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ABSTRACT

Atmospheric Plasma (AP) may be generated by dielectric barrier discharge
(DBD) technique. In such a system, electrodes are arranged in the form of two parallel
plates; one or both electrodes are covered by dielectric materials. A high voltage
power supply at medium or high frequency is normally required in a DBD system.
This work presents the development of a high voltage medium frequency power
supply. A full bridge or H-bridge inverter, controlled by IC TL494CN, is employed to
convert DC voltage into 17-kHz square wave signals. The square wave signals are
then filtered by 2.4-mH inductor before feeding the primary winding of a 1:20 step-up
transformer. The output voltage of up to 17 kV,, is sinusoidal by means of resonance
circuit.

The developed AP system was used to generate plasma from argon,
helium, nitrogen and air. Their discharged characteristics were analyzed by snap-shot
photographs, voltage-current characteristic, Lissajous Figure and optical emission
spectroscopy (OES). Helium started the first discharge of a few ps long at 2 kV,,, and
added the second discharge of a few ten ps at 4 kV,,. The former discharge is
understood as a glow-like discharge while the latter as Townsend-like one. In the 6
kV,., range, four discharge peaks were observed in total. Argon had its first discharge
at about 5 kV,,. Nitrogen and air plasma were more difficult to discharge. They did
not glow even up to the maximum 17 kV,, but rather showed filamentary discharge
instead. OES confirmed characteristic spectral lines of each gas. Applications of
atmospheric argon plasma have been demonstrated by treating ITO thin films and
tapioca starch. The water contact angle of ITO surface reduced after treating with
plasma. The effect was stronger with increased power and a longer treatment time.
OES and a scanning electron micrograph of starch showed starch molecules have
undergone the cross-linking process after plasma treatment.

KEY WORDS: ATMOSPHERIC PLASMA/ HIGH VOLTAGE POWER SUPPLY/
APGD/ MATERIAL MODIFICATION/ SURFACE TREATMENT
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CHAPTER1
INTRODUCTION

There are two major environments to generate plasma; one at low pressure
(LP) and the other at atmospheric pressure. In the former case, radio frequency (RF)
generator has played a major role for plasma operation. Its system requires vacuum
condition and impedance matching network [1]. This makes the system expensive and
limits sample size to the size of a vacuum chamber which is less attractive for
commercial industry. The low pressure plasma system, on the other hand is,
advantageous in providing clean condition and uniform plasma. LP plasma can be
operated in either capacitively-couple plasma mode (CCP) or inductively couple
plasma mode (ICP). In the other case, atmospheric plasma offers a possibility to build
a system at more affordable cost by using MOSFET and IGBT components. These
components can switch at very high speed in range of a few kHz to a few MHz [2-4];
therefore, eliminate the need for costly matching network [5]. As this system operates
at atmospheric pressure, vacuum condition is no longer needed [6-8]. However,
atmospheric plasma also has many drawbacks such as heat loss in electrodes,

contamination following an exposure to air [9], and larger gas.

Many recent researches have been focus on atmospheric plasma which has
a large potential that can be applied into large scale industries. Many type of
atmospheric pressure plasmas are investigated such as dielectric barrier discharges
(DBDs) [6-8], corona discharge and atmospheric plasma torch [7, 8, 10]. The DBD
technique was initially used to generate ozone about decades ago; Nowadays DBDs is
the important technique in semiconductor industries, textile industries and etc. In this
work, dielectric barrier discharge is chosen and developed due to the ease in

designing, in operating and suitability for treating thin and flat substrates.

DBDs technique needs a high voltage AC power supply and a plasma

chamber. The former part is commercially available but with considerably dearly
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tagged price. The latter part has to be custom-made to suit user’s applications. It is
thus a focus of this thesis to be an alternative for fabricating an affordable high power
medium frequency with most components and parts available locally and with

relatively simple plasma chamber.

Objectives
e To design and construct dielectric barrier discharge plasma system for
generating plasma at near or atmospheric pressure
e To characterize plasma generated from the system under various conditions
e To study effects of plasma treatment on surface properties of ITO and other

organic materials
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2.1

CHAPTERII
LITERATURE REVIEW

Introduction to Plasma

M.Sc.(Physics) / 3

Plasma is usually considered to be the fourth state of matter. Naturally,

99% of our universe consists of plasma in forms of stars, nebular and also interstellar

medium. Plasma also appears in the earth such as lightning, aurora, flame and etc.

Man-made plasma can be achieved by a number of methods under various conditions

depending on their applications [11].

Plasma occurs over a wide range of temperatures and pressures (see Fig.

2.1). Plasma composes of ionized gas or charged particles, neutral molecules and also

electrons. All plasma contains positive charges approximately equal to negative

charges, so that its total space charge approaches zero. In general, plasma can be

classified into two types, i.e., thermal equilibrium plasma and non-thermal

equilibrium plasma [8, 11-13].
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Figure 2.1 Types of plasma and their electron density Vs electron kinetic energy [14].
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Thermal equilibrium plasma, ions temperature is equal to electrons
temperature [11] (often at temperature >10,000 °C) such as stellar interiors, lightning
and thermonuclear plasma. Non-thermal equilibrium plasma has the bulk gas at room
temperature, while the electron temperature can be 10 to 100 times of ion temperature
[11] (as hot as 10,000 °C). Non-thermal equilibrium plasma will be focused on this
work. Table 2.1 shows various applications of non-thermal and thermal equilibrium

plasma at atmospheric pressure.

Table 2.1 Typical applications of non-thermal and thermal equilibrium plasma at

atmospheric pressure.

Non-thermal equilibrium Thermal equilibrium
Etching Cutting
Plasma Cleaning Surface Hardening
Fluorescent lamps Metal Welding

Ozone production

2.2 Gas Discharge Phenomena

2.2.1 V-I Characteristics

Gas discharge experiment may be carried out in a simple setup to study
about types of cold plasma and discharge behavior. A couple of metal planar
electrodes inserted into a glass tube that can be evacuated and filled with various gases
such as argon. Both electrodes are then connected to adjustable DC power supply. The
voltage across the electrodes and current in a circuit are then measured. Cold plasma

can be classified depend upon their V-I characteristic (see Fig. 2.2).

As the pressure is approximately at 1 Torr, at initial state AB, low voltage
is supply the electrodes with small current. In this region there is only background
ionization occurring in gas tube which may be the result from cosmic ray collision or

radioactive radiation [11]. As the voltage increase further to BC region, the current
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remain constant because all available electrons and ions will recombine, then
ionization rate is constant so-called saturation region. If the voltage still increases
beyond point C, the current will rise exponentially from electron avalanche however
the discharge cannot sustain itself. The region CE is called Townsend discharge
region. The breakdown voltage is in Townsend discharge at point E that the voltage
will drop dramatically while current will sharply increase and visible light is observed.
Next state from breakdown voltage is glow discharge which visible plasma is ignited.
In FG region called normal glow discharge region, the voltage is independent from the
discharge current. The current density remains constant although total current increase
that affect the change of plasma area covering cathode. At point G, plasma will cover
the entire cathode surface. Beyond this point, the voltage as well as the current will
increase due to no further free cathode surface so the increasing voltage causes the
cathode current density to rise. This discharge is called abnormal glow discharge. The
last region is the arc discharge region, when the cathode current density rise in
abnormal region, the cathode will be heated up. Then it will emit thermionic electrons.

In this region plasma become hot and the voltage will drop while the current increases.
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Figure 2.2 Universal V-I characteristic of DC low pressure discharge tube [15].

2.2.2 Townsend Mechanism

To understand gas breakdown mechanism, let’s consider an avalanche

which starts from only one free electron in space which in turn, comes from comic ray
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ionization or radioactive radiation. Gas breakdown usually starts from such an
avalanche that will generate many new electrons along their movement from any point
in space to anode so this process is a source of many primary electrons in cascade

ionization as shown in Fig. 2.3.

e
L
Cathode

Figure 2.3 Illustration of the Townsend breakdown gap [12].

Let’s assume that the electric field between parallel electrodes is
homogeneous. Starting with one seeding electron, it will be accelerated by electric
field toward an anode and then ionize gas on its trajectory to produce secondary
electron which will be a chain reaction so an avalanche occurs. Consider at any small

space gap dx;

dN
— _—aN 2.1
dx ¢

where N is number of electron at any x and a is a proportionality. So N(x) =
exp(ax) for one electron seed. However, there are many electrons from primary

process that can be electron seeds so the equation will be;

N(x) = Nyexp(ax) 2.2
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or rewritten in term of number of electrons per unit length
n(x) = ngexp(ax) 2.3

The constant ¢ has an important role to describe ionization in avalanche called
Townsend ionization coefficient. From numerical and experimental analysis of

discharge, simplify expression of @ was introduced by Townsend as
! [ b ] 2.4
— = Aexp |[—=—— :
p E/p

where E and p are electric field and pressure respectively. The constant A and B are
determined by approximating the experimental discharge curves. According to
electron avalanche, each primary electron generated near cathode produces positive
ion so total number of positive ions (NT) creating from single ionization cascade will

be;
N =exp(ad) — 1 2.5

which d represents the gap width. So all the N* ions are accelerated toward the
cathode, impinge on the cathode and then knock electrons out from cathode. This
process is called secondary electron emission process which plays important role to
sustain the discharge or plasma. Neglect the effects from electron capture from
electronegative gas and loss from recombination so N* ion will create y[exp(ad) —
1] electrons where y is secondary electron coefficient implying the probability to
knock out secondary electron by an ion impact. To sustain the discharge, the N*
positive ion have to generate at least one secondary electron to be an electron seed of
new avalanche so the condition to sustain the discharge can be expressed in the

following form;

vliexp(ad) —1] =1 2.6
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Townsend mechanism is used to explain and understand how the plasma
ignite and sustain itself. However, in electronegative gases such as air, oxygen or
halogen compound gases, the attachment of electron to such gases cannot be ignored.

This point will be discussed again later.

2.2.3 The Streamer

To describe gas discharge at high pressure, Townsend mechanism was not
successful in explaining a dependency of breakdown voltage on gas pressure and
electrode configuration. Also Townsend mechanism predicts that plasma to be diffused
discharge, the discharge at atmospheric pressure was found to have a filamentary
form. As a result, around 1940, Rather, Meek and Loeb independently proposed the
“Streamer theory” [12].

Consider an electron avalanche, the space charge was created and the
applied electric field was distorted. This is noticeable when charge concentration is
about 10° [11]. However, if space charge concentration in avalanche is more than 108
[11, 12], the distorted field is the same magnitude as applied field leading to the

formation of a thin column of conducting ions called the streamer.

