Chapter 2

Dense Plasma Focus—High-Energy-
Density Pulsed Plasma Device Based Novel
Facility for Controlled Material Processing
and Synthesis

Rajdeep Singh Rawat

2.1 Introduction

Plasma, a term that Irving Langmuir ascribed in 1928 to a volume of ionized gas,
consists of positive and negative charge particles and neutrals which are generated
from the physical process of gas discharge or ionization of a gas. Plasma seems
simple as it is largely governed by physical laws known to nineteenth-century
physicists. Yet the sophisticated and often mysterious behavior of plasma is any-
thing but simple. One of the greatest virtues of plasma is that this seemingly simple
ionized fluid exhibits bewildering variety and complexity. Currently, the plasma
science is at the edge of embarking into a new era where is poised to make
significant breakthroughs in next decade in the field of nuclear fusion research
which uses the high-temperature high-density plasmas. For example, the
International Thermonuclear Experimental Reactor (ITER), currently being built at
Cadarache, France with huge international collaboration, is expected to go for
deuterium—tritium operation [1] with full-scale electricity-producing fusion reactor
while the National Ignition Facility (NIF), US aims to ignite the fusion capsule [2];
as a critical step to commercial fusion in future. At the same time, the
low-temperature plasma applications are already creating new products and tech-
niques that are changing our everyday lives.

The ever-expanding scope of plasma science and technology is creating a ple-
thora of new scientific opportunities and challenges. The plasma science and
technologies are playing increasingly important and critical roles in the economy,
energy security, energy efficiency, environmental safety, health care and funda-
mental scientific knowledge and discoveries.
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Economy and Plasmas: The economic impact of plasmas is evident through its
extensive use in etching tiny features onto a semiconductor wafer for micro-
electronic industry. The semiconductor industry uses plasmas for surface
hardening, texturing or coating and simply cannot exist without the support of
plasma science and technology. The low-temperature cold plasmas have also
established a market base in several industries that include textile industry
(finishing, printing, and sterilization), polymer and paper industry (surface
treatment, printability, and adhesion), and food and agriculture industry
(packaging decontamination, food surface decontamination, seed germination
and wastewater treatment).

Energy Security: The thermonuclear fusion using hot dense deuterium plasmas
has been identified as one of the future sustainable and clean energy source to
provide energy security for mankind. Great progress has been made in heating
and confinement of plasmas for fusion and according to ITER’s timeline; it will
start exploring deuterium—tritium plasmas by 2027. The success of these
experiments will very much decide the fate of fusion as long-term energy
security for mankind.

Energy-Efficient Processes: The plasma science is also contributing to innovations
in energy-efficient technologies for various applications. The energy that is not
consumed does not have to be generated! Plasma-based processes are replacing
old energy-intensive manufacturing processes with new energy-efficient pro-
cesses. For example, the drying stage in conventional, wet chemistry processes
consumes many times more energy compared to the dry, inline plasma process
through energy-efficient surface pretreatment. Similarly, material synthesis and
processing using plasma-assisted or plasma-enhanced approaches are energy- and
cost-efficient. Another example of higher energy efficiency of the plasma-based
product is that of plasma lighting system (plasma lamp). It is a proven fact that the
plasma lighting systems have a longer life, higher efficacy, better lumen mainte-
nance, improved color rendering, and enhanced dimming performance compared
to conventional high-intensity discharge lighting systems. Even compared to the
new technology of light-emitting diode systems, the plasma lighting systems have
higher light output and lower overall system price while maintaining a small
optical package and high system efficiency.

