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Abstract

Plasma technologies attract great attention owing to fast growing interests in variety of
plasma-based applications in research and industry with consideration for the sustainable
development of humankind. In this work, systematic research and development in designing
novel pulsed power generators for energy efficient pulsed plasma discharge methods at both
low-pressure and atmospheric-pressure have been carried out. The main purpose of this study
is to design novel pulsed power generator circuits with high energy conversion efficiency and
wide range of controllable parameters with examining how they perform in actual application
to pulsed DC plasma chemical vapour deposition (CVD) of carbon thin films and to
atmospheric-pressure plasma jet (APPJ).

In the first part of research, low-pressure pulsed plasma discharge for the synthesis of
carbon thin films was investigated. A pulsed DC plasma chemical vapour deposition (CVD)
system with a compact vacuum chamber using a simple configured pulsed DC power supply
was developed. The first pulsed DC power supply was a conventional half-bridge circuit
consisting of a couple of metal-oxide-semiconductor field-effect transistors (MOSFETS) for
switching a high voltage direct current (HVDC) like as a push-pull amplifier. The pulsed DC
discharge was examined with variation of operation parameters as well as source gas materials.
Diamond like carbon (DLC) films, as an example of carbon thin films, were deposited on silicon
(Si) substrates from acetylene (C2H>) or carbon-monoxide (CO) at two distinct temperatures.
The fabricated films were characterized by Raman spectroscopy, FTIR spectroscopy, and
scanning electron microscopy (SEM). The results reveal that the films prepared from CO gas
exhibited soft conductive DLCs with a large number of graphite like structures whereas mostly
insulating hydrogenated amorphous carbon DLCs were obtained from C2H> gas. The deposition
rate from CO was lower than from C>H> due to etching by oxygen produced from the source
gas. As the substrate temperature increased, progressive graphitization was incorporated to the
films deposited from both gases. By using the developed pulsed DC plasma CVD system, the
energy efficiency for CVD as the ratio of growth volume to energy consumption was
dramatically improved with some distinctive differences in film properties as compared to our
previous RF plasma CVD. While the results showed many advantageous features of pulsed DC
plasma CVD for replacing conventional RF plasma CVD, it was confirmed that the push-pull
operation for the capacitive load such as an electrode caused loss of energy at every pulsed
discharge with resulting in limitation of operation frequency.

A novel pulsed-DC generator for capacitively coupled plasma (CCP) discharge was
developed to improve energy conversion efficiency and operation frequency for further



advanced pulsed plasma discharge processes. The circuit design, the system assembly, and the
operating tests of the high-frequency and HV pulsed DC generator (PDG) for CCP discharge
have been investigated. For such the capacitive loads, it is challenging to obtain sharp
rectangular pulses with fast rising and falling edges, requiring intense current for quick charging
and discharging. In addition, the loss of energy usually occurs from the capacitive loads at every
termination of pulse. The requirement of intense current and loss of energy generally limit the
pulse operation frequency. To overcome these constraints, a new type of PDG consisting of a
pair of half- resonant converters and a constant current-controller circuit connected with high-
voltage solid-state power switches was developed that could deliver almost rectangular high
voltage pulses with fast rising and falling edges for capacitively coupled plasma discharge. A
prototype of the PDG was assembled to modulate from a HVDC input into a pulsed HVDC
output, following an input pulse signal and a set current level. The pulse rise time and fall time
are less than 500 ns and 800 ns, respectively, and the minimum pulse width is 1 ps. The
maximum voltage for a negative pulse is 1000 V, and the maximum repetition frequency is 500
kHz. During the pulse on time, the plasma discharge current is controlled steadily at the set
value. The half-resonant converters in the PDG perform recovery of the remaining energy from
the capacitive load at every termination of pulse discharge. The PDG performed with high
energy efficiency of 85% from the HVDC input to the pulsed DC output at a repetition rate of
1 kHz, and with stable plasma operation in various discharge conditions. The results suggest
that the developed PDG can be considered to be more efficient for plasma processing by CCP.

To examine the performance of novel pulsed-DC discharge system consisting of the
developed PDG and the custom-made compact vacuum chamber, hydrogenated amorphous
carbon (a-C:H) films were deposited on silicon (Si) substrates using a high-repetition
microsecond-pulsed DC plasma chemical vapor deposition (CVD) from acetylene (C2H.) at a
gas pressure of 15 Pa. The plasma discharge characteristics, hydrocarbon species, and the
microstructure of the resulting films were examined at various pulse repetition rates from 50 to
400 kHz and a fixed duty cycle of 50%. The optical emission spectra confirmed the increase in
electron excitation energy from 1.09 to 1.82 eV and the decrease in the intensity ratio of CH/C>
from 1.04 to 0.75 with increasing pulse frequency, indicating the enhanced electron impact
dissociation of CoH, gas. With increasing pulse frequency, the deposition rate gradually
increased, reaching a maximum rate of 60 nm/min at 200 kHz, after which a progressive
decrease was noted, whereas the deposition area was almost uniform for all the prepared films.
Clear trends of increasing sp® content (amorphization) and decreasing hydrogen (H) content in
the films were observed as the pulse repetition rate increased, while most of the hydrogen atoms
bonded to carbon atoms by sp® hybridization rather than by sp? hybridization.



For further evaluation of the novel pulsed-DC discharge system, argon (Ar) gas discharge
experiments were performed under a variety of discharge conditions, and plasma conditions
were evaluated using optical emission spectroscopy (OES). The developed system can perform
glow discharge by employing nearly rectangular, unipolar, and high-voltage negative pulses
with a wide variation of voltage amplitudes and a set discharge current, pulse repetition rate,
and duty cycle. Plasma conditions could also be tuned by varying the pulse parameters.
Diamond-like carbon (DLC) films were deposited on silicon (Si) substrates from acetylene
(C2H2) with a variation of gas pressure, applied voltage, and discharge current. The Raman
spectra confirmed the DLC properties of the deposited carbon films. All DLC films
demonstrated highly insulating properties, and the amorphization increased with a decrease in
gas pressure, voltage, and discharge current. With intention of applying the develop system to
growth of graphene, ultrathin pyrolytic carbon (PyC) films have been produced on glass
substrates using nano-thickness metal catalysts from C>H,. While graphene growth has not been
confirmed at the examined conditions, the ultrathin PyC films exhibited conductive and
semitransparent properties. These results revealed that the developed pulsed-DC discharge
system for plasma CVD is applicable for the synthesis of insulating hard DLC coating as well
as soft-conducting ultrathin carbon thin films.

The experimental results of the first part are summarized as follows. The original developed
pulsed DC plasma CVD system with a compact vacuum chamber and a simple half-bridge
pulsed power supply was advantageous due to energy-efficient deposition. However, the
original system had the limitation of the modulation of pulse parameters such as high repetition
rate, fast rise and fall time, and wide control of pulse width. A novel pulsed plasma discharge
system was successfully developed which was more versatile and favorable for the operation
of high frequency with fast rising and falling edges. Plasma discharge characteristics, the
deposition of films and its properties can be widely modified by the developed novel system,
which may open new possibilities in etching, ion implanting, and sputtering applications for
the material processing.

In the second part of research, atmospheric-pressure pulsed plasma discharge for plasma
jet was investigated. Atmospheric-pressure plasma jet (APPJ) is a kind of small dielectric
barrier discharge (DBD) device that can be run under atmospheric-pressure in the ambient air
also with various gases and it is technically simple and low-cost process because no vacuum
systems is required. In the APPJ system, the power supply is considered one of the significant
components, as it plays a key role on the discharge characteristics of the APPJ. Among various
types of power supplies, pulsed generator is considered as it can deliver high instantaneous
power with respect to low average power, offer fast rise time and high repetition rate which are
advantageous to control the production of high electron density and more active plasma species.



For operation of APPJ, alternative current (AC) HV power sources of sinusoidal wave at
lower frequency than a several 10s of kHz are widely used because it is easy to boost the voltage
by using a transformer. In most cases, the APPJ is operated at a fixed frequency and a fixed
voltage. For research and development of APPJ technology, however, it is important to examine
the effects of operation frequency and waveforms on the plasma properties and processed
results. For operation of DBD, the voltage increasing rate, decreasing rate, pulse width and
pulse interval are crucial parameters. For control of APPJ process induced in gas jet, the
operation frequency is also an important parameter. In the case of conventional sinusoidal wave
ACHYV, with the variation of operation frequency and peak voltage, the voltage increasing rate,
decreasing rate, pulse width and pulse intervals automatically varies. Because of the sinusoidal
property, it is impossible to control the important discharge parameters intentionally. For
advancing research on APPJ, it is necessary to develop a novel pulse power source which
enables independent control of frequency, voltage, and waveforms.

A high-voltage high-frequency impulse generator (1G) for atmospheric-pressure plasma jet
(APPJ) was developed using dual resonance pulse transformer (DRPT) and solid-state switches.
The DRPT performs not only to boost the voltage from the primary circuit to the secondary
circuit but to recover the energy from the secondary circuit to the primary circuit. At the
appropriate condition, the energy conversion efficiency is dramatically improved and it enables
high frequency operation with a same pulse waveform. It has been revealed, in this work, that
the conditions for total transfer of energy (neglecting dissipation) from primary capacitor to
secondary capacitor are: the resonant frequency of the primary circuit for open secondary circuit
should be equal to the resonant frequency of secondary circuit for open primary, and the
transformer coupling coefficient should be 0.6. Under these conditions, the two normal modes
of frequencies of the coupled primary-secondary circuits have in the ratio of 2:1. In the
optimized DRPT, the high voltage is not proportional to the number of turns ratio as in an
ordinary transformer but formed by resonance. If the capacitance of the secondary circuit is
very small compared to the primary capacitor and the inductance of secondary coil is very large
compared to the primary coil, the primary voltage is stepped up to a high value in secondary.

The developed generator is compact and has convenient control for voltage and frequency
selection. It can deliver high-voltage impulses (peak to peak) up to 11 kV from a DC voltage
of 500 V. The pulse operating frequency range is 0.5-100 kHz. The fixed pulsed width is
approximately 4 us with the pulse rise-time and fall-time are almost 2 ps. The DRPT-IG is
tested by producing a stable room-temperature atmospheric pressure plasma plume using
helium (He) gas flow in a plasma jet device designed as cylindrical configuration of DBD with
single electrode configuration. It is probable that this work may stimulate the further
development of pulsed generators for atmospheric-plasma discharge processes.



Atmospheric-pressure plasma jets designed as cylindrical configuration of DBD was
operated using the developed DRPT-IG and the plasma was examined by means of electrical
and optical characteristics using He as working gas. The power source is connected to two
different types of single-electrode configurations such as strip-electrode and wire-electrode for
the production of plasma jet with various experimental conditions. Wire-electrode
configuration shows a strong impact on plasma jet operation with the variation of frequency at
a fixed voltage and gas flow rate rather than strip-electrode. The optical spectral analysis for
wire-electrode APPJ confirmed the existence of active species such as NO, N2, N2*, He, O and
OH in the plasma plume. The spectral intensities of these species increase with the pulse
frequency and become most dominant at 100 kHz. This results reveal that the high frequency
operation of plasma jet by the developed DRPT-IG is preferable for generation of more reactive
species.

Reactive oxygen and nitrogen species (RONS) in plasma-activated water (PAW) are
considered to be the key elements that can destroy bacteria and cancer cells. Therefore, it is
significant to control the production of RONS in PAW for achieving preferred effects in
particular biological or medical applications. PAW was produced from deionized water (DIW)
employing plasma treatment by the developed pulsed-APPJ system and UV absorption
spectroscopy method was applied to evaluate the RONS compositions and their concentrations
in PAW. In this work, mainly the dependency of pulse operating frequency and polarity on
plasma jet characteristics and RONS production in PAW were investigated. A higher frequency
operation of pulse-plasma jet enhances the plasma density as well as the plasma-water
interaction, which introduces to produce higher concentration of RONS and dissolved O in
PAW. The concentration ratio of reactive oxygen species (ROS) and reactive nitrogen species
(RNS) also varies with the pulse operating frequency. In contrast, the positive pulse operated
plasma jet shows the cylindrical shape and intense appearance, whereas negative pulse operated
plasma jet displays conical and less intense. The plasma jet driven under positive pulse
introduces higher electric field, leads to a higher speed of ionization rate, generates a higher
density of excited species in plasma, accordingly a higher concentration of RONS production
in PAW than that of negative pulse.

These results reveal that the plasma jet characteristics and the production of RONS can be
significantly controlled by varying both pulse frequency as well as polarity during the operation
of the developed pulsed-APPJ system. Hence, in the future, the developed pulsed-APPJ system
can offer an effective and low cost method to control of RONS composition for specific

biomedical applications.
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Chapter 1

Introduction

This chapter introduces the main motivation and issues regarding to the research works
presented in the thesis. The requirements for the current research are revealed and explained.

The research objectives are also demonstrated. Furthermore, an outline of thesis is exhibited.

1.1. Background

Plasma technology plays a huge role in industrial, medical, domestic applications, due to
the unique and outstanding features of plasma [1]. Chemically reactive plasma discharges are
broadly used to modify the surface properties of materials. Particularly, low-pressure plasmas
are widely used in surface treatment and material processing applications, since the plasma can
be delivered in large area with uniformity on the surface of substrates [2-3] whereas,
atmospheric-pressure cold plasmas are generally used for medical and biological applications,
for example, sterilization, cancer treatment, healing wounds and so on [4-5]. Hence, the
generation of plasma discharges with broad controllability in both cases has appealed a much

attention.

1.2 Motivation and research issues

The most common method for generation of plasma is the electrical breakdown of a neutral
gas by an external electric field. The electric field accelerates the charge particles that couples
their energies in the plasma via collisions with other particles. A variety of plasma generators
are used based on the requirements of applications [6] such as direct current (DC), alternating
current (AC), radio frequency (RF), microwave and pulsed. However, a vital challenge is the
necessity of coupling energy into a plasma. When plasma is operated under DC and low-
frequency AC, this becomes comparatively straightforward. While coupling energy in a plasma,
at high-frequencies becomes more crucial. In fact, where the energization of plasma is the
central of the process, the optimal selection and proper operation of the power generators are
critical to the achievement of research or industrial processes. Thus, an understanding of both
the plasmas and its connection with the generators, is important in the study for optimum
applications.

Recently, pulsed power technology shows huge potential in the field of plasma processing.
It is reported that pulsed generators can deliver high instantaneous power with respect to low

average power, offer fast rise time and high repetition rate which are advantageous to control



the production of high electron density and more active plasma species [7-8]. The present
developments in power electronics improve the high speed solid-state switching techniques [9]
and enable to produce high—frequency pulsed generators that advances the plasma-based
materials processing.

A very popular method of low-pressure plasma-based thin-films processing for industrial
applications is plasma enhanced chemical vapour deposition (PECVD) due to the advantages,
as the source gas molecules can easily be stimulated, dissociated, and even ionized at a
considerably low gas temperature [10-11]. However, RF power is mostly used in PECVD,
particularly depositing diamond-like carbon (DLC) films of highly insulating properties,
because the substrates were required to be powered with an alternating current [12]. In RF
PECVD, the intentional control of CVD conditions, however, the substrate bias voltage, one of
important parameters for deposition as it influences the ion energy falling on the growing film,
is not independent of other conditions but mostly determined by RF power density. Therefore,
it is expected to be controlled independently the ion energy impinge on the substrate for the
growth of films.

Accordingly, pulsed DC plasma CVD can be considered as an alternative to the RFPECVD
and supposed to be a simple and cost effective deposition system that can be used to improve
film properties as compared to widely used RF system [13]. In a pulsed DC PECVD system,
pulsed DC generator is a significant component for the reason that it may possible to change
the gas phase chemistry, energy of ions bombardment on substrate, electron density, electron
temperature to meet the requirements of highly selective deposition process by varying the
pulse parameters such as pulse frequency, duty ratio and amplitude [12-15].

Therefore, the development of wide controllability of pulsed-DC discharge system and the
study of its impact on the low-pressure plasma properties as well as deposited films properties,
have appealed extensive attention.

Besides, the operation of plasma at low pressure includes vacuum systems, which are
expensive and need precautions. Recently, the development of plasmas on the micro-sale at
atmospheric pressure [16], especially generated by dielectric barrier discharge (DBD), has
attained much interest to provide economical processing solutions by omitting the vacuum
systems. Atmospheric pressure plasma jet (APPJ) is a popular DBD device for generation of
cold plasma. It is technically simple, low-cost, environment-friendly and usefulness of small
size in treating localized regions and widely used in surface modification, sterilization and
biomedical treatment [17-19]. For operation of APPJ, alternative current (AC) HV power
sources of sinusoidal wave at lower frequency than a several 10s of kHz are widely used

because it is easy to boost the voltage by using a transformer. In most cases, the APPJ is



operated at a fixed frequency and a fixed voltage. For research and development of APPJ
technology, however, it is important to examine the effects of operation frequency and
waveforms on the plasma properties and processed results. Moreover, it is expected that pulsed
generator with high repetition rate with fixed pulse shape becomes more attractive owing to
control the generation of non-thermal plasmas and their chemical and physical properties.
Henceforth, the development of a compact high-voltage, high-repetition and energy

efficient pulse generator for atmospheric-pressure plasma applications, is of a great interest.

1.3. Research objectives

The main objective of this dissertation is the development of pulsed plasma discharge
system for low-pressure CVD of carbon thin films and atmospheric-pressure plasma jet (APPJ).
For this purpose, it is important to perform the following studies:

s Study of the pulsed plasma discharges at low-pressure— understanding of the pulse
plasma generation mechanism through gas discharge at low pressure, development of
pulsed-dc power supplies using new techniques with broad controllability of pulse
parameters, test of the power supplies for low-pressure discharges, investigation of
plasma parameters with the variations of discharge conditions, reproducible generation
of the plasma and optimized parameters for reproducible discharge.

¢+ Study of the deposited carbon thin-films— understanding the growth mechanism of
carbon thin-films, analysis of the effect of the experimental conditions (substrate,
temperature, precursor gas) on deposited films, investigation the films properties and
their dependency on pulsed power parameters such voltage, current, pulse frequency
and duty ratio.

¢+ Study of the pulsed plasma discharges at atmospheric-pressure— understanding of the
plasma generation mechanism at atmospheric-pressure, development of high-voltage
impulse generator with new topology, test of generator for atmospheric pressure plasma
discharge.

% Study of the characteristics of APPJ— understanding of the phenomena of APPJ,
investigation of pulsed plasma discharge of APPJ, observation of the effects of pulse
amplitude, repetition rate and electrode configurations on the plasma plume length and
discharge characteristics, investigation of the production of reactive oxygen and

nitrogen species (RONS) in plasma-activated water (PAW) by APPJ.



1.4. Outline of the thesis
The thesis is organized as follows:

Chapter 1 introduces the main motivation and issues regarding to the research works
presented in thesis. The requirements for the current research are revealed and explained. The
research objectives are also demonstrated. Furthermore, an outline of thesis is exhibited.

Chapter 2 introduces the comprehensive background of the presented research. The
introduction of plasma, low and atmospheric pressure plasma, pulsed power, carbon thin films
and its deposition methods are presented. A literature review of the most relevant experimental

and theoretical studies in those fields is demonstrated.

Research Part-I: Pulsed plasma discharge for low-pressure synthesis of carbon thin-films

Chapter 3 presents the development of pulsed DC plasma CVD system using a simple
pulse power supply and customized CVD apparatus and the investigation of the growth of DLC
films on silicon substrates from two different precursor gases with the variation of deposition
temperature. The introduction, objectives, experimental methods and results are described.
Lastly, discussions and conclusions are drawn based on the experimental results.

Chapter 4 presents a novel pulsed DC generator (PDG) for capacitively coupled plasma
discharge inside a vacuum chamber employing solid-state switches that can operate in pulsed
dc mode with continuous power within a pulse, controllable pulse duration, and wide
controllable frequency. Introduction, objectives, experimental methods, and results are
described. The details of the fabrication and evaluation of the high-frequency PDG are reported.
To end, discussions and conclusions are drawn based on the experimental results.

Chapter 5 presents the investigation of the growth of hydrogenated amorphous carbon (a-
C:H) films on silicon substrates with the variation of pulse repetition rate using a developed
high-frequency pulsed DC capacitive-couple plasma CVD system. The introduction, objectives,
and experimental methods are described. The study of the influence of the pulse repetition rate
on the plasma characteristics is performed. Furthermore, the deposition rate and films properties
are presented as a function of pulse operating frequency. Finally, discussions and conclusions
are drawn based on the experimental results.

Chapter 6 provides the investigation of pulsed plasma characteristics with the variation of
discharge conditions using optical emission spectroscopy (OES). A trial deposition of carbon
thin films is also examined by the developed novel pulsed discharge system, following the
results obtained from the optimization process. Introduction, objectives, and used methods are
described. The deposited films properties are characterized. Finally, conclusions are drawn

based on the experimental results.



Research Part-I1: Pulsed plasma discharge for atmospheric-pressure plasma Jet (APPJ)

Chapter 7 presents the development of a high-voltage high-frequency impulse generator
for atmospheric-pressure plasma jet (APPJ) using dual resonance pulse transformer (DRPT).
The principle, design and construction of DRPT are demonstrated. Introduction, objectives,
operations and results are described accordingly. A conclusion is drawn based on the
experimental results.

Chapter 8 presents the investigation of pulsed plasma discharge characteristics for APPJ
by the developed impulse generator based on DRPT. The brief introduction, experimental
methods and results are described. The effects of pulse amplitude, repetition rate and electrode
configurations on the plasma plume length and characteristics of APPJ are discussed by means
of electrical and optical properties. Furthermore, the dependency of pulse operating frequency
and polarity on plasma jet characteristics and RONS production in PAW are also presented.

Chapter 9 summarizes the main achievements drawn from the research and discusses
future research recommendations, which could open new dimensions in the research of pulsed

plasma discharge applications.

References

[1] J. Harry, Introduction to Plasma Technology: Science, Engineering and Applications,
Wiley-VCH, Germany, 2010.

[2] M. A. Lieberman, Principles of plasma discharges and materials processing (Wiley, New
Jersey, 2005)

[3] Th. Lampe, S. Eisenberg, and E. Rodriguez Cabeo, “Plasma surface engineering in the
automotive industry—trends and future prospectives” Surf. Coat. Technol. 174-175, 1
(2003).

[4] H. Tanaka, M. Hori, “Medical applications of non-thermal atmospheric pressure
plasma”, J. Clin. Biochem. Nutr., 60(1), 29-32, (2017).

[5] M. Laroussi, “Plasma Medicine: A Brief Introduction”, Plasma, 1(1), 5(1-14), 2018.

[6] H. Conrads and M. Schmidt, “Plasma generation and plasma sources”, Plasma Sources
Sci. Technol. 9, 441-454, (2000).

[7] J. Laimer, M. Fink, T. A. Beer, H. Stori, “Plasma dynamics as a key to successful
upscaling of pulsed plasma processes”, Surf. Coat. Technol., 174—175 118 (2003).

[8] T.Shao, W.Yang, C. Zhang, Z. Fang, Y. Zhou, and E. Schamiloglu, “Temporal evolution
of atmosphere pressure plasma jets driven by microsecond pulses with positive and
negative polarities”, EPL (Euro-physics letters) 107, 65004 (2014).



[9] W.Jiang, K. Yatsui, K. Takayama, M. Akemoto, E. Nakamura, N. Shimizu, A. Tokuchi,
S. Rukin, V. Tarasenko, and A. Panchenko, “Compact solid-state switched pulsed power
and its applications,” Proc. IEEE, 92(7), 1180-1195, (2004).

[10] J. R. Roth, Industrial Plasma Engineering (Institute of Physics, University of Reading,
Berkshire, Vol. 2. 2001).

[11] Daniel Lundin, Jens Jensen and Henrik Pedersen, “Influence of pulse power amplitude
on plasma properties and film deposition in high power pulsed plasma enhanced chemical
vapor deposition”, J. Vac. Sci. Technol. A, 32(3), 030602 (2014).

[12] C. Corbella, M. Vives, G. Oncins, C. Canal, J. L. Andujar, and E. Bertran,
“Characterization of DLC films obtained at room temperature by pulsed-dc PECVD,”
Diamond Relat. Mater. 13 (4-8), 1494 (2004).

[13] R. A. Scholl, “Asymmetric bipolar pulsed power: a new power technology”, Surf.
Coatings Technol. 98, 823 (1998).

[14] S. Samukawa and T. Mieno, “Pulse-time modulated plasma discharge for highly selective,
highly anisotropic and charge-free etching”, J. Plasma Sources Sci. Technol. 5, 132
(1996).

[15] M. A. Lieberman and S. Ashida, “Global models of pulse-power-modulated high-density,
low-pressure discharges”, J. Plasma Sources Sci. Technol. 5, 145 (1996).

[16] K. Tachibana, “Current status of microplasma research”, IEEJ Trans. Electr. Electron.
Eng. 1, 145 (2006).

[17] E. J. Szili, A. S. Al-Baraineh, P. M. Bryant, R. D. Short, J. W. Bradley, and D. A. Steele,
“Controlling the spatial distribution of polymer surface treatment using atmospheric-
pressure microplasma jets” Plasma Process. Polym. 8, 38 (2011).

[18] K. Lee, K-H. Paek, W-T. Ju, and Y. Lee, “Sterilization of bacteria, yeast, and bacterial
endospores by atmospheric-pressure cold plasma using helium and oxygen”, J. Microbiol.
44, 269 (2006).

[19] X. Zhang, D. Liu, R. Zhou, Y. Song, Y. Sun, Q. Zhang, J. Niu, H. Fan, and S. Yang,
“Atmospheric cold plasma jet for plant disease treatment”, Appl. Phys. Lett. 104, 043702
(2014).

[20] J. S. Oh, Y. Aranda-Gonzalvo, and J. W. Bradley, “Time-resolved mass spectroscopic
studies of an atmospheric-pressure helium microplasma jet,” J. Phys. D. Appl. Phys. 44,
365202 (2011).




Chapter 2

Research background

This chapter introduces the comprehensive background of the presented research. The
introduction of plasma, low and atmospheric pressure plasma, pulsed power, carbon thin films
and its deposition methods are presented. A literature review of the most relevant experimental

and theoretical studies in those fields is demonstrated.

2.1. Plasma

2.1.1. What is plasma?

Plasma is partially or fully ionized gas, consisting of neutral atoms (or molecules) and
charged particles (ions and electrons). The most significant feature of plasma is quasi-neutrality,
in which the volume concentration of positive and negative charged particles of plasma are
almost same. If some of gas atoms (or molecules) will lose one or more electrons due to some
external impact, gas becomes plasma. If neutral particles remained in the gas, plasma is called
partially ionized, whereas if no neutral particles remained in the gas, plasma is called fully
ionized [1].

States of matter |
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Figure 2.1. Generation of plasma from a solid material with increase of temperature/energy.

Figure 2.1 shows the process of generation plasma from a solid material by adding more
temperature/energy. Generally, with increase of temperature, a solid material begins to melt
and lastly evaporates (goes to the gas phase). In the case of molecular gas (such as Hz, N2), with
further increase of temperature, gas molecules start to dissociate to single atoms. Further
increase of temperature, gas becomes ionized by the formation of positive ions and free
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electrons and turns into plasma. In plasma, free electrons can easily move and producing electric
current, that’s why plasma is also called “conductive gas” [1]. However, plasma follows most
of the principles of the gas physics, it acts different in some of the cases. One of the major
differences in behavior of plasma, compared to gas, could be observed when plasma interacts
with electric or magnetic field. It could be explained by existence of charged particles in the
plasma. Owing to extraordinary behavior of plasmas in electric and magnetic fields, plasma is

also called 4™ state of matter.

Material
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Figure 2.2. Typical application areas of plasma.

Plasma is used in areas where it matters; to bond materials together, or to change their
surface properties to suit our needs. It is possible to modify virtually any surface with this
pioneering technology. Therefore, in recent times, plasma technologies are widely used in
various fields and having huge impact in our daily life, as demonstrated in Figure 2.2. Almost
all microelectronic devices are produced using plasma processes (plasma-based deposition and
etching). Plasma technologies are taking growing role in biomedical sector in such applications
as plasma coating (coating of prostheses, such as artificial hips or knee), sterilization of
equipment by plasma, plasma treatment of drugs and plasma medicine (treatment of cancer and

wounds by non-thermal plasmas).

2.1.2. Generation of plasma by electric gas discharge

The generation of plasma by ordinary heating of the substance stated above, is not the most
common method. The most common method of generating plasma in laboratory and industry
is the use of an electric gas discharge rather than by ordinary heating of the substance stated
above. For generation of the gas discharge, usually, two electrodes should be connected to a
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power source and placed inside the glass tube, which could be filled by various gasses under
various pressure as shown in Figure 2.3(a). This simple device is already used for more than
150 years and allows to produce various types of plasma discharge. The crucial parameters of
electrical gas discharge are gas pressure (P), applied voltage (V) and inter-electrode distance
(d).