When the streamer connects the electrodes, current increases significantly
to form spark. In the case of the gap and the overvoltage are not too high, the
avalanche can reaches anode, the streamer is initiated and then propagates to cathode
so called cathode-directed streamer or positive streamer (see Fig. 2.4). If the gap and
overvoltage is high, the avalanche transforms to streamer before reaching the anode.
The streamer can propagates to both electrodes but mostly grow to the anode so called

anode-directed streamer or negative streamer (see Fig. 2.5).
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Figure 2.4 Cathode-directed streamer: (a) Streamer at two consecutive moments of
time, with secondary avalanches moving towards the positive head of the streamer,
wavy arrows are photons that generate seed electrons for avalanches, (b) Electrical

field line near the streamer head [11].
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Figure 2.5 Anode-directed streamer: (a) Photons and secondary avalanches in front of

the streamer head at two consecutive moments of time, (b) Field in the vicinity of the
head [11].
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The electric field in one avalanche is

e

Eq = -——exp(ax). 2.7
AegT4

From above streamer occur when avalanche field is comparable to the

external field so this relation can be written in the form:

e
Eq = ——exp(ax) = E, 2.8
Ameyry

This can be regarded as the criterion of streamer formation [11, 12]. The
gap width x = d is minimal for given E,. Taking avalanche head radius r, = 1/a =

0.1 cm as ionization length so ad =20 and N, = exp(ad) = 3x10° 10, 11].

These conditions are important in formation of streamer which is known as
Meek’s breakdown condition. The concept of streamer was originally developed by
Raether, Loeb, Meek and Craggs [11, 12] which the streamer acts as small needle
connecting both electrodes. Photon also plays important role to initiate streamer that
photon is emitted from excited or metastable atoms in avalanche vicinity causing
photoionization. Electrons created from photons start a new avalanche that will be
added into streamer and then new photons are emitted to begin electron avalanche

again as shown in Figs. 2.4 and 2.5. This explains how streamer grows.

Another case is that E is much higher and satisfy Meek’s breakdown
condition at x < d. The avalanche transforms to streamer between gaps but far away

from cathode or anode and can grows to both anode or cathode.

2.2.4 Paschen’s Law

The breakdown characteristics of a gap are a function of the product of the

gas pressure and the gap distance, usually written as V = f( pd ) as shown in Fig. 2.6,
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where p is the pressure and d is the gap distance. To get the expression of Paschen’s

curve, substitute a into breakdown condition Eq. (2.6). Then, we get

B(pd)
“Tn(pd) + € 27
where C=InA—In [1n (% + 1)] 2.10

As seen in Fig. 2.6, each breakdown curves of gases (Paschen’s curve) have a

minimum breakdown voltage as shown in Table 2.2 that can be found from;
1
Vmin=_1n<_+1> 2.11

Table 2.2 Minimum breakdown voltage of gas that satisfy Paschen’ law [16].

Gas Vmin (V) pd at Viin Gas Vin (V) pd at Viin
(torr.cm) (torr.cm)
Air 327 0.567 N, 251 0.67
Ar 137 0.9 N,O 418 0.5
H, 273 1.15 (07} 450 0.7
He 156 4.0 SO, 457 0.33

CO;, 420 0.51 H,S 414 0.6
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Figure 2.6 Breakdown potentials in various gases over a wide range of pd values

(Paschen’s curves) on the basis of data given in Table 2.2 [11].

2.3 Gas Discharge under Various Frequency

Plasma can be generated by several methods not only electric field but also
magnetic field, and electromagnetic field. However, stimulated by electric field is the
easiest way to produce plasma with simple instruments. Next we will discuss about

plasma generation under various frequency.

231 Direct Current (DC) Discharge

Plasma can be produced by applying DC voltage between cathode and
anode. If the voltages across both electrodes satisfy pd value in Paschen’s law, gas
starts to breakdown and plasma can be said ignited. This method mainly operates in

vacuum condition to prevent glow to arc transition.

Parallel-plate configuration or a capacitively couple plasma mode is the

most widely used for plasma operation. The potential distributions between its two
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parallel electrodes are shown in Fig. 2.7. The anode is at ground and the cathode is
connected with negative voltage. Normally, application of DC plasma operation will
be chosen in range of abnormal glow discharge as seen in Fig. 2.2. The bulk of the
plasma floats above ground by the plasma potential, AV, and has little voltage drop
across it because of its high conductivity relative to that of the sheaths. The cathode
has voltage of V). This voltage drop results in high-energy ion bombardment that
causes secondary electron emission. And if positive ions bombarding cathode have

enough energy, they will sputter or dislodge cathode atoms.
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Figure 2.7 Geometry and typical voltage profile of the parallel-plate DC glow
discharge [1].

The mechanism of discharge is explained above by Townsend mechanism
started from free electrons which gain energy from DC field to produce electron
avalanche and many positive ions and so on. General application of DC discharge is to
produce thin film by sputtering process. However, the disadvantage of DC discharge

for sputtering is to produce dielectric thin film due to the insertion of dielectric
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material will cause the extinction of the discharge. To overcome this problem the AC

or RF discharge is used [1].

2.3.2 Alternating Current (AC) Discharge

The AC discharge has the advantage above DC discharge because plasma
can go on even though there is presence of insulating material between electrodes so
power may pass through the insulator by capacitive coupling. However, AC discharge
properties and mechanism at low frequency will be different from those at high

frequency [11, 15, 17, 18].
Let’s start from equation of motion of charged particle in uniform electric

field

qE(t) —ymv = ma

d?x dx 2.12
mog + l/)mE = qEysin(wt)

where 1 is a rate of momentum loss due to collisions. Assume that the solution will be

written in form x(t) = Asinwt + Bcoswt and substitute it into Eq. (2.12), so we get

mwA —ymB =0

2.13
—mw?B — YpwmA = qE,
Then
)
w lmw? + my?
2.14
—qEy

" mw? + mp?

From solving all the equation above the solution can be rewritten in form
P

x(t) = xosin (wt + §) where § = arctan—, so the amplitude of charged particle

moving in uniform electric field becomes
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E
o =+JA? + B2 = — L0 2.15
mw./ w? + P?

The useful parameter to characterize AC discharge is the oscillation
amplitude limit which can be defined from Eq. (2.15). The oscillation amplitude limit
is xo = L/2, where L is the relevant chamber dimension. Beyond this limit (x, > L /
2), charged particles or electrons will impact the chamber wall and be lost from the

system. The breakdown voltage as a function of frequency is shown in Fig. 2.8.
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Figure 2.8 Plot of breakdown voltage as a function of applied frequency [19].

At low frequency both electrons and ions can respond to the AC field.
Secondary electrons, sustaining plasma, are produced by ion bombardment of the
cathode (Townsend mechanism). The difference from DC plasma is that the cathode
and anode alternate in each half cycle of the wave as shown in Fig. 2.9. So the

breakdown voltage is not different from DC discharge.

As the frequency is increased, the ions responding to the AC field slowly

(x; K L/2) due to their mass while electron still responds almost instantaneously
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(x, > L/2). So the ion current to the cathode sharply decreases and the electron loss
becomes more severe then both ion bombardment and secondary electron production

are reduced. This increases the breakdown field as the wavelength is reduced.

| Anode ’ Cathode

‘v{l G

Figure 2.9 Schematic of cathode and anode supplied by low frequency AC field which

alternate periodically each half cycle.

As the frequency is raised further or in the other word, wavelength is
reduced further, the oscillation of electron will go below the limit (x, < L/2). At this
point, the heavy loss of electron will stop which causes the breakdown voltage drops
by a large value as seen in Fig. 2.8. Secondary electron emission is no longer needed

for sustaining plasma at this frequency range.

2.4 Dielectric Barrier Discharge (DBD)

2.4.1 DBD Overviews

Dielectric barrier discharges (DBD), also known as silent discharges, were
invented by W. Siemens in 1857 for the purpose of ozonizing air [6, 7]. They are

stable high pressure gas discharges capable of producing large densities of radical
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atomic and molecular species. Several typical DBD configurations are shown in Fig.

2.10.
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Figure 2.10 Common dielectric barrier discharge configurations.

The dielectric material can be made from glass, quartz, epoxy, alumina or
PTFE [15, 20-23]. General specifications of dielectric barrier materials are high heat
strength, low dielectric loss and high breakdown strength. Some researchers suggest
that dielectric material and their thickness affect plasma properties through the

secondary electron emission process which occur at dielectric surface [21, 23, 24].

Due to the presence of the dielectric, DBDs cannot be operated as DC
discharges. Typically, it requires AC driving frequency in range of 50 Hz to several
MHz [6, 8, 11, 12, 15, 20, 25]. The DBDs of air consists of a number of independent
transient filaments or microdischarges or streamers randomly distributed across the
electrode surfaces. The filaments ignite when the breakdown field is reached and are
extinguished due to electron attachment and recombination when the field falls
slightly, due to space charge buildup, and the conductivity is reduced. Charge build up

at the location of the filament on the dielectric terminates the microdischarge a few
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nanoseconds after breakdown. Fig. 2.11 shows the relationship between the formation

time of microdischarges and the phase of an applied sinusoidal voltage.

VOLTAGE

MICAOMMSCIARGE CLUNWRLEMT

Figure 2.11 Schematic diagram of bursts of microdischarges during application of

sinusoidal voltage [26].

The microdischarge may be viewed from the point of streamer theory [11,
12]. The electrons in streamer is loss when reaching the anode while the ions remain
for several microseconds. Deposition of electrons at anode (dielectric anode) resulting
in charge accumulation that prevent a new avalanche. When the polarity reverses, the
negative accumulation forces the new avalanche and then be the streamer at the same
spot. At this point, a number of streamers occur that can be observed by naked eyes as
a bright filament connecting either electrodes or dielectric barrier. The properties of
filament are shown in Table 2.3. However, the meaning of filament and
microdischarge are a bit difference. A microdischarge occurs after the avalanches
reach anode and leave some of positive ions in the gap and when the polarity change
the charge accumulation facilitates current or new microdischarges to flow through
remaining ionic space charge at the same spot. Thus the filament is a bundle of

microdischarge.
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Table 2.3 Typical parameters of a microdischarge [12].

Lifetime 1-20 ns Filament radius 50-100 pm
Peak current 0.1 A Current density 0.1-1 kAcm™
Electron density 10'*-10" cm™  Electron energy 1-10 eV
Total dissipated energy 0.1-1 nC Gas temperature 300 K
Total transported charge Sl Overheating 5K

Typically, microdischarge formation not only depends on operating
frequency but also gas composition, pressure, and electrode configuration. Increasing

power will generate more microdischarges per unit time and area.

2.4.2 Homogenous Discharge

In recent decades atmospheric plasma has been developed, many plasma
research laboratories can generate DBD plasma in homogeneous mode by using rare
gases instead of air. However the full explanation of this mode is still yet to develop.
The generation of atmospheric plasma in this mode is attractive to many applications
which are not only surface treatment, thin films deposition but also other plasma
processing because it has many advantages over filamentary mode such as operation at
lower voltage without streamer or spark-relate phenomena, higher power density and

etc.