Environmental Applications: There is a growing use of plasmas for various
environmental applications. These applications mostly include air pollutant
treatment, wastewater and drinking water decontamination, and thermal disposal
of solid waste using thermal and non-thermal plasmas (defined later). These
applications exploit the ability of plasmas, which is composed of excited spe-
cies, free radicals, electrons, ions and/or UV photons, to break down harmful
chemicals and kill microbes to purify water and destroy pollutants.
Biomedical Applications: The biomedical applications of plasmas in healthcare
industry is on the rise with plasmas being used for sterilization, surface treat-
ment of human implants, plasma-aided surgery and more recently for plasma
cosmetics. Plasmas are a rich source of reactive neutral species and UV light
which can destroy biological activity providing local sterilization. Plasma
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treatment also makes surgical implants biocompatible by either depositing
material or modifying the surface of the implant. The plasma knives (plasma
streamers) are already in use for long to cut and cauterize tissue. More recently,
the cold plasma jet is now being used for the cosmetic purpose for the treatment
of facial skin to make it brighter, clearer and tighter. The other applications
include wound healing, blood coagulation, dentistry, cancer treatment, and
others.

e Contribution to Other Sciences and Discoveries: In addition, the development
and studies in plasma science have also bred new avenues of basic science.
Plasma physicists were among the first to open up and develop the new and
profound science of chaos and nonlinear dynamics which has found its appli-
cations in many fields that include electronics, robotics, fluid dynamics, com-
munication, etc. Plasma science has also contributed greatly to studies of wave
phenomena, instabilities, and turbulences, important for flow, transport, and
other applications. In addition, new discoveries in understanding extremely cold
plasmas created from laser-cooled atoms are unleashing a flood of new ideas in
atomic physics, particle acceleration through laser-plasma wakefield for future
tabletop particle accelerators, the study of high-intensity laser interactions, new
highly efficient lighting systems etc.

The brief introduction given above highlights the versatility and diversity of
plasma applications. The focus of this chapter is the application of
non-conventional high-energy-density pulsed plasma generated in dense plasma
focus device for controlled synthesis and processing of a variety of materials.

2.2 Material Synthesis and Processing

Materials with different properties, shapes, and sizes are fundamental to different
functional structures ranging from the smallest integrated circuit to the largest
man-made structure. In almost every technology, the performance, reliability, or
cost is determined by the materials used. As a result, there is always a relentless
drive to develop new materials and processes (or to improve existing ones).
Understanding the relationships among the structures, properties, processing, and
performance of materials are crucial to optimize their functional performance and
equally important is the continuous development of technologies that can provide
new tools for materials processing and synthesis. The material processing and
synthesis technologies help in the development of new novel materials with better
properties. For example, the surface engineering of metal surface can help to protect
it against all forms of wear. The surface engineering of metals can be achieved
either through coatings (material syntheses/depositions) or through surface/material
processing, as shown in Fig. 2.1. It may be noticed in Fig. 2.1 that two key material
deposition or synthesis methods are chemical vapor deposition (CVD) [3] and
physical vapor deposition (PVD) [4] methods. Since plating is mostly common to
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Fig. 2.1 Material synthesis/deposition and processing as tools for surface engineering of metals to
protect them against different kinds of wear. Note CVD and PVD stand for chemical and physical
vapor deposition methods

metals only, we will not discuss that. The typical setups of CVD and PVD systems
are shown in Fig. 2.2.

Chemical Vapor Deposition (CVD): The CVD process involves the formation
of a non-volatile solid thin film or nano-structured morphology on the substrate
placed in heated reactor zone by the reaction of vapor phase chemicals (reactants)
that contain the required constituents. As shown in Fig. 2.2a the cold gaseous or
vapor precursor(s) of the reactant(s) are introduced into the heated reaction chamber
that are decomposed and reacted at the heated substrate surface to form the thin
film. The controlled transport of the reactants, controlled by mass flow controllers
and evacuation pumping speed, is further forced by convection to the deposition
region which is a heated substrate in heated reactor region. The reactants are
decomposed by the heat or any other energy source such as plasma discharge or
radiation energy and are transported by diffusion from the main gas/vapor stream to
the substrate surface. At the substrate surface, many different processes take place
which include (i) further chemical decomposition or reaction of the reactants,
(i) surface adsorption or nucleation at certain nucleation or attachment sites which
are atomic-level ledges, kinks or grain boundaries, and (iii) surface migration and
other surface reactions. Some of the byproducts get desorbed from the surface and
transported back to the main gas stream by diffusion and are finally evacuated by
the vacuum pump. The schematic of the process is shown in Fig. 2.2a. There exists
a very large variety of CVD systems which are named either on the basis of
method/type of precursor injection or on the basis of the method of precursor
gas/vapor decomposition. The names of these CVD systems are self-explanatory
such as Aerosol-Assisted CVD (AACVD) [5], Direct Liquid Injection CVD
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Fig. 2.2 Material synthesis/deposition methods. a Chemical vapor deposition (CVD), and
b physical vapor deposition (PVD) methods

