, current—voltage characteristics and breakdown characteristics
can be obtained. The characteristics of the breakdown and the formation of the
discharge are sensitive to the electrode gap, applied voltage, and ballast resistor
which affect the uniformity in its applications such as material processing, polymer
surface modification, etc. For optical characterization, the optical emission spec-
troscopy (OES) method is commonly used.

When the electric field in the discharge gap is high enough to cause breakdown,
in most gases a large number of micro-discharges are observed when the pressure is
of the order of 10° Pa (atmospheric pressure). Figure 13.9 (left) shows the
micro-discharges in a 1-mm gap containing atmospheric pressure air, photographed
through a transparent electrode. In this filamentary mode, plasma formations
resulting in electrical conductivity are restricted to the micro-discharges. The gas in
between is not ionized and serves as a background reservoir to absorb the energy
dissipated in the micro-discharges and to collect and transport the long-lived species
created.

The dielectric is the key for the proper functioning of the discharge. Once
ionization occurs at a location in the discharge gap, the transported charges accu-
mulate on the dielectric. The field due to the accumulated charges reduces the field
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Fig. 13.9 End-on view of micro-discharges (leff) and schematic diagram of bursts of
micro-discharges (right) (Eliason 1997)

in the gap and interrupts the current flow after a few nanoseconds. The duration of
the current pulse depends on the pressure and the effective ionization characteristics
of the gas as well as on the dielectric properties. By applying a sinusoidal voltage of
sufficient amplitude, a large number of such micro-discharges of nanosecond
duration are formed. They are randomly distributed in space and time. The DBD
produced at atmospheric pressure usually has nonhomogeneous filamentary nature.
At the maximum and minimum of the applied voltage, the displacement current is
zero and the micro-discharge activity stops, only to start again when the breakdown
field is reached in the gap during the next half cycle (Fig. 13.9). The dielectric
serves two functions: it limits the amount of charge transported by a single
micro-discharge, and ensures that the micro-discharges present are distributed over
the entire electrode area.

13.3.3 Generation of DBD Plasma in Different
Configurations

The geometry of electrodes plays significant role in determining the value of
potential and the electric field strength between the interelectrode spacing where the
DBD plasma is formed. The interelectrode distance and thickness of dielectric
barrier have equally important role in the production of DBD plasma. DBDs
generated using different types of electrodes are briefly described in the following
sections.
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13.3.3.1 Parallel-Plate Electrode System

The schematic diagram of a parallel-plate DBD system is shown in Fig. 13.10. The
discharge is generated between two symmetric electrodes. The electrodes are made
of brass with smooth surface. They have 50 mm diameter and 10 mm thickness.
The lower electrode is fixed and the upper one is movable with a pitch of 0.5 mm.
Glass plate of 2 mm thickness is used as the dielectric barrier. A high-voltage AC
power supply is used and the applied voltage is in the range of 1-2 kV at a
frequency of 30 kHz. The gap between the electrodes can be varied from 0.5 to
2 mm and Ar is fed at a flow rate of 1 I/min. The experiments are carried out for
gap spacing of 0.5, 1-2 mm.

This system was studied by electrical and optical measurements. Electron tem-
perature and electron density in the discharge were measured by power balance
method and line intensity ratio method. Effect of this plasma treatment on the
surface property of polymers was also investigated by contact angle measurement.
Contact angle measurement on untreated and plasma-treated samples showed that
this discharge effectively improves the wettability of the polymer surface [51].

13.3.3.2 Cylindrical Electrode System

The schematic of a typical DBD system with cylindrical electrodes is shown in
Fig. 13.11a. Two electrodes are held parallel to each other horizontally in stand.
The electrode consists of glass tube filled with fine brass powder with a central wire
inside. The internal diameter of the tube is 12.6 mm and external diameter is
149 mm with 1.2 mm thick glass as dielectric barrier. The electrodes are
126.2 mm in length. They are separated by 2.9 mm distance where DBD is pro-
duced. The fine metallic powder packed inside the glass tube serves as electrode to
produce electric discharge. The photograph of the discharge is depicted in
Fig. 13.11b.

The electrodes used in this system are designed for an easy passage of long rolls
of textiles and other materials for continuous treatment in plasma. As an example, a

(a) (b)

Dielectric
Barrier

Discharge

Electrode

High Voltage and High
Frequency Power Supply

Fig. 13.10 Schematic diagram DBD with parallel-plate electrodes with double barrier (a) and
photograph of the discharge (b) [51]



13 Dielectric Barrier Discharge (DBD) Plasmas ... 709

126.17 mm
(@) = » Electrode

Discharge
P 2

/ High Voltage,

High Freq.
Power Supply

Dielectric Barrier

(b)

Fig. 13.11 a Schematic diagram of DBD with cylindrical electrodes. b Photograph of the
discharge

cotton fabric driven by an electric motor was passed through the discharge between
the electrodes and the improvement in wettability of the sample was investigated by
contact angle measurement. Figure 13.12 shows the image of water drops on the
untreated and plasma-treated samples. It was observed that the cotton sample which
was hydrophobic before treatment turned into hydrophilic after 20 cycles of
treatment through the discharge.