Atmospheric pressure homogenous discharge is first developed by
Okazaki et al using 50 Hz power source with mesh electrodes style [20] and further
improved and theorized by many plasma research groups. According to J. R. Roth et
al [15], the proper driving frequency should be chosen to generate homogenous

plasma by considering equation of charged particle in electric field (see Section 2.3.2)

x(t) = xpsin(wt + &) 2.16
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qE,

2.17
mw./ w? + P2

where Xog =

where Y is charge collision frequency. The root mean square of displacement of

charge motion during a half cycle is given by

2 T/2
Xprms = T_I [x,sin(wt + 6)]%dt
0

2.18
2eE,

meS
TMw+/ w? + P?

For example, the collision frequency of argon and electron are 6.8x10° and 1.8x10"
respectively which are much more than driving frequency (<1 MHz). So Eq. (2.17)
can be reduced into qE,/mwi. As discussed in Section 2.3.2, electrons or ions are
lost from the system when x,.,,s > d/2. Then critical frequency v, is calculated from

this relation;

d_ qVems
2  2mmuyd

o = AVrms
" mmyd?

2.19

If the driven frequency is below the critical frequency then ions reach and heat up
cathode resulting in filamentary formation. In range of the narrow band of frequency,
ions oscillate between electrodes but electron still strike both electrodes, homogenous
plasma can occur. If applied frequency is still higher so both ions and electrons are
trapped causing filamentary discharge. To achieve homogenous discharge the

operating frequency should lie between the limits as follow;
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qVims qVims
SV 2.20
mm;y;d mm,Y,.d
where the upper limit is electron trapping frequency and the lower limit is ion trapping
frequency. However, there are other factors involving with producing homogenous

plasma such as gap width, pressure, dielectric thickness, gas combination and etc.

In fact the homogenous discharge mode can be classified into glow-like
mode and Townsend-like mode [27-30]. High speed photographing reveals the
different light distribution between two modes as shown in Fig. 2.12. The former
mode has the same structure as glow discharge while the latter mode has a luminous
layer near the anode that is the characteristic of Townsend discharge. Atmospheric

helium plasma can ignite in glow-like mode but nitrogen plasma mostly ignites in a

Townsend-like mode [27-30].

A study of optical emission spectra of helium and nitrogen by Massines et
al reveals the role of metastable He and N, in their discharge [28]. The numerical
simulation that had been done by this group [28] show that homogenous plasma in
helium is maintained by Penning ionization process [31] with nitrogen impurity as

follow;

He+e~ > He*+ e~

He*(23S)+ N, = Nj (B*s}) + He + e~

This process decreases the rate of ionization from electron avalanche that satisfy Meek
criterion to avoid streamer formation. However, for N, metastable, the role of this
specie in atmospheric nitrogen plasma is different. In N, Townsend-like plasma, the
light is bright at the anode as seen in Fig. 2.12. The explanation is proposed by the
same group that electron density is highest at anode that excite the metastable N,
generation near anode then the light intensity is maximum at anode. The metastable N,
cannot make Penning ionization in N but can induce the secondary electron emission

from dielectric surface to sustain the plasma when the voltage polarity is reverse [28,
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29]. However, this discharge has not enough ionization level so it cannot transit to

glow region.

- 4 cm >

Figure 2.12 Ten nanosecond exposure time photographs of the homogenous discharge

in (a) He (b) N, [28].

2.5 Surface Modification

Several decades ago atmospheric plasma by dielectric barrier discharge
technique is widely used for generating ozone as shown in Fig. 2.13. To produce this
gas the uniformity of plasma was ignored so mostly it was operated in filamentary
mode. In 1990s Okazaki et al [20] were able to generate the uniform atmospheric

plasma by DBDs technique and still develop by many research groups till the present.

To modify surface properties it is important that the plasma has to have
uniformity of effect to avoid local damage and heating which lead to the destruction of
workpiece. So the homogenous plasma can solve this problem and give more

advantages over original low pressure plasma treatment in large area operation.
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2.5.1 Type of Modification

o Ablation; the ability of plasma to break material bond at surface by
high energy particle bombardment.

o Cross-linking; Plasma with inert gas can be used to create chemical
link between long molecular chains that produce a stronger and harder surface.

e Activation; Plasma radical species, such as, OH, O, NH; and etc
depending on process gas, can replace surface functional group that change the surface

energy.

Figure 2.13 Advanced ozone generator producing 60 kg/h with non-glass dielectrics

[6].



Pongsathon Jitsomboonmit Literature Review / 24

2.5.2 Applications

a)  Plasma Cleaning

One such alternative method for organic removal is plasma cleaning.
Nowadays, plasma cleaning is very useful and popular dry cleaning process. Many
applications, mostly semiconductor and thin film, employ plasma to clean substrate
surface [9, 32-38], as the last step of surface preparation technique. The organic
contaminant and some weak chemical bond are removed from the surface. Typically,
oxygen-containing plasma is selected to clean surface. For pure oxygen, first, electron

collides O, to breaks into two oxygen atoms following this process;

e+ 0, >e+ 0,(A35)=>e+0(°P)+ 0(°P)

=e+ 0,(B32;)=>e+0(°P)+ 0('D)

with energy thresholds of 6.0 eV and 8.4 eV respectively. The oxygen radicals are
very reactive then they can react with hydrocarbon to form H,O or CO,. Ozone can be
also formed as well. Due to ozone is an active gas so it can break hydrocarbon chain

very rapidly.

b)  Adhesion Improvement

Some of polymer materials such as polypropylene, polyethylene, PTFE
and etc, have low surface energy. This character makes it difficult to apply adhesive or
coating on their surface. By using oxygen or oxygen-containing plasma producing
some radical species such as O and OH that will replace surface functional group or
chemically react with surface atom as shown in Fig. 2.14, so surface energy will
increase [39-42]. A higher surface energy provides better water wetting and greater

chemical reaction.
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Figure 2.14 Surface reaction mechanisms in PP [39].

) Hydrophilic and Hydrophobic properties

The relationship between contact angle and surface energy is inverse, the
contact angle reduce with increasing surface energy. Rare gases and also oxygen-
containing plasma can be used to increase hydrophilic property that these plasmas
generate some radical or change surface molecular weight, thus increasing surface
energy [39-42]. However, process gases such as fluorocarbon and fluorosulfur provide
lower surface energy or hydrophobic property by replacing the abstracted hydrogen
with either F or CF; radicals to form a fluorocarbon surface called fluorination process

[43]. This application can be found in textile industries and medical applications.
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CHAPTER 111
EXPERIMENTAL SETUP

3.1 High Voltage Medium Frequency Power Supply

3.1.1 Power Supply Requirements

Atmospheric plasma gains its energy from a power supply, preferably AC
or RF one [6, 8, 11, 12, 15, 20, 25], because it is difficult to stabilize plasma in non-
thermal region by DC electric field. Requirements to generate atmospheric plasma by
dielectric barrier discharge technique have already been mentioned in the previous

chapter so the power supply should have these properties;

a)  AC High Voltage Generation

v, Volts 19
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Figure 3.1 The breakdown voltage of argon and air at pd = 152 Torr.cm.

At low to medium frequency, of the order of several kHz, the AC

breakdown voltage of each gases are slightly different from DC breakdown voltage
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[11]. Consider the Paschen’s curve in Fig. 2.6. To ignite argon and air in 2 mm gas
gap at atmospheric pressure (pd = 760%0.2 = 152), the power supply has to raise DC
voltage to be approximately 1.8 kV and 8 kV respectively as seen in Fig. 3.1 where the
vertical line represents pd = 152 Torr.cm and the horizontal lines represent

breakdown voltage.

b)  Input Power Range and Control

Plasma power and ion density can be controlled by changing input power.

The operating power depends on the applications, purposes, electrode size and gas.

c) Ground Isolation

A power supply must deliver very high voltage. Ground isolation is indeed

very important to prevent damage to the power supply and user in case of malfunction.

In the present day, technology in solid state components is rather well
developed;, MOSFET, IGBT and also integrated circuit, can readily meet these

demanding requirements.

3.1.2 The First Prototype

From fundamental physics of electrical resonant of RLC circuit, the voltage
across capacitor is very high. Assume that driving voltage is ideal square wave [44]

then a Fourier series of square wave can be written in form;

a1 . sin3wt sinbwt sin7wt
V(t) =7[smwt+ + + + .- 3.1

3 5 7

where V}, is the peak voltage. From fundamental physics that the electric resonant

frequency of RLC circuit is f = 1/2mVLC. At the resonant frequency, the RLC circuit

allowed only fundamental frequency of square wave to pass through circuit. This
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technique is readily employed in radio or television tuner. Let V. is the peak voltage

across capacitor and I, is the peak current of series circuit as follow;

Y
¢ PR w,C
I = % 3.2
P nR
Then the voltage across capacitor can be calculated by
41
= 3.3
7T(1)0RC

However, this configuration has some drawbacks; e.g., step up transformer and ferrite
cores of 0.14 Henry inductors become hot and then varnish oil melt because of high
circulating energy in LC circuit when plasma is not ignited. This diagram is called

series resonance with parallel load which plasma chamber acts as variable impedance

(See Fig. 3.2) [27-29, 45, 46].
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Figure 3.2 The first experimental setup.

The operating frequency of power supply is near a resonant frequency which generates

high voltage across 200 pF capacitor as calculated from Eq. (3.3) and removes high
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harmonic of square wave. The output voltage is controlled by varying duty cycle of
square wave. Out of this frequency the voltage across this capacitor becomes low and
is not sinusoidal. Unfortunately, plasma acts as variable impedance which always
changes resonance frequency. Since the load is parallel connected, even at no load or
light load conditions (before plasma ignites), the power source will see a very small
impedance at resonance frequency [45, 46] which the power source has to supply a
large amount of energy to generate high voltage. The output voltage of this topology
depends on capacitance of a system and series inductor which the latter part has to be
custom made. The aim of this power supply is to operate at low frequency (<30 kHz).
A very large inductor of several hundred mH or more is necessary to couple with the
capacitance of about 40-50 pF from the plasma chamber. If an external capacitor were
used instead, the total capacitance is increased; an adverse effect on lower output

voltage and higher circulating current is expected.

3.1.3 High Voltage Medium Frequency Power Supply Design

Fig. 3.3 shows diagram that generate high voltage at 17 kHz. It consists of
four main parts which are 1) Isolation transformer with bridge diode and filter 2)
Power controller (variable DC power supply) 3) DC-AC inverter and 4) Step-up
transformer. The first and the second parts may actually be replaced by a conventional
variac at the expense of heavy weight and large size, it is thus difficult to add all
component into a single box and the protection by fuse alone cannot prevent the

damage of other parts from overload.