(DLICVD) [6], Plasma-Enhanced CVD (PECVD) [7], Hot Wire CVD (HWCVD)
[6], Atomic Layer CVD (ALCVD) [8], Rapid Thermal CVD (RTCVD) [9],
Combustion CVD (CCVD) [10], Hybrid Physical-Chemical VD (HPCVD) [11],
etc. Among these, PECVD systems are becoming increasingly popular as the use of
plasma discharge based decomposition of precursor gas is much more efficient
compared to purely thermal decomposition in other CVD systems. This allows
PECVD systems to operate at relatively less reactor zone temperature and in rel-
atively shorter time scale, making them energy- and cost-efficient. The CVD-based
thin films deposition systems have the advantages of the possibility of high growth
rate synthesis, good reproducibility and ability to grow epitaxial thin films. The
disadvantages of CVD include the typical use of high temperatures (though in
PECVD the temperature can be lower), complex processes and toxic and corrosive
gases.

Physical Vapor Deposition (PVD): The PVD is fundamentally a vaporization
coating technique involving the transfer of material on an atomic level. The PVD
process is quite similar to CVD except for the usage of the different physical form
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of raw material. In PVD, the material that is being deposited starts out in solid form
rather than in gaseous form. In addition to vaporization of solid raw material by
heating normally using resistive heater (left configuration in Fig. 2.2b), other
methods of vaporization such as sputtering of the solid target by plasma or ions and
ablation by an intense laser pulse or energetic electron beam are also used in PVD
as shown in configuration on the right in Fig. 2.2b. Various different types of PVD
systems which use different evaporation methods are cathodic arc PVD [12],
electron beam PVD, evaporative PVD, pulsed laser PVD, magnetron sputtering
PVD, etc. [13]. The PVD is carried out under vacuum conditions with three key
steps involved: evaporation, material transport, and deposition. The
evaporation/sputtering/ablation stage of PVD involves either the direct resistive
heating of solid material or the bombardment or irradiation of solid target by a high
energy source such as a beam of electrons or ions, or plasma or concentrated laser
light beam. During this stage, the atoms in neutral and ionized form are dislodged
from the target surface. Evaporation is followed by transportation of vaporized
material species from the target to the substrate surface. Finally, the impinging
material is deposited in the form of coating at the substrate surface which may be
heated or kept at room temperature. The thin films of various different materials
such as metals, bi-metals, metal nitrides/oxides/carbides, etc. can be deposited using
the PVD system with above-mentioned three processes using the corresponding
targets in same exact stoichiometry. For example, the coating of Al or AIN can be
deposited using targets of Al or AIN with inert gases being used as the background
gas in the PVD chamber. The PVD system can also be used as hybrid
physical-chemical vapor deposition system where an additional step of the chemical
reaction is introduced by using reactive background medium. For example, to
deposit AIN thin film on a substrate the Al solid target is vaporized by plasma or
ions or electrons or laser and reactive background gas containing nitrogen, such as
molecular N, or ammonia, is used to obtain nitrogen atoms. The atoms of Al metal
will then react with nitrogen atoms during the transport stage from target to the
substrate to form AIN coating on the substrate. If the heated substrate is used then
the chemical reaction can also take place between the vaporized target material and
decomposed reactive background gas at the substrate surface. The advantages of
PVD are (i) ability to produce high-quality hard coatings with better corrosion and
abrasion resistance, (ii) ability to utilize any type of inorganic and organic target
material for deposition on an equally diverse group of substrates, and (iii) little
damage to the target and the substrate. The disadvantages are (i) line of sight
transfer and deposition in most PVD process making it difficult to coat undercuts
and similar surface features, (ii) to require high vacuum conditions and high tem-
peratures and hence resource requirements are stringent, and (iii) deposition rates of
coatings are usually quite low.