The current-voltage characteristic of the electric gas discharge generated is presented in
Figure 2.3(b). When a low voltage is applied to an electrode gap containing neutral gas, an
extremely small current (about 10 A) is observed passing through the gap. It could be
explained by existence of charged particles in the gas formed by natural sources of radiation
(e.g. cosmic rays or a nearby UV lamp). The applied voltage is not high enough to cause
ionization of atoms by electron impact. In this case, discharge is formed only due to external
ionization sources or due to emission of electrons and ions from the cathode. Such a discharge

maintained by external sources is called non-self-sustaining discharge (Figure 2.3, region a-b).
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Figure 2.3. (a) A schematic of electric gas discharge (b) The current-voltage characteristic of
electric gas discharge. The values on the current scale are only illustrative, the exact values

depend on the details of the discharge configuration.

The increasing voltage results in a higher electric field inside the discharge gap. The field
becomes high enough such that electrons gain enough energy to cause ionization of neutral
atoms in the gap by electron impact. As a result, release of new free electron happens after a
random collision. The original ionization event releases one electron, and each subsequent
collision releases a further electron, causing so-called cascade multiplication of carriers or
avalanche multiplication. This type of discharge is called the Townsend discharge (Figure 2.3,



region b-c), which is also known as dark discharge as there is no significant amount of light
emission [1-2].

A further increase of voltage, current starts to grow rapidly and breakdown of the gas
occurs, which is one of the most significant processes in the gas discharges. The voltage at
which breakdown happens is known as the breakdown voltage. The potential drop across the
cathode fall is almost equal to the potential difference across the electrodes. The result is that
the total voltage needed to sustain the discharge can be reduced. This discharge mode is known
as subnormal glow discharge (Figure 2.3, region c-d), as emission of light from the gas can be
observed. However, this discharge phase stage is often unstable and leads towards a glow
discharge [1-2].

In a glow discharge (Figure 2.3, region d-e), the voltage needed to sustain the discharge is
at its minimum. A further increase in current does not lead to a decrease of voltage, but to
spreading of the discharge over the electrode surfaces, keeping the current density constant [1-
2]. In this discharge mode, plasma is weakly ionized and not equilibrium. Emission of light
form glow discharge is produced by excitation of atoms and often employed to investigate
plasma-generated species by optical atomic emission spectroscopy (OES).

With further increase of voltage, current density starts to increase rapidly and abnormal
glow discharge (Figure 2.3, region e-f) appears. The electrodes are fully covered by the
discharge and a further current increase leads to an increase of voltage across the electrodes.
When the current is further increased, abnormal glow discharge turns into an arc discharge
(Figure 2.3, region f-g). Typically, the arc discharge is characterized by high currents (more
than 1 A) and low voltages (tens of volts) and high pressure of the gas comparing to glow
discharge. Different processes such as gas heating and thermionic electron emission from the

electrodes become important.

2.1.3. Classification of plasma

Plasma can be classified in several ways, such as-
i) Low pressure and atmospheric pressure plasma —based on pressure in plasma chamber.
i) Hot and cold plasma —based on degree of ionization and temperature of plasma.

iii) DCand AC plasma (Microwave, RF, Pulse) —based on the frequency of power generator.

¢+ Low pressure and atmospheric pressure plasma

In low pressure plasma, gas is excited by energy supplied in a vacuum as shown in Figure
2.4(a). This results in energetic ions and electrons, as well as other reactive particles, which
constitute the plasma. The effect of the plasma can be altered by varying the process parameters

such as pressure, power, process time, gas flow and composition. Several effects can therefore
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be achieved in a single process step and material surfaces can then be effectively modified.
Generally, low pressure plasma has wide applications in materials processing and play a vital
role in semiconductor devices [3] owing to the advantages such as high concentrations of
reactive species that can etch and deposit thin films, uniform glow discharge, low gas
temperature that cannot damage the thermally sensitive substrates, low breakdown voltage
[Figure 2.4(c)] and a stable operational window between spark ignition and arcing. However,
low pressure plasma has some drawbacks: expensive vacuum systems are required to reduce
the gas pressure, the size of the sample to be treated is constrained by the size of the vacuum
chamber and electrode configurations, and direct processing or treatments of biological samples

with liquid phase.
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Figure 2.4. (a) Low-pressure plasma discharge system (b) Atmospheric-pressure plasma
discharge system (c) Paschen graph for the evaluation of breakdown voltage at low and high
pressure.

In atmospheric pressure plasma, gas is excited by means of a high voltage (several kV)
under atmospheric pressure, such that a plasma is ignited. Atmospheric pressure plasmas
overcome the disadvantages of vacuum operation as shown in Figure 2.4 (b). It is useful in a
verity of materials processes at ambient and plays a vital role in biomedical applications [4].

However, difficulty of sustaining a glow discharge, higher breakdown voltage [Figure 2.4(c)],
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and non-uniform plasma discharge are the drawbacks of atmospheric pressure plasma. Corona
discharge, dielectric barrier discharge, and plasma jet are the examples of atmospheric pressure
plasma.

+« Hot and cold plasma

Hot plasma occurs when the degree of ionization is high and the temperature of electrons,
atomic and molecular species becomes extremely high. Hot plasma is nearly fully ionized. For
example, the sun and stars in the universe consist completely of hot plasma. Hot plasma is
generally used in production of light sources and atomic emission spectroscopy measurements.
In contrast, cold plasma occurs when the atomic and molecular species are almost at ambient
temperature, whereas the electrons are at high temperatures. A small fraction of gas molecules
is ionized. Cold plasma can be used to treat surfaces or to deposit thin films onto organic and

inorganic substrates.

s DC and AC plasma

Plasma is usually carried out by DC (0 Hz) power and a variety of AC generators such as,
microwave (2.4 GHz), radio frequency (13.56 MHz), pulsed power (adjustable frequency range
Hz to kHz). In a DC discharge, charge particles from the plasma can accumulate on the substrate
surface causing unwanted charging effects. Compared to DC discharge, AC discharges are
preferred in plasma systems for a number of reasons. Firstly, the energy transfer into the
discharge becomes more efficient by AC discharge, as the frequency increases. Moreover, by
altering the direction of current flow rapidly, the charging effects on the substrate can be
reduced. Among these AC-driven discharges, definitely, plasma discharge by pulsed power

introduces substantial advance in the stability and controllability of plasma properties.

2.2. Pulsed Power

2.2.1. What is pulsed power?

Pulsed power is referred to the science and technology of accumulating energy over a
relatively long period of time and releasing it very quickly, thus increasing the instantaneous
power. Steady accumulation of energy and its quick release can deliver a larger amount of
instantaneous power over a short period of time although the total energy content is identical,
as shown in Figure 2.5. Typically, energy is stored within electrostatic fields (capacitors),
magnetic fields (inductors, transformers). The release of the stored energy over a very short
interval (known as energy compression), a vast amount of peak power can be delivered to a

load. For example, if 1 J of energy is stored within a capacitor and released to a load over 1 s,
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the peak-power delivered to the load would be 1 W. However, it is totally released to the load

within 1ps, the peak-power would be 1 MW (a million times larger).

B Continuous Power

B Pulsed Power

Identical energy content, however

Power

- Continuous waves with low power

- Short pulses with high power

Time

Figure 2.5. Power delivered to load by continuous and pulse power at identical energy content.

2.2.2. Pattern of pulsed power

The pulse attributes differ based on the demand of various applications. In general, the
pulsed high voltage generators have variation of pulse duration from few nanoseconds to few
hundred microseconds and voltage level from several hundred volts to several mega-volts.
Pulse repetition rate also depends on the applications, however, demand of highly repetitive
pulses has further increased recently. The methods for forming pulse pattern appeal the
scientific and applied interest. It links with understanding of physical processes and increasing
of efficiency for pulsed generators. Basic two patterns of pulsed power are widely used which
are pulsed-DC (preferred for research part I) and high-impulse (preferred for research part I1).
The typical current-voltage characteristic waveforms of these two patterns of pulsed power are
shown in Figure 2.6. A comparison of pulse parameters between pulsed-DC and high-impulse
power can be presented in the Table 2.1.
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Figure 2.6. Typical current-voltage waveforms of basic two patterns of pulsed power (a) pulsed-
DC (b) high-impulse.
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Table 2.1. Pulse parameters between pulsed-DC and high-impulse power

Pulse parameters Pulsed-DC High-impulse
Peak pulse power Low High

(continuous within a pulse)
Pulse width Controllable Short

(several ms to ps) (several ps to ns)
Pulse shape Controllable Mostly fixed
Pulse repetition rate High Low

(up to several hundreds of kHz) (up to several kHz)
Pulse steady on-state Yes No

2.2.3. Pulsed power supply topologies
Owing to progressive demand of pulsed power in industrial and environmental
applications, several pulsed power topologies using various techniques have been reported [5-

14]. Among these topologies, some typical topologies are sated below.
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Figure 2.7. Typical pulsed power topologies (a) Marx generator (MG) (b) magnetic pulse
compressor (MPC) (c) pulse forming network (PFN) (d) pulse transformer (PT).

% Marx generator (MG):
Marx generator is first introduced by Erwin Otto Marx in 1924. It is a type of electrical

circuit whose purpose is to generate a high-voltage pulse from a low-voltage DC supply. A
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number of capacitors are charged in parallel to a given input voltage, Vi, and then connected in
series by spark gap switches to produce ideally a high-voltage pulse of nVin to the load, where
n is the number of capacitors (stages). Due to some practical constraints, the output voltage is

usually somewhat less than the ideal value. A basic circuit of MG is shown in Figure 2.7(a).

¢+ Magnetic pulse compressor (MPC)

Magnetic pulse compressor is the technology employed for decades to produce high-
voltage pulses for many applications, specifically in laser systems. The idea is to generate a
relatively long pulse by a switch and to compress it in the time domain using resonant charge
transfer through saturable inductors. The saturable inductors consist of a ferro-magnetic core
and act as a magnetic switch by utilizing the nonlinearity of the magnetization curve of ferro-

magnetic materials. Figure 2.7(b) shows a basic circuit of MPC.

%+ Pulse forming network (PFN)

A pulse forming network is an electric circuit that accumulates electrical energy over a
comparatively long time, then releases the stored energy in the form of a relatively square pulse
of comparatively brief duration for various pulsed power applications. In a PFN, energy storage
components such as capacitors, inductors or transmission lines are charged by means of a high
voltage power source, then rapidly discharged into a load via a high voltage switch. A number
of resonant units are connected in ladder shapes compressing the electric fields through
magnetizing energy. A basic circuit of PFN is shown in Figure 2.7(c).
¢+ Pulse transformer (PT)

Pulse transformer refers to high power pulse transformer which generally works in step-up
mode and can produce a high-voltage from a low-voltage. In this topology, the switching is at
considerably low voltage and the difficulties of using very high voltage switches can be avoided.
In this topology, the energy is primarily stored in the intermediate energy storage system
(capacitor). The switching unit controls the pulse transformer to pulse shaping and compression,
and then, a desired pulse is obtained on the load. However, in order to ensure the reliability of
pulse transformer, it is necessary to measure the relevant parameters of magnetic core. Figure

2.7(d) shows a basic circuit of PT.

2.2.4. Power electronics in pulsed power generation

Spark gap or magnetic switches were conventionally used as switching devices in pulsed
power generation as they have high blocking voltage as well as high current-carrying
capabilities. However, they have some undeniable disadvantages such as bulky in size, low

efficiency, short life span, and low operational frequency. Usually, the output power rating,
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output pulse shape, repetition frequency, lifetime, and compactness of a pulsed power generator
depend on the performance of the switching devices. Recently developed solid-state technology
demonstrates many favorable switches with high voltage ratings and switching frequency,
making them suitable candidates for pulsed power generation. Insulated-gate bipolar transistors
(IGBTs), metal-oxide—semiconductor field- effect transistors (MOSFETS), silicon controlled
rectifiers (SCRs) (Thyristors), and gate turn-off thyristors (GTOs) are examples of main
semiconductor switches [15] that can be utilized as reasonable replacements for existing

switches. A scheme of current, voltage and switching frequency domains of these power
switches are shown in Figure 2.8.
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Figure 2.9. Scenario of (a) hard switching and (b) soft/zero crossing switching.

Moreover, power electronics converters offer attractive advantages for pulsed power
applications. Although there are various types of power electronics converters, resonant

converters are popular due to zero crossing switching capability. In conventional pulse-width
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modulation (PWM) methods for power converters, the power flow is controlled by chopping at
high frequency using power switches with sudden changes of voltages and currents. Owing to
the hard switching [Figure 2.9(a)], substantial switching power loss and noise occurs.

In resonant converters, resonance occurs among capacitive and inductive elements in the
circuit and the power flow can be controlled in a sinusoidal manner, introducing zero-current
crossing (ZCS) or zero-voltage crossing (ZVS). The switching at zero-current or zero-voltage
crossing is known as zero-current switching (ZCS) or zero-voltage switching (ZVS). These type
switching are called soft switching [Figure 2.9(b)], markedly eliminates the switching losses in
power switches. Moreover, the power interchange scheme between inductive and capacitive
elements of resonant circuits is also advantageous for reducing current ripples and noises of

high voltage power generators.

2.3. General processes in pulsed plasma discharge

A variety of processes occur in each regime of pulsed plasma discharge as shown in Figure
2.10(a). Generally, it has four regimes: turn on, steady state, turn off and late afterglow as also
noticed in ref. [17]. The common processes of these regimes are listed briefly in the following
Table 2.2. However, turn on and turn off regime are very crucial and become more dominating

in plasma discharge, especially in high frequency operation.
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Figure 2.10 (a) Regime of processes in pulsed-DC plasma discharge (b) Advantageous
processes of pulsed-DC discharge in the synthesis of materials over continuous discharge.

Table 2.2. General processes take place in each regime of pulsed plasma discharge

Regimes Processes
Larger electron energy, rising electron density, rising ion density, forming
plasma sheath, power not well-matched, larger plasma potential

Medium electron energy, large & almost constant electron density, large
positive ion flux density, power well-matched to about constant

impedance, medium plasma potential

Turn on

Steady state

Turn off Quickly decreasing electron energy, fast-falling electron density, rapidly
falling ion density, falling power and plasma potential

Late afterglow  Near thermal electron average energy, small electron density, small ion
density, disintegrate plasma sheath, zero power and plasma potential

Moreover, there are some advantageous processes of pulsed discharge in the synthesis of
materials over continuous discharge as schematically demonstrated in Figure 2.10(b). In case
of continuous discharge, the sheaths of plasma do not disintegrate, so negative ions are trapped
for long times and can polymerize to produce dust particles. On the other hand, the sheaths of
plasma disintegrate periodically in case of pulsed discharge. As a consequence, negative ions
can be lost before they polymerize. In case of insulating films, surface charge can build up on
the substrate during a continuous discharge due to large electron density (ne) and electron
energy (Te). This can deflect the ions and introduce surface damage of the samples. Besides,
the surface charge build-up can be reduced in pulsed discharges because of the low ne and Te

in the afterglow regime that allows more negative ions and electrons to be pulled to the surface

and neutralize the positive charges.
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2.4. Carbon materials

Carbon is one of the most abundant elements the Earth’s crust. Carbon materials have
attracted much attention, because of their low cost and various characteristics. It is well known
of their applications in environmental, thermal and biomedical fields. Another important field
is the electrical applications, including electrodes, electronic devices, and so on. The wonder
feature of carbon is its unique atomic structure and capability of combining with other elements.
Carbon (12C) is a polyatomic non-metal chemical element which belongs to group 14 of the
periodic table. Carbon atoms have four valence electrons forming the 1s? 2s? 2p? electron
configuration which allows to build of covalent chemical bonds. Two main properties of carbon
elements are: — firstly, it shows the possibility of forming simple and complicated compounds
which are built only from carbon atoms, and the high durability of such compounds is related
to high bonding energy between carbon atoms, and secondly, the ability of creating double and
triple bonds between carbon atoms which increases the number of possible reactions.

When carbon atoms move close to other adjacent atoms, a phenomenon called
hybridizations occurs and build multi-atomic structures in various physical forms— known as
allotropes. Allotropes are constituted of carbon atoms bonded by sp?, sp® and combinations of
both hybridizations. There are many types of carbon allotropes depending on various covalent
chemical bonds with the neighboring carbon atoms as stated below.

% Diamond

Diamond is famous for its very high hardness and dispersion of light. In diamond, each
carbon atom forms tetrahedral bond to four other carbon atoms by covalent bonds in the sp?
hybridization of the electron configuration, forming the diamond lattice as a variation of the
face-centered cubic structure [Figure 2.11(a)]. Diamond exhibits the highest hardness of all
known materials, very high thermal conductivity of 900 — 2320 Wm™K!, wide bandgap of 5.5

eV, high optical dispersion, and insulating electric properties.

s Graphite

Graphite shows a stable trigonally bonded crystal structure [Figure 2.11(b)], where carbon
atoms are bonded by sp? hybridizations. The atoms are arranged in parallel and single-atom
planes, called graphene. Carbon atoms from adjacent planes are bonded by weak dispersion van
der Waals forces. Due to altered structure, graphite shows different properties. This material is

soft, optically opaque, chemically active, and is a good electric conductor.
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Figure 2.11. Allotropes of carbon: (a) diamond, (b) graphite, (c) graphene, (d) fullerene, (e)
carbon nanotube, and amorphous carbon.

% Graphene

Graphene is an atomic-scale honeycomb lattice made of carbon atoms [Figure 2.11(c)],
firstly achieved by Novoselov et al. [18] in 2004. It is undoubtedly emerging as one of the most
promising nanomaterials, because of its unique combination of superb properties, include high
strength and good conductivity of heat and electricity, resulting in an intense investigation of
2D materials. Graphene opens a wide domain of applications ranging from electronics to optics,

sensors, and bio-devices.

% Fullerene

Fullerene structure [Figure 2.11(d)] was discovered by Kroto et al. [19] in 1985. First
fullerene Ceo was the first fullerene, composed of 60 carbon atoms arranged in 12 pentagons
and 20 hexagons, in the shape of a “soccer ball”. Afterward, various forms of fullerenes were
observed such as C70, C76, C82, etc. Their unique molecular structure of fullerene results in
extraordinary macroscopic properties, including high tensile strength, high electrical
conductivity, high ductility, high heat conductivity, and relative chemical inactivity.

% Carbon nanotube
Carbon nanotubes (CNTs) were found by Sumio lijima in 1991 [20]. CNTs have

cylindrical carbon structures [Figure 2.11(e)]. They can be rolled up into a tube shape by one
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atomic layer of graphene sheet as single-walled carbon nanotubes (SWCNTSs) and multi-layers
of graphene sheets as multi-walled carbon nanotubes (MWCNTS). They have a very high ratio
surface area. Due to CNTSs consisting of graphitic layers, the sp? bonding of graphite are more
strength than sp® bonding in the other kind of carbon like diamonds. Also, CNTs can be formed

as armchair, zigzag, and chiral tubes due to a unit vector of graphene crystal lattice.

%+ Amorphous carbon

Carbon can form an amorphous phase. Amorphous carbon (a-C) is obtained under
controlled deposition by mixing of diamond (sp®) and graphite (sp?) structures and thus, it does
not have any crystalline structure [Figure 2.11(f)]. a-C materials can also be stabilized by
forming bonds with hydrogen (H). The structure and properties of a-C materials is mainly
determined by composition ratios of sp3-C, sp?-C and H [21]. Amorphous carbon has attracted
much attention, because of both scientific interest and promising industrial applications, owing

to their excellent, wide-ranging physical and chemical characteristics.

2.5. Diamond-like carbon
2.5.1. Introduction

Studies of Diamond-like carbon (DLC) has been performed extensively since 1971, when
Aisenberg and Chabot [22] first prepared such carbonaceous films by ion beam deposition that
showed the properties of that resembled diamond as opposed to graphite. The transparency of
the films indicated the absence of free electrons and the current-voltage measurement showed
the high resistivity. It was found that these carbon films had many of the properties similar to
diamond but the films were predominantly amorphous in nature and not a single crystal. Thus
the name “diamond-like carbon” (DLC) material was introduced.

It is stated by the International Union of Pure and Applied Chemistry (IUPAC) that
“Diamond-like carbon (DLC) films are hard, amorphous films with a significant fraction of sp3-
hybridized carbon atoms and which can contain a significant amount of hydrogen. Depending
on the deposition conditions, these films can be fully amorphous or contain diamond crystallites.
These materials are not called diamond unless a full three dimensional crystalline lattice of
diamond is proven.”

However, DLC films have attracted increasing interest because of their many unique
properties such as chemical inertness, thermal stability, optical transparency, high breakdown
voltage, tunable band gap, low friction coefficient, high electrical resistivity and low dielectric
constant, biocompatibility, and so on. These properties of DLC films make them ideal for a

variety of microelectronic, technical and industrial applications, as summarized in Table 2.3.
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Table 2.3. Summary of properties and applications of diamond-like carbon films [23]

Property

Type of use

Applications

Transparency in
Vis and IR

Optical coatings

Antireflective and wear-resistant
coatings for IR optics

Chemical inertness
to acids

Chemically
passivating coatings

Corrosion protection of magnetic
media, biomedical

High hardness, low
friction coefficient

Tribological, wear-
resistant coatings

Magnetic hard drives, magnetic tapes,
razor blades, bearings, gears

Nano-smooth

Very thin coatings

Magnetic media

Wide range of

Insulating coatings

Insulating films

electrical resistivity
Low dielectric
constant

Field emission Field emission flat panel displays

2.5.2. Classifications of DLC

The types of DLC films depends on the relative concentration of the carbon atoms bonded
by sp? and sp? hybridization as well as H distribution among these types of bonds. Figure 2.12
shows a ternary phase diagram of amorphous carbons depending on the sp?, sp® and H
concentrations, where the three corners correspond to diamond, graphite, and hydrocarbons,
respectively. Depending on the sp? content and hydrogen content, DLC films can be classified

into the following categories [24-25]:

%+ Tetrahedral amorphous carbon (ta-C)

ta-C is the DLC films consisting of the maximum sp® content (80-80%) and does not
contain H. Its mechanical properties become diamond-like for very high sp3-carbon contents.
Thus, ta-C exhibits a very high hardness (80 GPa), which in many cases contributes to even
better wear and friction performance compared to hydrogenated amorphous carbon.

+« Hydrogenated amorphous carbon (a-C:H)

Hydrogenated amorphous carbon (a-C:H) films may contain up to 20-70% hydrogen and
are quite different from the hydrogen free DLC films. Practically, the performance of the a-C:H
films strongly depends on the ratio of sp® and sp? hybridizations and also on the hydrogen
content. By varying the ratio of sp®and sp? bonds and H content, a wide range of films properties
can be modified, which is one of the major goals of this thesis. However, hydrogenated
amorphous carbon can also be classified into four types: —

(i) Polymer-like a-C:H (PLCH): This type of films has the highest hydrogen content (40—

60%). The sp* content may be up to ~70%. Hydrogen prefers to bond in a sp® configuration.
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These films are soft with low density and most of the sp® bonds are terminated by hydrogen. Its

band gap above 2 eV and can reach up to 4 eV.

Figure 2.12. Ternary phase diagram of amorphous carbons. The three corners correspond to
diamond, graphite, and hydrocarbons, respectively [25].

(i) Diamond-like a-C:H (DLCH): a-C:H film with intermediate hydrogen contents
between 20-40% and sp® content of 40-60%). They have higher C-C sp3 bond than that of
PLCH. Thus, they have superior mechanical properties and their optical gap is between 1 eV
and 2 eV.

(iii) Hydrogenated tetrahedral amorphous carbon (ta-C:H): This class of a-C:H is
characterized with highest C-C sp® content up to 70% and hydrogen content about 25-30%. It
has higher density (up to 2.4 g/cm®), hardness (~50 GPa) and optical gap (2.0-2.4 eV).

(iv) Graphite-like a-C:H (GLCH): These types of amorphous carbon have low hydrogen
content (less than 20%). They have high sp? content and sp? clustering. The band gap is less
than 1leV. The conductivity of graphite-like amorphous carbon is very high close to that of
graphite.

In addition, a few materials can be added to DLC films to improve their properties such as
Si, N, metal atoms, and F. Accordingly, they are denoted by Si-C:H, a-C:H-N, Me-C:H, and a-
C:H-F, respectively.

2.5.3. Synthesis of DLC films

The controllability of the growth parameters enhances the carbon microstructures as well
as the properties of DLC films. Relatively lower cost of production and a broad variety of

growth process may make this material attractive for numerous applications in industry.
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2.5.3.1. Growth mechanism

To grow DLC films, it is essential to maximize the C-C sp® bonding, which is the liable of
the mechanical properties of DLC films. The key process to enhance spbonding in DLC films
is the ion bombardment process [26-27]. It is observed that the highest sp®/sp? ratios are
achieved by C* ions with ion energy around 100 eV.

However, special sputtering of sp? bonds during DLC film growth was considered as the
main mechanism that increased sp® content by E.G. Spencer in 1976 [28]. Later, Lifshitz et al.
[28] in 1990 investigated that DLC film growth was sub-surface. Then, the so-called
subplantation model considers the advanced densification of DLC in a sub-surface layer. It is
associated to the formation of metastable sp? sites owing to the penetration and relaxation of
energetic ions as shown in Figure. 2.13. However, incoming neutrals and low-energy ions do
not penetrate the surface and may stick onto the film surface, generating there a sp? rich outer
layer. Moreover, the surface population is increased by sub-planted high-energy ions that
overcome an energy barrier and, then, are able to relax to the more stable surface sp?states by

an energy dissipation process [30].

penetration relaxation

o o O

direct

Figure 2.13. Schematic diagram of a subplantation process; direct penetration and relaxation
mechanism of a densified region [31].

2.5.3.2. Deposition methods of DLC

The synthesis of a-C thin films is carried out by various deposition methods, as shown in
Figure 2.14. Among these, some methods are suitable for laboratory studies, whereas some

others are preferred in industrial applications

%+ lon beam deposition
lon beam deposition was the first method used for the synthesis of DLC by S. Aisenberg
and R. Chabot in 1971 [22]. Carbon and hydrocarbon ions are generated by the sputtering of a

graphite cathode. The generates ions are accelerated to the substrate by a bias voltage. lon beam
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sources can run well at higher ion energy ranges of 100-1000 eV. Moreover, mass selected ion
beam (MSIB) techniques can provide a suitable selection of ion species and energy on the
growing films, allowing precise control of deposition. However, due to relatively low
deposition rate, this method is limited only for laboratory research. Besides, the ratio of
energetic ions to neutral species is low, and thus, mechanical properties of DLC films by this

method are not optimum [30-31].

% Cathodic Arc

Cathodic arc is an old vacuum deposition technique, where electric arc is employed to
evaporate material from a cathode target. Due to high ion densities (~10*? A/m?), the ionization
of species becomes 100% of the total flux, and the maximized parameter is the electron current
to the anode, which is called arc current. This method is really appropriated to obtain hard DLC
films, with a significant sp? fraction. However, due to some difficulties, this method is limited
in laboratories uses. Firstly, the films growing is not homogeneous and secondly, the production
of micro-particles needs a filtering device. The second problem is solved by a filtered cathodic

vacuum arc (FCVA) using a magnetic filter in S-bend or single bend configuration [30-31].

R

%+ Pulse laser deposition

Pulsed laser deposition (PLD) delivers energetic ions, as like cathodic arc process. So, it is
probable to deposit DLC films with high sp3 content by PLD, without the requirement of
substrate biasing or great current discharges. The strong energy pulses (15-30 ns) of a laser
beam are capable to evaporate a carbon target, which shows major advantages in case of
graphite owing to reduce of droplets emission. Fluxes of neutrals, ions and particulates are
emitted from the target through a strong plasma, which is known as plasma plume. The DLC
films grown by PLD can be nanocrystalline diamond and ta-C [30-31].
%+ Sputtering
Sputtering is the most common industrial approach for synthesis of a-C films. Generally, Ar
plasma is generated by a DC or RF power source. Then carbon radical species are produce by
the bombardment of Ar ions on a graphite target, acting as the cathode of electrode. Commonly,
magnetron sputtering (magnets attached below the target) is used for more sputter yield. Finally,
a-C film would be grown on the surface of the substrate. Moreover, a-C:H films can be attained
by using Ar and H, plasma. A dc bias power can also be employed to the substrate for the
control of the ion energy. Usually, sputtering is also a popular method for industrial application
to fabricate many different kinds of thin films by changing various target sources. However,

the problem of relative low density of sp3-C in the growth of DLC films exists in sputtering.
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Figure 2.14. Schematics of various deposition systems for DLC [30].

®,

% Plasma-enhanced chemical vapor deposition

Plasma-enhanced chemical vapor deposition (PECVD) is the most popular synthesis
technique of DLC films from hydrocarbon gases for laboratory research. Generally, in PECVD,
plasma is generated between two parallel electrodes, known as capacitively coupled plasma
(CCP), where power is applied to the lower electrode (cathode), holding the substrate, and the
upper one (anode) is kept grounded. For deposition of DLC films, the supplied power cannot
DC, as DLC is electrically insulating. Thus, the PECVD processes of DLC films are driven by
most common RF power.
Usually, the chamber wall of the reactor is grounded and the area of the grounded electrode

becomes larger than that of the RF coupled one. When the RF power is applied, asymmetrical
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discharge occurs, and both electrons and ions move and follow the change of electrical field.
Electrons move faster than ions due to low mass that will cause an excess of ions accumulated
near the electrodes, which is known as plasma sheath. Generally, plasma sheath acts as a diode,
so that the RF voltage between electrodes can be considered as a DC self-bias voltage. This
negative bias of substrate cathode accelerates the bombarding ions on the substrate to create sp*
content. As the ion energy is vital for growth of DLC films, the collision of ions with other
species should be avoided, to reduce an energy loss of ions. So, the mean free path of ions
should be longer than the sheath thickness and relatively a lower pressure of precursor gas is
preferable for the synthesis of DLC films by PECVD [30-31].