13.3.3.3 Coaxial Electrode System

DBD with coaxial cylindrical electrode system is mainly used for chemical syn-
theses such as generation of ozone and treatment of engine exhaust gas. It is
designed to provide an annular gap between two coaxial tubes and a radial electric
field is applied by a high-voltage AC power supply. It causes an electrical break-
down of the flowing gas in the annular gap. Early experiments conducted in such a
system showed that some oxygen molecules in the air flowing through the dis-
charge gap between the glass tubes are converted to ozone. In the present experi-
ment, a HV power supply of amplitude 18 kV operating at line frequency of 50 Hz
is applied across the two cylindrical electrodes. The central electrode is made of
brass rod (diameter is 3 mm, length 65 mm) and enclosed by an inner cylindrical
glass tube. The outer electrode is made of aluminum foil which wraps around the
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(a)

Untreated Surface

| Treated Surface

Fig. 13.12 Images of water drops on untreated and plasma-treated surface of cotton fabric (a, b).
A complete wetting was obtained after 20 cycles of treatment (c¢) Image reproduced from the
permission of authors: doi:10.1063/1.4993084

outer cylindrical glass tube. The gap between the two dielectric layers is 3 mm
through which air or water can easily flow. In our experiments, we used the system
for direct treatment of water by electric discharge. Figure 13.13 shows the
cross-sectional view of the coaxial electrode system in a DBD. The main objective
of the work was to develop a system in which water could be passed through the
annular gap between the electrodes making the treatment more effective. Water
from different sources such as river, well, stone spout, and tap was treated by this
method. The general evaluation of the efficiency of the treatment for water disin-
fection was made. The experimental results show that the qualities of water such as
pH, conductivity, chlorides, and total hardness of water changed slightly after
treatment. However, the coliforms and chemical oxygen demand (COD) were
significantly reduced in the treated samples. A remarkable increase in the amount of
dissolved oxygen (DO) was also observed after the treatment [52].

13.3.3.4 Atmospheric Pressure Plasma Jet (APPJ)

In the previous sections, we mentioned that the atmospheric pressure plasma can be
generated in various configurations. The main problem with these systems is that
the working space is often limited because of the small gap between the electrodes.


http://dx.doi.org/10.1063/1.4993084
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Fig. 13.13 Cross-sectional view of the coaxial electrode system in a DBD

In an atmospheric pressure plasma jet, the plasma constituents are expelled through
an orifice by a gas flow which makes the treatment of large objects possible. Forster
et al. [53] reported an atmospheric pressure plasma jet in a DBD configuration. This
type of discharge can be operated under high gas flow rate. In 2003, Toshifuji et al.
[54] reported a relatively cold arc plasma jet produced under atmospheric pressure
having potential application for surface modification. Recently, Takemura et al.
[55] developed an APPJ with long flame which can be used to modify polymer film
with a work distance of over 200 mm. Similarly, a double-layered APPJ had also
been reported in 2009 [56]. It consists of an additional part in the jet system for
introduction of nitrogen gas into the outer nozzle between the inner and outer tubes
boosting the plasma plume which results in a brighter and longer plasma torch. This
system is supposed to have more radicals which may broaden the application range
of atmospheric pressure plasma jets. Kuwabara et al. have presented a detailed
investigation on the effects of electrode positioning on the atmospheric pressure
plasma torch based on DBD configuration [57]. In this work, the authors also
discussed the factors which determine the length of plasma jet.

In our study, a nonthermal nitrogen plasma jet was generated using a
high-voltage power supply with output frequency of 10-30 kHz under atmospheric
pressure. The experimental setup used to generate atmospheric pressure plasma jet
is shown in Fig. 13.14. The dependence of the length of plasma jet on the gas flow
rate was investigated and application of this plasma jet to the surface modification
of polymer material was also demonstrated.

Figure 13.15 shows that the length of plasma jet can be enhanced up to 75 mm
by increasing the gas flow rate from 1 to 4 I/min. However, there was no further
change in length beyond this flow rate.



712 D.P. Subedi et al.

s

]
| Voltage Probe

Arc Plasma Jet | High Frequency
=T | Power Supply

Current Probe

N2

Fig. 13.14 Schematic diagram of atmospheric pressure plasma jet system. Reproduced from
Subedi et al. [58] with permission from the editor
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Fig. 13.15 Photograph of plasma jet and the dependence of jet length on gas flow rate.
Reproduced from Subedi et al. [S8] with permission from the editor

13.3.4 Characterization of DBD

Different methods are available to measure the electron density and electron tem-
perature in a plasma. The most commonly used methods are: Langmuir probe,
microwave interferometer, Laser Thomson Scattering [LTS], optical emission, and
absorption spectroscopy [59].

Characterization of the discharge by analyzing the emission spectra is a powerful
tool for the diagnostic of plasma.

To determine the electron temperature (7.) and electron density (n.) in
low-pressure plasma, probe method is widely used but the application of probe
method to atmospheric pressure plasma is difficult due to small discharge gap
distance [60]. Alternatively, a powerful tool widely used for the plasma diagnostic
is optical emission spectroscopy (OES), which is nonintrusive and gives rich
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information about the plasma species. By analyzing and interpreting the plasma
spectra, we can obtain the important properties of the plasma, such as temperature,
density of chemical species, and ionization state [61].

13.3.4.1 Electrical Characterization

In DBD, electric current (i) flows between the electrodes through a defined plasma
volume with cross section A and there is no current loss to the surrounding. This
makes it possible to use the measured current as a diagnostic tool for plasma
generated at atmospheric pressure. The current density (j) is a function of electron
density (n.) and drift velocity (v4) of electrons according to Eq. 13.3.1 which in turn
is a function of electric field.

J = neevq (13.3.1)

In order to determine n. from Eq. 13.3.1, values of vq4 for different electric field
values can be found from literature. Alternatively, it is also possible to use the
measured values of applied voltage and average discharge current to estimate the
electron density n.. This method is termed as power balance method and is
described by the following equation:

Pav

= 13.3.2
2Avp Ejog ( )

Ne

where P,, is the average power, A is the area of the electrode, v, is Bohm velocity,
and E,. is the energy lost by the system per electron—ion pair. In a recent study,
Eq. 13.3.2 was used to estimate the electron density in argon discharge produced in
parallel-plate DBD [62]. A high-voltage probe was used to measure the voltage
applied across the electrodes while the discharge current was measured using a
shunt resistor at the earth side of the discharge tube.