Material Processing: In the context of this chapter, the material synthesis
simply refers to creating new thin films or coatings on substrates using CVD or
PVD processes, while the material processing refers to the modification of the
preexisting material, either in bulk or thin film, by thermally activated diffusion, ion
implantation or plasma exposure. As an example, the deposition of thin film of ZnO
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on Si substrate using pulsed laser ablation of solid ZnO target is an example of
material synthesis. The ZnO thin films synthesized in this fashion are mostly
oxygen deficient and exhibit n-type behavior. The annealing of oxygen-deficient
ZnO thin film in a furnace at a suitable temperature with partial oxygen flow can
reduce the oxygen deficiency in ZnO due to oxygen diffusion. Alternatively, one
can bombard oxygen-deficient ZnO with nitrogen ions to implant nitrogen in ZnO
lattice to convert it to p-type material. Both, the thermal treatment in oxygen
ambiance and nitrogen ion implantation which modify the physical properties of
ZnO, in this case, are the examples of material processing. The material processing,
however, is not just limited to ion implantation or changing the chemical or stoi-
chiometric composition of the thin film as mentioned in the example above but it is
also referred to a much wider range of processes shown in Fig. 2.3. This includes
(i) etching to make nano- or micro-structures by chemical or plasma-based pro-
cesses particularly for device fabrication as is normally used in microelectronic
industry, (ii) doping of suitable atoms by thermal diffusion or ion implantation or
plasma treatments to change material properties, (iii) changing the crystal structure
and surface facet of the material by various processing methods, (iv) surface
functionalization of material to make it behave differently for different applications,
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Fig. 2.3 Various types of material processing which changes the material characteristics and
materials functional behavior
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(v) surface morphological manipulation to increase the surface for the materials
which is beneficial for many applications, (vi) defect engineering of materials, etc.

2.3 Plasmas for Material Synthesis and Processing

Plasma, the ionized gas, can be formed when an external energy source is intro-
duced to the matter in gaseous, liquid, or solid form. External energy sources
include heat, concentrated light such as in a laser, electric, and electromagnetic
field. The solid, liquid, and gas can be either converted directly into plasma state or
may go through other intermediate states before being converted into plasma when
the energy is provided as shown in Fig. 2.4. For example, the solid can directly be
ablated in a plasma state by focused laser light or electron/ion beams or the solid
may first change into the liquid state followed by vaporization of the liquid to gas
phase and finally the decomposition of a significant fraction of atoms into electrons
and positive ions. The energy sources can be used in a controlled way to achieve
plasma conditions with specific outcomes. If the energy received by atoms or
molecules of the matter is sufficient enough to release the outermost electron(s) and
create a significant number of ions and electrons then “plasma” is said to be formed.
The temperature required to form plasmas from substances in thermal equilibrium
range from 4000 K for easy-to-ionize elements like cesium to 20,000 K for
hard-to-ionize elements like helium. In addition to ions and electrons, the plasma
contains neutrals, excited neutrals, excited ions, and photons.
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Fig. 2.4 Plasma formation from solid, liquid and gases upon delivery of energy
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The easiest way to generate plasma is by applying the electric field across the
gas. Normally, gases are electrical insulators but there is a negligibly small fraction
of gas that is ionized due to bombardment by energetic cosmic radiations. The
charges, specifically light electrons, can be accelerated by the applied electric field,
which then collide with neutral particles producing an avalanche of electrons and
ions breaking down the neutral gas into plasma. The electric field needed for gas
breakdown can be setup simply using a pair of electrodes, or with an “electrode-
less” radio frequency induction coil, or with a laser, or with charged or neutral
particle beam. Heating of solids, usually alkali metals, in the evacuated chamber
can not only evaporate them but also ionize them to form plasmas. Similarly, many
chemical processes can also cause ionization forming plasmas. The ionization
fraction of a plasma is given by fi, = n;/ (ni +ng), where n; and ng are ion and
neutral gas density respectively. The f;, is near unity for fully ionized plasmas and
is <1 for weakly ionized plasmas.