The advantage of PECVD are low temperature deposition, high deposition rate, large
coverage, and uniform deposition area [30]. Basically, PECVD method is the chemical reaction
in vapor phase of the constitutive elements in plasma to form material precursors. In a typical,
PECVD process the substrate is exposed to one or more volatile precursors, which react and/or
decompose on the substrate surface to grow films. Volatile by-products are often also produced,
which are removed by gas flow through the reaction chamber. All these processes have a strong
effect on the properties of the deposited films.

In PECVD, plasma is the key parameter and the growth process shows an important
dependence of the reactor shape and of the technological parameters for the generation of

plasma.
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Research Part-1: Pulsed plasma discharge for low-pressure synthesis

of carbon thin films

Chapter 3
Pulsed DC plasma CVD system for the synthesis of DLC films

This chapter presents the development of pulsed DC plasma CVD system using a simple pulse
power supply and customized CVD apparatus and the investigation of the growth of DLC films
on silicon substrates from two different precursor gases with the variation of deposition
temperature. The introduction, objectives, experimental methods and results are described.

Finally, discussions and conclusions are drawn based on the experimental results.

3.1. Introduction

Diamond like carbon (DLC) is an amorphous carbon that contains a substantial amount of
sp? bonded carbon. It has great academic and industrial interest due to its excellent properties,
for example high degree of hardness, low coefficient of friction, high chemical stability, high
optical index and high electrical resistivity. A variety of methods and different deposition
conditions have been reported for the preparation of DLC films [1,2]. Among these techniques,
Plasma Enhanced Chemical Vapour Deposition (PECVD) is one of the most widespread
approaches for industrial applications of producing DLC using plasma technologies. In PECVD,
the source gas molecules for thin film deposition can easily be stimulated, dissociated, and even
ionized at a considerably low gas temperature [3-5]. Various types of power schemes, for
example direct current (DC), radio frequency (RF), microwave and pulsed DC, have been
developed for PECVD method. Among these, RF power is mostly used in PECVD particularly
depositing DLC films of highly insulating properties, because the substrates were required to
be powered with an alternating pulse [6]. The RF PECVD is advantageous to repeat
reproducible deposition under an appropriate impedance matching between RF power source
and electrode load with a matching circuit. For intentional control of CVD condition, however,
the substrate bias voltage, one of important parameters for deposition, is not independent of
other conditions but mostly determined by RF power density. Because the substrate bias

influences ion energy falling on the growing film, it is expected to be controlled independently.

30



Pulsed DC plasma CVD is considered as an alternative to the RF PECVD and supposed
to be a simple and cost effective deposition system that can be used to improve film properties
as compared to widely used RF system [7]. In a pulsed DC PECVD system, pulsed DC power
supply is a significant component for the reason that it may possible to change the gas phase
chemistry, energy of ions bombardment on substrate, electron density, electron temperature to
meet the requirements of highly selective deposition process by varying the pulse parameters
[8,9]. However, most of the models of commercially available pulsed DC power supplies are
expensive and custom-made which led to less flexibility to control pulse conditions.
Consequently, a number of researchers reported pulsed DC power supplies with different
approaches [10,11]. These works were reported to use magnetic pulse compression (MPC)
technique to transfer charge and pulse transformers for high voltage isolation which lead to
increase of cost as well as decrease the flexibility to vary pulse width. In addition, an
asymmetrical bipolar pulsed DC power source has been reported for plasma CVD [12-15]
where the voltage waveform consists of a fixed positive pulse amplitude followed by a variable
negative pulse with a variation of duty cycle and frequency. However, we developed a simple
unipolar configuration, variable pulse width and frequency, solid state switching based pulsed
DC power supply for plasma CVD where the voltage waveform consists of a variable negative
pulse followed by a ground voltage and a current control circuit is introduced to sustain the
constant plasma discharge current within each pulse for a set value regardless of plasma
characteristics impedance.

Usually, the deposition of DLC films are obtained from hydrocarbon source gases for
example CHs, CoH2 and CeHs [16,17] by plasma CVD. The fabricated films come to be
hydrogenated amorphous carbon (a-C:H) due to amalgamation of hydrogen (H) content from
hydrocarbon source gases. It is recognized that microstructure of DLC films are considerably
influenced with monovalent H content because it performs as terminating element of carbon-
carbon bonds. It can restrict the formation of carbon-carbon sp® bonding that is preferred in
DLC films [18, 19]. For reduction of hydrogen content in DLC films during deposition, one of
the way to utilize hydrocarbon gases with lower H concentration. Considering these aspects,
acetylene (C2H.) has been widely used. Moreover, carbon monoxide (CO) which is a hydrogen

free gas can be an interesting candidate of carbon source for DLC films growth [20].

3.2. Objective
In this study, a prototype pulsed DC plasma CVD system was developed using a simple
half-bridge switching circuit. Deposition of DLC films was performed from C,H, and CO

source gas with variation of substrate temperature. Because the substrate temperature during
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deposition by the plasma CVD can dramatically change the DLC film properties [21], films
were deposited both at room temperature and an increased temperature for comparison. The
results were compared to our previous ones using a conventional RF CVD system [20].

3.3. Experimental procedures

3.3.1. Development of pulsed DC plasma CVD system

A prototype pulsed DC plasma CVD system was developed employing a minimum sized
and conventional styled CVD apparatus, and a pulsed DC power supply to carry out the
experiments. The photograph of the developed system is shown in Figure 3.1, however, for

better understanding a simplified schematic view is presented in Figure 3.2.

% CVD apparatus

In this CVD apparatus, plasma chamber made of stainless steel has a small volume about
1.6 L which is much smaller than our previous RF plasma CVD chamber [20]. It is assumed
that large volume of plasma is not effective for deposition but the interface between plasma and
depositing surface performs most of chemical reaction. Because a larger volume of plasma will
increase loss of material gas and electrical power, the chamber volume was intentionally
reduced to the minimum size. The main vacuum chamber was a short cylindrical tube of 160
mm in inner diameter and 120 mm in height with 2.4 L in total volume. The actual volume for
plasma operation was reduced to 1.6 L due to the volume of electrode.

The substrate holder (electrode) is round in shape with diameter of 118 mm. The upper part
of the electrode is partially covered by a top cover that is grounded. The gap between grounded
portion and the electrode is kept 2 mm to be confined the plasma only on the substrate. A
circular deposition window of 90 mm in diameter is designed on the top of the electrode to
enhance the deposition area as compare to our previously used RF CVD system with a
deposition window of 30 mm in diameter.

An insulated heater with mosquito coil shape is embedded inside the electrode to facilitate
the uniform temperature all over the electrode as presented in Figure 3.3. The core heating
element of the heater is solid Nichrome wire. To protect the heating element from oxidation,
the Nichrome wire is surrounded by a sheath material of stainless steel that is isolated from the
heater wire by a compacted insulating but high thermal conducting layer. This strategy is
advantageous in such a way that heating wire does not need to keep electrically isolated from
the other parts of the heater assembly. The substrate temperature is monitored and controlled

by a conventional thermocouple based temperature controller operated manually.
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Figure 3.1. Picture of the developed pulsed DC plasma CVD system
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Figure 3.2. Schematic view of developed pulsed DC plasma CVD system.
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Figure 3.3. A view of substrate heater arrangement.

The gas flow arrangement is built and evacuation of the chamber is performed by an
exhaust valve, a turbo molecular pump (TMP) and a rotary pump (RP). Water cooling is used
for the safety of vacuum chamber during high temperature CVVD operation. Lastly, the whole
system structure was assembled in such a way as shown in Figure 3.2 to ensure electrically

isolation among high voltage and low voltage sides.

%+ Pulsed DC power supply (Pulsed DC Generator)

A pulsed DC power supply was designed in a simple approach to carry out the pulse plasma
discharges. The detail circuit layout and photo of the fabricated pulsed DC generator is shown
in Figure 3.4 (a) and (b). In addition, Figure 3.5 shows the simplified schematic diagram of the
pulsed DC power supply developed with considering the plasma discharge behavior for CVD.
The diagram shows that the pulsed DC Power supply has three main blocks consisting of a high
voltage DC power supply (HV DC PS), a solid-state switching unit (SSU) and a pulse generator
(PG) enclosed by dotted lines in the diagram.

In this design, a high voltage regulated DC power supply (TMK 1.0-50, Takasago Ltd.
Japan) is employed as the charger of the primary capacitor CO. This model of power supply can
deliver variable voltage from 0-1 kV with a maximum output current of 50 mA. The foremost
part SSU is employed for chopping the voltage stored in capacitor CO to generate pulsed DC.
The switching technique in SSU follows the half-bridge inverter topology [22]. SSU consists
of a couple of Silicon-Carbide Metal-Oxide-Semiconductor Field Effect Transistors (SiC
MOSFETs, SCT2450KE), named as M1 and M2, operated as high voltage switches. The
MOSFETS are operated by gate driver circuits isolated by widely used photo-coupler TLP 351
(for simplification, detailed circuits are not shown).

As indicated in Figure 3.6, gate pulse of V1 and V2 are alternately applied to M1 and M2,
respectively, from the pulse generator (PG) unit. When M1 is turned on, a negative voltage
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from the power supply is applied to the electrode for a duration ti. In turn, when M2 is turned
on with a small delay time t> after turning off the M1, the electrode is grounded. After an interval
for t3, M1 is turned on with a small delay t4 after M2 is turned off. The modulated output for
the electrode is square wave negative pulsed DC voltage with wide variation of frequency and
pulse width which are expected as useful parameters for control of film properties [23]. The
pulse parameters are easily set by a high resolution function generator (DF1906, NF
Corporation, Japan). In the used circuit, however, the maximum pulse frequency was limited

below 40 kHz due to the response of the conventional photo-coupler.
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It should be pointed out that one of the advantages of our developed pulsed DC power
supply is control of plasma discharge current during discharge within a pulse. When a pulse
from the DC power supply is applied to the electrode, which is slightly above the breakdown
voltage for a typical discharge conditions, the plasma discharge occurs and discharge current
starts to flow. In the case without constant current control, the power supply acts as a voltage

source where the sustain voltage will drop due to internal resistance in the power source, so-
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called output impedance, and finally match the plasma sustain voltage. Due to variation of
plasma impedance, however, the discharge current cannot be controlled well.

In our developed pulsed DC power supply with the constant current circuit, when the
discharge current reaches to a certain level, the power supply acts as current source; i.e., the
current will tend to remain at the set value regardless of the variation of plasma impedance. The
discharge current waveform becomes rectangular shape. Because the electron density of plasma
which has been known as one of important plasma parameters for control of chemical reactions,
mostly depend on the current density, the control of current level during pulse is important for
reproducibility of CVD process. Under the current control mode, as the discharge voltage is
completely assigned by the plasma impedance characteristics regardless of increment of input
DC voltage, it is possible to apply higher input voltage for plasma ignition. Besides, to protect
the power supply from surge current by unintentional arc discharge during operation [24], the

current control circuit also performs to sense overcurrent and to limit the current.

3.3.2. Substrate preparation, films deposition and characterization techniques

Before CVD, for the assessment of the pulsed DC plasma system, plasma discharge was
examined with wide range of pressure and variation of gas, pulse parameters. From the results
of gas discharge, typical deposition conditions for DLC films are chosen as listed in Table 3.1.
Due to difference in gas discharge property, C2Hz plasma was operated at a lower pressure 15
Pa while CO plasma was at 150 Pa. The operation pressure was intentionally chosen for keeping
identical pulsed DC power supply operation. The deposition durations were 5 and 10 minutes
for CoH2 and CO, respectively. The substrate was heated by the heater in the electrode up to
300°C or was not intentionally heated. Without heating, the electrode temperature was kept at
room temperature (25°C). The pulse DC power supply was operated at negative high voltage
of -800V, discharge current of 20 mA, frequency of 20 kHz and pulse width of 10us. The actual

working voltage of electrode was controlled by the MOSFET M1 to sustain the constant

Table 3.1. Films deposition conditions.

Sample Gas Pressure  Deposition  Substrate Flow  Electrode Discharge Frequency Pulse

(Pa) time Temperature rate voltage current (kHz) width
(min) (°c) (sccm) (pulsed)  (pulsed) (us)
(-V) (mA)

1 C:H2 15 5 25 100 800 20 20 10

2 Cco 150 10 25 100 800 20 20 10

3 CoH2 15 5 300 100 800 20 20 10

4 CcoO 150 10 300 100 800 20 20 10
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discharge current. The pulsed DC waveforms were monitored by a digital oscilloscope with a
high voltage probe.

DLC films were prepared on Si substrates from C2H> and CO, carbon-containing source
gas. The electrode with substrate holder was designed for usage of a 4-inch wafer with an active
deposition window of 90 mm in diameter (Figure 3.7 (2)). It is observed to deposit uniform film
in whole the deposition window (Figure 3.7 (b)). For experiments, however, to reduce the
consumption of Si wafer, a quarter part of the area was used for deposition. A mirror-polished
n-type 4-inch Si wafer was cut into quarters as substrates. A cut of Si wafer was set on the
electrode with a dummy substrate made of aluminium (Al) to cover the other 3 quarters part of
the electrode (Figure 3.7 (c)). Before CVD, argon (Ar) plasma was operated for 1 minute at the
same conditions as deposition to treat the substrate surface mostly for removal of inherent oxide

layer as illustrated in Figure 3.8.

(b)

Figure 3.7. (a) Top view of electrode (b) Deposited film of entire deposition window
(c) Arrangement of Si substrate and dummy substrate
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Figure 3.8. Illustration of Si substrate cleaning by Ar Plasma
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The characterization of DLC films was carried out by Raman spectrometer (excitation
wavelength 532.08 nm, Horiba Jobin Yvon HR-800) and FTIR spectrometer (Jasco FTIR 6100).
The thickness of the films was observed using FE-SEM (JEOL JSM-74001) electron

microscope.

3.4. Results and discussions

3.4.1 Gas discharge characteristics

Initially, gas discharge was examined at various working gas pressure of Ar by DC power
supply to evaluate the discharge characteristics of the CVD apparatus as illustrated in Figure
3.9. It was observed that when a negative voltage over breakdown voltage was applied to
electrode of chamber filled with gas, glow discharge occurred and discharge current started to
flow [25-27]. Plasma discharge is caused by the impact ionization of electrons and neutral

particles of gas molecules accelerated by an applied electric field.
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Figure 3.9. Gas discharge experiment (a) simplified schematic (b) discharge mechanism
(c) discharge current and voltage waveforms at various working pressure of Ar gas (d)
glow discharge characteristics.
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There were 2 discharge modes appeared, so-called normal glow and abnormal glow, when
the set current was varied. At lower discharge currents than a critical value, the normal glow
discharge appeared where the discharge voltage was almost constant with variation of set
current. When the discharge current was set at higher than the critical value, the discharge mode
turned into abnormal glow where the discharge voltage gradually increased with increase of the
set current. It is assumed that, the abnormal glow condition where the plasma covers entire
surface of the electrode with increased electron density is superior for CVD operation.

Gas discharge was also examined by the developed pulsed DC plasma CVD system at
several discharge conditions to optimize the abnormal glow discharge based on the results
obtained from the DC gas discharge experiments. During the high voltage pulse is turned on,
the MOSFET switch M1 performs to control the discharge current at the set value by decreasing
the actual working voltage of electrode to the required value for the given conditions.
Photographs of pulsed plasma discharges of Ar, CoH> and CO gases at typical condition for
each gas are presented in Figure 3.10. that confirms the generation of homogeneous abnormal

glow plasma discharges.

GH,

Figure 3.10. Photographs of typical pulsed plasma discharges of Ar, CoHzand CO gas.

3.4.2. Deposited films properties

Figure 3.11 shows photographs for DLC films on Si wafer from C,H, and CO source gas
(sample 1 and 2). Sample 1 looks uniform in the deposited area surrounded by a ring shaped
interference pattern due to thickness profile at the edge. This ring shaped interference appeared
underneath the edge of deposition window in the top cover of electrode. In case of sample 2, a
clear edge is observed with a uniform deposition area. The color of sample 1 as compared to Si
wafer appeared brown while sample 2 appeared grey. Samples 3 and 4 showed almost the

similar physical appearance like samples 1 and 2, respectively (not presented here).
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Figure 3.11. Photographs for deposited DLC films from CyH> (a) and CO (b) at room
temperature.

Figures 3.12 (a) and (b) show the Raman spectra of samples 1,3 and 2,4 which were

deposited from CoHz2and CO respectively. Samples 1 and 2 were prepared at room temperature

(25°C) while samples 3 and 4 were at 300°C. The Raman spectra comprise D peak and G peak

regarding at about 1360 and 1590 cm?, respectively, as well known for typical DLC properties

[28]. An example of precise analysis on Raman spectrum with separating two peaks for sample

1 is shown in Figure 3.13. This was subjected to peak separation by curve fitting using the two

Gaussian functions. The separated spectra led to a D peak (1302 cm™) due to defects in six

membered ring structure of carbon and a G peak (1520 cm™) due to the vibration in the regular

six membered ring structure of carbon. The intensity ratio of D and G peaks, G peak position,

and the full width at half maximum (FWHM) of the G peak evaluated by analysis demonstrate

the dominating of nanocrystalline structure in amorphous carbon.
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Figure 3.12. Raman spectra for DLC films deposited from (a) C2Hz (samples

1 and 3) and (b) CO (samples 2 and 4).
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The G peak position, FWHM of the G peak, and intensity ratio of the D and G peaks (Ip/lg)

of the deposited films are plotted in Figure 3.14. The distinctive features in the Raman spectra

for the films from CO as compared to the films from C.H. were increase of Ip/lg ratio, decrease
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of FWHM of the G peak, and shift of G peak position to the higher wavenumber. The manner
of these changes in Raman spectra is usually related to enhanced growth in the number or size
of sp? bonds of carbon atoms [28, 29]. The results proposed that the DLC films fabricated from
CO gas possess progressive graphite-like structures than that fabricated from C2H..

It is assumed that sp® bonding structures are stimulated by means of hydrogen atoms
through terminating the dangling bonds. It can be expected a larger number of graphitized
structure remains in the resulting films from CO rather than C2H. due to low hydrogen content.
It is also observed that the increase of electrode temperature introduced similar tendency to
incorporate more graphite structure in the films deposited from both CO and C2H; gas. It is
supposed that increasing of substrate temperature enhance graphitization producing sp? bonds

and hydrogen molecules from sp® bonds.
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Figure 3.15. FTIR spectra for DLC films deposited from CoH, (sample 1) and
CO (sample 2) at ambient temperature (25° C).

The FTIR spectra for samples 1 and 2 in the range of 1500-4000 cm* are shown in Figure
3.15. The spectrum of the DLC from C2H> shows only a broad peak appeared at around 2920
cm* conforming to C-H stretching mode. It should be pointed out that this peak was associated
with the intense asymmetric stretching mode of C-H bonds in the form of asymmetric sp*-CH
and sp3-CHa, and enveloped by weaker shoulders of symmetric and asymmetric stretching
mode of sp3-CHs between 2850 and 3000 cm™. Substantial overlap of several of these groups

effects in absorption that is objectively broad in this region usually observed in hydrogenated
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amorphous carbon films [30]. It recommends that mostly hydrogenated DLC film is obtained
from C2H. and the H content is merged to the sp® carbon in the film.

The spectrum for the film deposited at room temperature from CO revealed characteristic
peaks at 1716, 2333, 2850 and 2916 cm™ attributed as C=0 stretch bond, C=C stretch bond and
C-H stretching bonds, respectively [31]. It can be seen that C-H stretching bonds was
fragmented into two sharp peaks where the peak around 2916 cm™ with a small shoulder
appeared as the conventional asymmetric stretching of C-H bonds. Besides, the peak around
2850 cm'! can be distinguished as an additional type of C-H stretching mode and recognized as
C-H stretch of an aldehyde, n(O=)CH [32]. It is believed that this featured C-H stretch was
mostly induced by oxygen in the CO plasma during deposition.

It was found that even if the hydrogen free CO source gas was used, a small amount of
hydrogen was contaminated. One of the possible reasons for hydrogen contamination in the
films during CVD from CO gas is the base pressure of vacuum of the deposition chamber. As
the identical CVD apparatus was used for both CoH, and CO gases, there is a possibility of
emission of hydrogen or hydrocarbon gases from the chamber wall and electrode in the CVD
system and incorporate in the films grown from CO gas. During deposition of carbon films by
sputtering method, hydrogen contamination from residual gas was also reported [33].
Furthermore, the base pressure was slightly increased during experiments due to the opening
of evacuation valve for controlling to sustain pressure inside the chamber which may lead to
contamination of gas. It is supposed that the contaminated gas was hydrogen or water vapor
(H20). The incorporation of hydrogen from the gas phase into the carbon film terminates the
carbon dangling bonds and breaks the carbon double bonds from sp? bonding to form
hydrogenated sp® bonding.

The cross section images for samples 1 and 2 by FE-SEM observation are shown in Figure
3.16 (a) and (b), respectively. The thicknesses of DLC films prepared from C,H; for 5 minutes
and from CO for 10 minutes were 332 and 134 nm, and the deposition rates were 66.4 and 13.4
nm/min, respectively. The deposition rate from CO source gas was lower than that from C2H>
even though the operating pressure for CO gas pressure was 10 times higher than C,H>.It can
be assumed that, from CO source gas, atomic oxygen is produced by reaction for depositing
carbon film and the produced atomic oxygen will etch the deposited carbon in turn.

Itis likely that the precursor gas and its pressure during deposition influence the deposition
rate and various properties of DLC films. Although in this work two characteristic pressures 15
and 150 pa were used for the two precursor gases C>H> and CO, respectively, to sustain the
identical pulsed DC power supply operation, it can be discussed that the deposition rate

increases with increasing of pressure of both gases. However, the increment of deposition rate

44



with pressure is much higher in C2H. plasma rather than CO. This happens because of the

variation of both carbon flux and ionization efficiency [34].
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Figure 3.16. SEM cross section micrographs of the interface between Si substrate
and DLC films, (a) sample 1 (deposited from C,H>) and (b) sample 2 (deposited
from CO).

In case of carbon-monoxide, the film thickness slowly decreases from the middle to the
outer at low pressure where it is uniform in deposition area for CoH,. In C2H plasma, the CVD
process is almost dominated via hydrocarbon flux while in CO plasma, the CVD process is
directed via the balance of deposition from the source gas and etching of carbon atoms by
produced oxygen. At increased pressure, this balance become equilibrium and the thickness
profile becomes almost uniform over the deposition area. In both cases of hydrocarbon and
hydrogen free gas, the increasing of pressure introduces the increase of sp? hybridized bonds in
carbon network that means the enhancement of graphitization in DLC films. Furthermore, it is
also seen at higher pressure, due to fast deposition rate, the typical properties of DLC films
have been varied such as the surface roughness increased, the hardness decreased and residual
stress also increased [35,36,19].

The electrical conductivity of the films was simply tested by a conventional digital
multimeter. It was found that the films deposited from C2Hz exhibited highly insulating nature
whereas those from CO were objectively conductive. The conductivity suggests a considerable
density of graphitic structures incorporated in the films from CO source gas.

The mechanical and tribological properties of DLC films are very important in their use as

protective coatings. DLC films properties such as hardness and wear characteristics are
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ultimately dependent on the microstructure of the films. Generally, for conventional DLC films,
the hardness and wear resistance is directly correlated to the ratio of sp3/sp? hybridized carbon
bonding in the films where increasing of sp® (diamond-like) bonds leads to increase of the
hardness and wear resistance, and increasing of sp? (graphitic- like) leads to decrease of the
hardness and wear resistance. It is well-known that Raman spectra can offer the estimation
about the sp® fraction. According to the model suggested by Ferrari and Robertson [2,28] the
decreasing of Ip/lg ratio and shifting of G peak position to lower wavenumber indicates increase
of the sp® fraction in the films. The Raman results presented above suggest that the films
prepared from the C2H; have relatively higher concentration of sp bonds rather than the films
prepared from CO due to incorporation of a lot of graphitic-like (sp?) structures. It can be
projected that the films from C>H> have high hardness, great wear resistance as similar to a
conventional hydrogenated DLC film, while the films from CO have comparatively low
hardness and less wear resistance but conductive. However, further investigations are necessary
to improve the hardness and wear resistance of the films prepared from CO gas for the suitable

application as a durable conductive coating, which will be considered as our future study.

3.4.3. Comparison of films properties

Here the DLC films prepared by the pulsed DC plasma CVD presented in this work is
compared to the films deposited by our conventional RF CVVD system previously reported [20].
It should be noted that the deposition conditions were not equal but has been optimized for each
deposition system to operate stable and uniform discharges, and to obtain reproducible film
properties. Because of difference in gas discharge performance, it is meaningless to compare at
the exactly same conditions. The deposition rate, deposition area and power consumption are
considered as crucial parameters for industrial application. For comparison, energy
consumption for a unit deposition was evaluated by total input energy (in J) as the integrated
power for a unit film thickness (in um) in a unit area (in cm?) as presented in Figure 3.17.

Additional parameters for operation of pulsed DC plasma CVD, such as frequency and
pulse width, and also pulse waveform can be used while power is an only the tuning parameter
for operation of the conventional RF CVD. Because of the small number of tuning parameter,
the operation condition is fairly reproducible. For intentional modulation of deposition
condition, however, the tuning parameter is limited and the film properties will not change
dramatically.

The typical Raman spectra for DLC films from C;Hz and CO in our previous work [20]
exhibits broad D peaks with increased peak intensity and shifting of G peaks position towards

higher wavenumber. In this work (pulsed DC), we obtained lower intensity of D peaks as well
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as shifting of G peaks position to the lower wavenumber in the typical Raman spectra for the

films deposited from both gases as shown in Figure 3.18 (a). The results imply improvement of

film properties by using the pulsed DC plasma CVD system.
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Figure 3.17. Comparison of energy consumption for a unit deposition of DLC film
between our conventional RF plasma CVD system and developed pulsed DC
plasma CVD.
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In Figure 3.18 (b), it was also noticed that the broad peak of C=C bond and the sharp peak
of CO2 molecule appeared in the FT-IR spectrum for the film from CO by our conventional RF
plasma [20]. In this work (pulsed DC), however, peak intensity of C=C bond dramatically
decreased and CO2 molecule peak completely disappeared in the FT-IR spectrum for the film
from CO. This result suggests that graphitic structure decrease and the contamination of CO>
molecules into the film can be suppressed. It cannot be concluded that each result of film
property is advantageous for application, it was demonstrated that the film property can be

widely modified using the pulsed DC plasma CVD system.

3.5. Conclusion

In this study, a pulsed DC plasma discharge technique including simply configured pulse
power supply and CVD apparatus was successfully developed. Deposition of DLC films were
performed on Si wafers by employing the pulsed DC plasma CVD system from C>H> and CO
source gas. A large number of graphite-like structures, oxygen content, C=0 bond, and C=C
bond were observed in the film deposited from CO gas. DLC films from CO also exhibited low
deposition rate and appeared as a soft graphitic conducting DLC. Besides, DLC films from
C2H2 showed higher deposition rate and looked as mostly conventional hydrogenated
amorphous carbon with insulating properties. Raman analyses suggested an enhanced
graphitization of the DLC films at an increased temperature. The obtained results reveal that
the developed pulsed DC plasma CVD system is useful for the deposition DLC films with wide
variation of deposition conditions for alternative of conventional RF CVD.
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Chapter 4

Novel pulsed DC generator for capacitively coupled plasma discharge

This chapter presents a novel pulsed DC generator (PDG) for capacitively coupled plasma
discharge inside a vacuum chamber employing solid-state switches that can operate in pulsed
DC mode with continuous power within a pulse, controllable pulse duration, and wide
controllable frequency. Introduction, objectives, experimental methods, and results are
described. The details of the fabrication and evaluation of the high-frequency PDG are

reported. Finally, discussions and conclusions are drawn based on the experimental results.