The signals were recorded using a Tektronix TDS2002 digital oscilloscope.
Figure 13.16 shows the applied voltage and discharge current waveforms obtained
in an argon discharge.

Taking Bohm velocity v, = 2 X 10° m/s and energy lost Ej,s = 50 eV; and
using the values of electrode area A =17.5 x 10°* m?, applied voltage
Vims = 13 kV, and average discharge current I, = 3.86 X 107> A from the cur-
rent waveform shown in Fig. 13.16 and substituting in Eq. (13.3.2), the electron
density in air plasma was found to be equal to n, = 8.97 x 10"' cm™ which is in
fairly good agreement with the values of electron density in low-temperature
plasmas.
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Fig. 13.16 Applied voltage and discharge current waveforms obtained in argon discharge

13.3.4.2 Optical Characterization

To understand the generation of reactive species in the plasma, it is important to
measure the electron temperature and the density of the plasma. Conventional
plasma diagnostics such as an electrostatic probe and a microwave interferometer
are not applicable for atmospheric plasma [63]. Several attempts have been made to
characterize atmospheric pressure DBD using OES technique to measure electron
temperature and density [24, 47, 63—-69].

OES analyzes the light emitted from the plasma. The light originates from the
excited states decaying to lower energy levels in atoms and molecules due to
various processes. OES can be used to identify the types of excited species present
in the plasma. It can also be used to estimate the temperature of such species which
is obtained from the analysis of the energy distributions of particles and their
respective population. The transitions between electronic energy levels correspond
to wavelength of light in ultraviolet to visible range. Therefore, the monochromator
and photoelectron multiplier which are sensitive over a range of 200-900 nm can
be employed. The resolution required for monochromator depends on the aim of the
diagnostic. Normally, it is sufficient to resolve the vibrational structure of emission
spectra of molecules with resolution of about 0.1 nm.

The typical optical emission spectrum in the range of 190-850 nm, recorded by
a HORIBA Jobin Yvon UV-Vis Spectrometer, for DBD discharge in air is shown
in Fig. 13.17. Its focal length is 140 mm and the grating used is 1200 per mm.
Optical fiber with 100 um diameter core and resolution of 2.3 nm is used to
transmit the light from the source to the monochromator. The spectrum is recorded
on the computer via SMA connector.
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Measurement of electron temperature and electron density by line intensity
ratio method

The electron temperature can be obtained by line intensity ratio method using the
equation given below

BT () (80 () (A (82 () g [ o= B — Bt B
R, 13/14 Axy 8x /lpq Ars 8r /1uv P kTe ’

(13.3.3)

where R, is the ratio of the intensity of a pair of lines (p — q) and (x — Yy),
assuming that (p — q) is originated from neutral species (atom) while the transition
(x — y) is produced by singly ionized ion. Similarly, R, is the ratio of the intensity
of another pair of lines (r — s) and (u — v), assuming that (r — s) is originated
from neutral species (atom) while the transition (u — v) is produced by singly
ionized ion. I is the intensity of the spectral line, 4;; and A;; are wavelength and
transition probability, respectively. g; is the statistical weight of the upper level, E;
is the energy of the upper level, k is the Boltzmann constant, and 7, is electron
temperature. The values of 4 and I are obtained from the optical emission spectra,
and the values of Aj;, g;, and E; are obtained from the NIST atomic spectra database.
Electron temperature T, is then used to calculate the electron density n. using
Eq. (13.3.4).

I\ (A (gx\ [Foq) (2nm kT \*?  [E + E, — Ey
ne =22 (22) (& ] % exp Ei + By = Bx (13.3.4)
5) \Apq/ \8&p/ \Axy h kT,

Four suitable nitrogen lines, two for NII and two for NIII, are chosen from the
spectrum and the electron temperature 7T is estimated using the line intensity ratio
method.
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Considering two NII lines with wavelengths 204.02 and 655.85 nm, and two
NIII lines with wavelengths 245.21 and 378.57 nm, we obtain the intensities (from
OES) and parameters from NIST Atomic Spectra Database which are listed in
Table 13.1.

Substituting the above data in Eq. 13.3.3, we get

R 2.78
—L =0.506 exp( ) (13.3.5)
R T,

2 e

Taking different electron temperatures, we obtain the corresponding intensity
ratio as given in Table 13.2.

Figure 13.18 is the graph plotted between electron temperature T, and corre-
sponding intensity ratio R;/R,. This graph is used to determine the electron tem-
perature using the value of R;/R, obtained from the intensity ratio [70]. Since
Ry/R, = 9.16, it corresponds to electron temperature 0.97 eV in Fig. 13.18.

The electron temperature 7, determined from above is then used to calculate the
electron density n. using Eq. 13.3.4. Considering two nitrogen lines NI
(402.45 nm) and NII (397.98 nm), we obtain the intensities as given in Table 13.3
(from OES) and parameters from NIST Atomic Spectra Database.

Using the above data in Eq. 13.3.4 with electron temperature 7, = 0.97 eV and
ionization potential of nitrogen E; = 14.53 eV, we obtain the electron density
ne = 3.46 x 107 m™.

Similarly, the electron temperature and electron density in argon/air mixture
plasma can be obtained.

Measurement of Electron Density by Stark Broadening Method

One of the most reliable techniques to determine the electron number density is
using the measured Stark broaden line profile of an isolated line of either neutral
atom or singly charged ion. Stark broadening is caused by the Coulomb interaction
between the radiator (in this case argon atom) and the charged particles present in
the plasma.