Power controller Memt::;;ﬁ::'ency Step up
(DC Power supply) (DC-AC Inverter) [E=nsicansr

Figure 3.3 The diagram of high voltage medium frequency power supply.

a)  Power Controller (DC Power Supply)

The diagram in Fig. 3.4 shows important parts of power controller which
the controller generates a couple of square wave signals which are buffered by the gate

driver to drive H-bridge converter. The 220 VAC main line is step down to 90 VAC
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by isolation transformer and then filter AC voltage into 130 VDC by bridge diode and
capacitor. A full bridge or H-bridge converter switches at frequency of 60 kHz that
converts 130 VDC into 260 V,,., with 0-47% duty cycle of square wave and drives the
voltage to 1:1 high frequency transformer. Then transformer output is filtered by
Butterworth  low pass filter into variable DC voltage. The output voltage can be
calculated following Eq. (3.4). The output voltage is used to supply load or inverter.
Feedback circuit senses output DC current and sends signal back to controller to

reduce or increase duty cycle.

N
Vour = | == | x D x 2V, 3.4
NP

s =0

Gate
Driver

~—

Figure 3.4 Block diagram of power controller in a DC power supply.

Controller

IC TL494 is widely used in many types of commercial switching power
supply and has many useful build-in functions integrated in this IC so this IC is chosen

due to its relatively low price and its availability locally.

TLA494 is fed with 12 V regulated from IC 7812 and generates two square
wave signals at pin 9 and 10 which can be parallel or push-pull style depending on the
input at pin 14 as shown in Table 3.1. In this power supply the push-pull style is

chosen. The frequency of oscillator is programmed by the selection of timing
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components which are capacitor and resistor connected at pin 5 and 6 respectively. For

push-pull operation, the frequency is defined by this equation;

Table 3.1 Output function of TL494.

1
2R.Cr

3.5

Input to Output Control Output Function
Vi= GND Single-ended or parallel output
Vi=V et Normal push-pull operation
12
—_ 10 1 b
g -
T o
& 4 Ch1
S 2
= 0- k . r L
'2 T T T T
0 50 100 150 200 250
12
101
g o
o 7
& 47 Ch2
S
0 " —
_2 T T T T
0 50 100 150 200 250
Time (uS)

Figure 3.5 Output signal at pin 9 (top) and 10 (bottom) of TL494.

The square wave generator circuit is shown in Fig. Al (see Appendix A). By fixing

capacitor at 10 nF, the frequency can be adjusted by varying resistor 20 kQ and tuned

to be 60 kHz. Signals from pin 9 and 10 are shown in Fig. 3.5. They are fed to a gate

drive circuit as input signals.
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Gate Driver

The gate driver circuit consists of a couple of TC4427 which each IC is a
buffer of each signal, gate drive transformer or pulse transformer driven by signal
from both TC4427, and four isolated channels for driving full bridge converter. The
input signals from TL494 is fed into IC TC4427 supplied by 12 V from LM317T
which can drive high peak current up to 1.5 Amp. Pulse transformer is custom made
by wiring a copper wire for 16 turns around toroidal ferrite core as a primary winding
and wiring four copper wires for 24 turns as a secondary winding. The advantages of
using pulse transformer to drive MOSFET are not only galvanic isolation between
controller and power section but also able to drive several MOSFET by one pulse
transformer [47]. Toroidal transformer is chosen to minimize the leakage inductance
[47]. Other shapes of transformer can also be used at the expense of more leakage
inductance which consequently make the signal delay and decrease the rise time of
square wave [47]. Fig. 3.6 shows signal at a primary winding and secondary winding
of pulse transformer. Because pulse transformer is wiring with turn ratio of 1:1.5 so
the expected output voltage will be 18 V. Typically, the recommend voltage to drive
MOSFET is about 10-15 V and Gate-Source legs has absolute maximum rating at +20
V then to ensure that the driven voltage will not exceed maximum rating, it is limited
by IN4742 zener diodes which cut the any exceed and spike voltage. The 2N2907A
PNP transistors Q1, Q6, Q7 and Q10 in Fig. A2 are used to increase turn off speed of
MOSFET [47] to make sure that MOSFET in each legs of full bridge converter will
not turn on at the same time that lead to the destruction of the converter and gate drive

circuit.
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Figure 3.6 Signals at primary winding (top) and secondary winding (bottom) of gate

drive transformer.

Full Bridge Converter

The configuration of full bridge converter is shown in Fig. A2, consisting
of four electronic switches, and supplied by 130 VDC. To drive the full bridge
converter, four isolated channels driver are necessary. IRFP460 MOSFET is chosen.

Its absolute maximum rating is shown in Fig. B1.

IRFP460 has a very high breakdown voltage so it can tolerate spike
voltage from hard switching which can be 2-3 times supply voltage without using
snubber. An internal diode is made to connect anti-parallel between Source and Drain
legs [47]. This diode provides the free wheel diode function. Unfortunately, for
operating at high frequency this diode has long reverse recovery time which limits the
frequency of operation [47]. External fast recovery diode has to be anti-parallel
connected with MOSFET to provide the necessary path to reverse current from

inductive path [45-47].

As shown in Fig. A2, Q3 and Q9 conduct current for half cycle during
which Q4 and QS are off. Next half cycle Q4 and Q8 will are on while Q3 and Q9 are
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off. So the voltage across load or transformer will be alternate square wave at
switching frequency of 60 kHz. The 2N2222 NPN transistor Q2 and QS5 are used to
limit the maximum current that provide short circuit protection in each bridge legs and
give time to a fuse to blow to open circuit. The maximum current in each legs are

defined by;

I _ VsEsat
max

3.6

RSENSE

If the voltage across R5 and R6 (0.1 Q) are 0.65 V which means current will be 6.50
Amp, the Q1 and Q6 begin to turn on and then reduce the duty cycle.

The transformer is wired onto a ETD-49 ferrite core, with an effective area
core of 221 mm? and with 1:1 turn ratio. To reduce core loss and avoid core saturation,
the minimum turn is required for primary winding [48, 49]. The minimum turn can be

derived from Faraday’s law as following [48, 49];

ddy
Bl = |-n =t
dB 2B
E=NA-=NAz
o E 3.7
4A By f
130
N = X221 x 106 % 0.2 X 60,000
~12.84 ~ 13

Typically, ferrite core has a saturation flux density around 0.2-0.4 Tesla, to avoid core
saturation B, must not exceed maximum flux density [48, 49]. Assuming the
maximum flux density of ferrite core is 0.2 Tesla and driven voltage is 130 V, the
primary winding must be at least 13 turns to operate at 60 kHz. In practice, the

primary winding is wired for 20 turns and also the secondary winding. At the
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secondary winding the square wave voltage is filtered by high speed recovery bridge
diode and Butterworth © network where LC components are arranged in a r shape as
shown in Fig. 3.7. The variable DC voltage output will be fed though DC-AC inverter

which converts DC voltage into 17 kHz sinusoidal voltage.

7 5 mH
%l N + m

~ ——200uF  —— 200 uF

Figure 3.7 Butterworth r low pass filter.

Feedback Controller

The power delivered to plasma is controlled by detecting DC current,
converted to be the feedback control signal, and send back to TL494 to increase or
reduce duty cycle. HCPL7840, an opto-isolated operational amplifier with fix gain at
8, is used to provide galvanic isolation between output section and the controller. DC
current is sensed by 0.1 ohm resister and HCPL7840 amplify the signal, and the
differential outputs of the isolation amplifiers is buffered to 0-5 V which corresponds
to DC current 0.0-1.2 Amp. Then the signal is fed to differential amplifier to compare
with variable reference voltage (Set point) which is used to control power. The output
from differential amplifier is added with 2.5 V and sent back to TL494 at pin 3. If
current is higher than the set point, the signal goes high, reducing duty cycle. If the
current is lower, the opposite operation is performed. Because plasma impedance is
not constant, the current control ensures the safety operation by not allowing current to
exceed the setting value. Or else substrate and also dielectric barrier are damaged. The
circuit of feedback controller is shown in Fig. A3. However, feedback circuit is not
included in PCB due to it is developed after power control problem was observed.

This problem is the impedance of plasma decrease under long operating time due to
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dielectric barrier are heat up which lead to higher thermionic electrons emission and

consequently to the destruction of the dielectric barriers.

b)  Medium Frequency Inverter (DC-AC Inverter)

The block diagram of a medium frequency inverter is shown in Fig. 3.8.
The square wave generator generates a couple of 17 kHz square wave signals which is
just above audible noise from electronic switching and then are buffered by gate driver
to drive H-bridge converter. This inverter gets DC voltage from the power controller
and converts DC voltage into AC square wave signal at 17 kHz. Then 2.4 mH inductor
is added to filter out other higher harmonic except first harmonic by means of resonant
circuit [50-52]. The remaining signal is fed to step up transformer and the secondary

output is connected with blocking capacitor and plasma chamber.

2.4 mH :VI\ Plasma
Inductor :> Chamber

Gate
Driver

Figure 3.8 Block diagram of medium frequency inverter.

A construction of this inverter has the same circuit as power controller
circuit with variable frequency by resistor connected at pin 6 of TL494 but with the
duty cycle fixed at maximum. The output of inverter at load of 50 Q is shown in Fig.
3.9. The waveform is not perfect square wave but rather has two dead time regions in

one cycle.
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Figure 3.9 The signal across 50 Q load fixed at 17 kHz and maximum duty cycle.

c) Step up Transformer

A compromise has to be made when operating at both high voltage and
high frequency. Dielectric breakdown can be occurred in high voltage operation. To
prevent this requires a very good insulation between primary and secondary winding.
Then UU core can solve the insulation problem that provides very high insulation
between each leg. High frequency operation requires a proper material for the

transformer core, which in our case, is a ferrite core and tight winding [49, 53].

The winding design is limited by two main constraints as said in power

controller part, namely;

1. The magnetic flux density must not exceed core saturation value.

2. Core loss must be minimized to avoid excessive temperature rise.

These mean the minimum primary turn is required and the transformer core must be
pre-determined for suitable operation. However, instead of calculating the
characteristic of required core, the largest available core is purchased so its properties
are verified. The UU 93/152/30 ferrite core from EPCOS is selected and its

characteristic is shown in Fig. B2. The minimum turns of primary winding is;
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E
N = HABur

130
N = Ix8a0x106x02x17000 1138 38

~ 12

However, the primary winding is wired for 20 turns to increase the input voltage
beyond 130 V. To reach the output voltage of 2.5 kV without resonant effect then the

secondary winding can be calculated.

Vs
NZ = val
0 3.9
=20 X 130 = 384.6 turns

In practice, the secondary winding has to be wired in single layer to avoid inter-
winding corona discharge and is wired for 400 turns to compensate the ratio loss. As
usable core window winding length is about 88 mm so the suitable diameter of wire

must not exceed

_ 88
400

= 0.22mm

d
3.10

Copper wire AWG 32 or 33 with respective diameter of 0.202 and 0.180 mm were
chosen to wire a single layer of a secondary winding. Transformer bobbins are used
for wiring the copper wire on the both primary and secondary side. Both bobbins are
made from acrylic with 3 mm thick to prevent the breakdown between the core and the
copper wire as shown in Fig. 3.10. Fig. 3.11 shows the schematic of wiring secondary

winding.



Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Physics) / 39

Figure 3.10 Secondary winding of step up transformer including with acrylic bobbin

which is covered by transformer-grade epoxy resin.

96 mm >

4

Coil
Former

Kapton tape
/ 3 layers

4 mm 4 mm

Figure 3.11 Schematic of wiring secondary winding of step up transformer.

The transformer-grade epoxy resin is used to cover all air-contact part for secondary
winding (see Fig. 3.10) to prevent corona breakdown at the surface of conductor
otherwise, heat, which is dissipating, can cause destruction of the secondary winding
under a high power operation. The important parameters of step up transformer are

measured and shown in Table 3.2
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Table 3.2 Measured parameters of step up transformer.

Parameters Value
Primary leakage inductance 432 pH
Secondary leakage inductance 128 mH
Winding stray capacitance 30 pF
Magnetizing inductance 3.74 mH

The equivalent circuit of this topology including the step up transformer and the

plasma chamber is shown in Fig. 3.12.

Series Inductor + Secondary Leakage

Primary Leakage Inductance incuciance
28 mH Secondary wire \ Blocking
resistance 128 mH Capacitor PI??;“ a Chamber
pacitance
0.1 Q 120 pF

N1 N2

h 280Q
31 pF 30PF < 10100 ka
Core Lossf’"’"""' Wlndlng Stray
c Plasma
apacitance c
Py Resistance

Magnetizing Inductance

HWW_E‘

Figure 3.12 The DBDs equivalent circuit.

The circuit in Fig. 3.12 is simulated by using MICROSIM with real parameters
measuring from every components to predict how the power supply operate and
improve the circuit with adding proper value of components. The plasma resistance is
approximately 10-100 kQ calculated from reflecting load to DC power supply. The
core loss is negligible [45, 46]. The circuit prior to the discharge, shown in Fig. 3.13,
is used for simulating; the result is shown in Fig. 3.14. The circuit, during the ignition

process is shown in Fig. 3.15; the result is shown in Fig. 3.16.
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Figure 3.13 Schematic of simulation circuit before discharge.

Figure 3.14 Simulation result before discharge.
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Figure 3.15 Schematic of simulation circuit when plasma ignites.

0.75ms

Time

Figure 3.16 Simulation result when plasma ignites.

3.14 Completed Work and PCB Circuit

Power controller and frequency inverter circuits are assembled in 5" x 10"
single-sided PCB and full bridge MOSFETSs are mounted with a heat sink. The PCB

trace of circuit is shown in Fig. A4. All parts are installed in a custom-made
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30x60x20 acrylic box as seen in Fig. 3.17. A voltmeter and an ammeter are also
installed to indicate the power consumption of plasma by a DC product of voltage and
current which are fed to frequency inverter (see Fig. 3.17). The step up transformer is
placed in insulation box made from acrylic with thickness of 10 mm to ensure safety

operation for a user.

Figure 3.17 The completed work of high voltage medium frequency power supply.

3.2 Dielectric Barrier Discharge System

As discussed in chapter 2, dielectric barrier discharge is one of the
technique used to generate plasma at atmospheric pressure. This technique requires
AC high voltage generator and specific designed plasma chamber to stabilize plasma
in non-thermal equilibrium state. Certain specific properties of plasma chamber are

required to facilitate both an investigation of plasma properties and the applications.
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For plasma characterization; the properties of atmospheric plasma are characterized
by; Optical Emission Spectroscopy (OES) and voltage-current measurement. The
transparency of plasma chamber also helps observing plasma inside the chamber by
naked eyes. For plasma applications; atmospheric plasma is used to modify surface
properties of several materials, the large gas gap is required. Unfortunately, increasing
gas gap will result in non-uniform or filamentary plasma. When the gas gap is
deliberately extended, an operation at higher voltage is needed to restore the

uniformity of the plasma.

3.2.1 The First Plasma Chamber

This plasma chamber is made from acrylic to provide clear view for an
observer. The 4-mm in diameter power and ground electrode are placed inside the
plasma chamber and covered with a couple of 2 mm thick rectangular glasses. The gas
gap between glasses is about 2 mm provided by spacer. This chamber can be used to
ignite many gases such as helium, argon and air. The plasma chamber and plasma
ignition in this chamber are photographed and shown in Figs. 3.18 and 3.19

respectively.

B

Figure 3.18 The first plasma chamber.
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Figure 3.19 The photographs of (a) air plasma and (b) argon plasma from the first

plasma chamber.

3.2.2 Problems of The First Plasma Chamber

Some problems are observed when operating this chamber. For example;

1.  Argon plasma cannot gain energy more than 20 watts. If power is higher, the
plasma short-circuit the power electrode to the ground electrode and thus initiate
an arching.

2. Because no cooling attached, the electrodes become very hot under long time
operation could also cause a destruction of the dielectric barriers.

3.  Voltage-current measurements are the only mean for plasma characterization.

4.  Assembly time of the plasma chamber is too prolonged.

3.2.3 The Requirements of Plasma Chamber Characteristics

o Visible light transparency; to understand and investigate effect of plasma, the
common method is by naked-eye viewing which help to roughly separate
uniform plasma from other patterns.

o Cooling system attachment; to provide long time operation, the electrodes must
be cooled to avoid a destruction of the dielectric barrier and an arching.

o Dielectric barrier replacement; at developing stage, the destruction of dielectric
barrier may occur so often that the replacements are necessary.

o OES channel measurement; the effects of plasma are involved with radical

species and metastable atom or molecule created by plasma. OES is used to



Pongsathon Jitsomboonmit Experimental Setup / 46

detect atomic or molecular spectral lines associated with the active species
present in the plasma.
. Simple Assembling; 1f assemble time is reduced so more experiment can be

done.

3.24 Design of The Second Plasma Chamber

The plasma chamber consists of two pieces of acrylic which the cover
acrylic is 10 mm thick and the body is 30 mm thick. The cover and body acrylic are
machined to insert petri dishes as dielectric barrier. The petri dishes are bought from a
local science instrument supplier. The body is drilled to make 5-mm diameter hole
from the side to provide OES measurements, gas inlet and outlet while the cover is
grooved for O-ring. All the details drawing of chamber are shown in Figs. C1-C4. The
96-mm diameter electrodes are made from aluminum in hat shape as shown in Figs.
C5-C6. They are installed outside the plasma chamber to avoid argon plasma short
circuit and mounted with heat sink and cooling fan (see Figs. 3.20-3.21). The gas gap

between dielectric is about 2 mm.

Figure 3.20 Photograph of the second plasma chamber.
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Figure 3.21 The second plasma chamber with cooling system and the first chamber.

3.3 Power Supply Testing

a)  Open Circuit Testing

The secondary winding of the step up transformer is left open-circuited
while a full rated voltage (130 VDC) is applied to the primary winding. The voltage is
measured though 1:1000 Fluke high voltage probe and monitored by an oscilloscope
TEKTRONIK TDS 200. The signal is captured by WAVESTAR FOR
OSCILLOSCORPE though its RS-232 serial port. The result is shown in Fig. 3.22. The
output voltage is 2.86 kV,., and looks like sinusoidal with a bit distortion. The leakage
current is 0.018 A.
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Figure 3.22 The open circuit voltage waveform.

b)  Testing with air-filled Chamber (Empty Chamber)

The plasma chamber is connected to the power supply. The output voltage
across chamber is measured as a function of input voltage as seen in Fig. 3.23a. The
output voltage rises from 2 kV,,to 10.7 kV,,.. Air is ignited when this voltage is more
than 14 kV,,. The output voltage is linearly proportion to the input voltage. The
power supply has to deliver substantial amount of current because the chamber act as
the capacitance of about 30 pF (see Figs. 3.13 and 3.15). A product between the input
voltage and the input current is the input power. The input power and the input current
are plotted as a function of input voltage in Fig. 3.23b. Because plasma is not ignited,
so only internal impedance of chamber and power supply is the load. The input
voltage and input current relation is almost linearly proportion and the area under this
plot, the input power, increases exponentially. The output voltage is also plotted as a
function of input power as seen in Fig. 3.23¢ which is curve at the beginning and

becomes linearly proportion at more than 20 watts.
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Figure 3.23 The characteristics of power supply testing with empty chamber; a)
output voltage as a function of input voltage b) Input power as a function of input

voltage and c¢) output voltage as a function of input power.

) Testing with gas-filled Chamber

Argon and helium are fed into plasma chamber. Characteristics of power
supply are examined using the same method as in the air-filled chamber testing. The
respective breakdown voltage of argon and helium plasma are 4.5 kV,,, and 1.6 kV.,.
The characteristics of power supply in this experiment are different from those in air-
filled chamber as shown in Figs. 3.24a-3.24c for argon-filled chamber and Figs. 3.25a-
3.25¢ for helium-filled chamber. Due to plasma is ignited so the plasma impedance is

included. As seen in Figs 3.24b and 3.25b, the input voltage and the input current
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relation is not linearly proportion which may be resulted from unsteady plasma

impedance in their discharge regimes.
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Figure 3.24 The characteristics of power supply testing with argon-filled chamber; a)

output voltage as a function of input voltage, b) input power as a function of input

voltage, and c) output voltage as a function of input power.
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CHAPTER 1V
EXPERIMENTAL RESULTS AND DISCUSSION

Atmospheric plasma properties, generally, are very different from typical
low pressure plasma; these differences properties include current waveform, discharge
duration, optical emission spectrum and etc. Beside pressure, these properties also
vary with the working gases; different gases generate plasma of different properties.
Typical properties to be characterized are, for example, optical observation, voltage-
current characteristic, optical emission spectrum and voltage-charge relation
(Lissajous Figure). This chapter reports experimental observations of plasma
generated at atmospheric pressure from different working gases including argon,

helium, nitrogen, and air.

4.1 The Investigation Methods

a) Optical Observation

This is a simple method to roughly investigate plasma properties. The
atmospheric plasma is operated and observed though transparent acrylic plasma
chamber wall. Several gases are fed into chamber and ignited by dielectric barrier
discharge technique. Several plasma are photographed by KODAK Z650 digital
camera. The camera parameters are set that exposure time is 0.1 second, F-number is

3.2 and ISO-number is 800.

b)  Voltage-Current characteristics and Lissajous Figure

The experimental setup is shown in Fig. 4.1. Gas flow controller is also set
to one liter per minute flow. Fifty ohm resistor and 0.1 pF capacitor are used to

measure total current and total charge transfer respectively. And voltage is measured
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though 1:1000 Fluke high voltage probe. All signals are monitored by an oscilloscope
TEKTRONIK TDS 200 and captured by WAVESTAR FOR OSCILLOSCOPE
though its RS-232 serial port. The equivalent electronic circuit is shown in Fig. 4.2.
This equivalent circuit is based on a model proposed by F. Massines et al [27, 29, 54,
55]. In such a model, both dielectric barriers forms a capacitor connected in series with
a gas capacitor. Plasma itself is assumed to be a variable impedance added in parallel

with the gas capacitor.