4.1. Introduction

Pulsed power has been employed for decades in fields such as medical treatment, the food
industry, water purification, and material processing [1-6]. For particular applications, several
types of pulsed power schemes are used, and it has been found that the design and
implementation of pulsed power generators are large. The application of pulsed power
generators for low-temperature plasma discharge in the fields of chemical vapor deposition
(CVD), surface modification, ion implantation, sputtering, diffusion, cleaning, and etching, has
been investigated extensively in the literature [7-12]. It is found that, compared to ac-excited
plasma, more controlled plasma can be generated using pulsed power. With the progressive
increase of plasma research and applications, several pulsed power generator topologies using
various techniques have been reported, including Marx generators (MGs) [13-14], magnetic
pulse compressors (MPCs) [15-16], pulse forming networks (PFNs) [17], saturable pulse
transformers (SPTs) [18], semiconductor opening switches (SOS) [19-20], and cascaded
microsecond-pulse generators [21]. However, most of these designs are applied to high-impulse
peak power (several tens of kilo-watts) with short duration (several hundreds of nanoseconds),
fixed pulsed shape (impulse), and low repetition frequency (several hundreds of hertz).
Typically, in these cases, gas/magnetic switching techniques are used to transfer charges, and
pulse transformers are employed for high voltage isolation. These magnetic- and gas- based
switches have basic advantages of providing a high blocking voltage and high current-carrying
capabilities with relatively low transients, withstanding the action of the current pulse and
achieving the desired energy. However, they also have undeniable disadvantages, including
size, bulk, expense, inefficiency and limitations in either peak or average power output, short

life span, and low operational frequency.
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In general, the output power rating, output pulse shape, repetition frequency, lifetime, and
compactness of a pulsed power generator depend on the performance of the switching devices.
Therefore, the substitution of gas/magnetic-based switches by solid-state switches is considered
to be an appropriate option for cost, loss, and volume reduction considerations. Recently
developed solid-state technology demonstrates many favorable switches with high voltage
ratings and switching frequency, making them suitable candidates for pulsed power generation.
Insulated-gate bipolar transistors (IGBTs) (>1 kV, <20 kHz), metal-oxide—semiconductor
field- effect transistors (MOSFETS) (<1 kV, <1 MHz), and silicon controlled rectifiers (SCRs)
(>5 kV, <500 Hz) are examples of semiconductor switches [6] that can be utilized as reasonable
replacements for existing switches. Power electronics converters offer attractive advantages for
pulsed power applications; however, their compatibility with various load characteristics and
demands is still a challenging issue. Nevertheless, the voltage ratings of these commercially
available switches cannot currently satisfy many application requirements. Thus, several power
electronics topologies with voltage boosting capabilities and their associated control methods
are considered, and their performance properties are fully investigated, in order to present an
optimum design for supplying plasma applications with maximum efficiency and flexibility.

Compared to high impulse power, plasma discharge by pulsed DC is more attractive due to
the wide controllability of pulse parameters such as frequency, duty cycle, and output voltage
level, which are supposed to directly influence the plasma deposition and diffusion processes
[22]. Particularly, low duty cycle (short pulse-on period with respect to pulse-off period) is
preferable to enhance the electron temperature in plasma, as supposed that the afterglow effect
from the previous pulse reduces, electron collision decreases and attains high electron
accelerating energy. The design of pulsed DC generators (PDGs) is significantly influenced by
the topology of the plasma process. Typically, a system for plasma treatment consists of two
electrodes (anode and cathode) placed a distance apart in a vacuum chamber filled with a gas
mixture that acts as a capacitive load, i.e., the so-called capacitively coupled plasma (CCP). For
capacitive loads, it is challenging to obtain rectangular pulses with fast rising and falling edges.
There have been some attempts to produce rectangular pulses with very short rising (<200 ns)
and falling times (<200 ns) [23-24]; however, they are limited by maximum operating

frequency (20-50 kHz) and energy efficiency.

4.2. Objective
In this study, we present a new type of pulsed power generator employing solid-state
switches that can operate in pulsed DC mode with continuous power within a pulse, controllable

pulse duration, and controllable frequency (low to high). We attempted to design an easy,
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consistent, and efficient circuit for the PDG to drive capacitively coupled plasma loads. The
details of the fabrication of the high-frequency PDG are reported. By using the PDG, plasma
discharge experiments are carried out inside a vacuum chamber with a wide range of discharge

conditions for testing and verifying the performance of the PDG.

4.3. Design and construction of the pulsed DC generator
4.3.1. Design architecture

The design of our PDG is mainly focused on producing high voltage (HV) pulsed DC
waveforms with fast rising and falling edges at high frequencies for plasma discharge between
a pair of electrodes (anode and cathode) filled with low-pressure discharge gas. The electrodes
in a chamber are configured similarly to a capacitor, that is, CCP, as depicted in Figure 4.1 (a).
Even for the case of a single cathode configuration, the electrode performs as a capacitor with
the grounded chamber wall surrounding the electrode. Typically, the rising and falling time of
pulses depend on how fast the capacitive load is charged and discharged, respectively. Intense
current is required to quickly charge the capacitor to the desired voltage, which ensures the fast-
rising edge of the pulse. For the fast falling edge of the pulse, intense discharge current is
required to release charge.

When plasma occurs between the electrodes, steady current is required to sustain a stable
plasma discharge. For CCP, the plasma discharge current is much smaller than the charging
current for the capacitance of electrodes. Due to the properties of plasma discharge at constant
voltage (or rather negative resistivity) for the conventional glow discharge, the plasma
discharge current should be intentionally limited by using a ballast resistance or a constant
current circuit.

For quick termination of plasma discharge at the end of a pulse, in addition to the plasma
discharge current being shut off, the remaining charge on the electrode should be quickly
withdrawn. In a conventional pulse generator, the remaining charge on the electrodes is
generally released to the ground, resulting in wasting energy at every pulse operation. The
recovery of the remaining charge and energy from the electrode can improve the energy
efficiency of the PDG.

We propose a new technique to generate pulsed HVDC for driving capacitive loads,
particularly for CCP discharges. The simplified proposed topology and expected voltage and
current waveforms of pulsed DC plasma discharges are shown in Figures 4.1 (b) and (c),
respectively. Here, we introduce two well-known techniques: the inductor-capacitor (LC)
resonant converter usually used in RF power transmission with impedance matching, widely

used for RF plasma discharge; and stable DC current supply regulated with a ballast resistor,
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generally used for DC plasma discharges. These two techniques are integrated and operated in
fast switching mode. The LC resonant converter acts as a half resonant converter that delivers
the intense current for rapid charging at the beginning of a pulse; thereafter, a regulated current
is delivered from the DC power supply during the pulse on, and the LC resonant converter
alternately discharges the capacitance of electrodes by recovering the remaining charge and

energy to a storage capacitor at the end of the pulse.
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Figure 4.1. Pulsed dc plasma discharge scenario. (a) Basic scheme (b) Proposed
topology (c) Expected voltage and current waveforms.

4.3.2. Topology of LC resonant converter

In our design, the most crucial part is the LC half resonant converter topology, since it can
transfer energy with low switching loss and sub-microsecond level rising edge, essential for
high-frequency operation, as discussed in a later section. In conventional pulse-width
modulation (PWM) methods for power converters, the power flow is controlled by chopping at
high frequency using power switches with sudden changes of voltages and currents. Due to the
hard switching, substantial switching loss and noise occurs with PWM methods. By using
resonant converters, where resonance occurs among capacitive and inductive elements in the
circuit, the power flow is controlled as sinusoidal waves, introducing zero-current crossing. It
has been known that switching at zero current, so-called soft switching or zero-current

switching (ZCS), noticeably eliminates the switching losses in power switches [25]. Moreover,
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the power interchange scheme between inductive and capacitive elements of resonant circuits
is also advantageous for reducing current ripples and noises of high voltage power generators.
For the above reasons, resonant converters have become more attractive in the field of power
circuits for generation of high voltage and have been widely used in many applications [26]. In
this work, for application to CCP discharge, where high peak current for charging is essential,

LC resonant converters are considered to be the most suitable topology.
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Figure 4.2 (a) Circuit diagram and (b) voltage and current waveforms of a typical LC
resonant circuit, (c) circuit diagram and (d) voltage and current waveforms of a typical
LC half-resonant converter.

Figure 4.2(a) shows the circuit diagram for a typical LC resonant circuit, and Figure 4.2(b)
shows the voltage and current waveforms after the switch is closed. When the switch is closed
at time t=0, where the capacitor C1 is initially charged to voltage Vmax, the initial charge in
capacitor C1 is resonantly transferred to capacitor C2 through the inductor L. The oscillation
between L and C generates the sinusoidal waves of voltage and current at a resonance

frequency, expressed as equation (1):

1

/=i @)
where C = C1C2 / (C1 + C2). When the capacitance C1 is the same as C2, the initial charge
of C1 can be fully transferred to C2 in the first half cycle of resonance until t =T/2, where T is
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the period of the full resonant cycle as an inverse function of frequency f. In the next half cycle,
the charge and energy of C2 are fully recovered to C1.

The concept of half-resonant converter topology comes from this process, with a
modification of blocking reverse current using a diode, as indicated in Figure 4.2(c). The diode
performs as if the switch is automatically opened when the charge of C1 is fully transferred to
C2, where the current crosses the zero point at t=T/2 while retaining the transferred charge in
C2, as shown in Figure 4(d). By using another half-resonant circuit in the opposite direction
(not indicated in Figure 4.2(c), the charge in C2 can be recovered to C1 in the same manner.
For transferring and recovering all of the charge between C1 and C2, the capacitances should
be same. If C2 is the capacitance of electrodes used in a plasma system, the storage capacitance
C1 in the circuit should be tuned to the same value. The voltage rising and falling times can be
reduced by decreasing the inductance L, whereas the waveforms in figures 4.2(b) and 4.2(d)
are drawn deliberately as a slow sinusoidal wave. By using a sufficiently small inductance, the

voltage waveform can be almost rectangular, for example, in microseconds.

4.3.3. Circuit layout and description

A diagram of the system architecture for our proposed PDG has been designed as shown in
Figure 4.3. The PDG consists of an HVDC power supply as the primary energy source, a
charging and energy storage unit, a pair of LC half resonant converters for energy transfer and
recovery, an electrical grounding unit, a constant pulsed current controller, and a control
system. A digital storage oscilloscope with a high voltage probe and a current probe is

employed to monitor and store the current and voltage waveforms.
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Figure 4.3. Structure diagram of the PDG.
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Figure 4.5. Simplified circuit layout of the pulsed dc generator (PDG).

The detail circuit diagram of the developed PDG is shown in Figure 4.4. However, for better
understanding, the simplified circuit layout of the PDG is illustrated in Figure 4.5, where the
control system is not shown (discussed in a later section). An HVDC power supply (TMK1.0-
50, Takasago Ltd., Japan, 1 kV and 50 mA) is used for the negative HV source, with a
sufficiently large capacitor CO (a series connection of 2 capacitors, each rated at 4.7 uF, 630 V)
for the current buffer. The diode DO protects the back current to the power supply. For charging
and energy storage, the capacitor C1 consists of four ceramic capacitors (1000 V, each 100 pF)
and a variable capacitor (1000 V, 0-250 pF) connected in parallel is used. The variable
capacitor is employed to balance the storage capacitance C1 with the load capacitance C2
(electrode in the discharge chamber) for efficient transfer and recovery of charge and energy.
The actual load capacitance in the experiment is estimated as 450 pF. The resistor RO (50 Q)
and switch S1 perform the primary charging of capacitor C1 from the power source.

One of the LC half-resonant converters, consisting of switch S2, diode D1, and inductor L1,
performs charge transfer from the storage capacitor C1 to the load C2. The charge transfer is
triggered by closing switch S2, and is automatically terminated by blocking the reverse current
in diode D1. For the inductance L1, four ferrite core inductors (VHF inductor, B82111B, 10 A
5 uH 5 mQ, EPCOS) are used in series. The rising time of voltage as a half cycle of resonance
was expected to be approximately 300 ns from equation (1), with the parameters C1 = C2 =
450 pF and L1 =20 pH.

In addition, the resistor Rd (50 Q) is inserted to suppress oscillations at high frequencies,
unexpectedly induced by stray capacitance and inductance existing in the circuit and
components. When a resistor is introduced in a LC circuit, it is treated as a RLC circuit. In a
RLC circuit, the resistor acts as an energy-dissipating element which tends to damp the

oscillation of the LC circuit. Depending on the value of resistor, inductor and capacitor, the
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circuit can be under-damped, critically damped or over-damped. In our design, the value of Rd
is tuned for under-damped condition for the given C and L values to transfer and recover
maximum charge. However, the stray capacitance and inductance values are assumed to be very
small compared to C and L values and Rd can damp these high frequency ringing. Due to
insertion of the series resistance, it is assumed that the actual rising time will be longer than the
expected value.

A plasma discharge is ignited by the high voltage transferred to the electrode from C1. To
sustain the plasma, a constant current is provided to the load from the pulsed current controller
circuit through switch S3. During the plasma discharge, the current is controlled at a constant
level given as an input signal voltage. The plasma discharge current is sensed by resistor R (50
Q) and regulated by the MOSFET (switch S3). The gate voltage for S3 is controlled by a
potentiometer for regulation of current through a feedback circuit from resistor R during pulse
discharge on. The turn numbers of the potentiometer are calibrated with respect to the constant
current value. By selecting the turn numbers of the potentiometer, the constant current value
can be modified.

For termination of the plasma discharge, in addition to the constant current circuit being
turned off by opening the switch S3, the remaining charge (voltage) of the electrode is quickly
removed by two steps as follows. In the first step, the remaining charge is recovered to the
storage capacitor C1, as much as possible, through the other LC half-resonant converter
consisting of L2, D2, and S4. The inductance L2 is separately configured from L1 for further
tuning of the circuit, whereas the inductance L.2 =20 pH (same as L1) is used in the experiment
of prototype. Due to the inserted resistor Rd and some faulty performance of electrical
components and wiring, the remaining charge on the electrode could not be recovered
completely to the storage capacitor C1. In the second step, the electrode is completely grounded
through switch S5, extinguishing the plasma due to the remaining charge, even after the charge
recovery.

SiC MOSFETs (SCT2450KE, 1200 V 10 A, ROHM Co., Ltd.) are used for the switches
because of their high speed, high reverse blocking voltage, low output capacitance, and low on
state resistivity. For the reverse blocking diodes D1 and D2, silicon-carbide Schottky diodes
(C4D02120A, 1200 V, 10 A, ROHM Co., Ltd.) are used.

4.3.4. Control system and operation modes
Figure 4.6 shows the block diagram of the control system of generating gate driving signals
for the MOSFET switches (detail circuit diagram in Figure 4.4 (b)). It is expected that the PDG

outputs nearly rectangular negative HV pulses with wide variations in amplitude (voltage and
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Figure 4.6. Block diagram of the control system with control signals.

Figure 4.7. Timing sequence of the control signals.
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Figure 4.8. Operation modes of the PDG with the active circuit loop indicated as
colored solid thick lines, and current as dotted lines. (a) Mode 1 (S2, S3, D1 on; S1,
S4, S5, D2 off) (b) Mode 2 (S2, S3 on; S1, S4, S5, D1, D2 off) (c) Mode 3 (S4, D2
on; S1, S2, S3, S5, D1 off) (d) Mode 4 (S1, S5 on; S2, S3, S4, D1, D2 off).

In this design, the frequency and pulse duration is controlled by transistor-transistor logic
TTL input signal Vin from a function generator (DF1906, NF Corporation). The MOSFET
switches are driven through isolated gate driver modules (Si8239xISO-KIT, Silicon
Laboratories Inc.) powered to the high side through an isolated DC-to-DC converter (MAU104,
5-12 V). The isolated gate driver has a programmable dead time for delayed turning on to avoid
concurrent operation of MOSFET switches due to their switching delay. A dead time of 14.65
ns for the default value of the module is used.
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Figure 4.7 shows the time sequence of driving signals. One switching cycle consists of four
operation modes: mode 1 for turning on, mode 2 for the ON state, mode 3 for turning off, and
mode 4 for the off state. For operation of MOSFET switches, the cycle is further divided into
six time durations, from to to te, as indicated in Figure 4.7.

In mode 1, for turning on, the output voltage rises through charge transfer from storage
capacitor C1. The switches S2 and S3 are synchronized with the input signal Vin with a starting
delay for ts due to the dead time setting. While the constant current circuit also supplies the
regulated current through S3, most of the charge is rapidly transferred from C1 through S2, as
indicated in Figure 4.8(a). The duration of mode 1, indicated as to in Figure 4.7, is basically
determined by a half- cycle of the LC resonance. The output voltage (-VLoad) goes up to a peak
value nearly equal to the initial voltage of C1.

In the case of actual plasma discharge, when the peak voltage exceeds the plasma ignition
voltage, the electrode voltage drops to the sustain voltage. Because the sustain voltage for
plasma discharge is determined by discharge conditions and discharge current regardless of
applied voltage, the working electrode voltage is controlled as a required value by the constant
current circuit. An additional transition phase appears, in which the voltage decreases from the
peak to the regulated level necessary for sustaining plasma discharge.

In mode 2, for the on state, the plasma discharge current is supplied through the constant
current circuit. The constant current circuit controls the working voltage for regulation of
plasma current at the set level. The current level is set by a DC signal voltage input. The duration
of the on state is almost equal to the input pulse duration Ton. To be more precise, however, the
steady ON state starts after te for dead time and to for turning on, and continues until a delay of
to after the end of the input pulse. The delay t; is the dead time for switch S4. After the constant
current circuit is shut off by opening S3 at the end of the input pulse, the steady discharge is
sustained for a while by the remaining charge on the electrode until it is intentionally removed
by closing switch S4 in the next mode.

In mode 3, for turning off, switch S4 is closed to recover the remaining charge of electrode
to the storage capacitor C1. The output voltage (-Viead) IS quickly diminished for termination
of the plasma discharge. After an intentional delay ts for waiting charge recovery to C1, which
is equal to the half-cycle of recovery of the LC resonant circuit, switch S5 is closed to forcibly
ground the electrode. The intentional delay for ts is inserted in the control signal generator, as
shown in Figure 4.6, to wait the time necessary for completion of recovery. Finally, the voltage
quickly goes to zero in the short duration of ta.

In mode 4, for the off state, the electrode is kept grounded for the duration ts until the start
of the next input pulse. During the off state, switch S1 is closed to charge the storage capacitor
C1 to the initial voltage, equal to the power source only for the deficiency of recovered charge.
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4.4. Experimental setup

The plasma discharge by the PDG was tested with the experimental setup shown in Figure
4.9(a). The main unit of PDG performs switching of the HVDC according to the input pulse
signal from the function generator and the input voltage for setting the current level. Figure
4.9(b) shows an equivalent circuit for the CCP discharge where Cg is the capacitance of
electrodes (represented as C2 in the circuits in Figures 4.5 and 4.8). When a higher voltage
pulse (HVp) over the breakdown voltage is applied across the electrode, the plasma is produced
by ionizing gas. The highly conductive plasma filling the gap is represented as the resistance
Re through the ignition switch Sg. The breakdown voltage and plasma resistance depend on the
property and pressure of discharge gas, and the material and configuration of the electrodes.
The working electrode was a stainless steel (SUS304) disk of 100 mm in diameter. The plasma
discharge was operated between the working electrode and the inner wall of the vacuum
chamber made of aluminum (Al), instead of the inserting counter electrode. The gap between
the working electrode and the chamber wall was 50 mm. For the discharge gas, argon (Ar) was
supplied through a mass flow controller at a 100 standard cubic centimeter per minute (SCCM)
flow rate with continuous pumping-out. The gas pressure was controlled by the conductance of
an evacuation valve. An absolute pressure transducer (MKS Baratron, type: 626, range: 1—
133.33 Pa, accuracy: 0.5%) with a controller was installed to the vacuum chamber for
measuring the working gas pressure.
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Figure 4.9. (a) Experimental setup and (b) equivalent circuit of the pulsed dc CCP system.

63



The performance of the PDG and the characteristics of plasma discharge were investigated
by monitoring current and voltage waveforms using a digital storage oscilloscope (Tektronix
2014B, 100 MHz) with a high voltage probe and an isolated current probe. While the intense
current pulses for charging and discharging capacitor Cc were more than 1 A at peak current,
and were clearly observed by the current probe, it was difficult to observe the plasma discharge
current below 100 mA. For monitoring the plasma discharge current, an electrically isolated
oscilloscope (MDS202, Micronix) was used to measure the voltage drop across the current

detection resistor R in the constant current circuit on the high voltage side.

Figure 4.10. Image of the fabricated Pulsed DC Generator (PDG)

Table 4.1. Specification of the developed PDG.

Element Rating

Input voltage (DC) 0-1000 (-V)
Output voltage (pulse) 0-1000 (-V)
Output steady current during pulse 0-100 (mA)

Pulse frequency 0 (DC)-500 (kHz)
Pulse width (input) 1 (us)—o0

Pulse rising time <500 ns

Pulse falling time <800 ns

4.5. Results and discussion

Figure 4.10 presents the photograph of the laboratory prototype level of the developed
pulsed DC generator. The specification of PDG is shown in Table 4.1. The input and output
voltages were limited by the HV power source used in the experiment while the absolute
maximum rating of the used MOSFET was 1200 V. The output steady current during pulse is
almost limited by the HV power source. The maximum pulse frequency was limited by the
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pulse rising time and falling time. There is no constraint for duty ratio. The minimum pulse
width of 1 ps is required for the input signal due to the pulse rising time and the dead time for
MOSFET switch. The pulse rising time is longer than the expected value of 300 ns due to
additional resistor Rd, internal resistance of inductors, source-drain capacitance of MOSFET,
diode capacitance, and stray capacitance and inductance. The pulse falling time is further longer

than the rising time mainly due to delay for completion of charge recovery.
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Figure 4.11. Discharge waveforms of (a) voltage, (b) total current, and (c) plasma
discharge current for Ar plasma at 5 Pa, 100 kHz, 50% duty, and 5 mA set
discharge current.

Figure 4.11 shows the typical current and voltage waveforms of Ar gas discharge at a
pressure of 5 Pa, an input voltage (DC) of -1000 V, an input pulse frequency of 100 kHz, a duty
ratio of 50%, and a pulse current of 5 mA. The waveform consists of four characteristic parts
based on the operation modes defined in section 4.2.4. The first part, indicated as (1) in Figure
4.11, is mode 1 for duration to, where the electrode is quickly charged to the peak voltage with

a large current pulse. The second part ((2) in Figure 4.11), is the steady current operation during
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mode 2. After the ignition of plasma, a damping oscillation of voltage and current occurred
with a decaying time of 600 ns.

After the oscillation, the current is well controlled at the set level of 5 mA, as shown in
Figure 4.11(c), which is traced from a photograph on the isolated oscilloscope screen. The
damping oscillation occurred possibly due to an excessive gain in the feedback circuit for
constant current control. It can be eliminated by further tuning of the circuit parameters.

The third and fourth parts ((3) and (4) in Figure 4.11) are charge recovery to C1 during t3
and forcible charge removal by grounding during ts, respectively, both in mode 3 for turning
off. In the current waveform, two negative peaks appeared for the two parts; the former peak is
charge recovery approximately 1 A in height and 300 ns in width, and the latter is forcible
grounding of approximately 2.5 A and below 100 ns. The observed waveforms of almost
rectangular voltage pulse and stabilized current during a pulse are as expected in designing with
an exception of damping oscillation.

The PDG is tested to operate discharge at the highest repeating rate of 500 kHz using the
minimum input pulse width of 1 ps (50% in duty ratio) under the same conditions. As shown
in Figure 9, the voltage waveform is a triangular wave consisting of only rising and falling
edges. At the highest frequency, the steady discharge part was diminished. The plasma looked
quite stable while the discharge current was not controlled through the constant current circuit,
but was supplied as a part of transferred charge from C1. The operation of the PDG at the high
frequency is similar to the conventional RF plasma sustained by the resonance between the
electrode and the matching network.
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Figure 4.12. Discharge voltage waveform of Ar plasma (5 Pa) at 500 kHz,
50% duty cycle.
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Figure 4.13 shows the voltage waveforms of Ar plasma discharges with different pulse
widths at a pressure of 15 Pa, a pulse frequency of 20 kHz, an input voltage (DC) of -550 V,
and a set discharge current of 20 mA. The input voltage was daringly decreased nearly to the
plasma sustaining voltage of - 550 V. While the actual current was not levelled at the set value
of 20 mA, the plasma was steadily sustained by the constant voltage during the pulse. At the
beginning of the pulse, the voltage was boosted up to the peak of -625V by intentionally
increasing the capacitance C1 (described in section 2.3) more than C2. The output voltage can
be enhanced by the LC resonance with unbalanced capacitance. After ignition of the plasma,
the peak voltage quickly dropped to the input voltage in a sub-microsecond. When the pulse
discharge operation follows the glow discharge scheme [27], a higher breakdown voltage than
the sustain voltage is required for ignition of the plasma. The PDG effectively supplies the
breakdown voltage for the short time, higher than the voltage source.
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Figure 4.13. Discharge voltage waveforms of Ar plasma (15 Pa, 20 kHz, set
discharge current 20 mA) with a variation of pulse width.

When the input voltage is nearly equal to the sustain voltage, the constant current circuit
cannot regulate the current level at the set value due to insufficient voltage drop in the circuit.
For precise control of current, the input voltage should be slightly higher than the sum of the
sustain voltage for the plasma and the voltage drop necessary for current regulation, even if the

breakdown voltage is supplied by the LC resonance. Compared to this PDG, in the conventional
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operation of glow discharge, the voltage source should be higher than the breakdown voltage.
After ignition of the plasma, a large portion of supplied voltage should be dropped in the ballast
resistance or current control circuit, resulting in a large energy loss in the circuit. By using the
LC resonance for charging the electrode, the energy loss for the voltage drop in the circuit can
be reduced successfully.

The power conversion efficiency of the PDG was examined. In this work, the efficiency is
defined as the ratio of the time average output power of pulsed DC to the DC input power from
the HV source. To support the effectiveness of energy recovery, the efficiency was measured
both with and without operating the energy recovery. As described in section 4.2.4, in the
operating mode 3 (for turning off), switch S4 is turned on at first to recover energy. To cut the
energy recovery operation, the driver circuit for S4 was intentionally disconnected. Without the
operation of energy recovery, all of the charge and energy remaining on the electrode
disappeared directly into the ground through switch S5 at the end of each pulse discharge.
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Figure 4.14. Efficiency of PDG with variation of pulse frequency with and
without energy recovery operation for each pulse.

Figure 4.14 shows the conversion efficiency of the PDG with variation of pulse frequency,
with and without energy recovery at Ar pressure of 15 Pa, DC input voltage of -625 V, discharge
current of 20 mA, and 50% duty ratio. In this experiment, the storage capacitance C1 was tuned

to be almost the same as the load capacitance C2 for the effective recovery of energy. At the
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low frequency of 1 kHz, the efficiency was slightly improved from 83% to 85% by energy
recovery. For the highest efficiency of 85%, the DC input power was 6.06 W for a pulsed output
power of 5.15 W.

The efficiency decreased with an increase in the pulse frequency in both cases. Without
energy recovery, the efficiency decreased more rapidly compared to the energy recovery.
However, as observed in Figure 4.11, there was a significant amount of charge remaining on
the electrode even after recovery, to be removed subsequently by grounding. The remaining
charge in each pulse resulted in an increase of energy loss with an increase of frequency. From
a comparison of inclinations, the energy loss was diminished by approximately half.

By extrapolating both lines, the efficiency approaches 86% at 0 kHz. The intercept value of
efficiency is not induced by pulse switching, but due to the voltage drop for current regulation
from the source voltage of -625 V to the actual sustain voltage. As mentioned previously, the
energy loss due to the voltage drop can be reduced by decreasing the source voltage with
unbalanced capacitance. By tuning the storage capacitance as unbalanced, however, the energy
recovery ratio would deteriorate. Further optimization of the storage capacitance and a possible
decrease of the source voltage will effectively improve the conversion efficiency of the PDG.

It was confirmed that the recovery of charge and energy from the load to the storage
capacitor was effective for the improvement of power conversion efficiency. For further
improvement, especially at higher frequencies, it is necessary to tune the circuit parameters of
storage capacitance C1, inductances L1 and L2, resistance Rd, and so on, for effective recovery
of the energy with a diminution of the remaining charge. The tuning of circuit parameters for
the PDG is similar to impedance matching for the RF transmission line.

It is confirmed by the experimental results that the designed PDG was available for
operation of CCP discharge. However, the repeatability, reproducibility and life time of the
generator are also considered as significant parameters along with electrical characteristics to
validate a newly developed PDG. The repeatability of the PDG was characterized by the
variations observed in different measurements for an experiment operated under the same
conditions in a short period of time. The reproducibility was also tested by the ability to
replicate independently a previously performed experiment results under same conditions.
These observations recommend satisfactory repeatability and reproducibility of the PDG. All-
solid-sate approach by using semiconductor switches (MOSFETSs) with a stable control method
is employed to develop the proposed PDG. Hence, the adopted PDG is compact, and has long
maintenance-free lifetime and high reliability.

Lastly, the performance of the developed novel (improved) PDG (presented above) can be
evaluated compared to our previously developed simple half-bridge PDG (Chap. 3,
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Sec.3.2.1.2). However, most important parameters are considered to assess the pulse rising edge
and efficiency of energy conversion with pulse repeating rate. Figure 4.15 shows the pulse
rising edges for a CCP load by the improved PDG and the half-bridge PDG. The pulse rise time
of the improved PDG is 300 ns, which is 10 times faster than the half-bridge PDG at a voltage
of -550 V for Ar plasma (15 Pa).
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Figure 4.15. Pulse rising edge for a CCP load by the improved PDG and the
half-bridge PDG.
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Figure 4.16. Efficiency of improved PDG and half-bridge PDG with variation

of pulse frequency.
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Figure 4.16 shows the conversion efficiency of the improved PDG and half-bridge PDG
with variation of pulse frequency, at Ar pressure of 15 Pa, DC input voltage of -625 V, discharge
current of 20 mA, and 50% duty ratio. The efficiency is calculated as the ratio of the time
average output power of pulsed DC to the DC input power from the HV source. The efficiency
decreased with an increase in the pulse frequency in both cases. However, it was observed that
the efficiency decreased more rapidly in half-bridge PDG compared to improved PDG. The
energy conversion efficiency by the improved PDG is approximately 15% higher than half-
bridge PDG at a pulse operation of 30 kHz.