The Stark broadening appearing due to collision of charged species is the pri-
mary mechanism influencing the width of Ar emission line. The stark broadened
line is assumed to have the Lorentz profile. The electron number density () related

Table 13.1 Selected NII lines intensities (from OES) and parameters from NIST atomic spectra
database

Nitrogen lines Intensity (a. u.) Ajj gi E;

NII (204.02 nm) I = 1568.65 Apg = 2.11 X 10° g =5 E, = 21.62 eV
NII (655.85 nm) L, = 528.47 Agy =143 x 10 & =75 E, =41.73 eV
NIII (245.21 nm) I; = 1809.92 A, =121 x 107 & =06 E, =2326¢eV
NIII (378.57 nm) I, = 5589.23 Ay = 240 x 105 gu=>5 E, =40.59 eV
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Fig. 13.18 Plot of R|/R, as a function of T,

Table 13.3 Spectroscopic constants for the two emission lines of nitrogen NI (402.45 nm) and
NII (397.98 nm)

Nitrogen lines Intensity (a. u.) Ajj g E;
NI (402.45 nm) I, = 1649.07 Apqg = 1.14 X 10° g =4 E,=10.71 eV
NII (397.98 nm) L, =1478.17 Ay =779 X 107 gx =5 E, =1851eV

to the full width at half maximum (FWHM) of the Stark broaden line is given by the
expression [36].

M = 20| 1o5e] +35a o] Y [1 - §ND1/3] ol (1336

where o is the electron impact width parameter (nm); o is the ion broadening
parameter (nm); 7, is the electron density (cm™3); Ny is the number of particles in
the Debye sphere. The first term in Eq. (13.3.6) refers to the broadening due to the
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electron contribution and the second term to the ion broadening contribution. Since
the contribution of the ionic broadening is normally very small, therefore, it can be
neglected and Eq. (13.3.6) can be reduced to a simple form:

Alstark = Zw% (13.3.7)

Values of both @ and o for different temperatures are reported in [36]. Hence n,
can be expressed as

Aislark 2
ne = {—2 > 10“} (13.3.8)

Equation 13.3.8 is an equation for determining the electron density in dielectric
barrier discharge in argon by measuring the full width at half maximum (FWHM)
of the emission line. The emission line of argon/air plasma at wavelength
696.23 nm is shown in Fig. 13.19.

The use of stark broadening of this line to estimate electron density in the
discharge has also been reported in earlier papers [51, 61, 62].

The calculated value of electron density is n, = 6.04 x 10'® cm™. This value is
slightly higher than the results obtained by Balcon et al. [71] by Stark broadening
on an argon line.

13.4 Application of DBD

The increasing application of DBD in industries is motivated by the possibility of
treatment of pressure-sensitive objects and materials which cannot be treated using
a low-pressure system. For example, treatment of living tissues, as in case of
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medical treatment, is possible only with plasma devices which operate at atmo-
spheric pressure.

Filamentary discharges controlled by dielectric barriers have been used for a
long time in the fields of surface treatment and ozone production. This section will
deal with some examples of DBD application for ozone generation, polymer surface
modification, and plasma medicine. The surface modification of polymer material
and the characterization of the modified polymer surface will be presented in more
detail with special reference to contact angle and surface free energy analyses.
The DBD was produced between electrodes with insulating layers of glass or
polymer on the metal electrodes. An AC driving voltage of approximately 10 kV
was used to create the discharge at DBD gap spacing of a few mm.

13.4.1 Ozone Generation

Many technical ozone generators make use of cylindrical discharge tube with
diameter of about 20-50 mm and length of 1-2 m. Glass tubes are mounted inside
stainless steel tube to form a narrow annular discharge space of about 0.5-1 mm.
The high-voltage electrode is formed by a conductive coating (such as a thin
aluminum film) on the inside of the glass tubes whereas the outer steel tubes serve
as ground electrode. The preferred dielectric material is borosilicate glass. Other
dielectrics such as ceramic tubes are also increasingly used. In advanced ozone
generators, layered enamel coatings with optimized dielectric characteristics are
also used. The ground electrode is cooled on the outside by a transverse water flow
in a heat exchanger configuration. Since the efficiency of ozone formation decreases
strongly with rising temperature, the ozone generator generally has narrow dis-
charge gaps to ensure efficient heat removal. Previously, ozone generators were
operated at line frequency. For smaller and low-cost ozone installation, this tech-
nique is still used. Modern high-power ozone generators use power semiconductors
to generate square-wave currents with a frequency range of 0.5-5 kHz. Higher
operating frequencies can deliver the desired power density at much lower oper-
ating voltages. The lower voltage results in less electrical stress on the dielectrics.
Large ozone generators use several hundred discharge tubes and produce up to
100 kg of ozone per hour.

For industrial purposes, ozone is exclusively generated in large installations
using dielectric barrier discharges. Ozone is a potent germicide and one of the
strongest known oxidants. In many applications, it can replace chlorine thus causing
less environmental concern. Although ozone itself is toxic, ozone treatment leaves
no toxic residues in the medium that has to be treated or disposed of. The traditional
application of ozone is for water treatment. About 100 years ago, it was realized
that the germicidal and viricidal effects of ozone can provide safe drinking water in
areas previously endangered by cholera. The first major ozone installation used in
drinking water plant for disinfection was built around the beginning of the last
century in Paris (1897) and Nice (1904), France; and in St. Petersburg, Russia
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(1910). Although up to recently many countries have preferred chlorine for water
treatment because of its lower cost, there is a strong tendency now to switch to
ozone. The major targets for using ozone in water treatment are disinfection, color,
odor, and iron removal. Another important growing large-scale use of ozone is in
the paper industry. By combining oxygen, ozone, and hydrogen peroxide bleaches,
pulp can be treated in a closed circuit without using chlorine. Extended reviews on
ozone generation and their applications can be found in earlier works [72-75].