120 pF e 3324 ¢

Medium I 1:1000 High voltage probe =
DC Frequency [__] | %
Power supply Inverter and . .
Amplifier |_ OLe} Fiber optic
AL [T

controller

N \al
. 50 Ohm% JJ—D-IUF Ocean optics

- Gas USB4000
Supply

. oos
Tektronix skl S22 =
TDS220 Tl
§ 5

Figure 4.1 The experimental setup.

Vsd
-
| |Csd
C‘stra:,r 7
Vgﬂs gas
IGs,tra]. + IGgas +
measlured Iduscharge

Figure 4.2 Electrical model in plasma operation [54].

The total current has two components: a capacitive one which equal to CyasdV;qs/dt

and discharge current which can be extracted from total current by these relations;
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Ineasurea = Ig + Icstray 4.1
av. av.
Ig = Imeasured — Cstray % = Lgas % + Idischarge 4.2
Vgas(t) = Vapp () — V() 4.3
1 t
Vn(t) = — | I;(t)dt" + Vi, (to) 4.4
Csd to

V,, 1s the memory voltage calculated from Eq. (4.4) and C, is a capacitance of solid
dielectric. 1}, (ty) is the voltage due to charge accumulating on both solid dielectrics
during previous discharge which is adjusted so that the mean value of gas voltage V is
equal to 0 V to ensure no auto-polarization condition. However, the signal data is
discrete; numerical method is employed to analyze the data. Before differentiation,
data have been smoothed by 20-points smoothing method under ORIGIN PRO 8. The

integration is defined by the trapezoidal rule;

I, +1,
Vs, = ngszkl (AL) + Vi, + Vi (t0) i
where Vm, =0and [;, =0

Lissajous Figure is the plot between charge and applied voltage. In our
case, the charge is calculated from the voltage across 0.1 uF capacitor as shown in Eq.
(4.6)

Q(t) = CV(t) 4.6

An example of Lissajous Figure is shown in Fig. 4.3 called parallelogram. The

parallelogram brings us about the mechanism of discharge [20, 23, 24]. The left hand
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and the right hand flanks of a Lissajous Figure represent the on-discharge process,

while the top and the bottom flanks represent off-discharge state [56-58].

Qchaml}er
1
Discharge slope
// Csa + Cstray
£ Vehamber
4
Crard Tt
CEhﬂmbEr = —bd stray
3 Csd + C‘stray
Capacitive slope

Cnh amber * Cstray

Figure 4.3 Lissajous Figure including stray capacitance [57].

Slope of horizontal parallel lines, i.e., 1-2 and 3-4 lines are equal to the
total capacitance of the system and other lines, i.e., 2-3 and 4-1 lines indicate the
number of discharge peaks [20, 23, 24]. There are two curves in the line,
corresponding to two respective discharge peaks. If plasma is not ignited yet, the
Lissajous Figure becomes a straight line. On the other hand, many discharge pulses as
found in filamentary discharge, result in many small wavy lines in series and look as if
it was a straight line. In this case, slope of these lines equals to a solid dielectric

capacitance.

c) Optical Emission Spectroscopy

Optical emission spectroscopy is one of typical method to characterize
atmospheric plasma. In atmospheric plasma, there are many species of ions, atoms and
molecules. From Fig. 4.1, USB4000 from Ocean Optics is used to measure emission
spectrum of gases. Identifications of species in plasma associated with emission peak
are indicated by using NIST atomic spectrum database and comparing with other

previously published work.
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4.2 Argon Discharge Experiment

a)  Optical Observation

Argon plasma has bluish pink color and nearly uniform. However when
the power increases up to 40-50 watts, the argon plasma exhibits filamentary discharge

or arc current around the edge of an electrode. The argon plasma is shown in Fig. 4.4.

Figure 4.4 Photograph of homogenous argon plasma with bluish pink color.

b)  Voltage-Current characteristics and Lissajous Figures

The result is shown in Fig. 4.5 which the voltage and current is the same as
monitored from oscilloscope. At voltage of 5 kV,,_, in argon, the voltage signal seem to
look like sinusoidal shape but it has two necks located at both negative and positive
side. Fig. 4.5 shows the voltage and current waveforms before waveform analysis and
Fig. 4.6 shows both waveforms and also calculated gas voltage after waveform

analysis
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Figure 4.5 Applied voltage (red) and measured current (black) of argon plasma as

measured.
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Figure 4.6 Applied voltage (red), discharge current (black) and gap voltage of argon

plasma after waveform analysis.

At the beginning the discharge current develops a single discharge peak
and gas voltage drop over discharge duration (see Figs. 4.7a-4.9a). As the applied
voltage increases, the discharge current exhibits more additional discharge peaks
which are wider in their discharge duration but lower in amplitude as seen in Figs.

4.10a-4.12a. The corresponding gas voltage of the wider peaks seems to be constant.
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The narrower discharge peaks have the discharge duration about five pS while the

wider ones have the discharge duration more than 10 uS.

Lissajous Figures of atmospheric argon plasma at various voltages are also
shown in Figs. 4.7b-4.12b which have one to three curvatures on the left or the right
flanks, corresponding to number of discharge peaks. The slope of the top and the

bottom lines correspond to the total capacitance of about 32-34 pF.
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Figure 4.7 (a) Analyzed waveforms of argon plasma at 5 kV,_, and (b) the

corresponding Lissajous Figure.
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Figure 4.8 (a) Analyzed waveforms of argon plasma at 5.5 kV,,, and (b) the

corresponding Lissajous Figure.
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Figure 4.9 (a) Analyzed waveforms of argon plasma at 6 kV,_, and (b) the

corresponding Lissajous Figure.
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Figure 4.10 (a) Analyzed waveforms of argon plasma at 7 kV,,, and (b) the

corresponding Lissajous Figure.
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Figure 4.11 (a) Analyzed waveforms of argon plasma at 8 kV,,, and (b) the

corresponding Lissajous Figure.



Pongsathon Jitsomboonmit Experimental Results and Discussion / 60

300

4000 Mo
200
b oao
2000 4

L 20 100

Voltage (Volt)

(=]

B
Current (mA)
Charge (nC)

o

20 -100

-2000 -

b 40
—— Applied voltage
—— gas voltage

— Discharge current

-200 4

L -80 b
; . . v -300 : ; : - T
0 20 40 60 80 100 -4000 -2000 ) 2000 4000

Time (uS) Voltage (Volt)

-4000 4

Figure 4.12 (a) Analyzed waveforms of argon plasma at 9 kV,,, and (b) the

corresponding Lissajous Figure.

c) Optical Emission Spectroscopy

Fig. 4.13 shows the emission spectrum of atmospheric argon plasma. Their
identifications are listed in Table 4.1. All argon peaks locate in red and NIR region.
Residual air was not completely removed from the chamber due to insufficient purging
time so its emission peaks can still be observed. The strongest peak found in the UV
region at 309.0 nm is identified as OH radical, which is believed to come from water
vapor in air. Some peaks in argon spectrum were identified to belong to nitrogen
emission; these peaks were also found in nitrogen and air spectrum [25, 59]. After
purging for two minutes, the nitrogen peak will decrease but its trace can still be

observed. Minute oxygen peak is observed at 777.4 nm.
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Figure 4.13 OES of argon plasma with species identification.
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Table 4.1 Emission wavelength of species found in atmospheric argon plasma [25, 59-

62].
Species Wavelength (nm)
OH 283.3,309.0
N, 337.1,357.7, 380.5
Ar 696.5, 706.7, 714.7, 727.3, 738.4, 750.4, 751.5, 763.5, 772.4,

794.8, 800.6, 801.5, 810.4, 811.5, 826.5, 840.8, 842.5, 852.1,

866.5
777.4, 844.6
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4.3 Helium Discharge Experiment

a)  Optical Observation

Helium plasma is also investigated. It has the lowest breakdown voltage
and plasma is very uniform without any filament or arc current even the power is

increased up to 60-70 watts. Helium plasma has violet-blue color (see Fig 4.14).

Figure 4.14 Photograph of homogenous helium plasma with violet-pink color.

b)  Voltage-Current characteristics and Lissajous Figures

The discharge of helium occurs at lower breakdown voltage than argon
and is very uniform. The discharge follows the same trend as in argon; a number of
discharge peaks increase with increasing voltage or power and the discharge can be
classified into two identical patterns. The marked differences are; helium discharge
peaks are higher in amplitude and shorter in discharge duration than those of argon
(see Figs. 4.15a-4.20a). Helium plasma can discharge up to four peaks of different
discharge durations per a half cycle of different widths as found in the case of argon.
The gas voltage over the narrower peak has dropped significantly while the gas

voltage over the wider peaks slightly increase.

Lissajous Figures are also shown in Figs. 4.15b-4.20b matching with the
discharge waveforms. The curvatures of parallelogram of helium are easily identified
than those of argon. The slope of the top and the bottom lines are the same as that of

argon; indicating the total capacitance of about 32-34 pF.
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Figure 4.15 (a) Analyzed waveforms of helium plasma at 2 kV,, and (b) the

corresponding Lissajous Figure.
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Figure 4.16 (a) Analyzed waveforms of helium plasma at 2.5 kV,, and (b) the

corresponding Lissajous Figure.
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Figure 4.17 (a) Analyzed waveforms of helium plasma at 3 kV,, and (b) the

corresponding Lissajous Figure.
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Figure 4.18 (a) Analyzed waveforms of helium plasma at 4 kV,_, and (b) the

corresponding Lissajous Figure.
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Figure 4.19 (a) Analyzed waveforms of helium plasma at 5 kV,_; and (b) the

corresponding Lissajous Figure.
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Figure 4.20 (a) Analyzed waveforms of helium plasma at 6 kV,_, and (b) the

corresponding Lissajous Figure.
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c) Optical Emission Spectroscopy

Fig. 421 shows atmospheric helium plasma emission spectrum which
dominates by those of helium and is mixing with those of other gases. This mixing
may come from inadequate purging time; therefore, residual air in the chamber could
not be completely suppressed so the OES of air (mainly nitrogen) can still be observed
in helium spectrum. Furthermore the hydrogen-alpha and oxygen radical peaks also
found in this spectrum. All the peaks are listed in Table 4.2. The strongest and highest
peak in helium spectrum is found at 391.4 nm and identified to be from N," following
the Penning ionization mechanism. Other N, peaks are found at 427.8 and 470.9 nm.
OH radical peak at 309.0 nm is observed. Its relative intensity with respect to the
nearest N, peak at 315.6 nm is lower than that observed in argon plasma (see Fig. 4.13
for comparison) under operation at the same power. The helium emission peaks are

found at 587.5, 667.8, 706.5 and 728.1 nm.
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Figure 4.21 OES of helium plasma with species identification.
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Table 4.2 Emission wavelength of species found in atmospheric helium plasma [28,

62-65].