4.6. Conclusion

In this study, a new model for a pulsed DC generator (PDG) was designed and constructed
using an LC half-resonant converter and a constant current controller with high-frequency solid-
state switching to deliver high-voltage pulses for capacitive coupled plasma discharge in a
vacuum chamber. Pulsed DC plasma discharge was operated using the prototype PDG for the
monitoring of voltage and current waveforms, and evaluation of power conversion efficiency.
In the order of microseconds, the voltage waveform was nearly rectangular and the current level
was stable at the set value during the pulse on state. The generator can deliver maximum
negative pulses of 1000 V with rise time less than 500 ns and fall time less than 800 ns,
respectively. The controllable pulse duration is 1us — oo, and operating frequency range is 0
(DC) — 500 kHz. By recovering charge and energy from the capacitive load to the storage
capacitor in the PDG, conversion efficiency from the HVDC input to the pulsed DC output at
a repetition rate of 30 kHz was considerably improved approximately 12.2%, as expected from
the design. The PDG can produce stable and uniform plasma suitable for material processing
in a wide range of discharge conditions. It is our belief that this study will stimulate the further
investigations on the development of high-frequency energy-efficient pulsed-DC generators for

plasma discharge processes.
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Chapter 5

Deposition and characterization of a-C:H films using a high-repetition
microsecond-pulsed DC capacitive-couple plasma CVD system

This chapter presents the investigation of the growth of hydrogenated amorphous carbon (a-
C:H) films on silicon substrates with the variation of pulse repetition rate using a developed
high-frequency pulsed DC capacitive-couple plasma CVD system. The introduction, objectives,
and experimental methods are described. The study of the influence of the pulse repetition rate
on the plasma characteristics is performed. Furthermore, the deposition rate and films
properties are presented as a function of pulse operating frequency. Finally, discussions and

conclusions are drawn based on the experimental results.

5.1. Introduction

Diamond-like carbon (DLC) is an amorphous carbon (a-C), whereas hydrogenated
amorphous carbon (a-C:H) films consist of a combination of sp? and sp® carbon bonds. DLC
films are the focus of great interest because of their several industrial applications due to their
magnificent properties such as high hardness, low frictional coefficient, high insulation
properties, chemical inactiveness, and optical transparency [1—4]. The DLC films exhibit
various properties because of their different microstructures depending on the synthesis
approach and the process parameters used. There are various deposition methods employed to
produce DLC films, such as sputtering, [5—7], filtered-arc deposition [8], pulsed laser ablation
[9] and plasma-enhanced chemical vapor deposition (PECVD) [10-11] employed to produce
DLC films. Among these method, PECVD is widely used to prepare a-C:H films from
hydrocarbon discharges owing to its advantages of considerably low deposition temperature,
higher throughput, and uniform deposition area. [12—-13]. PECVD involves chemical processes
that occur in the vapor phase on the substrate surface to form films. Basically, two types of
plasma species, radicals (chemically active neutral species) and ions that diffuse from the
plasma, drift toward the substrate surface to form films. The plasma species and ionic energies
as well as densities are widely affected by the discharge process [14].

PECVD is usually carried out using various power systems such as microwave (2.4 GHz),
radio frequency (RF13.56 MHz), pulsed DC (adjustable frequency range Hz to kHz), and DC
(0 Hz) systems. Among these, definitely, plasma discharge by pulsed DC introduces

considerable advance in material synthesis owing to the stability and controllability of plasma
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properties [15] and it is advantageous for the deposition of insulating thin films, for example,
a-C:H films, because the substrates are required to be powered with an alternating current [16].
The pulse parameters, specifically frequency and pulse width, directly affect the plasma
deposition and diffusion processes used, which are supposed to the key factors for the
enhancement of film properties. A pulse with high voltage, short rise time, and high repetitive
rate can produce a strong electric field that accelerates electrons to a high-energy state and
increases electron-excitation temperature, which is interesting for amorphous carbon thin-film
processing. Thus, the plasma discharge characteristics are significantly affected by the design
of pulsed DC power supply (PDPS) as well as the arrangement of electrodes inside the chamber.
When two electrodes (anode and cathode) separated by a certain distance and set similarly to
parallel plates in a vacuum chamber filled with a process gas, they function as a capacitive load,
the so-called capacitive-coupled plasma (CCP). For capacitive loads, to achieve high-frequency
pulses with very short rise and fall times is challenging because strong current is necessary for
fast charging and discharging to them [17]. Moreover, the efficiency of the power supply is
seriously degraded as pulse frequency increases owing to switching loss. Therefore, it is
attractive to design an energy-efficient high-frequency (several hundreds of kHz) pulsed DC
power supply for CCP that can drive a wide range of pulsed plasma discharge operations with
various pulse parameters, such as frequency, duty cycle, and amplitude.

Hence, understanding the processes occurring in CCP during high-frequency pulsed DC
is required. One of the techniques to realize a glow discharge is based on the electrical behavior
of CCP. For example, CCP can be observed from its current-voltage (I-V) characteristics when
it runs under steady condition, which is crucial for the homogeneous discharge as well as
efficient excitation and ionization [18]. Furthermore, optical emission spectroscopy (OES) is
considered as the popular tool used for the examining glow discharge parameters [19]. The
optical emissions from plasma discharge occur via numerous excited particles, and it has been
reported that electron-excitation temperature in plasma can be estimated from the relative
intensities of spectral lines [20]. In particular, it is expected that the electron-excitation
temperature and the species generated in plasma may be affected by the high-frequency
operation of pulsed power, which are considered as important parameters in film growth
applications.

However, several studies [15, 21-23] have been carried out for the preparation of a-C:H
films by conventional pulsed plasma CVDs, in which the pulse frequencies and widths were
20-40 kHz and 10-30 ps, respectively. In contrast, very few works [24-25] have been reported
for the deposition of a-C:H films using high-frequency pulsed DC plasma discharge, in which

the maximum operating pulse frequency was limited to 250 kHz. In addition, the impact of
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plasma-generated hydrocarbon species on the formation of films was not discussed. It is
expected that pulsed discharge carried out further than this being more interesting for films
deposited at higher frequencies may increase the ionization efficiency leading to a higher
plasma density and greater contribution of plasma-generated hydrocarbon species. Therefore,
the study of high-frequency pulsed DC plasma glow discharge by OES for CVD of a-C:H films

has attracted much attention.

5.2 Objective

In this study, a new method of the deposition of a-C:H films using a high-frequency pulsed
DC plasma CVD system inside a vacuum chamber is presented. The high-frequency pulsed
glow discharge characteristics analyzed by OES and their effects on the growth process and

structural properties of the deposited films at various pulse frequencies were investigated.

5.3. Experimental and methods

Figure 5.1. shows a schematic diagram of the high-frequency microsecond-pulsed DC
capacitive-couple plasma CVD system developed by means of a novel pulsed-DC generator
(described in chap. 4) and a customized vacuum discharge chamber apparatus (described in
chap. 3). High-repetitive capacitive-couple plasma discharge was operated between the
working electrode and the inner wall of the vacuum chamber made of Al instead of inserting a
counter electrode. The gap between the working electrode and the chamber wall was 50 mm.
Negative pulse voltage was applied to the electrode, and the chamber wall was kept electrically
grounded. The main component of the system is a pulsed DC power supply (PDPS), which
provides the power required to ignite and sustain the plasma discharge inside the chamber. As
the plasma discharge characteristics are notably affected by the design of the power supply [26—
28], it is vital to understand the operation of the developed prototype PDPS (not presented here
for simplicity, described in chap. 4, section 4.3.4).

For the experiments, firstly the discharge chamber was evacuated using a turbomolecular
pump (TMP) and a rotary pump (RP) below a base pressure of 8x107 Pa. The gas fed into the
chamber was controlled by mass flow controllers (MFCs), and the working pressure was
maintained by controlling the evacuation valve (EV). For the assessment, gas discharge
experiments were carried out under various discharge conditions. a-C:H films were deposited
on mirror polished, n-type Si (100) wafers placed at the top of the electrode from C,H»
hydrocarbon gas at room temperature. In this proposed system, the electrode with the substrate

holder was considered for the use of a 4-inch wafer with an active circular deposition window
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of 90 mm diameter. It was confirmed that the film was deposited in the entire deposition
window; however, in this study, only a quarter of the circular deposition window was used to

decrease the consumption of Si wafers.
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Figure 5.1. Schematic view of experimental setup of the pulsed DC plasma glow
discharge system.

Table 5.1. Plasma CVD conditions for deposition of a-C:H films.

Gas Pressure Deposition Flow Electrode Constant Pulsed Frequency

(Pa) time rate voltage  current set width (kHz)
(min) (sccm)  (pulsed) (mA) (us)
V)

10 50

5 100

C,H, 15 10 100 -800 10 2.5 200
1.67 300
1.25 400

The deposition conditions are shown in Table 5.1. by keeping other conditions unchanged,
plasma CVD was carried out at various pulse frequencies at a constant duty cycle of 50%. In
this approach, a higher repetition rate contributes to generating minute negative pulses for

plasma discharge. Before each film deposition, argon (Ar) plasma was operated for one minute
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under the same conditions as those for deposition. It is considered as a preprocessing treatment

of the Si substrate for the elimination of the native oxide layer from the substrate surface.

Plasma discharge characteristics were examined by current-voltage waveform analysis and
OES. The current-voltage waveforms were measured and stored in a digital storage oscilloscope
(Tektronix 2014B, 100 MHz) for further investigation using an isolated-current probe and a
high-voltage probe. For OES measurements, the plasma emission light through a quartz view
port was introduced into a bare optical fiber (Ocean Optics P1000-1-SR) connected to a
multichannel spectrometer (Ocean Optics USB4000; measurement range, 178-888 nm; optical
resolution, 1.46 nm) interfaced with a PC. The optical data acquisition conditions were set as
follows: accumulation time, 100 ms; average number of scans, 50; and number of boxcar
segments, 10. The sensitivity of the spectrometer and optical fiber was calibrated as absolute
spectral irradiance using a deep-UV deuterium and tungsten halogen light source (Ocean Optics
DH-2000-DUYV). The thickness of the deposited films was evaluated using a benchtop stylus
profilometer (KLA-Tencor Alpha-Step 1Q). The film properties were characterized using a
Raman spectrometer (Horiba Jobin Yvon HR-800; laser excitation wavelength, 532.08 nm), a
Fourier transform infrared (FT-IR) spectrometer with an evacuation system (JASCO FT-IR-
6100), and a resistivity meter (Loresta EP MCP-T360, 4-pin probe; measurement range, 102 —
10°Q).

5.4. Results and discussion
5.4.1. Discharge Characteristics

From the gas discharge experiments, it was confirmed that the developed PDPS can deliver
nearly rectangular negative pulses of up tol kV with short rise time (<500 ns) and fall time
(<800 ns) even for the CCP load. The maximum operating pulse frequency was 500 kHz with
a minimum pulse width of 1 us. Figure 5.2(a) shows typical current-voltage waveforms of a
single pulse obtained from the C2H; gas discharge at a pressure of 15 Pa, an input voltage (DC)
of -800 V, an input pulse frequency of 100 kHz, a duty ratio of 50%, and a steady pulse current
of 10 mA. The waveforms have four characteristic timing modes of operation. For the duration
t1, the electrode is quickly charged to a peak voltage (Vp) with a large peak current (1.28 A)
pulse for the ignition of discharge. After ignition of plasma, damping oscillation of voltage and
current appears and peak voltage gradually decreases to reach a stable discharge voltage (Va),
at which the discharge current is well controlled at the set level of 10 mA, and uniform plasma
discharges were observed, as shown on the inset in Figure 5.2(a). This is the steady discharge

duration of #,, which varies according to the set pulse frequency and duty cycle. During ¢3,
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charges from the electrode are recovered to the energy storage capacitor with a peak current
(0.8 A), and during ¢4 charges are forcibly eliminated from the electrode by grounding with
another peak current (1.7 A) within 100 ns. The voltage waveforms of almost rectangular and
stabilized current confirmed the wide pulse frequency range of operation. For the deposition of
a-C:H films, however, we intentionally chose five distinct pulse frequencies to investigate the

high frequency dependence on the film properties.
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Figure 5.2. Discharge current-voltage waveforms of the deposited films (a) a typical
individual pulse at 100 kHz (b) pulses of different frequency vertically placed within a
time frame of 45ps.

Figure 3(b) shows the discharge current-voltage waveforms during the deposition of films
at different pulse frequencies which are vertically demonstrated within a fixed time frame of 45
us. It is observed that the number of pulses increases and the pulse width decreases with
increasing frequency. At a higher frequency, the steady-discharge part was almost diminished
and the discharge was mostly sustained by the transferred charge from the energy storage
capacitor. The high-frequency-operated pulse discharge has large impact on the initiation of
plasma generation rather than the steady state. Hence, the operation of pulsed discharge at a
higher frequency may increase the ionization efficiency, and it seems that the conventional RF

plasma sustained through resonance between the electrode and the matching network.
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Figure 5.3. (a) Optical emission spectra of the CoH> in pulsed DC plasma CVD at
different pulse frequency. Each spectrum was normalized using the CH emission
intensity. (b) Electron excitation energy and intensity ratio of CH/C; in C2H; plasma with
a variation of pulse operating frequency.

The study of hydrocarbon plasma discharge by OES has gained prominent attention for
identifying the active species that play leading roles in the growth of films [29]. The optical
emission spectra of CoH> plasma operated at different pulse frequencies in the broad range of
200-900 nm during the deposition of films are shown in Figure 5.3(a). Prominent emission lines

of CH, C, Hy, and Hp are clearly identified in the spectra [30], where each spectrum was
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normalized by the CH peak intensity at 431 nm. These observed species are presented in Table
5.2. The relative time average intensities of these peaks were evaluated by fitting each peak to
the Lorentzian distribution after deducting the continuum emission as the background. It is a
well known method for determining of the electron-excitation temperature (Texc) using the
intensities of Hy and Hg lines emitted from the plasma. The Texc in the plasma has been evaluated
in electron-volt (eV) using the technique described in the literature [31]. Figure 5.3(b) shows
the Texe and the intensity ratio of the CH peak (431 nm) to the Swan band of the C, peak (516
nm), [[(CH)/I(C>)] of C2H» plasma operated at different pulse frequencies. The figure shows
that the electron excitation energy gradually increases while I(CH)/I(Cz2) decreases with the
increase in pulse frequency and becomes more prominent at frequencies higher than 200 kHz.
It is suggested that CoH> becomes more dissociative at higher pulse frequencies. This effect has
great impact on the growth of hydrogenated a-C films, and the film properties in our current
experiments are in agreement with those obtained in some previous works [32-34].

Table 5.2. Main species of OES spectra in C2Hz plasma.

Peak Position (nm) Species Transition

a,b 390, 431.1 CH BT — X211, A2A—X?I1
cef 473.7,516.5, 563.5 C; (Swan Band) AT—- X311

d, g 486.1, 656.3 Hg , Ho (Balmer series) n=4—-2,3-2

5.4.2. Characterization of a-C:H films

Figure 5.4(a) shows the deposition rate of the a-C:H films as a function of pulse frequency.
It was found that the deposition rate of the films increases slightly with pulse frequency up to
200 kHz, and with the further increase in pulse frequency until 400 kHz, the deposition rate
tends to decrease. The maximum deposition rate was attained 60 nm/min at 200 kHz with a
pulse duration of 2.5 ps and a low gas pressure of 15 Pa. Nevertheless, the formation of dangling
bonds in the film determines the growth rate, i.e., the surface having more dangling bonds
shows a higher growth rate [35]. Two complementary impacts of the H species in hydrocarbon
plasma on the growth of a-C:H films have been reported, namely, the formation of dangling
bonds by ions bombardment, which increases the deposition rate, and the etching of weak
neighboring dangling bonds, which reduces the growth rate. However, an almost uniform
deposition area of the deposited films was observed from the radial profile of film thickness, as
shown in Figure 5.4(b). This result also correlates to the uniformity of the plasma discharge, as

mentioned in earlier section.
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Figure 5.4. (a) Deposition rate of the films as a function of pulse frequency and (b)
radial profiles of thickness of the deposited films.

Raman spectroscopic measurements were carried out to examine the microstructural
properties of the films. The visible Raman spectra of films synthesized at various pulse
frequencies are shown in Figure 5.5. These spectra show a broad peak that overlapped with a
dominant peak positioned at ~1520 cm™ and a shoulder peak at ~1400 cm™! assigned as the so-
called G (graphitic) and D (disordered) peaks, respectively. These peaks of the Raman spectra
suggest typical characteristics of a-C:H films. The G peak appears because of the stretching
vibration mode of sp? sites either in chains or aromatic rings, whereas the D peak appears owing

to the breathing mode of sp? sites in aromatic rings [1-3].

Besides, an inclined background overlaid on each Raman spectrum was observed, which
was attributed to the photoluminescence (PL) background. The hydrogen (H) content in the a-
C:H films markedly affects the slope of the PL background and it can be estimated according

to the formula stated in the literature [36], where the laser excitation wavelength is 514.5 nm. It
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is supposed that the trend in the slope of the PL background with the increase in the hydrogen
content in the films is not changed by a small shifting of the laser excitation wavelength to
532.08 nm employed in this work, but the accuracy of the estimated H content may slightly

diverge.
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Figure 5.5. Raman spectra of the a-C:H films prepared at different pulse frequency
where the spectra are set vertically for clarity.
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Figure 5.6. Hydrogen content of the a-C:H films evaluated using the Raman spectra
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However, using this technique, the hydrogen content of the deposited films at various pulse
frequencies was evaluated, as shown in Figure 5.6. It is found that the hydrogen content
decreases from 25 to 21 (at. %), when the pulse frequency increases from 50 to 400 kHz, where
the decrease rate is larger at higher pulse frequencies, specifically after 200 kHz. A probable
explanation is that, when the plasma discharge is operated at higher frequencies, ion impinge
on the substrate is enhanced as expected owing to the contribution of ions extracted from the
afterglow of the previous pulse to the next pulse, which may contribute to the preferential H
release from the a-C:H films [37]. Such a decrease in hydrogen content in high-frequency
operation of pulsed glow discharge plasma is observed in the DLC films prepared from methane

gas [25].
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Figure 5.7. Raman spectral parameters (a) G peak position (b) I(D)/1(G), and (c)
FWHM of G peak all as function of pulse frequency.

For the investigation of the microstructure of the deposited a-C:H films, Raman spectra
were fitted by two Gaussian distributions for the D and G peaks after deducting the PL
background. The G peak position, the full width at half maximum (FWHM) of the G peak, and
the intensity ratio of the D peak to the G peak (I(D)/I(G)) were evaluated. Figures 5.8(a)-5.8(c)
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show the correlation of these Raman spectral parameters with the variation of pulse frequency.
The “three-stage” model, [1,38] recommended by Robertson’s group, is commonly used for the
examination of Raman spectra; the evaluation of the microstructural properties of the films in
this work is basically based on this model. In general, for a conventional a-C:H film, the shifting
of the G peak position to the lower wave number, the decrease in I(D)/I(G), and the increase in
the FWHM of the G peak correspond to the growth of a diamond-like structure in the films.
The film characteristics in the case of increasing pulse frequency are as follows: the G peak
position comparatively has a lower wave number and marginally decreases with increasing
pulse frequency from 1521.8 to 1516.6 cm™; I(G)/I(D) is comparatively low and slowly
decreases from 0.53 to 0.50; and the FWHM of the G peak is comparatively high and rises from
171.27 to 174.36 cm™. In particular, our deposited films show good agreement with the
tendency found in stage 2 of the three-stage model. These results of Raman spectral analysis
reveal that the sp® content (amorphization) of the films slightly increases as the pulse frequency
increases. It is supposed that the slight growth of C-C bonds may be enhanced by the formation
of dangling bonds from the broken C-H bonds cause by more ions impinge at a higher pulse

frequency.
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Figure 5.8. Amorphization evaluation diagram of the film prepared at the highest
pulse frequency (400 kHz) compared to some previous works based on Robertson’s
three stage model.

Furthermore, the amorphization of the film prepared at the highest pulse frequency (400

kHz) is compared to some previous works [39-42] based on Robertson’s three stage model, as
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shown in Figure 5.8. Amorphization forwarding line shows enhanced sp® content in the film
prepared by our developed high-frequency pulsed-dc plasma CVD system, in contrast of
previously performed some pulsed plasma CVD works of hydrogenated amorphous carbon
films.

Generally, the microstructure of a-C:H films significantly influences the mechanical and
tribological properties such as hardness and wear resistance which are interrelated to the
fraction of the sp’/sp? hybridization of carbon atoms in the films. The increase in the number
of sp* (diamond-like) bonds enhances the hardness and wear resistance of the films, while the
increase in the number of sp? (graphitic-like) bonds degrades these properties. The Raman
spectroscopic analysis results presented above suggests that the films prepared at a higher pulse
repetition rate have relatively higher concentrations of sp® bonds. It can be clearly expected that
the hardness and wear resistance of the a-C:H films are improved, as the operating pulse
repetition rate of microsecond-pulsed DC plasma CVD increases.
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a-(C-H, CH,) |
|
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Figure 5.9. FT-IR spectra of the a-C:H films deposited by varying pulse frequency
from 50 to 400 kHz.

Hydrogen plays a significant role in the physical properties of hydrogenated a-C films and
it can be used to sense the assembly of bonded carbon atoms because of the confined vibration
mode of the C-H bonds. FT-IR spectroscopy is broadly employed to explore the C-H bonding
in a-C:H films [1,43]. Figure 5.9 shows the FT-IR absorption spectra of the prepared films at
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various pulse frequencies, in which all spectral intensities are normalized by the film thickness.
Each spectrum shows both the sp>CH, and sp?CH, stretching mode peaks within 2860-2955
cm™! and 2995-3080 cm!, respectively, which are generally observed in a-C:H films [44]. It is
identified that the C-H absorption peaks are centered at 2920 cm™!, which appeared to be due to
the asymmetric stretching mode of the hydrogen bonds in the form of sp>CH and sp’CHo,
associated with the overlapped shoulder peaks at 2860, 2955, 2995, and 3035 cm™!, which are
attributed to the symmetric sp?’CHs mode, asymmetric sp°’CH3 stretching mode, symmetric
olefinic sp>’CH>, and aromatic sp>’CH, respectively [43]. However, the intensities of the sp3C-H
stretching mode peaks are apparently higher than the sp?C-H peaks, which suggests that the
hydrogen atoms in the films mostly formed sp® hybridized bonds to the carbon atoms.

It is also noted that the intensity of the C-H absorption peaks of the films gradually decreases
with increasing pulse frequency. As the intensity of the C-H absorption peak is the sign of the
bonded hydrogen content in the films, it is assumed that the bonded hydrogen content in the
films decreases with increasing pulse frequency owing to the large number of ions impinging
on the surface of the substrate, resulting in the breakage of the weak C-H bonds. Moreover, this
reduction in the content of hydrogen forming bonds inside the films with increasing pulse
frequency is also confirmed by Raman spectrometry analysis.

The electrical resistivity of all the a-C:H films was examined by the four-point probe
measurement technique. The resistivity results of all the films showed highly insulating
properties (unable to measure, over loaded, above 10° Q/o), which are consistent with the
results obtained from microstructural analysis that the films contained less graphitic structure
with sp? hybridization. These types of films have high potential applications in passive electrical
devices as protective coatings.

It can be generally considered that the growth mechanism of hydrogenated a-C films by the
plasma CVD method is mainly based on the ionic impact and chemical absorption on the
substrate. It is recognized that C2Hz gas molecules are decomposed by plasma, resulting in the
production of neutral and ionic radicals of hydrocarbon along with atomic or ionic hydrogen.
Generally, hydrocarbon ions (positive) are accelerated in the substrate (negative) and form
dangling bonds, with which the neutral hydrocarbon radicals are absorbed and enhance the
growth of a-C:H films, whereas the growth or etching of the surface of the films also occur with
hydrogen ions (atoms). It can be suggested that growth mechanism of the hydrogenated a-C
films is the balance between the deposition and removal of hydrocarbon radicals, which is
mostly governed by the ions impinging on the surface of the substrate. Finally, the hydrogen
content remaining in the films depends on the competition between the subtraction and

incorporation of hydrogen. In this study, it is found that the subtraction of hydrogen is

87



stimulated at high pulse frequencies as the number of ions impinging on the substrate increases
owing to the hydrocarbon dissociation enhanced by the increased electron excited energy,
resulting in the slight decrease in hydrogen content as well as the modification of the film

properties. An expected model can be demonstrated as shown in Figure 5.10.
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Figure 5.10. An expected model of CoH: electron impact dissociation and film growth at lower
and higher electron excited energy.

However, the impact of H species on the formation of a-C:H films is relatively complex.
Therefore, the complex process from gas phase to the surface and their relationship with the
plasma parameters, the ion energy distribution and quantitative correlations to the resulting
films should be studied in future works.

The interesting features of this novel pulse discharge system are that it can operate using
capacitive-coupled plasma (CCP) in a wide range of high frequencies up to 400 kHz with stable
current and broad variation of pulse modulating parameters. The major advantage is the
possibility to modify the electron excitation energy in the glow discharge by tuning the pulse
parameters. In pulsed plasma, the electron excitation energy is boosted by starting each pulse
to reach a higher electron temperature as the driving frequency becomes high. This results in
the production of more chemically active plasma and introduction of more exciting species to
take part in the deposition process. Moreover, in highly repetitive pulsed plasma, the impact of
afterglow is also dominant. It can be assumed that at a low frequency the afterglow of the
previous pulse discharge vanishes as the next pulse approaches. In high-frequency operation,
the afterglow discharge generated from the preceding pulse discharge exists and contributes as

a pre-ionization effect on the subsequent pulse discharge. As a result, the plasma discharge
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driven at a high frequency contributes more ions to the growth of films. However, the control
of electron density in plasma, which is basically governed by current density is also crucial for
controlling the reproducibility of the CVD system. In the current control mode, this pulse
discharge system can keep the set discharge current stable regardless of the plasma
characteristics impedance, which is very effective for the deposition of insulating films to
confirm the uniform deposition area. Furthermore, the modulation of pulse parameters such as
the variations in pulse duty and voltage amplitude and the energy recovery technique also make
this developed system more versatile than the conventional pulsed discharge system. It seems
that the plasma discharge characteristics and the deposition of films and their properties can be
widely modified using the high-frequency pulsed DC plasma discharge system, which can open

new possibilities in etching, ion implanting, and sputtering applications in material processing.
5.5. Conclusion

A new model of high frequency pulsed DC plasma CVD system has been developed for the
deposition of a-C:H films from C,H; gas. This technique is employed by a developed pulsed
DC power supply (PDPS) which can produce highly repetitive microsecond pulsed plasma
glow discharge at considerably low pressure inside a customized vacuum chamber. The
deposition of a-C:H films was carried out on Si substrates with a variation of pulse frequency
up to 400 kHz at 50% duty cycle by keeping gas pressure of 15 Pa and negative pulse magnitude
of 800 V. The impacts of increasing of pulse frequency on the plasma discharge characteristics,
generated hydrocarbon species, deposition rate and structural properties of films were examined.
The results show that the dissociation of C2H> became higher with the increasing of pulse
repetition rate as the electron excited energy increases. The growth rate slowly increases with
pulse frequency until 200 kHz and after that a gradual reduction is observed. The hydrogen
atoms in the films are mostly formed sp> hybridized bonds to the carbon atoms and it decreases
with the increasing of pulse frequency. All the prepared films demonstrate highly insulating
properties while the amorphization (sp content) increases with the increase of pulse operating
frequency. The results suggest that the proposed pulsed DC plasma CVD system driven by tiny
high voltage pulses (few microseconds) with high repetition rate (several hundreds of kilohertz

up to 400 kHz) can be considered as advantageous for the preparation of a-C:H films.
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Chapter 6

Investigation of pulsed plasma characteristics and deposition of carbon thin
films with a variation of discharge conditions

This chapter provides the investigation of pulsed plasma characteristics with the variation
of discharge conditions using optical emission spectroscopy (OES). A trial deposition of carbon
thin films is also examined by the developed novel pulsed discharge system, following the
results obtained from the optimization process. Introduction, objectives, and used methods are
described. The deposited films properties are characterized. Finally, conclusions are drawn
based on the experimental results.

6.1. Introduction

Plasma chemical vapour deposition (CVD) is widely used in the field of material processing
for coatings, material surface treatment, and thin-film deposition owing to its advantages of
considerably low deposition temperature, high yield, and large area of uniform deposition [1]—
[11]. In plasma CVD, chemical processes occur in the vapor phase where basically two types
of plasma species—radicals (chemically active neutral species) and ions that diffuse from the
plasma—drift toward the surface of the substrate surface and grow films. As plasma is the
dominant factor in plasma CVD, the growth processes by plasma species demonstrate a
significant dependence on the design of the discharge system architecture.

Nowadays, the pulsed-DC discharge has significant potential in plasma CVD systems for
the synthesis of thin films and is considered a popular method. Compared to the commonly
used DC and RF discharges, the pulsed-DC discharge has the advantages of suppressing the
development of arc discharges, higher energy efficiency, and less electromagnetic interference.
Furthermore, the pulsed-DC discharge introduces more stability in plasma production and
maintains broad controllability of plasma properties [12]-[14].