In this section, we present a small-scale ozone generator based on dielectric
barrier discharge scheme. An attempt has been made to find out the optimum
condition for higher ozone yield in coaxial cylindrical electrode. The schematic
diagram of ozone generating system is shown in Fig. 13.20. Discharge from
dielectric barrier was generated using high-voltage AC power supply operating at
50 Hz. The central electrode was made of a brass rod fixed inside a glass tube of
thickness 1 mm. The gap between two glass layers was 2 mm. A sheet of aluminum
wrapped outside of the tube acted as the outer electrode. The gas was passed inside
the tube through the gap between the anode and the glass tube. It was supplied by
air pump (ATEC Aquarium, AR-8500). The flow rate of air was 4 1/min. The
concentration of ozone produced was measured by an ozone analyzer (Ozone
Analyzer BMT 964, MESSTECHNIK GMBH Germany).

Effect of applied voltage on ozone concentration

Figure 13.21 shows the variation of ozone concentration as a function of applied
voltage for a fixed air flow rate of 2 1/min at 2 mm gap with double barrier [77]. It is
evident that ozone concentration increases as the applied voltage increases. It is due
to the reason that the increase in voltage increases the electrical energy density, i.e.,
more energy transferred to the electrons, thereby increasing the possibility of col-
lision of the air molecules in the chamber. However, supplied energy may not
always be sufficient for recombination of ions, radicals, etc.

Fig. 13.20 Schematic diagram of ozonizer, / dielectric material, 2 gas inlet, 3 aluminum Sheet, 4
glass tube, 5 gap, 6 ozone analyzer, 7 outlet (mixture of air and ozone), 8 beaker with water, 9
resistance 10 kQ, /0 central electrode, 11 power supply (18 kV, 50 Hz) [76]
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Fig. 13.21 Ozone concentration versus applied voltage for double barrier ozonizer with air flow
rate of 2 1/min

13.4.2 Material Processing—Polymer Surface Modification

Polymers are used in a wide variety of applications including packaging and
labeling, textile, stationary, automotive, laboratory equipment, etc. A low surface
energy may be desirable in them for several applications, but for other applications
it is a disadvantage, which has to be overcome [78]. As the surface energy of
polymers is quite low, its surface properties such as hydrophilicity, adhesivity, and
printability do not often meet the requirement for industrial applications. In order to
extend its application range, different methods have been developed to modify its
surface properties [79, 80]. Among them, atmospheric pressure nonthermal plasma
treatment is a convenient and environmentally friendly way to obtain these modi-
fications by introducing new chemical groups at the surface without affecting the
bulk properties. However, most of such processes are conducted at low pressure and
high frequency, which needs expensive vacuum equipment and batch treatments,
and therefore it is difficult to apply these processes to large-scale objects, especially
under the condition of continuous treatment. This environmentally friendly dry
treatment can modify the surface properties of materials without changing the
chemical and physical bulk properties [81].

The result of atmospheric pressure dielectric barrier discharge is similar to that
obtained in low-pressure discharges, that is, to produce a substantial increase of
surface free energy. It is reported that the surface free energy of untreated polymers
changes from 20-30 to 50-70 mJ/m? after the treatment by atmospheric pressure
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DBD (APDBD) [82] making material surface more wettable. APDBD thus
enhances the adhesion, printability, and dye uptake of material surface. Recent
investigations also include the upgrading of wool and textiles and the plasma
treatment of insulated wires and cables.

During surface activation, radicals formed in the plasma disrupt chemical bonds
in the surface layer causing the formation of new species with different properties.
This results in a modification of the near-surface region without changing the
desirable bulk properties of the material. In air plasmas, the active species are
identified as oxygen atoms resulting in the buildup of oxygenated carbon centers in
the surface layer.

Several studies carried out in plasma surface modification had shown that the
modified surface is not stable for long time [8, 83, 84]. The treated polymer
recovers a significant fraction of its hydrophobic property with the storage time
after treatment. Figure 13.22 shows a schematic representation of a possible situ-
ation during surface modification of a polymer containing only carbon and
hydrogen atoms such as polyethylene exposed to oxygen plasma. It also shows the
mechanism responsible for the hydrophobic recovery (aging) in plasma-treated
polymers. Inelastic collisions, mainly involving energetic electrons in the discharge
and species on the polymer surface, can result in chemical bonds breakage creating
free radicals in the material. Reactions between free radicals and atomic oxygen can
add peroxides to the surface as shown in Fig. 13.22. Chemical reactions involving
peroxides and species, such as atomic hydrogen originated from the polymer or
atmospheric contaminants, can incorporate hydrophilic groups to the polymer
surface. This modification enhances the surface energy.

The experimental DBD setup used for polymer treatment is shown in Fig. 13.23.
For the discharge, two rectangular copper electrodes with dimensions 5 cm

3.5cm x 1 cm are used. The lower electrode is covered by a polycarbonate
(PC) plate with dimensions 10 cm x 8 cm X 0.2 cm as a dielectric barrier, sepa-
rated by a gap between two electrodes. The discharge was generated via line
frequency (50 Hz), high-voltage (maximum peak-to-peak value of 50 kV) power
supply. The plasma surface treatment was performed by placing the polymer
samples with dimensions 3 cm X 2.5 cm on the dielectric material, i.e., the poly-
carbonate (PC) plate in between the two electrodes at room temperature. Dry
ambient air and a mixture of air and argon are used as plasma gas. Argon with a
flow rate of about 2 1 per minute is used in case of air and argon mixture. The
plasma treatment time varied from 5 to 60 s. Surface treatments are performed by
setting the electrode gap to 3.5 mm with applied voltage 13 kV rms and ballast

Fig. 13.22 Schematic o
representation of a possible H H 0\ H OH\ H H
mechanism responsible for [ [ ? H

. . Oxygen
the hydrophobic recovery in -C—C— -C-C—-——-C-C—-—-C—-C-
plasma treated polymer [83] ||_| II-I I ||_| | [
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resistor 20 MQ. Commercially available four different types of polymer films,
namely high-density polyethylene (HDPE), polyethylene terephthalate (PET),
polypropylene (PP), and polyamide 6,6 (PA), from Goodfellow Cambridge
Limited, UK with dimensions 3 cm x 2.5 cm were used as samples for plasma
treatment. Before the DBD plasma treatment, the samples were washed in isopropyl
alcohol and then washed in distilled water, and ultrasonicated for 10 min and dried
at room temperature.