More precisely, plasma is a quasineutral gas which exhibits collective behavior
[14]. The quasineutrality simply means that plasma is neutral enough so that one
can take the number of densities of ions, electrons, and neutrals almost equal to
each other but not so neutral that all interesting electromagnetic forces vanish. The
collective behavior means that the motion of plasma species depends not only on
local conditions, such as collisions among the species but also on the state of
plasma in the remote region. The plasmas can occur naturally or are man-made.
They exist over a very wide range of temperature and density, as shown in Fig. 2.5.
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Fig. 2.5 Natural and man-made plasmas existing over a very wide range of temperature and
density. Note the difference in temperature and density of low-temperature plasmas, convention-
ally used for material synthesis and processing, and the plasmas of dense plasma focus
(DPF) devices used and discussed in this chapter
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The density, temperature, and composition of plasma are its key parameters.
The density, number of particular species per unit volume, is described by the
electron density n, the ion density n;, and the neutral or the gas density n,. For
multiple ion species in complex plasma one may describe the ion and neutral/gas
density of species x as nj,, and ng,. Additionally, many plasmas contain positive
(after neutrals loose an electron) and negative (after an electron is attached to
neutral particle) ions. The density is usually a function of time, position, applied
field/power, etc. Another important quantity that is needed to characterize a plasma,
as evident in Fig. 2.5, is the temperature of the individual component of the
plasma; and can be designated as the electron temperature 7, the ion temperature
Ti; of species x, and the neutral/gas temperature Ty, of species x. The multiple
temperatures for different components of plasma can exist in a situation where
plasma components are not able to equilibrate with each other. Like density, the
plasma temperature is also not usually constant in space or time. The composition
of plasma is one of the most important parameter, particularly for material syn-
thesis. Knowing composition, particularly the mass numbers of all ions and neutral
species as the function of space, time and feeding gas stock is handy for better
control over the material synthesis and processing. Based on these three key
parameters the plasmas can be classified in many different categories. However, for
the sake easy classification we will simply classify the plasmas into two broad
categories from the point of view of their applications for material synthesis and
processing: (i) the low and (ii) the high-temperature plasmas. The dense plasma
focus (DPF) device, which is the focus of this chapter, falls into the category of
high-temperature plasma which also has high density (refer Fig. 2.5) while most of
the plasmas commonly used for material synthesis and processing are
low-temperature plasmas with density varying over a very wide range but still at
least about two to three orders of magnitude lower than DPF pinch plasmas.

2.3.1 Low-Temperature Plasmas (LTPs) for Material
Synthesis and Processing

The low-temperature plasmas (LTPs) are characterized by low electron kinetic
temperatures ranging from fractions to tens of eV with low ionization fraction.
A large fraction of the gas in LTPs actually remains in the neutral state. The LTPs
are mainly produced by low-current AC or DC electric gas discharge or by gas
discharges initiated by RF or microwave electromagnetic fields or by concentrating
intense laser/ion/electron beams on the solid targets etc. The low-temperature
plasmas are the backbone of material synthesis and processing industry. The LTPs
are grouped in the blue box in Fig. 2.5. Low-temperature plasmas can be further
classified into non-equilibrium and equilibrium (thermal) plasmas. The equilibrium
(thermal) plasmas are formed in high-pressure gas discharges where due to higher
densities and sufficiently long durations of plasma existence, the electron and ions
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and neutrals have frequent and sufficient collisions among them resulting in equi-
libration of temperatures among the charged and neutral species, i.e.,
T. ~ T; ~ Ty, where T, T; and T, are temperatures of electrons, ions, and
background gas (neutrals) species, respectively, and represent their mean kinetic
energies. The non-equilibrium plasmas, on the other hand, are formed when (i) ei-
ther the low operating pressures with lower electrons/ions/neutrals densities result
in insufficient collisions between electrons and ions and neutrals disallowing the
thermal equilibrium to be achieved; or (ii) even for high operating pressure plasmas
which have higher collision rates among different species but the plasmas are
short-lived (e.g., in pulsed electric discharge) interrupting the equilibration process
as the plasma existence duration is less than temperature equilibration time. They
are described by relation T, > T; = T,.