In addition, the pulsed-DC discharge is advantageous for the synthesis of insulating thin
films, for example, diamond-like carbon (DLC) films [15] where substrates to be powered by
alternating pulses are needed [16]. Generally, a pulsed-DC discharge for plasma CVD is carried
inside a chamber filled with a gas mixture by a pulsed-DC generator. In this case, pulse
parameters such as the pulse shape, amplitude, repetition rate, and duty cycle directly influence
the plasma properties that are key factors in the growth of the film and the modification of its
properties. However, the control of these parameters across a wide range during a pulsed-DC
discharge is limited because it mostly depends on the design of the pulsed-DC generator and

the arrangement of electrodes inside the discharge chamber.
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Capacitively coupled plasma (CCP) is one of the most important configurations for plasma
processes owing to its simple, relatively inexpensive structure and good plasma uniformity
[17]-[19]. In CCP, a gas discharge is performed between two electrodes (anode and cathode)
at a short distance from each other, configured as parallel plates and placed in a reactor chamber.
The gas pressure in the reactor can be low or near to atmospheric depending on the particular
purpose of the application. The CCP is usually driven by the RF generator at a high frequency
(typically 13.56 MHz) in a sinusoidal wave through a matching network. For CCP operation,
however, it is challenging to attain nearly rectangular high-voltage pulses with fast rising and
falling edges, high repetition rates, and varying pulse widths. This is because CCP performs as
a capacitive load and short, intense current is required to quickly charge and discharge the load
[20].

Numerous studies [13], [21]-[27] have reported on the pulsed-DC discharge in CCP;
however, the flexibility of the control of pulse operation conditions can be further enhanced. It
is projected that the pulsed-DC discharge in CCP with a wide variation of pulse operation can
make the system more versatile and more interesting for film deposition. Thus, development of
the wide controllability of a pulsed-DC discharge operation and its impact on the plasma and

film properties has gained extensive attention.

6.2. Objective

In this study, a new pulsed-DC discharge system for capacitively coupled plasma CVD
using a developed pulsed-DC generator and a vacuum discharge chamber is demonstrated. Gas
discharge experiments are carried out to investigate the plasma discharge characteristics. A
wide variation of pulse parameters and plasma conditions were studied by optical emission
spectroscopy (OES). Furthermore, a trial deposition of DLC and ultrathin pyrolytic carbon
(PyC) films was also discussed.

6.3. Experimental setup

Figure 6.1. shows the setup of pulsed-DC discharge system developed by means of a novel
pulsed-DC generator [27] (described in chap. 4) and a customized vacuum discharge chamber
apparatus [15] (described in chap. 3). The pulsed-DC generator is a vital part of this system as
it plays an important role for the generation of plasma. The design of the system mainly focused
on the generation of plasma by high-voltage negative pulses with fast rising and falling edges
and controllable pulse widths using half-resonant converter topology [28].

Argon (Ar) gas discharge was used to evaluate the pulsed plasma characteristics with the

variation of discharge conditions. For the experiments, the chamber was always evacuated
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under a base pressure of 8x10 Pa for the removal of inherent contaminated gas from the
chamber. The gas out system of the chamber consisted of a turbo molecular pump (TMP) as
the main evacuator, and a rotary pump for backup of TMP.

Discharge chamber

Electrode
(Cathode)

7]_ ___yWater out
[— e

—» Temperature
Water in Controller
Oscilloscope
Pulsed-DC | Isolated
=== Generator  [7| Oscilloscope

PC i

Figure 6.1. Schematic diagram of the experimental setup for pulsed-DC discharge.

The electrode voltage was observed using a high-voltage probe (Tektronix, 12000 V,
100:1). A current probe was used to measure all currents during discharge operations. The
current-voltage waveforms were monitored and stored by a digital storage oscilloscope
(Tektronix, 2014B). However, the magnitude of the steady discharge current was very low
compared to the other currents and it was challenging to extract it from the main current
waveforms. An isolated oscilloscope (Micornix) was introduced on the high-voltage side to
monitor the steady discharge current separately. However, it was difficult to store these current
waveforms in a computer using the isolated oscilloscope as it was configured to be electrically
isolated from the ground. Hence, a digital camera was used to take photographs of these current
waveforms from the monitor of the isolated oscilloscope. After that, these photographs were
digitized to extract the functional numerical data for plotting the graphs. Photos of the glow
plasma were also captured.

To observe the optical emission spectra, a multichannel spectrometer (Ocean Optics
USB4000, measuring range 178-888 nm, optical resolution 1.46 nm) with a bare optical fiber
(Ocean Optics P1000-1-SR) was set up in front of a quartz window of the discharge chamber.
The intensity of the optical spectra was monitored and recorded by a personal computer (PC).
During data acquisition, the accruing time was set to 20 ms, and the average scan was 50 times.
All acquired spectra under the studied experimental conditions were fitted by IGOR Pro

software to evaluate the spectral line intensity for further analysis.
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6.4. Gas discharge characteristics

Gas discharge experiments were carried out using the developed system with a variation of
discharge conditions. From the gas discharge experiments, it was established that our newly
designed pulsed-DC generator can deliver nearly rectangular negative pulses up to 1000 V with
fast rising (<500 ns) and falling (<800 ns) even in CCP with a broad variation of pulse
parameters. The maximum pulse repetition rate attained was 500 kHz. The pulse duty (on and
off time) can be varied conveniently, and a minimum pulse width of 1 ps was obtained. The
steady discharge current can be controlled independently within a pulse regardless of the
discharge conditions. The energy recovery technique also showed an improvement in efficiency

from DC to pulsed-DC during high-frequency operation.
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Figure 6.2. Pulsed-DC discharge with a variation of working argon (Ar) gas pressure and
steady discharge current. (a) typical current-voltage waveforms (b) photographs of steady
discharge current waveforms and glow plasma.

Figures 6.2(a) and (b) show the typical current-voltage waveforms and the steady discharge
current waveforms (traced from the photographs on the isolated oscilloscope screen) with
photographs of glow plasma during pulsed-DC glow discharge using argon (Ar) gas,
respectively. The pressure was varied from 10 to 50 Pa by keeping a constant gas flow rate of

100 sccm, while the discharge current was varied in the range of 10 to 40 mA at a fixed applied
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input DC voltage of -500 V. The maximum discharge current limit was set to 40 mA. The pulse
repetition rate was 100 kHz with a 50% duty cycle.

The pulsed operation is divided into four stages, as follows. In stage 1, the electrode is
quickly charged to a peak voltage that is almost equal to the input voltage through intense
current (peak of ~0.625 A). The current is sinusoidal because of energy transferred through LC
resonance. This stage is recognized as the ignition of discharge. After ignition of discharge, a
glow discharge plasma appears in stage 2. In this stage, an almost-steady discharge current with
uniform plasma all over the electrode was observed [Figure 6.2(b)]. The time duration of this
stage was nearly 5 ps depending on the pulse frequency and duty cycle conditions. This can be
conveniently controlled by changing the pulse frequency and duty cycle ratio.

In stage 3, charge from the electrode is recovered to the energy storage capacitor by a
reverse recovery current (peak of ~0.25 A) through LC resonance. The energy recovery is
crucial to diminishing the switching loss at higher frequency. A forcible elimination of the
residual charge from the electrode by introducing a ground current (peak of ~0.70 A) is
performed in stage 4 at the end of a pulse. The experimental current-voltage waveforms show
good agreement with our design.

The electrode voltage and discharge current waveforms appeared almost rectangular in
shape in the operation of a pulsed-DC discharge with a variation of working gas pressure. It
was observed that the discharge current as well as the glow intensity of the plasma increased as
the argon gas pressure rose. However, in comparison with the voltage waveforms, a lower
electrode voltage was seen at a gas pressure of 50 Pa. This is because the discharge current is
limited by the set value of the constant-current control circuit. In this mode, the generator
operates as a constant-current source instead of a voltage source. Thus, the electrode voltage
drops slightly lower than the supply voltage to sustain the constant discharge current regardless
of the plasma impedance.

From the current-voltage (I-V) characteristics, it was confirmed that the plasma ran under
steady conditions. This is crucial for a homogeneous discharge as well as efficient excitation
and ionization [29]. This pulsed plasma operation can be considered as very beneficial for the

uniform deposition of thin films.

6.5. Optical Emission Spectral Analysis of Plasma

Optical emission spectroscopy (OES) is a popular method for examining glow discharge
plasma [30]. Optical emission lines are emitted from the excited particles of plasma. The
electron excited temperature (Texc), Known as a critical parameter of plasma, can be evaluated

in time-averaged mode from the relative intensities of the emitted spectral lines [31]. In
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particular, the electron excited temperatures and generated species in plasma are considered to
be significant factors in film growth applications. It is expected that these plasma parameters
can be mutually tuned by the pulse parameters (power, repetition rate, and duty cycle) and
precursor gas parameters (pressure and flow rate). Hence, the examination of Texc in pulsed-DC
glow discharge plasma with a variation of discharge conditions has garnered extensive attention.

Figure 6.3(a) shows a typical emission spectrum of Ar plasma obtained by a pulsed-DC
discharge under specific discharge conditions. Mostly intense lines were observed in the region
between 690 and 850 nm. These lines were emitted from excited argon atomics Ar(I) by 4 p —
4 s transitions. Among these lines, two characteristic lines [clearly shown in Figure 6.3(b)] at
750.39 nm [3p°(?P°12)4p—-3p°(3P%12)4s] and 811.53 nm [3p°(?P°312)4p—3p°(?P°s12)4s] were
selected for the evaluation of Teyxc at all studied discharge conditions. The double-line method

[32] was used to determine the Texc Of plasma in Kelvin (K) by the following equation:

Tove = — 222 1n (ﬁ:z:jﬁi)]_l .............................. (6.1)

where 4, g, I, 7, and E are the transition probability, weighting factor, intensity, wavelength,

and excitation energy of the first and second spectral lines. k is the Boltzmann constant.
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Figure 6.3. (a) Typical OES spectrum of Ar plasma obtained by pulsed-DC glow discharge
at gas pressure: 40 Pa, flow rate: 100 sccm, input DC voltage: -800 V, set discharge current:
40 mA, pulse on (Ton): 100 ps, pulse off (Tofr): 400 ps. (b) Expanded view of the Ar(l)
750.39 nm and 811.53 nm emission lines of spectrum in (a) employed for the evaluation of
Texc in this study.

98



The first and second spectral lines were assigned to 750.39 nm and 811.53 nm, respectively.
The line intensities were obtained from the time-averaged optical emission spectra. Other
values were taken from the tables of the National Institute of Standards and Technology (NIST)
[33]. In a pulsed plasma, actual Texc is dynamically changed with pulses. The evaluation of Texc
by time-averaged spectra will not show the real plasma parameter, but is an indication to

demonstrate the effects of pulsed modulation. While this method is simple and easy, but may

include errors of about 20% during measurements.
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Figure 6.4. Evaluation of electron excitation temperature, Texc With a variation of discharge
conditions such as (a) pulse off time (Toff) (b) pulse on time (Ton) (C) applied negative voltage
(d) controlled discharge current (e) precursor gas pressure and (f) gas flow rate.
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Figure 6.4. demonstrates Texc, evaluated by the double-line method using time-averaged
spectra with variations of discharge conditions. The variation of the pulse-off time (Tof) showed
a significant influence on the Texc Values in Figure 6.4(a), while other parameters (pressure: 40
Pa, flow rate: 100 sccm, applied voltage: -800 V, set discharge current: 40 mA, and pulse on-
time Ton: 100 ps) were unchanged. Texc gradually increased with an increase in Toff to a certain
value (approximately 500 us). After that, it became almost stable (~7000 K) even though further
increment of Tof. It is supposed that the complete diminishing of the afterglow effect
contributed to the previous pulse takes at around 500 ps, where the number of electron collisions
decreased and attained a high accelerating energy to excite the gas molecules further.

By contrast, Texc Was slightly influenced by Ton when Toff was set to 500 ps. The other
parameters remained the same, as shown in Figure 6.4(b). The maximum Tex (~6500 K) was
observed when Tonwas 125 ps. After that, Texc marginally decreased and reached a stable value
of ~5400 K with an increase in Ton. These results suggest that a low duty cycle of pulsed DC is
preferable for enhancing the electron excitation energy in plasma. This was also reported for
pulsed-DC magnetron Ar discharges [34].

Figure 6.4(c) shows a considerable effect on Texc with a variation of applied voltage while
other discharge parameters were fixed at pressure: 40 Pa, flow rate: 100 sccm, set discharge
current: 40 mA, Ton: 125 ps, and Tofr: 500 ps. Texc increases progressively with an increase in
applied voltage, and saturates to a value of ~6000 K when the applied voltage is in the range of
-650 to -1000 V. It can be explained that in this range, the applied voltage is limited by the
constant-current control circuit, and the plasma discharge is operated by a constant-current
source instead of a voltage source at the sustained voltage, which stabilizes the electron
excitation energy. In addition, Texc also increases with an increase in the set discharge current
at an applied voltage of -1000 V, and other parameters were kept identical to previous values,
as shown in Figure 6.4(d). The increase in the discharge current at a fixed applied voltage
increases the pulsed power that enhances the electron accelerating energy. A similar tendency
was observed in the RF plasma discharge when the RF power increased [35].

Figure 6.4(e) demonstrates the dependency of Texc with a variation of the working gas
pressure at a constant flow rate of 100 sccm, applied voltage of -800 V, set discharge current
of 40 mA, pulse-on time (Ton) of 125 ps, and a pulse-off time (Tofr) of S00 ps. At low pressure
(10 Pa), Texc is high and gradually decreases to 40 Pa. After that, Texc becomes nearly stable
until 100 Pa. It is supposed that the electron density increases as the gas pressure increases to
40 Pa, which leads to more electron collisions and decreases the electron energy [36]. After 40
Pa, the electron density is limited by the constant current, which sustains the Tex value at an

almost stable value even though the working pressure increases further.
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Figure 6.4(f) shows the dependency of Texc with a variation of the working gas flow rate at
a constant gas pressure of 40 Pa, applied voltage of -800 V, set discharge current of 40 mA,
pulse-on time (Ton) of 125 s, and a pulse-off time (Tofr) of 500 ps. At low flow rate (10 sccm),
Texc IS high and sharply decreases to 30 sccm. After that, Texc becomes almost stable until 100
sccm. It is supposed that less electron collisions with gas molecules occur when the flow rate
is very flow and increases the electron energy, however it becomes stable at higher flow rate.

From a spectroscopic analysis of the plasma, it is realized that electron excitation energy is
mostly influenced by the precursor gas pressure and the pulse-DC parameters (power and duty
cycle). It is expected that a low gas pressure and rationally high voltage with low pulse duty

will be beneficial for the deposition of thin films.

6.6. Carbon Film Deposition
6.6.1. DLC films

As a preliminary test, DLC films were deposited on silicon (Si) wafers from acetylene
(C2H2) gas at room temperature using the developed pulsed-DC plasma CVD system. The
deposition conditions are presented in Table I. Typical deposition conditions were selected
based on the results of gas discharge experiments. Three samples of DLC films were examined
with a variation in gas pressure, electrode voltage, and discharge current, while the other

conditions were kept unchanged. The deposition time was varied to maintain nearly the same

thickness.
Table 6.1. Deposition Conditions of DLC Films

Parameters Samplel Sample2 Sample3

(S1) (S2) (S3)
Pressure (Pa) 15 20 30
Electrode Voltage (-V) 800 1000 1000
Discharge current (mA) 10 15 40
Deposition time (min) 10 05 03
Pulse on time, Ton (us) 125 125 125
Pulse off time, Tofr (uS) 500 500 500
Flow rate (sccm) 60 60 60
Deposition Temperature (°C) 25 25 25

Before CVD, a silicon wafer with a 4-in diameter was cut into quarters. A piece of Si wafer

was placed on the electrode as a substrate, while the other part of the electrode was covered by
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a dummy cover made of Al. The discharge chamber was pumped out below a base pressure.
The Si substrates were cleaned by Ar plasma to remove the native oxide layer. The thickness
of the deposited films was measured by a benchtop stylus profilometer (KLA-Tencor Alpha-
Step 1Q). The film properties were characterized using a Raman spectrometer (Horiba Jobin
Yvon HR-800, laser excitation wavelength 532.08 nm) and a resistivity meter (Loresta EP
MCP-T360, four-pin probe, measurement range: 102-10° Q).

The thickness of all deposited films—samplel (S1), sample2 (S2), and sample3 (S3)—was
almost identical at around 300 nm, and the deposition rates were evaluated as approximately
30, 60, and 100 nm/min, respectively. The results reveal that an increase in the deposition rate
is mostly influenced by the working gas pressure, whereas the electrode voltage and discharge

current also influence the deposition rate.

Intensity (a.u.)

PL background

10001200 1400 1600 1800 2000
Raman shift (cm'1)
(b)

Figure 6.5. Deposited DLC films: (a) physical appearance of a typical DLC film (S1) and
(b) Raman spectra.
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Figure 6.5(a) shows the physical appearance of the deposited film for S1, where the sample
color appeared brown as compared to the Si wafer. An almost uniform deposited area with a
clean and smooth surface was observed to be surrounded by a ring-shaped interference pattern
owing to the thickness profile at the edge. This ring-shaped interference appeared underneath
the edge of the deposition window in the top cover of the electrode. Nevertheless, S2 and S3
showed nearly the same appearance of S1 (not shown here). Figure 6.5(b) presents the Raman
spectra of samples S1, S2, and S3, in which two overlapping bands known as the D-peak and
G-peak were observed. This confirms that the films consist of DLC [37].

In addition, an inclined background overlaid on each Raman spectrum was noticed. This is
considered a photoluminescence (PL) background. A higher slope of the PL background was
seen in S3 than in S1 or S3. As the hydrogen (H) content in the DLC films significantly
influences the slope of the PL background [38], it can be expected that more H content was
incorporated in S3 as it was deposited at higher hydrocarbon gas pressure. It is also well known

that H content plays a substantial role in the microstructure of DLC films.
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Figure 6.6. Intensity ratio of D peaks to G peaks [I(D)/I(G)], FWHM of G peaks, and
G peak positions for different samples.

To examine the microstructure of the DLC films, each Raman spectrum was fitted by two

Gaussian lines to separate the D and G peaks after subtracting the PL background. Afterward,
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the intensity ratio of the D-peak to the G-peak [I(D)/I1(G)], the full width at half maximum
(FWHM) of the G-peak, and the G-peak position were assessed for samples S1, S2, and S3, as
shown in Figure 6.6. This showed a shift of the G-peak position to a higher wave number, a
decrease in the FWHM of the G-peak, and an increase in the I(D)/1(G) ratio for samples S1, S2,
and S3, respectively. An evaluation of the film properties was performed by a well-known
three-stage model suggested by Robertson [37], [38].

Generally, for a conventional DLC film, the shifting of the G-peak position to lower value,
an increase in the FWHM of the G-peak, and a decrease in the 1(D)/1(G) ratio result in a more
diamond-like structure in the films. This suggests that sample S1 contains more sp®content than
S2 or S3. A probable explanation is that when the pulsed-DC plasma discharge is operated at a
low gas pressure with a sufficient pulse-off time, a higher electron excitation temperature is
obtained [Figure 6.4(e)]. In addition, the ion impingement to the substrate is supposed to be
improved, which may contribute to enhancing the sp® content (amorphization) of the DLC films.
However, all deposited DLC films showed good agreement with the tendency found in stage 2
of the three-stage model.

The electrical resistivity of these three DLC films had been examined. It showed that all
the films were highly insulating (unable to measure, over loaded, above 10° Q/o), which was
consistent with the Raman microstructural analysis that the films contain less graphitic structure
with sp? hybridization. All these results suggest that pulsed-DC discharge for plasma CVD
system is suitable for the synthesis of hard insulating carbon thin films like DLC.

6.6.2. Ultrathin PyC films

At present, the synthesis of ultrathin PyC films has garnered significant interest for the use
of transparent electrodes owing to their good transparency and electrical conductivity. In
addition, they are an alternative to commonly used indium tin oxide (ITO) [39]- [41]. However,
the control of the thickness of PyC films is difficult when using a conventional CVD system.

A trial deposition of ultrathin PyC films was performed on glass substrates, followed by a
nano-thickness metal catalyst, from C,H> gas using the developed pulsed-DC plasma CVD
system. A nano-thickness metal catalyst bilayer made of copper (Cu) and nickel (Ni) was grown
on a glass substrate (26 mm x 25 mm) by direct-current magnetron sputtering. The sputtering
was carried out using metal targets of Cu and Ni with a diameter of 2 in for Ar plasma at a
pressure of 0.8 Pa, flow rate of 28 sccm, discharge current of 20 mA, and discharge voltage of
270 to 300 V. The thickness of the metal films was controlled by adjusting the sputtering time,
and a value was chosen that could transmit light as well as show conductivity. In this experiment,

for all samples, a Ni metal catalyst of 5 nm was first grown on the glass substrate, and then a
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layer of 5 nm of Cu was deposited to form a bilayer metal catalyst of 10 nm. The as-deposited
samples were inserted into the CVD chamber for the deposition of thin PyC films.

For all samples, a pulsed-DC plasma discharge was carried out from C,H> gas at a pressure
of 20 Pa, gas flow rate of 60 sccm, applied voltage of -800 V, steady discharge current of 20
mA, pulse-on time (Ton) of 125 ps, and pulse-off time (Torf) of 500 ps. The deposition
temperature was increased from 300 to 500 °C, while the deposition time was decreased from
5 to 2 s. The experiments focused mainly on the impact of the deposition temperature and the
short time of deposition for the growth of films.

300°C, Ssec

500°C, 5 sec

Intensity (a.u.)

500°C, 2 sec

1200 1600 2000 2400 2800 3200 3600
Raman shift (cm'l)

(a)

(b)

Figure 6.7. Deposited thin carbon films. (a) Raman spectra (b) physical appearance and

structure of a typical ultrathin PyC film (500 °C, 2 s).

The deposited films were characterized by Raman spectroscopy in the range of 1000-3600
cmt. Figure 6.7(a) shows the Raman spectra of the deposited trial samples, where each
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spectrum consists of characteristic D (~1340 cm™) and G (~1580 cm™) peaks. However, the
sample prepared at 500 °C with a short deposition duration of 2 s exhibited more separated D
and G peaks with an additional weak peak at ~ 2690 cm™. This weak peak is known as 2D peak,
an indication of the growth of PyC films [42].

As the deposition time was too low compared to that of conventional CVD, a very thin film
(below 5 nm, estimated from the CVD deposition rate) was supposed to grow with a uniform
thickness. The physical appearance and structure are shown in Figure 6.7(b). The sheet
resistance of this ultrathin PyC film including the metal bilayer was measured with a four-point

probe resistivity meter (Loresta EP MCP-T360). This value was ~170 Q/00 after averaging the

values from five different positions. This confirms that the prepared metal catalyzed ultrathin
PyC film is objectively conductive.

In addition, the optical transmittance measured with respect to a bare glass substrate by a
UV-VIS spectrometer (Hitachi U-3900) was approximately 60% in the visible range. These
results reveal that the advantage of tuning a very short duration of deposition by our developed
plasma CVD offers more controllability to govern the source of carbon atoms for depositing
conducting ultrathin carbon films such as PyC. However, further investigations are required to

optimize the discharge parameters for the fine growth of thin carbon films.

6.7. Conclusion

A new model of a pulsed-DC discharge system is presented that employs a developed
pulsed-DC generator and a vacuum discharge chamber. The pulsed-DC generator can deliver
negative-high-voltage, nearly rectangular pulses with fast rising and falling edges at a high
repetition rate even in CCP.

Ar gas discharge experiments were examined by varying the discharge conditions, thus
exhibiting significant flexibility to control the plasma discharge characteristics. The optical
emission spectra of the Ar glow plasma were observed, and the electron excitation temperature
(Texc) was evaluated. It was confirmed that the electron excitation energy can be tuned by
varying the precursor gas pressure and pulse parameters such as voltage, current, and duty cycle.

Diamond-like carbon (DLC) films were deposited on silicon (Si) substrates from acetylene
(CoH2) with a variation of gas pressure, applied voltage, and discharge current. The Raman
spectra confirmed the DLC properties of the deposited carbon films. All DLC films
demonstrated highly insulating properties, and the amorphization increased with a decrease in
gas pressure, voltage, and discharge current. In addition, ultrathin pyrolytic carbon (PyC) films
were produced on glass substrates using nano-thickness metal catalysts from CyH,. The
ultrathin PyC films exhibited conductive and semitransparent properties.
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It can be suggested that our developed pulsed-DC discharge system for plasma CVD is
beneficial for the synthesis of insulating hard as well as soft-conducting carbon thin films with
a broad variation of discharge conditions. However, the impact of pulsed plasma on CVD is
relatively complex, and further investigation is required on the complex process of the gas phase
to the surface and their relationship with the plasma parameters, ion energy distribution, and

quantitative correlations to the resulting film.
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Research Part-11: Pulsed plasma discharge for atmospheric-pressure
plasma jet

Chapter 7

An impulse generator for atmospheric-pressure plasma jet (APPJ)

This chapter presents the development of a high-voltage high-frequency impulse generator for
atmospheric-pressure plasma jet (APPJ) using dual resonance pulse transformer (DRPT). The
principle, design and construction of DRPT are demonstrated. Introduction, objectives,
operations and results are described accordingly. A conclusion is drawn based on the

experimental results.

7.1. Introduction

Low pressure plasmas are widely used in surface treatment and material processing
applications, since the plasma can be delivered in large area with uniformity on the surface of
substrates [1-2]. However, the operation of plasma at low pressure includes vacuum systems,
which are expensive and need precautions. Recently, the development of plasmas on the micro-
sale at atmospheric pressure [3], especially generated by dielectric barrier discharge (DBD),
has attained much interest to provide economical processing solutions by omitting the vacuum
systems. Atmospheric pressure plasma jet (APPJ) [4] is a such kind of plasma device that can
be run under atmospheric-pressure at various gases and is technically simple, low-cost,
environment-friendly and usefulness of small size in treating localized regions. APPJ has wide
application fields including material deposition [5], etching [6], surface modification [7-8],
sterilization [9], and biomedical treatment [10]. The APPJ source can produce a stable,
homogeneous, and uniform plasma discharge at atmospheric pressure and very low temperature.

In an APPJ system, however, the power supply is considered to one of the significant
components, as it plays a key role on the discharge characteristics of the APPJ [11-14]. Various
power supplies are used based on required voltage and applications [15]. Generally, direct
current (DC), alternating current (AC), radio frequency (RF), and microwave generators are
employed to operate APPJs. In recent times, pulsed generators are becoming more attractive
owing to control the generation of non-thermal plasmas and their chemical and physical
properties. In comparison with these generators, pulsed generators can deliver high
instantaneous power with respect to low average power, offer fast rise time and high repetition

111



rate which are advantageous to control the production of high electron density and more active
plasma species [16-19].

It is noted that the generation of APPJ by flowing gas in a dielectric tube wrapped with
tube-shaped electrodes needs of short pulses (several microseconds) with a high voltage
(several kV) and a low repetition rate (several kHz). Therefore, to meet the growing demand of
APPJ applications, various types of high-voltage pulsed generators [20] have been developed
with different techniques and parameters, such as Marx generator, magnetic pulse compression
based generator, inductor-capacitor resonant converter based generator and magnetic pulse
transformer (PT) based generator. Typically, magnetic PT based generators are convenient in
these applications where generating high voltage impulses of order kilovolt to megavolt [21].
However, there are some weakness of magnetic PT based architecture, such as low efficiency,
a limited repetition rate of operation, core saturation, and high electromagnetic interfaces.
Considering these, it is feasible to design a magnetic PT in a dual resonance mode, namely dual
resonance pulse transformer (DRPT), beyond a conventional approach. In general,
conventional DRPTs are employed to generate very high voltage (up to MV) pulses for
charging the capacitive loads, for example, pulse forming transmission lines (PFLSs) using an
air core (no magnetic core) and gas-filled/spark gap based switches [22-26]. Air core
transformers, however, have lower coupling coefficient than that the magnetic core
transformers. This constraint makes the air core transformers less energy efficient and bulky in
size. Besides, gas-filled/spark gap switches have low lifetime, longer pulse rise time, and poor
operating frequency range. Recently, power semiconductor switches overcome most of these
difficulties of conventional switches [27]. Hence, the development of a compact high voltage,
high repetition, and energy efficient pulse generator based on DRPT technique employing a

magnetic core and solid-state switches, is of a great interest.

7.2. Objective

At first, a theoretical investigation of dual resonance pulse transformer (DRPT) principles
is presented. Then, the design concept and implementation of a compact microsecond DRPT
based impulse-generator (IG) for APPJ using a magnetic core and semiconductor switches are

described. The generation of atmospheric-pressure plasma plume is performed by DPPT-IG.

7.3. Dual resonance pulse transformer (DRPT) principles
Pulse transformer circuits are usually employed for charging capacitive loads to a high
voltage through set-up operation of transformer. Figures 7.1 (a) and (b) show a diagram of pulse

transformer for charging a capacitor and its equivalent circuit, respectively. In the circuit
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diagram, C1 and C2 are the primary and secondary capacitors, and L1, L2 and M are the primary
secondary and mutual inductances of the pulse transformer (PT), respectively. The primary
capacitor C1 is initially charged. When the switch S1 is closed, the charge is transferred to C2
from C1 via PT.

S1 - L1-M L2-M

=/
C1 ;

L1 | L2 —/
(

M
a) (b)

Figure 7.1. Pulse transformer coupled capacitor charger (a) circuit diagram and (b) its
equivalent circuit.