Surface characterization of plasma-treated polymers

Polymer samples before and after the treatment are studied using contact angle
measurements, surface free energy calculations, scanning electron microscopy
(SEM), and atomic force microscopy (AFM).

Measurement of contact angle of liquid with the solid surface permits a rapid and
qualitative evaluation of surface free energy of polymers. Analysis of the surface
free energy of the untreated and plasma-treated samples has been made by mea-
suring its surface free energy (7), its dispersion part (y*"), and its acid—base part
(y*B) along with the electron—donor component (y*) and the electron—acceptor
component (y ) of the acid-base interaction.

In case of sessile drop method, values of contact angles are recorded for a few
test liquids with well-defined surface tension and its components described as polar
part and dispersive part. The interaction between a single droplet and tested surface
in the most general form can be expressed by Young’s equation [83-85]:

s = Vs 7L cos 0, (13.4.1)
where yg is the unknown surface free energy (SFE) of tested surface, g is the

surface tension of solid-liquid interface, y; is the surface tension of a test liquid,
and 0 is the contact angle between the solid and the test liquid as shown in
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Fig. 13.23 Schematic diagram of the experimental setup
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Fig. 13.24 Schematic
diagram contact angle and
interfacial tensions of three
surfaces

Gas (air)

Fig. 13.24. It comes out from Eq. (13.4.1) that the difference yq — yg; can be
obtained from the experimental values of y; and .

On the other hand, the work of adhesion for a liquid and a solid in contact, Wy,
is given, according to Young-Dupre equation by Refs. [78, 86-90],

WsL =7s+7L — Vs (13.4.2)

In addition, it has been proposed that two different interactions of the work of
adhesion Wg; can be obtained: Wé‘LW derived from London dispersive forces, i.e.,
from apolar or dispersive or Lifschitz—van der Waals (LW) interactions and W§P
derived from nondispersive interactions, i.e., from acid—base (AB) interactions or
electron—acceptor/electron—donor interactions (deriving from hydrogen bonding,
dipole—dipole interactions, etc.) [91]:

Wsp = Wg" + Wg®
The total surface free energy can be written as [89]

v =y Ayt

W&V can be expressed by the geometric mean of the dispersion components
[88]:
We'=205% - ™)'

However, the acid—base interactions do not obey the geometric mean combining
rule because they are complementary rather than symmetrical. For this reason, the
acid—base term, 7B, should be split into an electron acceptor surface parameter,
y*, and an electron donor surface parameter, 7, in such a way that
pAB = 2(pt . y‘)l/ ?. The acid-base contribution to the work of adhesion between
the solid and the liquid is thus given by,
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Wal=2(ys D) P +205 -0
For the total work of adhesion, the sum of LW and AB contributions is given by,

Ws = 205" - ™)+ 2008 90) 2+ 2005 - 00)'? (13.4.3)

From Eqgs. (13.4.1), (13.4.2), and (13.4.3), we get

n(1+ cos 0) = 205Y - 9t™)2 4205 90)"? + 205 - 00)",

which allows the determination of LW and AB components of the surface tension
of a solid surface from contact angle measurements of three testing liquids with
known values of the surface tension components. Table 13.4 shows the surface
tension and its polar and dispersive part of three test liquids used for the contact

angle measurements.
Contact angle measurement and wettability

Static contact angle measurements are made before the treatment and immediately
after the treatment by dropping 4 pl of distilled water (H,O), glycerol (C3HgO3),
and diiodomethane (CH,I,) on the surface. Different liquid drops on the polymer
surface were imaged using CCD camera and the contact angles were measured by
ramé-hart Model 200 contact angle goniometer. The values of the static contact
angle were the average of three measured values. It is seen that a rapid decrease in
the static water contact angle takes place with the treatment time up to 10 s which
shows that a strong increase of wettability in the polymer surface is induced by
DBD treatment. After 10 s of DBD treatment in air, the static water contact angle of
untreated HDPE, PET, PP, and PA changed from (i) 92.8° to 63.7°, (ii) 76.7° to
44.8°, (iii) 93.7° to 76.4°, and (iv) 51.2° to 32.4°, respectively. Similarly, after 10 s
of DBD treatment in argon/air mixture, the static water contact angle of untreated
HDPE, PET, PP, and PA changed from (i) 92.8° to 51.4°, (ii) 76.7° to 36.5°,
(iii) 93.7° to 66.0°, and (iv) 51.2° to 25.2°, respectively. This shows that DBD
treatment in argon/air mixture decreased the static water contact angle more than
DBD treatment in air with the same treatment time which clearly proved that a
significant increase of wettability in the polymer surface can be induced by intro-
ducing a small amount of argon in the discharge gas environment. Figure 13.25

Table 13.4 Surface tension and its polar and dispersive part of three test liquids used for the
contact angle measurements

Liquid Total (y.) | Dispersive (y-%) | Polar (yB) |Polar + (y;") |Polar — (y_)
Water 72.8 21.8 51.0 25.5 25.5
Glycerol 63.9 37.5 26.4 39 574
Diiodomethane | 50.8 50.8 0 0 0
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shows the variation of the static water contact angle on the surface of the PET film
with DBD treatment time, both in air and in argon/air mixture. The results show that
for PET film the treatment time longer than 10 s is not helpful as the decrease in
contact angle becomes stable.