Species Wavelength (nm)
OH 283.3,309.0
N, 315.6, 337.1, 353.7, 357.7, 367.0, 375.4, 380.5, 399.7, 405.8, 640
N, 391.4, 427.8, 470.9
H 656.3
He 587.5, 667.8, 706.5, 728.1
0] 557.7,777.4, 844.6

4.4 Air and Nitrogen Discharge Experiments

a) Optical Observation

Air and nitrogen plasma is more difficult to generate; consists of many
filaments following their very high breakdown voltage. The colors of air plasma and
nitrogen plasma are slight different; air plasma has violet-blue color (see Fig. 4.22)
while nitrogen has blue color as shown in Fig. 4.23. Some plasma research groups
were able to operate uniform air or nitrogen plasma by using 50 Hz high voltage

power supply with more specifically custom-designed electrode [20, 66].

Figure 4.22 Photograph of air plasma consisting of violet-blue filaments.
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Figure 4.23 Photograph of filamentary nitrogen plasma with blue color.

b)  Voltage-Current characteristics and Lissajous Figures

Air composes of nitrogen about 78%, oxygen 20%, and other gases 2%.
The discharge of nitrogen and oxygen are obviously filamentary type. The breakdown
voltage of both gases is very high (>17 kV,.,) for the same gas gap. Besides, there is
no narrow peak but only the wide peak consisting of many nanosecond duration
discharge peaks (filamentary discharge) is observed. This is in contrast to what has
been seen in case of argon or helium plasma. The voltage over discharge duration is

almost constant as also found in case of argon and helium.
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Figure 4.24 (a) Analyzed waveforms of air plasma at 17 kV,., and (b) the

corresponding Lissajous Figure.
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Figure 4.25 (a) Analyzed waveforms of nitrogen plasma at 17 kV,,, and (b) the

corresponding Lissajous Figure.

The waveform of air and nitrogen discharge are shown in Figs. 4.24a and
4.25a respectively. Due to the discharge mode of air and nitrogen are filamentary
discharges so the Lissajous Figure of air and nitrogen plasma in Figs. 4.24b and 4.25b
look like completed rhombus (see Fig. 4.3). The total capacitance of system and
dielectric barrier are calculated from the slope of rhombus, are 34-36 pF and 80 pF

respectively.

c) Optical Emission Spectroscopy

The OES of air plasma are shown in Figs. 4.26 and 4.27. For air, the
emission spectrum is almost identified to come from nitrogen due to the fact that
nitrogen is the major composition in air (see Table 4.3). By extending the integration
time of USB4000 to gain more intensity, the very small peak of O radical is observed
at 777.4 nm as shown in Fig. 4.27.

In the case of nitrogen emission spectra (see Fig. 4.28), Identification of
those peaks are summarized in Table 4.4. Our emission spectrum, sorted according to

the previously published data [66-70], is identified as from N, N," and NO emission.
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Figure 4.26 OES of air plasma with species identification.
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Figure 4.27 OES of air plasma with extending integration time.
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Table 4.3 Emission wavelength of species found in atmospheric air plasma [66-70].

Species Wavelength (nm)
N, 297.5,313.4,315.8, 337.1, 353.7,357.7, 370.9, 375.4, 380.5,
394.1,399.7, 405.8, 426.9, 434.4
N,' 391.1,419.9
0] 777.4
7000
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Figure 4.28 OES of nitrogen plasma with species identification.

Table 4.4 Emission wavelength of species found in atmospheric nitrogen plasma [66-

70].

Species Wavelength (nm)
N, 297.5,313.4,315.8,337.1,353.7,357.7, 370.9, 375.4, 380.5,
394.1,399.7,405.8, 426.9, 434.4
NO 236.3,247.1,258.7,271.3

N," 391.1,419.9
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4.5 Discussion

Atmospheric plasma can be classified into two modes which are 1)
homogenous mode and 2) filamentary mode [17, 20, 23, 24, 54, 55, 65, 70-72]. The
former mode is common in argon, helium or rare gas plasma while the latter mode is
found in air or nitrogen plasma. This plasma mode is also affected by other parameters
such as gas gap [22-24], pressure [17, 23, 70], power source frequency [15, 72, 73],
dielectric barrier thickness [22-24], gas concentration [59, 74] and dielectric materials

[22, 23].

Homogenous plasma has two patterns of discharge. The first pattern is
higher in amplitude but shorter in discharge duration than the second pattern. In the
past, all plasma researches group report both patterns as Atmospheric Pressure Glow
Discharge (APGD). In 2005 F. Massines et al [29] purposed the term Atmospheric
Pressure Townsend Discharge (APTD) to describe the second pattern which has lower
amplitude and longer discharge duration. The gas voltage over the second pattern
duration is almost constant and better suited to Townsend discharge [21, 28, 29, 75].
The Townsend discharge is taking place at the anode, while the glow discharge at the
cathode. This difference is confirmed by high speed camera with very short exposure
time. Glow discharge is the common discharge mode for low pressure plasma. After
Massines group, other research teams also found and confirm this observation [21, 22,
28, 29, 73, 75]. The two modes cannot be distinguished by optical emission [15, 23]

but only through the voltage-current.

Y.B. Golubovskii et al [21] experimentally investigated external
parameters such as gap width and barrier thickness. They have found that only when
the barrier capacitance is large, which can be achieved by using thin barrier and the
wide gap, the glow-like mode can develop; otherwise the Townsend-like mode is
taking place. Many groups [15, 22, 28, 70, 75] also investigate the effect of impurity
gas in which the APTD is formed. Many processes, which may be induced by
metastable nitrogen molecules, e.g., secondary electron emission from the dielectric
barriers, can assist the transition to glow discharge. The APGD is formed when the

ionization rate is highly efficient enough at a comparatively low electric field strength
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to assist the indirect ionization (Penning ionization) with metastable states of helium
and compounds of nitrogen impurities [17, 22, 27-29, 54, 56, 63, 64, 70, 75]. Argon
metastables (with excited energy of 11.6 eV) do not have enough energy to ionize N,
(Eion = 15.5 eV) directly but helium metastables do (Epe+ = 20.0 eV). It is then clear
that the Penning ionization is not seen in argon plasma which in turn makes argon
discharge from glow to filamentary. The two-step process slows down the ionization
rate from electron avalanche but rather enhances the formation rate of the streamer
[19, 55]. Thus, at comparatively low electric field, relatively low ionization rate
prevent ion multiplication from rapidly grow. Electrons have sufficient time to radially
diffuse away. The electron avalanches can connect to each other. In such a case, space
charges could not create large local field gradient [19, 22, 55]. R. Brandenburg et a/
[22, 64] suggest that if gas with ionization energy lower than 11.6 eV, e.g., NH; were
mixed. The APGD can still be achieved.

Several cases in atmospheric plasma tend to be non-homogenous or
filamentary plasma which form a narrow channel of plasma connecting the two
electrodes together. This mode is well known and widely used to generate ozone in
many industries [6, 7]. Air and nitrogen plasma mostly are ignited in filamentary
mode. The homogenous-filamentary transition conditions have been examined by
many groups [17, 22, 55, 65, 70, 71]. In 2009, Z. Fang et al [23, 24] investigated the
effect of such parameters in air plasma. They studied the transition from homogenous
to filamentary mode and found that with the increasing gap width reduce the transition
pressure. Also, the range of pressure and gap width for obtaining homogenous plasma
was larger if thickness of the barrier of given materials is thin. J. R. Roth et a/ [15]
investigated atmospheric helium plasma with 2.5 cm gap width with varying power
supply frequency. They have found filamentary occurred more often with the

increasing frequency.

In this work, atmospheric helium plasma in a custom design chamber is
found to be APGD at low voltage. This can be noticed from a single narrow current
peak. Multiple current peaks started to appear when the applied voltage was given
above 3 kV,.,. The multiple peaks signify the APTD character in the plasma. Similar

trend is also found in the case of argon. At low voltage the single narrow current peak
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occurs corresponding to APGD. Multiple current peaks occur as well with the
increasing applied voltage. However, at high voltage about 8-9 kV,_,, corresponding to
30-40 watts, filamentary plasma were observed which imply mixing plasma mode.
Multiple discharge current peaks for both argon and helium are; the first peak is a
decreasing gas voltage while the other peaks have a constant gas voltage. Both
plasmas can be concluded to be homogenous plasma consisting both APGD and
APTD. Their Lissajous Figures have curvy lines on the left and the right flanks.
Number of curvatures indicates the number of discharge peaks. In the case of air and
nitrogen, due to the rapid quenching of nitrogen metastables in nitrogen-oxygen
mixtures [58], it is not possible to generate homogenous plasma without special
technique [20, 66]. Their plasma was identified mainly as filamentary plasma.
However, at a closer look, their discharge current has a wider current peak containing
many nanosecond duration peaks inside; thus imply plasma mode was in mixed mode

between APTD and filamentary discharge.
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CHAPTER V
PLASMA EFFECTS AND APPLICATIONS

An atmospheric plasma system has been present in Chapter 3. This chapter
focuses on its applications for plasma activation and starch modification. In this work
only atmospheric argon plasma is investigated. The other gases can be applied to such
applications however the plasma effects will be different depending on radical species
in the plasma. Some gases may have difficulties to operate in open air due to the

subsequent toxic species.

5.1 Contact Angle Measurement

The contact angle measurement is the gross way to show the effect and
application of plasma. The contact angle can be measured immediately by measuring
the size of water droplet on the substrate surface. This effect involves the surface
energies of at the interface between the substrate and the tested liquid. The substrate
under this investigation is Indium Tin Oxide (ITO) thin film. ITO thin film is common
for optoelectronics applications due to its high electrical conductivity and visible light
transparency. In such application, ITO with and without plasma treatment can be used
as anode and cathode of different work-function energy. ITO thin films were cleaned
by methanol and dried by purging nitrogen gas before treated. The plasma chamber
was purged with pure argon gas for two minutes. ITO samples treated by argon plasma
were exposed to ambient air for two minutes before measuring contact angle. Each
ITO samples were treated and inspected under various conditions such as applied
power and treatment time. The contact angle was measured from and a photograph
taken by Sanyo CCD camera model vee-5775p. An average value of four drops is used
for comparison. The result of contact angle measurement is shown in Figs. 5.1-5.4 and

plotted as the function of applied power and treatment time respectively.
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Figure 5.1 Water contact angles on ITO surface as a function of applied plasma

power.

Figure 5.2 Photographs of water drops after plasma treatment at (a) 0 W (b) 10 W (¢)
20 W (d) 45 W.
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Fig. 5.1 shows experimental results of plasma power affecting contact
angle. The initial contact angle of water on ITO surface is 66.0 degree and then
steeply decreases to 19.5, 18.8, 17.8, 16.8, 15.3, 15.3 and 15.3 by fixing treatment time
of 20 seconds at the respective applied power of 9, 14, 20, 24, 27, 34 to 46 watts (see
Fig. 5.2). Plasma treatment increases ITO surface energy dramatically as can be seen
from the sharp drop from 66.0 degree in untreated samples to 19.5 degree in the
treated ones. Reduction in water contact angle is only a slight function of an applied
power which reflects the plasma process and its saturation. The contact angle slightly

decreases when treating with power more than 20 watts.