22 z4 Z1= 1/joC1
_ Z2=joLl- joM
lz:|:> z1 Z3 Z5 237 JoM
Z4=joL2 - joM
75=1/joC2

Figure 7.2. Equivalent input impedance model.

Generally, in a pulse transformer, charge and current in the primary circuit may still exit
even the capacitor in the secondary circuit is at maximum voltage and zero current. This
indicates that transferable energy in the primary capacitor still remains to be transferred in the
secondary capacitor [28]. Hence, the use of a conventional pulse transformer to charge one
capacitor from another is often inefficient. To derive the condition at which such kind of energy
transfer inefficiency eliminates, is crucial.

It is supposed that if the circuit is tuned to resonance, energy is efficiently transferred from
C1to C2. To analyze the resonance conditions, the input impedance model is designed from
the equivalent circuit [Figure 7.1. (b)] and presented in Figure 7.2. The equivalent input
impedance, Zi is defined as,

Zi = [{(Z4 + 75) || 23} +Z2] | 721

(Z1Z2Z3 + Z1Z2Z4 + Z1Z27Z5 + Z1Z3Z4 + Z1Z3Z5)
(Z1Z3 + Z1Z4 + Z1Z5 + Z2Z3 + Z2Z4 + Z2Z5 + Z3Z4 + Z3Z5)
—jw {w?(L1L2C2 - M2C2) — L1}
w*(L1L2C1C2 - M2C1C2) — w?2(L1C1 +L2C2) +1
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Where, w is the angular frequency and w = 2nf
Atresonance, Zi— oo thatimplies,
= w*(L1L2C1C2 -M2C1C2) — w?(L1C1 +L2C2)+1=0

= (1 -kHo* — (0 +02)w? + 0w, =0

This is the characteristic equation of the system
where,

2 1 2 1 2 Mz

=i Y2 Tzez M Tz
w, is the angular resonant frequency of primary circuit when secondary is opened,

w1

w-, 1S the angular resonant frequency of secondary circuit when primary is opened, and

k is the coupling coefficient of PT.

The characteristics equation suggests that the resonant frequency of the system is
significantly influenced by the k value of transformer. If the open-circuit resonant frequencies
of the two circuits are coincide and equal to w; = w, = w,, for the theoretically possible
limiting values of k , which are 0 (for no-coupled transformer) and 1 (for tight-coupled

Wo

transformer), a single frequency appears in each case attributed as w = wy and w = =

respectively. However, beats cannot occur in these cases, even at any ordinary values of k.
Hence, it is very essential to determine the first condition of k value at which the maximum
energy transfer occurs between primary and secondary circuit by neglecting dissipation of
energy.

The roots of the characteristic equation can be defined as,

(0f +07) V(@ +0,2)? = 4(1 = kD) 0,
2(1-k?) — 2(1 —k?)

(l)iz =

Obviously it is found that two natural modes of resonant frequencies defined as w, and w_
and two negative modes of these frequencies are exist in the transformer-coupled capacitor
charger circuit . Thus, the negative frequency modes have the same amplitude of voltage as to

the positive frequency modes. A general voltage equation can be derived for both capacitors,

V =V*cosw,t+ V cosw_t,where Vt = V"= g

For primary capacitor with a subscript 1, the voltage equation becomes
Vi, =V, cosw,it + V, cosw_t

Since initially at t=0, V, = 0, implies V,* = -V,

For secondary capacitor with a subscript 2, the voltage equation becomes

V, =V, cosw, t —V, cosw_t
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It indicates that the secondary voltage is a superposition of two weakly damped sinusoidal
waves of equal magnitude and opposite initial phase. The secondary voltage has the largest
possible subsequent maximum, when these sinusoids achieve maxima simultaneously. This
happens when w, becomes twice of w_. It is known as dual resonance condition where closed
circuit resonances have a frequency ratio of 2:1 and the frequency of open circuit resonances
must be equal. The theoretical voltage waveforms are shown in Figure 7.3. The two normal
modes of resonance are in identical amplitude to the primary and secondary oscillation, but
with corresponding initial phases. Then, the primary and secondary capacitors play exchanged

roles after a period T. There is an amplitude reversal of -0.56 in both primary and secondary

capacitors.
1 1 -

0.5 .. 0.5 -
]
- L
E E
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Time
(a) (b)

Figure 7.3. Theoretical voltage waveforms at dual resonance condition (a) primary capacitor
(b) secondary capacitor.

Now the value k for dual resonance can be determined by considering w; = w, = w,. The
characteristic equation of the roots becomes
wo* (1 + k)

(1-Kk?)

The ratio of the roots is obviously
w2 1+
w?2 (1=K
The dual resonance condition is w, = 2w_ and it implies

1
LAtk

(1-Kk)

> =

=

4

:>k—3—06
=z=0

This exclusive value of k is practical for construction in a pulse transformer discussed later.
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In a DRPT the high voltage is formed by resonance, however, the output voltage is not
proportional to the turns ratio, as in an ordinary transformer. It can be evaluated nearly

from conservation of energy. Initially, all of the energy in the primary circuit stored in the
primary capacitor C1 can be defined as W1 = %ClVl2 and this energy is transferred to the
secondary circuit through dual resonance principle after a period T. Then all the energy stored
in secondary capacitor can be expressed as W2 = %CZVZZ. In ideal case, assuming no energy
losses implies W2 = W1. As a result, the ratio of the secondary to primary voltage amplitudes

v,

. /Cl ,Ll : . .
is simply, = Jm TG The last part is derived from the dual resonance condition,
1

L1C1=L2C2. If the capacitance of the secondary circuit is very small compared to the primary
capacitor and the inductance of secondary coil is very large compared to the primary coil, the

primary voltage is stepped up to a high value in secondary.

7.4. Design and construction of the DRPT impulse-generator (1G)
7.4.1. Design consideration

In general, alternative current (AC) HV power sources of sinusoidal wave at lower
frequency than a several 10s of kHz are widely used for the operation of APPJ, because it is
easy to boost the voltage by using a transformer. In most cases, the APPJ is operated at a fixed
frequency and a fixed voltage. For research and development of APPJ technology, however, it
is important to examine the effects of operation frequency and waveforms on the plasma
properties and processed results. For operation of DBD, the voltage increasing rate, decreasing
rate, pulse width and pulse interval are crucial parameters [29]. For control of APPJ process
induced in gas jet, the operation frequency is also an important parameter. In the case of
conventional sinusoidal wave ACHYV, with the variation of operation frequency and peak
voltage, the voltage increasing rate, decreasing rate, pulse width and pulse intervals
automatically varies. Because of the sinusoidal property, it is impossible to control the
important discharge parameters intentionally. For advancing research on APPJ, it is necessary
to develop a novel pulse power source which enables independent control of frequency, voltage,
and waveforms.

Accordingly, an intermittent pulse operation of DRPT is proposed. In this model, the pulse
width and rise time are determined by the dual resonance principle which is almost fixed
whereas pulse repetition rate is controlled by the switching based on the intermittent period.
The shape of voltage waveforms with the variation of frequency in the both conventional HV

AC and our proposed DRPT-IG is demonstrated in Figure 7.4. It is expected that the control of
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frequency in our proposed method is more efficient as the occurrence of the similar pulses just
varies with the pulse repetition rate. It offers high frequency operation of pulsed plasma
discharge without interfering the pulse shape that is supposed to crucial for the investigation of

high frequency operation of APPJ.

HV AC Pulse waveform and rise time vary with frequency
Vv 1 f.? f; fb f2 >f1 >f 0
PREL P
0 ! :
Vv z
1 ! H 1 ' ' 1
i {\
hitenuiﬂe;nt
 Period; 1 :
v

DRPT-IG | Pulse waveform and rise time are independent with
frequency

Figure 7.4. Design considerations for DRPT-IG.

7.4.2. Design layout and circuit diagram

Figure 7.5. shows the architectural block diagram of the proposed DRPT impulse generator.
The generator consists of the following parts: a high-voltage (HV) DC power supply, a primary
energy storage, an intermediate energy storage, solid-state switches, a trigger pulse control
system, a function generator, a dual resonance pulse transformer, and the load. Pulse control
system receives an input signal from a function generator and generates the corresponding
trigger pulses for the switches. Initially, the energy supplied from the HV DC power supply is
stored in the primary energy storage, which is transferred to the intermediate energy storage
through a solid-state switch. After that, the energy of the intermediate energy storage is
transferred to the load and is recovered from the load to the intermediate energy storage via a
solid-state switch and a dual resonance pulse transformer. Consequently, a desired high voltage

impulse is generated on the load.
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Figure 7.5. Architectural block diagram of DRPT impulse generator.

Figures 7.6(a) and 7.6(b) show the detail and simplified circuit diagram of the DRPT based
high-voltage impulse generator, respectively. A high voltage regulated DC power supply
(PA500-0.1A, Kenwood) is connected to the capacitor CO via a diode DO (C4D02120A, 1200
V, 10 A) which protects CO from discharging back to the power supply. The DC power supply
can deliver the variable voltage from 0-500 V with the variation of current from 0-100 mA. The
capacitor CO acts as a primary energy storage which consists of two metallized polyester film
type capacitors (each rated at 4.7 uF, 630 V) connected in series. Resistor RO (50 Q) and switch
S1 mutually performs the charging of capacitor C1 that acts as an intermediate energy storage.
Capacitor C1 consist of two ceramic capacitors (each rated at 3.3 nF, 1000V) along with a
variable capacitor (3.3 nF, 1000V) connected in a parallel configuration to reduce the total
series resistance of the capacitor C1. Moreover, a variable capacitor is employed to effectively
tune the performance of DRPT.

Employing dual resonance pulse transformer topology, the scheme of energy transferring to
and recovering from load has been designed. The pulse shape depends on the design of the
DRPT is discussed in detail in the section 7.3. The energy from the capacitor C1 is transferred
to the load C2 (APPJ) through mutually switch S2 and DRPT. The energy recovery from the
load C2 to the intermediate energy storage C1 is executed through switch S2 and DRPT in the
reverse way. The built-in diode of switch S2 allows to flow reverse current during dual
resonance operation. The circuit components were optimized in the design for the efficient

energy exchange between C1 and C2.
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Figure 7.6. Circuit layout of the proposed impulse generator (a) detail (b) simplified.
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In this design, silicon-carbide metal-oxide-semiconductor-field-effect-transistors (SiC
MOSFETSs, SCT2450E, 1200 V, 10 A) are used for all the switches. These MOSFETSs have
interesting features such as high speed, high reverse blocking voltage, low output capacitance
and low on state resistivity which are considered as the crucial parameters for high performance
switching operation. Moreover, the low voltage and high voltage parts of the circuit are kept

completely in electrical isolation.

7.4.3. Construction of the DRPT

The design of the DRPT plays an important role on the formation of the output impulse
characteristics of the generator. The core material, shape, and winding arrangement influence
the electromagnetic processes in it. Figure 7.7(a) shows the model of the pulse transformer that
consists of a pair of EC type Mn-Zn Ferrite core (PC40 EC120-Z, TDK) employed in a face to
face arrangement where core 1 and core 2 act as a primary side and secondary side, respectively.
The primary winding consists of 7 turns of insulated multicore copper wire (AWG 18) whereas
the secondary windings consists of 115 turns of insulated multicore coper wire (AWG 30). An
air gap distance is inserted between two cores to control the coupling coefficient of the

transformer.
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Figure 7.7. (a) Design model of the DRPT (b) Dependence of the coupling coefficient with
the variation of air gap distance.

As shown in the Figure 7.7(b), the coupling coefficient shows a close relation to the air gap
distance. As the air gap distance increases the rapid attenuation of the inductance parameters,
the coupling coefficient reduces greatly. The coupling coefficient of pulse transformer is crucial
for dual resonance principle and it should be 0.6. Thus, the tuning of the coupling coefficient

by this approach is more convenient to design efficiently the DRPT. In this design, the air gap
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distance is kept 3 mm for the coupling coefficient of 0.61. The primary (L1), secondary (L>),
and mutual (M) inductances are 16.5 pH, 7800 uH, and 219 pH, respectively. The expected
voltage gain of the DRPT is about 22.5. Furthermore, insulation between the transformer core

and windings are taken into account in the design of DRPT.

7.4.4. Control Module and operation modes

Figure 7.8 shows the pulse control system for generating trigger signals of the corresponding
switches. It is expected that the output of the generator is high voltage impulse with wide
variation of amplitude and repetition rate which are supposed to be effective parameters for the
plasma discharge properties. For this, a high resolution function generator (DF1906, NF
Corporation) is employed to produce a transistor-transistor-logic (TTL) trigger signal so that
pulse parameters can be set more conveniently. This TTL signal, Vin is fed to an inverting buffer
for generating negative trigger pulses of the monostable multivibrator. A resistor-capacitor
(RC) timing network is used to control the width of the output pulse of the monostable
multivibrator. The output pulse of the multivibrator and its inverted pulse are fed to a couple of
isolated gate driver modules (Si8239xISO-KIT, Silicon Laboratories) powered by isolated DC-
DC converters (MAU104, 5 V-12 V), to generate the driving signals of the MOSFET switches.
The driving signals Vs; and Vs; are allocated for the MOSFET switches S1 and S2, respectively.
The gate driver introduces built-in dead time (14.65 ns) to avoid the concurrent operation of
MOSFET switches.

. Monostable Isolated Vv
T .. > : =
reeet Multivibrator Gate Driver
Inverting T T
F iming
Vi Bufer Network
Isolated v
Function Gate Driver [~ ¥s!
Generator

Figure 7.8. Schematic diagram of pulse control system.

Figure 7.9. presents the time sequence of driving signals of the impulse generator through
which the pulse control system takes charge of operation modes of the generator to yield output
impulses of voltage. One switching cycle is divided into six-time durations, as to to ts and
consists of three operation modes: model for the energy transfer to the load, mode 2 for the

energy recover from the load, and mode 3 for the off-state.
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Figure 7.9. Timing diagram of control signals and expected voltage waveforms across
the C1 and load.

In mode 1, for the energy transfer to the load, the control signal Vs is applied to turn on S2
which allows to transfer the stored energy from C1 to the primary side of the pulse transformer.
After that, the induced energy in the primary side transfers to the secondary side and to the load
by means of dual resonance principle (stated in section 7.2.) as indicated in Figure 7.10(a). The
output voltage (Vioad) rises rapidly to a peak value at a time to, equal to the period of a full-
cycle of dual resonance circuit.

In mode 2, for the energy recover from the load, the load voltage (V Load) Starts to fall rapidly
after the peak value that energizes the secondary windings of the DRPT. The energy is
recovered from the secondary side to the primary side of DRPT by means of dual resonance
principle and stored in C1 in a reverse way of mode 1, as indicated in Figure 7.10(b). As a
result, the voltage of C1 (V1) rises to the near of the initial voltage of C1 at a time t;, equal to
the period of a full-cycle of dual resonance circuit.

In mode 3, for the off state, the switch S2 is turned off and kept open until the start of the
next input pulse. The off-state time tz and t; are mutually defined as intermittent period, which
can be changed to control the operating frequency of impulse. During the off state, switch S1
is turned on to charge the intermediate energy storage capacitor C1 to the initial voltage, equal
to the DC power supply only for the deficiency of recovered charge, as indicated in Figure
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7.10(c). The switches S1 and S2 are synchronized with the input signal Vin with delay times ts
and t> due to the dead time setting.
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Figure 7.10. Operation modes of the DRPT impulse generators: (a) mode 1, for the energy
transfer to the load (b) mode 2, for the energy recover from the load (c) mode 3, for the off-
state. Solid colored lines are the indication of active circuit loops in each mode.
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Figure 7.11. Arrangement of secondary circuit to produce both positive and negative impulse
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In general, the above circuit configuration [Figure 7.10.] is intentionally preferred for better
understanding of the operation of the generator for producing conventional positive impulse.
However, this generator can also generate negative impulse. The secondary circuit of the
generator can be arranged in such a way that it can produce both positive and negative impulse
by keeping the identical operation of primary side as shown in Figure 7.11. A double-line slider
switch is used to change the polarity of the output impulse, which is supposed to be

advantageous for the investigation of positive and negative discharge characteristics in AAPJ.
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Figure 7.12. (a) Photo of the developed DRPT-IG (b) schematic of test setup for APPJ using
DRPT-IG.
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7.5. Test of impulse generator

The testing of the fabricated laboratory prototype dual resonance pulse transformer based
impulse generator (DRPT-IG) is carried out using a APPJ load. Figure 7.12(a) shows a photo
of the developed laboratory level prototype DRPT impulse generator (DRPT-IG) and Figure
7.12(b) shows a schematic diagram of test setup for APPJ by DRPT-IG, respectively. APPJ is
configured as a dielectric barrier discharge (DBD) load (equivalent to load C2 indicated in the
design circuit, Figure 7.6), made of a glass tube. The inner and outer diameters, thickness and
length of the glass tube are 4 mm and 3.2 mm, 0.8 mm and 120 mm, respectively. Helium (He)
gas is used as discharge gas and its flow rate is of 0.5 standard liters per minute (slm) controlled
by a mass flow controller. APPJ is arranged in a single electrode configuration [30], where only
HV voltage electrode is used and ground electrode is eliminated. The HV electrode is 15 mm
wide, made of copper tape wrapped outside on the glass tube and placed at a distance of 5 mm
from the tube end.

The impulse generator is turned on and the high-voltage pulses are generated across the
APPJ load. During APPJ operation, the current and voltage waveforms were investigated using
a digital storage oscilloscope (Tektronix 2014B, 100 MHz) with a high voltage probe (1000:1).
DRPT-IG can deliver high-voltage impulse peak voltage up to 11 kV from a low voltage DC
of 500 V, which ensures the voltage gain of almost 22.5. It has a convenient operation of
frequency and can be changed widely from 0.5 kHz to 100 kHz. The pulse width is
approximately 4 us with a pulse rise and fall time about 2 ps. The specification of the developed
DRPT-IG is given in Table 7.1.

Table 7.1. Specification of the developed DRPT-IG.

Element Rating
Input voltage (DC) 0-500 (V)
Output voltage (impulse) (Peak to Peak) 0-11 (kV)
(Positive or Negative)

Voltage step-up factor ~22.5

Pulse frequency 0.5-100 (kHz)
Pulse width ~4 (us)

Pulse rising time ~2us

Pulse falling time ~2us

Figure 7.13 (a) and 7.13 (b) show the typical voltage waveforms and photo during APPJ
operation, respectively. The discharge was performed using He gas with a flow rate of 0.5
L/min, an input voltage (DC) of 450 V, and an output voltage of 10 kV with an input pulse

frequency of 10 kHz. The waveforms consist of three characteristic parts based on the operation
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modes defined in section 7.4.4. The first part, indicated as (1) in Figure 7.13, is mode 1 for
duration of ~2 us, where the energy is transferred to the load from the intermediate storage
capacitor through DRPT principle, quickly the load peak voltage goes to a peak voltage over
than the breakdown voltage and plasma ignites. The second part, indicated as (Il) in Figure
7.13, is mode 2 for the duration of ~2 ps, where the energy is recovered from load to
intermediate storage capacitor via DRPT and the load peak voltage quickly falls. However, as
the electrical components are on ideal, total amount of energy can be recovered. A small amount
of energy still remains in the secondary circuit after recovery that forms very weak damping
oscillation. The third part, indicated (I11) as in Figure 7.13, is mode 3 which is called off- state
(intermittent period) of the pulse for the period of occurring next pulse, where the load is kept
turned off and the intermediate capacitor is charge to a voltage equal of input DC voltage. The
observed waveforms almost following the dual resonance pulse operation as expected in our

design.

Voltage (V)

- 2
Ilrlllrlllrlllr

10 kV (P-P)

Voltage (kV)

Time (us)

Figure 7.13. APPJ operation (a) typical voltage waveforms and (b) photograph of plasma plume.
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The experimental results show that the developed prototype DRPT-IG is suitable for
operation of APPJ. In addition, all-solid-state approach by using semiconductor switches
(MOSFETS) with a stable control method of DRPT is employed to develop the proposed
generator. Hence, the DPRT-IG is compact and its long maintenance-free lifetime with high
reliability is expected. However, the further investigation of APPJ discharge characteristics

using DRPT-IG at various discharge conditions will be required, discussed in chapter 8.

7.6. Conclusion

In this study, a high-voltage impulse generator (1G) was designed and constructed using a
step-up dual resonance pulse transformer (DRPT) and solid-state switches to drive
atmospheric-pressure plasma jets. Dual resonance operation conditions were studied and
achieved by optimizing the pulse transformer parameters. The developed generator is compact
and has convenient control for voltage and frequency selection. It can deliver high-voltage
impulses (peak to peak) of 0—11 kV with the pulse repetition rates of 0.5-100 kHz. The impulse
rise-time and fall-time are almost 2 ps, and the pulse width is approximately 4 ps. The
performance of DRPT-1G was evaluated and tested by generating a stable room-temperature
atmospheric pressure plasma plume using He gas flow in a plasma jet device with single
electrode configuration. It is expected that this study will stimulate the further investigations

on the development of pulsed generators for atmospheric-plasma discharge processes.
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Chapter 8

Investigation of pulsed plasma discharge characteristics for APPJ

This chapter presents the investigation of pulsed plasma discharge characteristics for APPJ by
the developed impulse generator based on DRPT. The brief introduction, experimental methods
and results are described. The effects of pulse amplitude, repetition rate and electrode
configurations on the plasma plume length and characteristics of APPJ are discussed by means
of electrical and optical properties. Furthermore, the dependency of pulse operating frequency

and polarity on plasma jet characteristics and RONS production in PAW are also presented.

8.1. Introduction

Generally, in atmospheric-pressure plasmas, gas is excited by means of a high voltage
pulses (several kV) under atmospheric pressure. Atmospheric pressure plasmas overcome the
disadvantages of vacuum operation. It is useful in a verity of materials processes at ambient
and plays a vital role in biomedical applications [1]. Specifically, for biomedical applications,
non-equilibrium cold plasmas are crucial [2]. However, it is difficult to sustain non-equilibrium
cold and uniform plasma discharge because of high pressure and occurrence of electrical arcs.
Dielectric barrier discharge (DBD) is widely used method for generating non-equilibrium cold
atmospheric plasmas [3]. In general, DBD is the electrical discharge between two electrodes,
where at least one electrode is insulated by a dielectric barrier to eliminate the occurrence of
arcing. DBD devices can be made in many configurations, typically planar, using parallel plates
separated by a dielectric or cylindrical, using coaxial plates with a dielectric tube between them.

Atmospheric-pressure plasma jet (APPJ) [4-8] is a common arrangement for cylindrical
configuration of DBD. Normally, it is filled with either a rare gas or rare gas mixture at
atmospheric pressure and the tube walls acting as the dielectric barrier. Due to the atmospheric
pressure level, such processes require high energy levels to sustain. Common dielectric
materials include glass, quartz, ceramics and polymers. The gap distance between electrodes
varies considerably, from few millimeters to several centimeters. Therefore, the discharge
characteristics in a APPJ usually varies with the power supply parameters, for example voltage,
current, operating frequency and pulse width, construction of jet set-up, for example diameter
of tube, dielectric materials and electrode configuration, and discharge gas materials for
example types of gas, flow rate. By optimizing these factors, it can be facilitated the APPJ to
enhance the plasma plume and jet length, generate a large amount of chemically reactive species

at atmospheric pressure.
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8.2. Objective

The aim of this study is to investigate of the effects of pulse amplitude, polarity, repetition
rate, electrode configurations, and gas flow rates on the plasma plume length and characteristics
of APPJ. Furthermore, APPJ generated species and their profile along with the plume length,
production of reactive oxygen and nitrogen species (RONS) in plasma-activated water (PAW)

are also presented.

8.3. Experimental setup

Figure 8.1. shows the schematic of the experimental setup of the developed atmospheric-
pressure plasma jet device with APPJ load model. A dual resonance pulse transformer based
impulse generator (DRPT-IG) is developed to drive APPJ (described in details at chapter 7).
The body of the plasma jet is made of a glass tube. The inner and outer diameters, thickness
and length of the glass tube are 4 mm and 3.2 mm, 0.8 mm, and 120 mm, respectively. Helium
(He) gas was introduced to the glass tube and its flow rates are 0.5 and 1 sim, controlled by a

mass flow controller.
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Figure 8.1. Experimental setup of atmospheric-pressure pulsed plasma jet device with
APPJ load model.
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APPJ is arranged in a single electrode configuration [9], where only HV voltage electrode
is used and ground electrode is virtual. Two different HV electrode configurations are employed
shown in Figure 8.2. The first configuration of electrode is made of a copper foil of 15 mm in
wide wrapped outside the glass tube indicated as “strip-electrode” whereas the second
configuration is made of a tin plating copper wire of 0.5 mm in diameter wrapped outside the
glass tube indicated as “wire-electrode”. The distance between the electrode and the tube end

for both electrodes is 5 mm.

P15 5 mm
4 imn >
* Strip-electrode
Glass tube 0.5/ 5 imm
il g
4 Wire-electrode ¥

4 mm

Figure 8.2. Two different HV single electrode configurations of plasma jet.

The impulse generator is turned on and the high-voltage pulses are generated across the
APPJ load. During APPJ operation, the current and voltage waveforms were investigated using
a digital storage oscilloscope (Tektronix 2014B, 100 MHz) with a high voltage probe (1000:1)
and an isolated current probe. The plasma discharge photos are captured by a Fujifilm (FinePix
S6000fd) digital camera. A multichannel spectrometer (Ocean Optics USB2000, measuring
range 200-850 nm, optical resolution 1.5 nm) and an optical fiber (Ocean Optics P400-1-SR)
with focusing lens are used to observe the optical emission spectra of plasma jet. The optical
emission spectra are measured along plasma jet plume and recorded by a personal computer
(PC).

8.4. Experimental results and discussions
8.4.1. Discharge characteristics

Figure 8.3 shows the equivalent circuit diagram of the APPJ device (presented in Figure
8.1.), which is arranged as a single dielectric electrode configuration. Since there is no physical
ground electrode, it is assumed that a virtual remote ground plane completes the discharge
circuit and plasma jet ignites. In the equivalent load model of APPJ, Cq is the dielectric
capacitance of the glass tube and Cgy is the air gap capacitance between the dielectric and the
remote virtual ground. When a higher voltage pulse (Vp) over the breakdown voltage is applied
across the electrode, the plasma discharge is produced by ionizing gas. The breakdown switch
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Sb becomes closed and a conductive plasma channel appears represented by a series
combination of Rp and Cp, which are the capacitive and resistive modeling response of plasma.
In the circuit, I, 1, and I, are is the total current, displacement current and plasma conduction

current, respectively.

— APPJ Load Model

Figure 8.3. Equivalent circuit diagram of the APPJ device.

Without electrical breakdown, the equivalent capacitance C of the circuit and the total

current become simply displacement current Iq, can be expressed, respectively,

_ CaCy
T CatCy
and
av,
Id = uad 2

dt

When breakdown occurs, the total current I; becomes,

I, =1; + Ip
Then
Ip =1, —1,

_ avy
Ip —_ It - E

Therefore, the plasma conduction current can be calculated easily by subtracting the
displacement current from the total current. Displacement current is usually measured when
there is no gas flow and no plasma discharge [10]. It is observed from the circuit analysis that
the DBD characteristics of APPJ mostly depend on the variation of applied voltage and the
equivalent capacitance of the circuit. However, these two key parameters are influenced by the
power supply configuration, jet setup, electrode configuration, type of discharge gas and its
flow rate.

Figure 8.4 shows typical waveforms of applied voltage V,, total current I, displacement
current I and plasma conduction current I, at a peak applied voltage of 10 kV with operating

frequency of 10 kHz for the strip-electrode type APPJ. Discharge is performed by flowing He
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gas at a flow rate of 0.5 standard liters per minute (sim). It is observed that the phase different
between Vpand lq is about 90°, which reveals the capacitive load model of APPJ (Figure 8.3).
However, the amplitude of I, is very much smaller than that of I, as I4 consumes a large portion
of the It to accumulate charge of the dielectric surface. Almost in each half period of applied
impulse, a lots of filament-like discharges appear on the plasma conduction current waveform,

as same as a typical DBD at atmospheric-pressure [11-12].
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Figure 8.4. Typical waveforms of applied voltage Vp, total current I, displacement current Iq
and plasma conduction current I, and discharge image of the strip-electrode type APPJ.

The effect of applied impulse voltage on the discharge characteristics of the strip-electrode
type APPJ was investigated as shown in Figure 8.5. The applied voltage is varied from 5.5 to
10 kV (peak to peak) where other experimental conditions are kept fixed. The other conditions
are as He gas flow of 0.5 sIm, pulse frequency of 10 kHz, and camera exposure time of 1 s. It
can be seen that the pulse width is identical of about 4 ps, whereas only the amplitude increases
at different applied voltages. Besides, the amplitude of the total current also increases with the
applied voltage, however, there is no obvious difference except the position of discharge peak
occurrence [Figure 8.5 (a)]. The plasma jet images show that the plasma plume length gradually
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increases with the applied voltage, as increase of applied voltage introduces more consumption
of DC power [Figure 8.5 (b) and (c)].
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Figure 8.5. Dependency of the peak applied voltage on the characteristics of the strip-electrode
type APPJ (a) Voltage and total current waveforms, (b) DC power consumption and (c) plasma
jet photos.