From the results mentioned above, it has been verified that atmospheric pressure
dielectric barrier discharge (DBD) can be successfully used for the surface
hydrophilization. It has been shown that different polymer surfaces can be treated to
achieve high hydrophilicity with relatively short treatment time (up to 10 s). Longer
exposure time do not cause significant changes in static contact angle values which
means that saturation of plasma effect occurs. The contact angles are measured over
an extended area of the treated sample and show a dispersion lower than 2.5° which
is within the limit of experimental error. This implies that the surface treatment is
uniform despite the fact that the discharge consists of a series of micro-discharges
randomly distributed over the electrode/sample surface. The steep diminution of the
contact angles on treated samples compared to the untreated one shows the sig-
nificantly increased wettability induced by DBD even after such short treatment
times. This behavior can be attributed to strong surface oxidation. The molecular
oxygen in the contacting air is activated, ionized, and dissociated in the discharge to
give extremely reactive oxygen species that react readily with the substrate surface.

Surface free energy results

The static contact angles between the three test liquids and different polymers are
measured in order to determine the total surface free energy using sessile drop
technique and three-liquid model. The surface free energy is calculated from
Young—Dupre equation using the contact angle. It is seen that after 10 s of DBD
treatment in air, the surface free energy of untreated HDPE, PET, PP, and PA
changed from (i) 35.0 to 43.6 mJ/m?, (ii) 44.5 to 53.6 mJ/m? (iii) 36.7 to
43.5 mJ/m?, and (iv) 49.4 to 54.2 mJ/m?, respectively. Similarly, after 10 s of DBD

Fig. 13.25 Variation of 100
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treatment in argon/air mixture, the surface free energy of untreated HDPE, PET, PP,
and PA changed from (i) 35.0 to 48.2 mJ/m?, (i) 44.5to 554 mJ/m?, (>iii) 36.7 to
42.8 mJ/m?, and (iv) 49.4 to 61.0 mJ/m? respectively. Further treatment of poly-
mers after 10 s, for both ambiences, does not lead to any significant changes in the
surface free energy. DBD treatment in argon/air mixture increases the surface free
energy more than DBD treatment in air. Figure 13.26 shows the dependence of
surface free energy and its components on treatment time of PET in air plasma.

Scanning electron microscopy (SEM)

In order to compare the polymer surface modifications in air plasma and argon/air
mixture plasma, SEM imaging is performed using Leo 500 scanning electron
microscope for surface topography characterization. Figure 13.27a shows the SEM
micrograph of untreated sample of PET and profile of a water droplet on the
surface, showing measured contact angle of 76.7°. Figure 13.27b shows the SEM
micrograph of PET sample that has been treated in air plasma for 60 s and profile of
a water droplet on the surface, showing measured contact angle of 43.2°.
Figure 13.27c shows the SEM micrograph of PET surface treated in argon/air
mixture plasma for 60 s and profile of a water droplet on the surface, showing
measured contact angle of 32.9°. The topography of the treated polymers appears to
be quite different from the untreated one. It is seen that the surface of the air
plasma-treated polymer has slightly increased surface roughness compared to the
untreated polymer surface. The surface of the argon/air mixture plasma-treated
polymer, however, is changed drastically with highly increased surface roughness
compared to both the untreated and air plasma-treated polymers. This is caused by
the dominant etching effect of the argon plasma treatment. The main species in the
plasma which are responsible for the etching effect are positive ions and photons,

Fig. 13.26 Variation of 60
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with the ability of breaking primary chemical bonds and introducing cross-linking.
It is quite interesting to note that the roughness of the polymer treated in argon/air
mixture plasma is more prominent than in the case of air plasma treatment. The air

plasma has only a slight effect on the topography of the polymers.

Atomic force microscopy (AFM)

In order to compare the polymer surface modifications in air plasma and argon/air
mixture plasma, AFM imaging is also performed using Nanoscope III SPM atomic

(a)
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Fig. 13.27 SEM image and profile of a water droplet on the surface of untreated PET (a), treated
in air plasma for 60 s (b) treated in argon/air mixture plasma for 60 s (c)



13 Dielectric Barrier Discharge (DBD) Plasmas ... 729

force microscope for surface morphology characterizing of polymer. It is seen that
the argon/air mixture plasma-treated polymer samples are most pronounced than
untreated and air plasma-treated samples. It is known that the argon plasma does not
allow incorporation of new chemical species into the polymer chains. Despite this,
argon/air plasma-treated surface gets much more oxygen-containing polar groups
than the untreated and air plasma-treated surface. This phenomenon can be
explained as argon has lower breakdown potential than air. The blending of it can
make the discharging more symmetrical which can lead to ample plasma ionization.
Figure 13.28a shows the 2-D AFM image of untreated sample of HDPE and profile
of a water droplet on the surface, showing measured contact angle of 92.8°. The
morphology of the untreated HDPE appears comparatively smooth. Figure 13.28b
shows the 2-D AFM image of HDPE sample that has been treated in air plasma for
60 s and profile of a water droplet on the surface, showing measured contact angle
of 54.0°. As can be seen from the figure, the surface of the air plasma-treated HDPE
has only slightly increased surface roughness compared to the untreated HDPE.
Figure 13.28c shows the 2-D AFM of HDPE surface treated in argon/air mixture
plasma for 60 s and profile of a water droplet on the surface, showing measured
contact angle of 46.1°. It is also clearly seen that the surface of the argon/air mixture
plasma-treated HDPE has been changed drastically with highly increased surface
roughness compared to both the untreated HDPE and air plasma-treated HDPE. As
can be seen, the air plasma has only a slight effect on the morphology of HDPE.
These results can also be observed in 3-D AFM images presented in Figs. 13.29a, b
and 13.30.