The effect of treatment time is also investigated and plotted as a function
of treatment time at fixed applied power of 30 watts (see Fig. 5.3). The contact angle
of water on ITO decreases from 66.0 degree to 38.0, 26.0, 15.0, 14.0, 14.3, 11.0, 11.8
and 11.0 degree under the respective treatment time of 5, 10, 15, 20, 25, 30, 40, 60, 90
and 150 seconds (see Fig. 5.4). The effect of increasing treatment time follows the

same trend of increasing applied power.
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Figure 5.3 Water contact angle on ITO surface as a function of treatment time.
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Figure 5.4 Photographs of water drop after plasma treatment for (a) 0 s (b) 5s(c) 10 s
(d) 15s(e)20s(f)40s(g) 90 s (h) 150 s.
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This effect of plasma on ITO thin films surface is believed to result from
the removal of hydrocarbon contaminants on ITO surface [9, 35, 36, 38] and the
attachment of radical species present in our argon plasma system [39]. One of the

radical species is OH radical as suggested by the OES of argon.
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Figure 5.5 OH peak intensities during the 40 W argon plasma treatment (top) without

specimen, (middle) with ITO-coated glass specimen, (bottom) with glass specimen.

As already discussed under the OES result of argon in Chapter 5, the
strong OH peak at 309.0 nm is from water vapor contaminating in the plasma. One
percent of water vapor concentration by volume corresponds to relative humidity (RH)
of approximately 30% at 300 K and 1 atm [39]. The OH peak is assumed to have
Gaussian shape and fitted with ORIGIN 8.0. The areas under OH peak or its total
intensity of all samples are shown in Fig. 5.5. Assuming ITO thin film does not
chemically react with argon plasma, decrement of OH intensity during treating ITO
with respect to the original thin film signifies the consumption of OH radical on
surface of ITO thin film. This reaction consequently increases the ITO surface energy.

The same effect is expected on the bare glass surface too. The reduction of OH peak
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under treatment with ITO or glass comparing to that of pure argon, implies that OH
radicals are attached at ITO or glass surface. The OH peak at the presence of ITO or

glass decrease exponentially at the first five minutes and become stable afterwards.

5.2 Tapioca Starch Modification

Starches can be modified to change their functionality. The common starch
modification is using chemical agents. As a consequence, this chemical may be left in
starch molecules and may be harmful if accumulated in human. Plasma treatment
become of interest as an alternative to modify starch, especially atmospheric plasma
due to its affordable cost, its flexibility to apply in several industrial scales and without

involving any chemical agents.

Tapioca starch powder was pressed to a tablet of 16 mm in diameter and
about 1 mm thick by hydraulic presser. Typical weight for a tablet is 270—280 mg. The
starch tablets were treated under the atmospheric argon plasma. In this work, the
starch tablets were treated at 40 watts of plasma power and for 30 minutes. Before
treating, plasma chamber is purged by argon flow for two minutes with the same
reason of ITO treatment. The OES of starch treated by atmospheric argon plasma is
also measured as a first investigation (see Fig. 5.6). The interesting peak is also OH
peak at 309.0 nm but in this case this peak of starch treated by argon is more than that
of pure argon. The area under OH peak is also calculated as seen in Fig. 5.7 and also
compare with that of ITO treated by argon. The additional OH is believed to come

from plasma-induced cross linking process as follow;

Plasma

Starch — OH + OH — Starch —— Starch — O — Starch + H,0

For each cross linking reaction, one hydrogen atom (H) and one OH
radical are extracted from two carbohydrate chains [76]. However, both species
quickly recombine to form a water molecule. The height of OH peak can be used as a

rough measure of cross-linking process. From Fig. 5.7, it can be concluded that the
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cross-linking rate is highest at the beginning and slowing down at the later stage. The
result from cross-linking process can be investigated by scanning electron microscope
(SEM Model S-2500 Hitachi, Japan). The granule size and their morphology are

changed obviously as shown in Fig. 5.8. Each granule lost their edge sharpness and

linked to the neighbor granules.
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Figure 5.6 OES of starch treated by argon 40W at the beginning.
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Figure 5.7 Area under OH peak of starch treated by argon 40W comparing with result
in Figure 5.5.

Figure 5.8 Scanning electron micrographs (magnification 5,000x) of starch (left)

before and (right) after atmospheric argon plasma treatment.
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CHAPTER VI
CONCLUSION

As seen in this work, the atmospheric plasma system has been developed.
The system consists of a high voltage medium frequency power supply, a plasma
chamber and a gas flow controller. The power supply circuit and PCB layout are also
design as a prototype. However, this circuit is designed for experimental purpose so it
has many parts to ensure safety operation at wide range. The frequency of power
supply is chosen at 17 kHz to avoid audible noise from electronic switching. This
power supply can supply up to 17 kV,,. Argon and helium require only a few kV,_,
for their breakdown voltage. The power supply is designed to supply DC power up to
150 watts (0-130 VDC and 0.0-1.2 Amp from DC power supply). The overcurrent
protection is built-in in the converter. In case of malfunction, a fuse will be blown up.
The power controller is designed to stabilize plasma power to not harm dielectric
barrier. The plasma chamber with air cooling can be operated for several hours
without any damage to the dielectric. Some test, e.g., starch treatment experiments
have been come out to verify. The chamber is also equipped with OES channel for
characterization purpose. Gas flow controller reduces the gas consumption rate. Two

or more gas flow controllers maybe applied to mix different gases together.

In Chapter 4, the atmospheric plasma generation is demonstrated using
several gases, e.g., argon, helium, air and nitrogen. Their properties are analyzed and
characterized by voltage-current measurement, Lissajous Figure and OES. The first
two characterizations are used to identify, i.e., the homogenous plasma type from the
filamentary plasma one. The homogeneous plasma can be further classified into 2
modes as well which are APGD and APTD modes (see Chapter 4). OES is used to

characterize and identify active species presenting in each atmospheric plasma.

Chapter 5 shows the plasma effects and some applications. ITO thin films

are used as test samples to investigate the effects of plasma treatment time on contact
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angle of water on ITO surface. The treatment, which may lead to the removal
hydrocarbon contaminants and the attachment of OH radical onto ITO surface, causes
the contact angle to decrease. In addition, tapioca starch has been used to demonstrate
the modification by atmospheric argon plasma. The cross-linking between
carbohydrate chains is initiated by argon plasma. The increasing of OH peak of starch
treatment comparing to pure argon plasma at the same power is believed to come from

water vapor extracting from cross-linking process.

Outlook

® To achieve homogenous plasma, thickness of dielectric barrier has to be
reduced. The electrode coated with high £ dielectric film may give better plasma
properties and give wider space gap.

® Some radicals from SF¢, O, and some hydrocarbon gases can better improve
material properties. However, in atmospheric plasma operation, adding such

gases can cause filamentary discharge or plasma extinction.

® Atmospheric nitrogen plasma can be ignited in homogenous mode [28, 29, 54,

55]. Argon and helium can be replaced by nitrogen which its cost is lower.

® Many applications are well suited for AP, e.g., cell treatment [77], textile
improvement [40-43], flat material activation [33-36], and etc. AP can be
applied to these applications in industrial level by using moving conveyor or

moving electrode for large area treatment.
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APPENDIX A
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Figure A4 Power controller and medium frequency inverter PCB.
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APPENDIX B
DATASHEETS
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PowerMESH™ MOSFET

TYPE Voss Rops(an) lo
IRFP460 500V <0.27 Q 20 A
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» VERY LOW INTRINSIC CAPACITANCES
» GATE CHARGE MINIMIZED

DESCRIPTION

This power MOSFET is designed using the
company’s consolidated strip layout-based MESH
OVERLAY™ process. This technology matches
and improves the performances compared with
standard parts from various sources.
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» HIGH CURRENT SWITCHING
= UNINTERRUPTIBLE POWER SUPPLY (UFS) INTERNAL SCHEMATIC DIAGRAM
= DC/DC COVERTERS FOR TELECOM, pz)

INDUSTRIAL, AND LIGHTING EQUIPMENT.

oL}

)]
SCOE140

ABSOLUTE MAXIMUM RATINGS

Symbol Parameter Value Unit
Voe Drain-source Voltage (Veg =0) 500 v
Voer  |Drain- gate Voltage (Rgz = 20 k) 500 v
Vas Gate-source Voltage + 20 v

In Drain Current (continuous) at T, = 25 °C 20 A
Ip Drain Current (continuous) at T, = 100 °C 13 A
lom(e) |Drain Current (pulsed) 80 A
Ptot Total Dissipation at Tc = 25 °C 250 W
Derating Factor 2 WirC
dv/dt(1) |Peak Diode Recovery voltage slope 35 Vins
Tsig Storage Temperature -65 to 150 °c
Tj Max. Operating Junction Temperature 150 °c
(») Pulze width limited by safe cperating area (1) 15020 A, di'dt < 160 Alus, Voo £ Viemyoss, T) £ Tamax
September 1998 178

Figure B1 IRFP460 MOSFET specification.
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=
" i
EPCOS
U 93/76/30 cores
Ul 93/104/30 cores B67345
m For power transformers >1 kW (20 kHz) 28+0.5  34.6 min. 28+0.5 30+0.6
Magnetic characteristics (per set) I L
uu ul S
93/152/30 | 93/104/30 & 0
VA |042 0.31 mm-1 L . é
lg 354 258 mm T
Ag 840 840 mm?
Ann | 840 840 mm2 ]
Ve 297000 217000 mm? 93+1 8
m 1500 1100 g/set -
wh
(=]
5
- 9341.8 - - 30+0.6 -

FUS0013-R

U and | cores are supplied as single units. The A value in the table applies to a core set comprising
two ungapped cores.

Material | A_ value Mg Py Ordering code
nH Wiset

Combination UU 93/152/30

N27 5400 +30/-20% | 1800 |< 16 (100 mT, 25 kHz, 100 °C}) B67345B0001X027

N87 5700 +30/-20% | 1900 |<5.5 (100 mT, 25 kHz, 100°C) |B67345B0001X087

Combination Ul 93/104/30

N27 7400 +30/-20% | 1850 |< 12 (100 mT, 25 kHz, 100 °C}) B67345B0001X027 (U)
B67345B0002X027 ()

N87 7900 +30/—20% | 1930 | <4 (100 mT, 25 kHz, 100 °C) B67345B0001X087 (U)

B67345B0002X087 (1)

Figure B2 UU 93/152/30 ferrite core specification.
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Figure C1 Top view of new plasma chamber body and its dimension.
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Figure C2 Dimension of new plasma chamber body in perspective.
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Figure C3 Top view of plasma chamber cover and its dimension.
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Figure C4 Dimension of plasma chamber cover in perspective.
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Figure CS Top view of power electrode and its dimension.
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Figure C6 Side and perspective view of power electrode and its dimension.
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