The effect of impulse frequency on the discharge characteristics of the strip-electrode type
APPJ was investigated as shown in Figure 8.6. The operating frequency is varied from 10 to
100 kHz where other experimental conditions are kept fixed. The other conditions are as He

gas flow of 0.5 sIm, applied voltage of 7 kV (peak to peak), and camera exposure time of 1 s.

It can be seen that the output voltages are almost identical with a fixed pulse width of about 4
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us at different operating pulse frequencies, which indicates the developed impulse generator
can produce stable output voltages and they are not altered by the pulse repetition rate [Figure
8.6(a)]. Besides, the amplitude of the total current increases slightly with the frequency, as
increase of frequency introduces more consumption of DC power [Figure 8.6(b)]. As the
camera exposure time is 1 s for all the jet images, the brightness of the plasma slightly increases
with the pulse frequency [Figure 8.6(c)]. However, the plasma plume length decreases slightly

with the increase of pulse frequency.
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Figure 8.6. Dependency of the impulse frequency on the characteristics of the strip-electrode
type APPJ (a) Voltage and total current waveforms, (b) DC power consumption and (c) plasma
jet photos.
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type APPJ (a) Voltage and total current waveforms, (b) DC power consumption and (c) plasma
jet photos.

It is supposed that at increased frequencies the power is mostly consumed by the electrode
capacitance rather than the jet discharge, which makes strong discharge confined on the
electrode area and offers less contribution on the forming of plasma plume length. Moreover,
strong turbulence on the plasma plume is observed. It is probable that due to strong interaction
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between the air and He plasma, the turbulence occurs. So, to reduce these effects, two ways can
be proposed. One is to increase the He gas flow rate and another one is to reduce the electrode
area for decreasing electrode capacitance. Accordingly, a wire-electrode type APPJ with
increased gas flow rate is introduced.

The effect of impulse frequency on the discharge characteristics of the wire-electrode type
APPJ was investigated as shown in Figure 8.7. The operating frequency is varied from 5 to 100
kHz, where other experimental conditions are kept fixed. The other conditions are as He gas
flow of 1 slm, applied voltage of 8 kV (peak to peak), and camera exposure time of 1 s. It can
be seen that the total current and output voltages are almost steady with the frequency [Figure
8.7(a)], which indicates stable atmospheric-pressure plasma discharge. The turbulence along
with the plasma jet reduces and plasma plume length increases with the increase of operating
frequency. It is expected that the increase of frequency introduces more power to the plasma,

and accordingly enhances the plasma plume length [Figure 8.7(b) and (c)].

8.4.2. Spectral characteristics

The optical emission spectral analysis is a popular tool to examine the plasma generated
species and discharge parameters [13-15]. The optical emission spectroscopy (OES)
measurement was performed along with the axial length (I) of the plasma plume at fixed three
different points of 0 mm, 5 mm, and 10 mm, respectively [indicated in Figure 8.7(c)]. Figure
8.8. shows the optical emission spectral profile in the range of 250 to 850 nm at a voltage of 8
KV (peak-to-peak) with the variation of pulse operating frequency from 5 to 100 kHz and He
gas flow rate of 1 slm for the wire-electrode type APPJ. The data acquisition time for the
spectrometer is optimized to set as 4 s for 5 kHz, 2 s for 10 kHz, and 1 s for 30 to 100 kHz. It
clearly shows that the active species such as NO, N2, N>*, He, O and OH exits in the plasma
plume. Moreover, their spectral intensities increase with the increase of pulse frequency and
become mostly dominant at 100 kHz. The plasma plume profile at 100 kHz shows that the
region, close to the nozzle at 0 mm has strong intensities of OH, N2*, He and O species. An
atomic H-Balmer-a line is also observed. However, moving away from the nozzle along the
plasma plume length at 5 mm, an immediate change in emission spectra is observed. The
intensities of NO/N2 species are increased, whereas OH, He and O species are reduced. Moving
along with the plasma plume length at 10 mm, the intensities of all these species overall are
reduced considerably except NO/N2 species.

This results reveal that high frequency operation of plasma jet is preferable for generation
of more reactive species as well as plasma plume profile analysis is suitable to know the
concentration of different species along with the jet radial axis. It is expected that the developed
wire-electrode type APPJ can be used for surface modification, sterilization, and biomedical
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applications. However, in this work one of the biomedical applications is focused by the

developed APPJ system that will be discussed in the later section.
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Figure 8.8. Optical emission spectral analysis of wire-electrode type APPJ.
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8.4.3. Production of RONS in plasma-activated water (PAW)

Plasma-activated water (PAW) has been explored to be applied in medical applications
[16]. PAW is also known as “water of death” owing to it has huge potential in killing bacteria
[17, 18] and for cancer therapy [19-21]. In this procedure, water is simply treated by
atmospheric-pressure plasma jet (APPJ). Hence, APPJ is supposed as a fourth cancer treatment
method regarding the conventional methods such as surgery, anti-cancer drug and radiation
therapy. In general, APPJ generated reactive oxygen and nitrogen species (RONS) are dominant
for antibacterial activities [22] and effective for selective killing of cancer cells [20] illustrated

in Figure 8.9.
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Figure 8.9. Selective killing effect of cancer cells by RONS in PAW.

At first, RONS produced by plasma-air interactions in the gas phase and afterward dissolve
into the water. The major RONS in PAW that are deliberated for its antimicrobial acts are
hydrogen peroxide (H20>), nitrite (NO2), and nitrate (NO3") [23]. Basically, RONS are able to
destroy the cancer cells by augmented oxidative stress [23] or DNA demolition [24]. Therefore,
it is significant to control the production of RONS in PAW for achieving preferred effects in
particular biological or medical applications.

Here, the concentrations of longer-lived RONS (H20., NO2", and NOz ) and molecular
oxygen (02) in PAW have been investigated by the developed APPJ system. It is mostly
focused on how pulse operating frequency influences these concentrations.

Figure 8.10 (a) shows the experiment setup of PAW employing the developed ring wire-
electrode type APPJ and the dual resonance pulse transformer based impulse generator (DRPT -
IG). He gas was fed into the tube with a constant gas flow rate of 1 sim via a mass flow
controller. A high-voltage positive impulse of 8 kV (peak to peak) with pulse frequencies of 5-
100 kHz was applied to the metallic wire-electrode. Quartz cuvettes (Hellma analytics) filled

with deionized water (DIW) were employed under the APPJ for the treatment to produce PAW.
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The treatment distance and time were kept fixed to 10 mm and 5 min, respectively. Figure 8.10
(b) shows the photographs of plasma treatment of DIW with a variation of frequency from 5 to
100 kHz. It is observed that the plasma jet intensity is enhanced with the increase of frequency

that may contribute more production of RONS in PAW.
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Figure 8.10. (a) Experimental setup of PAW, (b) photographs of plasma treatment of DIW at
various frequencies, and (c) measurement of transmittance by UV absorption spectroscopy.

It is noticed that UV-visible spectroscopy is comparatively simple and effective method
for the measurement of RON concentration in PAW [25]. A UV-visible spectrometer (Hitachi
U-3900) was used for the measurement in the range of 190 nm to 340 nm [Figure 8.10(c)] with
a spectral resolution of 0.2 nm and a scan speed of 120 nm/min. At first, empty quartz cuvettes
were placed in both reference and sample chambers for baseline correction. Then the
transmittances of DIW and PAW were measured in the sample chamber by keeping empty
cuvette as reference. The UV absorbance spectrum was evaluated from the transmittance
spectra of DIW and PAW as indicated in Figure 8.11.
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Figure 8.11. Method to evaluate the UV absorption spectrum of PAW

Figure 8.12 shows typical spectra of PAW prepared with the variation of pulse frequency
from 5 to 100 kHz. As expected, the enhanced intensity of the absorption spectra was observed
with the increasing of pulse operating frequency. Moreover, the absorption profiles were
appeared to similar but not identical. This indicates that not only the concentration of RONS
and O have been changed with operating frequency but also the composition of RONS in PAW.
Therefore, it necessary to quantify the concentrations of different RONS and O in PAW. This
was performed by a curve fitting routine of UV absorption spectrum as suggested by J.-S. Oh
et al. [25]. The curve fitting of a typical UV absorption spectrum of 100 kHz is shown in Figure
8.13. It shows a linear relationship between UV absorption peak intensity and different RONS

concentrations such as H20,, NO>", and NOs™ as well as dissolved O2 in PAW.
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Figure 8.12. UV absorption spectra of PAW with the variation of pulse operating frequency.
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Figure 8.13. Fitting of a typical UV absorption spectrum.
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Figure 8.14. Evaluated absolute concentration of the RONS in PAW with the variation of pulse
operating frequency. H>O> is denoted as reactive oxygen species (ROS), whereas NO»- and
NO:g- are together denoted as reactive nitrogen species (RNS).

The absolute concentration of the plasma-generated RONS (H202, NO2", and NO3™) and
O2 in PAW was evaluated employing the outcomes from curve-fitting procedure. Figure 8.14
presents the evaluated absolute concentration of the RONS in PAW as a function of pulse
operating frequency. It revealed that the concentration of RONS increased linearly with
increasing of frequency. The concentration of ROS (H20.) was always higher than the
concentration of RNS (NO2 and NO3’). However, a decrease concentration of NO2™ was noticed
after 50 kHz. It can be defined that the concentration of H,O, becomes high at higher
frequencies, which can facilitate the generation of more NOs- via the consumption of NO3-
according to the following equation [26].

NO,~ + H,O, + H* - NO3;~ + H,O + H
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Moreover, the dissolved Oz concentration in PAW was found increasing as a function of
pulse operating frequency shown in Figure 8.15. It is expected that higher concentrations of
RONS at increased frequencies increase the generation of Oz by-products from the chemical
reactions of RONS during the treatment of DIW. However, the negative concentration indicates
that generally Oz concentration in PAW becomes lower than the initial concentration of Oz in
DIW due to the effect of He gas purge. Higher concentrations of dissolved Oz in PAW are

supposed to be advantageous for normal living cells during cancer treatment.
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Figure 8.15. Evaluated concentration of dissolved Oz in PAW with the variation of frequency.
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Figure 8.16. The concentration ratio of ROS and RNS with the variation of frequency.
Figure 8.16. shows the concentration ratio of ROS and RNS in PAW as a function of pulse
operating frequency. The result reveals that the variation of pulse operating frequency during
treatment influences not only the RONS (H.O2, NOs-, and NO>-) concentrations but also the
concentration ratio of these ROS and RNS. Therefore, the concentration of RONS and its ratio
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in PAW can be controlled by simply varying the pulse operating frequency of APPJ during
treatment of DIW.

For further analysis of RONS production processes in PAW, it is important to know the
about the plasma-liquid interactions. A probable model of bulk plasma interaction with bulk
liquid (water) can be demonstrated in Figure 8.17 based on the reasonable assumptions that are
known from the literatures [27-28]. It is sure that the plasma—liquid chemistry is a complex
process, mostly at the plasma-liquid interface where many highly reactive RONS are generated
including the hydroxyl radical (OH), hydro-nitro-oxide radicals (HNO2, HNO3), super-hydro-
oxide radicals (H, O), ozone (O3), and so on. Actually, when the plasma comes in contact with
the liquid surface (water), it will enhance the generation of RONS, including aqueous OH and
H20>. Then these RONS are dissolved into the bulk liquid through diffusion and solvation
processes. Moreover, recombination of OH radicals can also lead to further formation of H2Ox.
The initial liquid chemistry generated by plasma treatment may strongly affect the longer-term

chemistry and antimicrobial property of PAW.
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Figure 8.17. A probable model of bulk plasma interaction with bulk liquid (water).

It can be noted that water vapor from the surface of the bulk liquid plays a great role in
formation of reactive species. When the water vapor interacts with the plasma, hydrolysis
reactions are occurred by the reaction of water molecules with some other molecules or ions
existed into the plasma as demonstrated in the model.

The Schlieren images in Figure 8.17 shows that the rate of water evaporation is higher at
higher frequency (50 kHz) compared to lower frequency (5 kHz), creating a more humid
environment. Therefore, it can be stated that as the pulse operating frequency increases, the
interaction of plasma with water enhances, which may lead to produce higher concentration of
RONS in PAW.
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Figure 8.18. Schlieren image of He plasma jet interaction with DIW.

8.4.4. Typical observations - APPJ operated by positive and negative pulses

Owing to observe the pulse polarity-induced effects on plasma discharge characteristics,
emission spectra, and RONS production in PAW, the developed APPJ system was driven by

positive and negative pulses. The experimental conditions were as follows- pulse voltage: 8 k\V

(peak-peak) with positive and negative polarity, frequency: 50 kHz, gas: He, flow rate: 1 sIm,
treatment distance: 10 mm, and time: 5 min. Some typical observations are presented here.
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(a)
Figure 8.19. (a) Photographs of plasma jet-water medium interaction and (b) voltage waveforms
under positive and negative pulse.
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Figure 8.19(a) and (b) shows the images of plasma jet-water medium interaction and

voltage waveforms of positive and negative pulse, respectively. It can be clearly seen that the
plasma jet driven by negative pulse exhibits substantially different characteristics compared to
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positive pulse operation. The width of plasma jet and propagation length at negative polarity
are smaller than those at positive polarity. Moreover, positive pulse operated plasma jet shows
the cylindrical shape and intense appearance, whereas negative pulse operated plasma jet
displays conical and less intense. A circle-like plasma distribution is also observed in case
negative pulse driven APPJ. At this point, however, there is no direct evidence of occurring
these behaviors but can be made reasonable assumptions on the basis of literature.
Accordingly, the behaviors of APPJ driven by positive and negative pulses were studied
as reported in some previous works [29-32], though electrode and tube configurations and
temporal forms of applied voltage in these works were quite different. Based on the assessment
of these previous works as well as current results from this work, a probable model of APPJ

discharge characteristics by positive and negative pulse can be demonstrated according to the

Figure 8.20 (a) and (b), respectively.
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Figure 8.20. Probable model of APPJ discharge characteristics by (a) positive pulse and (b)
negative pulse. I and 11 denote initial and propagation phase of the steamers, respectively.

In case of positive pulse, a positive streamer is generally formed close to the electrode at
initial stage denoted as I in Figure 8.20 (a). High energy photons from the initial avalanche or
the streamer-head deliver seed electrons for secondary avalanches, which build space-charge
electric field (E). Then, these secondary avalanches are drawn into the positive streamer head,
neutralize it, form a quasi-neutral streamer channel, and leave behind a new positive space
charge. In consequence of this repetitive process, the streamer propagates towards the space as

like of a positive-guided ionization wave accelerated by the space-charge electric field denoted
as Il in Figure 8.20 (a).
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In contrast, a negative streamer is usually formed close to the electrode when a negative
pulse is applied across it, indicated as | in Figure 8.20 (b). The propagation process is slightly
different than that of positive steamer, marked as Il in Figure 8.20 (b). Secondary avalanches
are again originated by photoionization due to high energy photons from the primary avalanche
which also build space-charge electric field (E) but in opposite direction of propagation. The
streamer propagation takes place as the neutralization of the positive tails of secondary
avalanches by the negative- charged streamer head.

Therefore, it can be revealed that due to heavier ions compared to electrons take place in
the plasma steamer or bullet head in case of positive pulse, they can be easily accumulated in
space and build an enhanced electric field increasing the propagation speed of the plasma bullet
and enhancing the discharges. Besides, in case of negative pulse operated plasma jet, the light
electrons in plasma steamer/ bullet head are scattered in space, recombined with positive ions
and introduced weaker electric field. It can be assumed that the dissimilarity of polarity-induced
effects for APPJ are related mainly with the conditions of ionization wave formation and
propagation. On the basis of literature reviews [29-32] and experimental results in this work, a
comparative study of pulse polarity-induced properties for APPJ can be summarized in Table
8.1.

Table 8.1. Pulse polarity-induced properties for APPJ

Property Positive Pulse Negative pulse
Electric Field Stronger Weaker
Electron temperature Higher Lower
Electron density Higher Lower
Propagation speed Higher Lower
lonization Rate Enhanced Reduced
Recombination rate Smaller Larger
lonization profile Focused Lower
Pre-ionization effect Major Minor

Jet length Longer Shorter
Positive ions Enhanced Reduced
Negative ions Reduced Enhanced
Plasma bullet Discrete Continuous

Furthermore, as the plasma jet operated at positive and negative pulse performs different
discharge characteristics, the effects of pulse polarity on the optical emission as well as on
RONS production in PAW were investigated by positive and negative pulse while keeping other
experimental conditions are same. Figure 8.21 shows the typical emission spectra of the positive
and negative pulse driven APPJ. Major emission spectral lines from OH, N2, N>+ He and O

were observed in both polarities. However, in case of positive pulse, the relative intensity of
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N2+, He are much higher and N2, O are lower than that of negative pulse. This result indicates
that a higher number of positive excited species exists in plasma when driven by positive pulse,
which is also correlated with the discharge model demonstrate above. Generally, the second
positive band system (SPS) of N2 around 337 nm can be excited by direct electron-impact
excitation, whereas the first negative band system (FNS) of N2+ is mainly occurred though the
inelastic-collision reaction between electrons and nitrogen, and the penning ionization between
metastable He and N according to the equation as inset in Figure 8.21. Thus Penning ionization
can play an important role in the generation of denser plasma in case of positive pulse operated
APPJ.
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Figure 8.21. Optical emission spectra taken near the nozzle end of APPJ operated by positive
and negative pulse of 8 kV at 50 kHz. The spectra were acquired at different exposure time in
both polarities and were then normalized for comparison.
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It can be stated that emission of these major spectra lines have similarly but different in
intensities when the plasma jets are driven under positive and negative pulse. This may indicate
that these plasma jets have similar ability to generate RONS in PAW even changing the pulse
voltage polarity, but different in concentrations of RONS.

Figure 8.22. shows the concentrations of RONS in PAW by the plasma jets operated under
positive and negative pulse. It shows that positive pulse driven plasma jet can produce a higher
concentration of RONS in PAW compared to negative pulse driven plasma jet, while other
experiment conditions are kept identical. Actually, the ionization rate in APPJ is mostly
influenced by the induced electric field. In case of positive pulse operated plasma jet, the
enhanced electric field leads to a higher speed of ionization rate, generates a higher density of
excited species in plasma, accordingly a higher concentration of RONS is produced in PAW.

In contrast, the negative pulse driven plasma jet introduces reduced electric field in localized
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region, which leads a lower concentration of excited species in plasma as well as a lower
concentration of RONS in PAW. Moreover, a variation of concentration ratio in ROS to RNS

is also observed due to change of pulse polarity as indicated in inset of Figure 8.22.

120 PAW
@ Negative @Positive

100

o
=

CROSfCRNS
e R L S IV I S

A

=
=

Concentration (uM)
[y (=)
= =

| NN N B N S S N R N B B R R B R N N N S R R |

H-02 NO:- NO:s-

Figure 8.22. The concentrations of RONS in PAW by the plasma jets operated under positive
and negative pulse. The operation conditions were as voltage amplitude of 8 kV (peak-peak),
pulse frequency of 50 kHz, treatment time of 5 min, and treatment distance of 10 mm
respectively.

However, the control of chemical reactions and the production of RONS by plasma jet are
complex processes. As plasma introduces a variety of species in the aqueous phase, it is difficult
to find out the role of a single species or to adjust single species. Therefore, further studies of
the developed pulsed-APPJ system are still required to understand and control the discharge
characteristics for the production of RONS in aqueous phase by changing discharge parameters
such as working gas, gas flow rate, voltage amplitude, treatment time, treatment distance, and

SO on.

8.5. Conclusion

Atmospheric-pressure plasma jets designed as cylindrical configuration of DBD were
investigated by means of electrical and optical characteristics using the developed DRPT-IG
and He as working gas. Two types of single-electrode configurations such as strip-electrode
and wire-electrode are employed for the generation of plasma jet with various experimental
conditions. A strong influence of wire-electrode configuration on plasma jet were observed
with the variation of frequency at a fixed voltage and gas flow rate. The analysis of OES for
wire-electrode APPJ shows that the active species such as NO, N2, N2*, He, O and OH exits in
the plasma plume and their intensities increase with the increase of pulse operating frequency.

Furthermore, the investigation of plasma jet characteristics and RONS production in PAW with
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the variation of pulse operating frequency and polarity were also carried out. The results reveal
that these both parameters have significant impact on the plasma jet characteristics and the
production of RONS. A higher frequency operation of pulse enhances plasma jet density as
well as the plasma-water interaction, which introduces to produce higher concentration of
RONS and O2 in PAW. The variation of pulse frequency also varies the concentration ratio of
ROS and RNS. On the other hand, the positive pulse operated plasma jet shows the cylindrical
shape and intense appearance, whereas negative pulse operated plasma jet displays conical and
less intense. In addition, the plasma jet driven under positive pulse introduces higher electric
field, leads to a higher speed of ionization rate, generates a higher density of excited species in
plasma, accordingly a higher concentration of RONS production in PAW than that of negative
pulse. Therefore, in the future, the developed pulsed-APPJ system can offer an effective and

low cost method to control of RONS composition for specific biomedical applications.
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Chapter 9

Summary

This chapter summarizes the main achievements drawn from the research and discusses
future research recommendations, which could open new dimensions in the research of pulsed
plasma discharge applications.

The main purpose of this study is to investigate the pulsed plasma discharge for low-
pressure CVD of carbon thin films and atmospheric-pressure plasma jet (APPJ). A systematic
analysis of the design of pulsed power generators are shown to develop an efficient pulsed
plasma discharge method in both low-pressure and atmospheric-pressure.

In the first part of research, low-pressure pulse plasma discharge for the synthesis of carbon
thin films was investigated. First of all, a pulsed DC plasma discharge technique including
simply configured pulse power supply and chemical vapor deposition (CVD) apparatus was
successfully developed. Deposition of diamond-like carbon (DLC) films were performed on
silicon (Si) wafers by employing the pulsed DC plasma CVD system from acetylene (C2H>)
and carbon mono-oxide (CO) source gas. A large number of graphite-like structures, oxygen
content, C=0 bond, and C=C bond were observed in the film deposited from CO gas. DLC
films from CO also exhibited low deposition rate and appeared as a soft graphitic conducting
DLC. Besides, DLC films from C2H> showed higher deposition rate and looked as mostly
conventional hydrogenated amorphous carbon with insulating properties. Raman analyses
suggested an enhanced graphitization of the DLC films at an increased temperature. The
obtained results reveal that the developed pulsed DC plasma CVD system is useful for the
deposition DLC films with wide variation of deposition conditions for alternative of
conventional RF CVD.

To enhance the pulsed plasma discharge processes, a novel model for a pulsed DC
generator (PDG) was designed and constructed using an LC half-resonant converter and a
constant current controller with high-frequency solid-state switching to deliver high-voltage
pulses for capacitive coupled plasma discharge in a vacuum chamber. Pulsed DC plasma
discharge was operated using the prototype PDG for the monitoring of voltage and current
waveforms, and evaluation of power conversion efficiency. In the order of microseconds, the
voltage waveform was nearly rectangular and the current level was stable at the set value during
the pulse on state. The generator can deliver maximum negative pulses of 1000 V with rise time
less than 500 ns and fall time less than 800 ns, respectively. The controllable pulse duration is
1 us — oo, and operating frequency range is 0 (DC) — 500 kHz. By recovering charge and energy

from the capacitive load to the storage capacitor in the PDG, conversion efficiency from the

154



high-voltage (HV) DC input to the pulsed DC output at a repetition rate of 30 kHz was
considerably improved approximately 12.2%, as expected from the design. The PDG can
produce stable and uniform plasma suitable for material processing in a wide range of discharge
conditions. It is our belief that this study will stimulate the further investigations on the
development of high-frequency energy-efficient pulsed-DC generators for plasma discharge
processes.

A new model of high frequency pulsed DC plasma CVD system has been developed for
the deposition of hydrogenated amorphous carbon (a-C:H) films from C,H: gas. This technique
is employed by a developed novel pulsed DC generator (PDG) which can produce highly
repetitive microsecond pulsed plasma glow discharge at considerably low pressure inside a
customized vacuum chamber. The deposition of a-C:H films was carried out on Si substrates
with a variation of pulse frequency up to 400 kHz at 50% duty cycle by keeping gas pressure
of 15 Pa and negative pulse magnitude of 800 V. The impacts of increasing of pulse frequency
on the plasma discharge characteristics, generated hydrocarbon species, deposition rate and
structural properties of films were examined. The results show that the dissociation of C2H>
became higher with the increasing of pulse repetition rate as the electron excited energy
increases. The growth rate slowly increases with pulse frequency until 200 kHz and after that a
gradual reduction is observed. The hydrogen atoms in the films are mostly formed sp3
hybridized bonds to the carbon atoms and it decreases with the increasing of pulse frequency.
All the prepared films demonstrate highly insulating properties while the amorphization (sp®
content) increases with the increase of pulse operating frequency. The results suggest that the
proposed pulsed DC plasma CVD system driven by tiny high voltage pulses (few
microseconds) with high repetition rate (several hundreds of kilohertz up to 400 kHz) can be
considered as advantageous for the preparation of a-C:H films.

For the further investigation of pulsed plasma discharge processes by the developed novel
pulsed-DC generator, Ar gas discharge experiments were examined by varying the discharge
conditions, thus exhibiting significant flexibility to control the plasma discharge characteristics.
The optical emission spectra of the Ar glow plasma were observed, and the electron excitation
temperature (Texc) Was evaluated. It was confirmed that the electron excitation energy can be
tuned by varying the precursor gas pressure and pulse parameters such as voltage, current, and
duty cycle. Diamond-like carbon (DLC) films were deposited on Si substrates from C.H; with
a variation of gas pressure, applied voltage, and discharge current. The Raman spectra
confirmed the DLC properties of the deposited carbon films. All DLC films demonstrated
highly insulating properties, and the amorphization increased with a decrease in gas pressure,
voltage, and discharge current. In addition, ultrathin pyrolytic carbon (PyC) films were
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produced on glass substrates using nano-thickness metal catalysts from C.H>. The ultrathin PyC
films exhibited conductive and semitransparent properties.

It can be suggested that the developed low-pressure pulsed-DC discharge system for plasma
CVD is beneficial for the synthesis of insulating hard as well as soft-conducting carbon thin
films with a broad variation of discharge conditions. It can also open new possibilities in etching,
ion implanting, and sputtering applications for the material processing. However, the impact of
pulsed plasma on CVD is relatively complex, and further investigation is required on the
complex process of the gas phase to the surface and their relationship with the plasma
parameters, ion energy distribution, and quantitative correlations to the resulting film.

In the second part of research, pulsed plasma discharge for atmospheric-pressure plasma
jet (APPJ) was investigated. At first, a high-voltage impulse generator (IG) was designed and
constructed using a step-up dual resonance pulse transformer (DRPT) and solid-state switches
to drive atmospheric-pressure plasma jets. Dual resonance operation conditions were studied
and achieved by optimizing the pulse transformer parameters. The developed generator is
compact and has convenient control for voltage and frequency selection. It can deliver high-
voltage impulses (peak to peak) of 0—11 kV with the pulse repetition rates of 0.5-100 kHz. The
impulse rise-time and fall-time are almost 2 ps, and the pulse width is approximately 4 ps. The
performance of DRPT-IG was evaluated and tested by generating a stable room-temperature
atmospheric pressure plasma plume using He gas flow in a plasma jet device with single
electrode configuration. It is expected that this study will stimulate the further investigations
on the development of pulsed generators for atmospheric-plasma discharge processes.

Atmospheric-pressure plasma jets designed as cylindrical configuration of DBD were
investigated by means of electrical and optical characteristics using the developed DRPT-IG
and He as working gas. Two types of single-electrode configurations such as strip-electrode
and wire-electrode are employed for the generation of plasma jet with various experimental
conditions. A strong influence of wire-electrode configuration on plasma jet were observed
with the variation of frequency at a fixed voltage and gas flow rate. The analysis of OES for
wire-electrode APPJ shows that the active species such as NO, N2, N2*, He, O and OH exits in
the plasma plume and their intensities increase with the increase of pulse operating frequency.
Furthermore, the investigation of plasma jet characteristics and RONS production in PAW with
the variation of pulse operating frequency and polarity were also carried out. The results reveal
that these both parameters have significant impact on the plasma jet characteristics and the
production of RONS. A higher frequency operation of pulse enhances plasma jet density as
well as the plasma-water interaction, which introduces to produce higher concentration of

RONS and O in PAW. The variation of pulse frequency also varies the concentration ratio of
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ROS and RNS. On the other hand, the positive pulse operated plasma jet shows the cylindrical
shape and intense appearance, whereas negative pulse operated plasma jet displays conical and
less intense. In addition, the plasma jet driven under positive pulse introduces higher electric
field, leads to a higher speed of ionization rate, generates a higher density of excited species in
plasma, accordingly a higher concentration of RONS production in PAW than that of negative
pulse. Therefore, in the future, the developed pulsed-APPJ system can offer an effective and
low cost method to control of RONS composition for specific biomedical applications.
However, the control of chemical reactions and the production of RONS by plasma jet are
complex processes. As plasma introduces a variety of species in the aqueous phase, it is difficult
to find out the role of a single species or to adjust single species. Hence, further studies of the
developed pulsed-APPJ system are still required to understand and control the discharge
characteristics for the production of RONS in aqueous phase by changing discharge parameters
such as working gas, gas flow rate, voltage amplitude, treatment time, treatment distance, and

SO on.
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