(a) (b) (c)

¢ Qs L2l
o S0pm

|
r
|a

Slpm

|'au

Fig. 13.28 a 2-D AFM image of untreated HDPE; b AFM image of HDPE treated in air plasma
for 60 s; and ¢ AFM image of HDPE treated in argon/air mixture plasma for 60 s
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Fig. 13.29 3-D AFM image of a untreated HDPE and b HDPE surface treated in air plasma for
60 s

336nm
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Fig. 13.30 3-D AFM image of HDPE surface treated in argon/air mixture plasma for 60 s

13.4.3 Plasma Medicine

Some of the earlier applications of plasma in medicine relied mainly on the thermal
effects of plasma. Heat and high temperature have been exploited in medicine for a
long time for the purpose of tissue removal, sterilization, and cauterization.
Recently, research on applications of plasma in medicine has shifted to the
exploitation of nonthermal effects [43]. Nonthermal atmospheric pressure plasma
sources offer efficient means for the production of chemically active radicals under
low thermal loading conditions. The ability of these devices to operate outside
vacuum chambers not only reduces the overall operation and installation costs, but
also permits the treatment of mechanically sensitive materials, such as biomaterials
and human tissues [92]. Nonequilibrium plasmas are found to be nondestructive to
tissue, safe, and effective in inactivation of various parasites and foreign organisms
[43]. Various types of atmospheric pressure plasma sources have been designed for
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a wide range of biomedical and industrial applications, like plasma needle,
floating-electrode DBD, microhollow cathode discharge air plasma jet, and various
other forms of plasma jets [12, 43, 77, 92-96]. Atmospheric pressure plasma jets
have been established as suitable sources of low-temperature and nonequilibrium
atmospheric pressure plasmas. The plasma jet devices generate plasma plumes in
open space rather than in confined discharge gaps only. Thus, they can be used for
direct treatment and there is no limitation on the size of the object to be treated [77].

As an example, a recent work on the application of atmospheric pressure plasma
jet for the inactivation of prokaryotic cells (Escherichia coli, Staphylococcus aur-
eus, etc.) and eukaryotic cells (Candida albicans, Saccharomyces cerevisae, etc.) to
obtain >4 logl0 reduction in E. coli and <2000 cells reduction in eukaryotic
microalgae C. vulgaris is briefly discussed in this section.

An atmospheric pressure single-electrode argon/oxygen plasma jet was gener-
ated between a high-voltage (3.5 kV, 27 kHz) electrode and the surrounding room
air for treatment of the cells. The micro-plasma jet device operated with an elec-
trical power less than 10 W exhibited a long plasma jet of about 8.0 cm with
temperature near 300 K, not causing any harm to human skin. Optical emission
spectra measured in the range of 200-900 nm showed that various reactive species
such as O, OH, N,", Ar", etc., are present in the plasma plume. The schematic
diagram of the experimental setup used in the present work is depicted in
Fig. 13.31.
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Fig. 13.31 Schematic diagram of the experimental setup used for the treatment of the cells. The
discharge was generated by a high-voltage power supply with V,, = 3.5 kV, f =27 kHz and gas
flow rate Q = 2 l/min
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Fig. 13.32 CFU in a eukaryotic yeast cells b prokaryotic bacteria cells as a function of treatment
time in APPJ. The treatments were carried out at distance of 3.5 cm from nozzle in 12 well plates
[77]

In order to demonstrate that plasma species are solely responsible for inacti-
vating living cells, the effect of plasma jet in pH and temperature of cell culture
medium was also investigated.

Colony Forming Unit (CFU) analysis was done to investigate the number of
dead cells and number of viable (live) cells. Treated and untreated samples were
diluted by 10-10* times. 100 pl of diluted sample was spread on Plate Count Agar
(PCA) using sterile bent glass rod. Then, the samples were incubated for 24 h at 37°
C. After incubation, viable colony of microbes were counted using Quebec Colony
Counter (QCC). By spread plate technique, viable cell colony was counted using
QCC. More than 4 log reductions were observed in E. coli, Staphylococcus,
C. albicans, and S. cerevisae. In eukaryotic microalgae, more than 2000 cells were
killed by jet at a maximum treatment time of 240 s, as measured using UV-Vis
spectrophotometer taking into account the absorbance of the cell suspension before
and after treatment.

Figure 13.32a, b indicates that plasma jet is responsible for the killing of
prokaryotic and eukaryotic cells. The inactivation and killing of both prokaryotic
and eukaryotic cells increased as the treatment time increased with argon as carrier
gases.

13.5 Summary

An overview of low-temperature, nonthermal plasma with focus on dielectric
barrier discharge has been presented. Low-pressure gaseous discharges which can
be generated by DC, RF, or MW power sources have been briefly described before
introducing different types of atmospheric pressure plasmas. This chapter mainly
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focused on atmospheric pressure DBD, its generation, characterization, and appli-
cation in some selected fields.

Although the field of low-pressure plasma has been studied for quite a long time,
the field of atmospheric pressure plasma is still very young. In the past few decades,
new and interesting applications are emerging rapidly and hence interest in this field
of research is growing in the same rate. One of the most challenging topics of
research for the coming years will be to generate a larger volume of stable and
homogenous plasma at atmospheric pressure so that material processing which
originally used to be carried out in low pressure could be possible at atmospheric
pressure thereby significantly reducing the cost of installation, operation, and
maintenance. This will demand a better understanding of the discharge process at
atmospheric pressure mainly, the nature of micro-discharges and the associated
plasma chemical reactions in such systems. Numerous attempts have been made in
this direction by improving existing diagnostics tools and also by introducing new
methods. This will not only increase our understanding but will also pave the way
for development of new applications of these cost-effective plasmas.
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