The low temperature, equilibrium and non-equilibrium type, cold plasmas have
been used extensively in synthesis and processing of materials due to their inter-
esting combination of electrical, thermal, and chemical properties making them
indispensable and versatile tool in many industries. In plasma, the neutral species or
radicals are unpaired electron gas particles that are chemically reactive and elec-
trically neutral. The result of ionization of a gaseous species leads to a plethora of
active species and is the basis for plasma chemistry. This mixture of reactive gas
species offers enhanced reactions and creates new chemical pathways not found in
room temperature chemistry. The ease of forming a plasma discharge is an added
incentive since active species can commence and be sustained at a wide range of
electron temperature values ranging from 1 eV to several tens to hundreds of eV
while maintaining vacuum at a wide range of pressure values. Various gas mixtures
and plasma intensity deepen the processing technique further allowing a wide array
of conditions or chemical pathways to be made available. In addition, the presence
of highly concentrated energetic and chemically active species leads to higher
processing efficiencies at low bulk plasma temperature. Thus, processes exceeding
thermodynamic equilibrium can exist which intensifies traditional chemical pro-
cesses [15].

The wide range of density, temperature, and composition of LTPs has largely
contributed to the long and expanding list of applications for material synthesis and
processing as a result of both scientific and economic drivers. The temperature,
energy, and density range of the neutral and/or ionized species allow heat and
particle control to sputter, etch, clean, melt, cut, functionalize, coat, and grow
materials at macro-, micro- and nanoscale via the so-called “plasma processing and
synthesis”. This allows thousands of applications of LTPs in different industries
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[16], refer Fig. 2.6. Some of the most prominent industrial applications are listed
below.

e Plasma etching in fabrication of microelectronic chips;

e Plasma light sources such as discharge lamps, low-pressure lamps, field emitter
arrays, lasers and plasma displays;

e Plasma deposition of (i) silicon nitride for surface passivation and insulation,

(ii) amorphous silicon films for solar cells, (iii) diamond thin films, (iv) ceramic

or metal alloy coatings used for protection against wear or corrosion in aircraft

and automotive engines, (v) high-temperature superconductors and refractory

materials, (vi) biocompatible coatings for body implants, (vii) magnetic films

and carbon overcoats for hard disk drive for data storage etc.;

Surface oxidation used in fabrication of silicon-based microelectronic circuits;

Plasma switches such as electric power switches, pulsed power, etc.;

Plasma nitriding, which is used to harden the surface of steel;

Plasma melting and refining of alloys;

Plasma-assisted manufacture of optical fibers used in communications;

Plasma welding and cutting;

Plasma volume processing such as flue gas flue gas treatment, metal recovery,

waste treatment, water purification, etc.;

e Plasma sterilization in medical industry;
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e Plasma thruster for space propulsion;
e etc.

It would not be wrong to say that low-temperature plasma-based processing and
synthesis technologies are ruling the industrial applications of plasmas. Science and
technology of low-temperature plasmas are quite well understood and developed,
though there is still an enormous scope and potential to master it further particularly
for manipulation and synthesis of materials at the nanoscale. However, since the
focus of this chapter is hot and dense high-energy-density plasma in dense plasma
focus device, we will next introduce the high-temperature plasmas.

2.3.2 High-Temperature Plasmas for Material Synthesis
and Processing

High-temperature plasmas are synonymous with fusion plasmas. They have tem-
peratures ranging from few hundred eV to several keV making the plasma to be in the
almost fully ionized state. As can be seen from Fig. 2.5, these plasmas are obtained in
magnetic and inertial fusion devices as well as in high-current powerful pinch dis-
charge devices. They not only have high temperatures but also have high densities.
Historically, these high-temperature fusion plasmas were not used for any practical
application in material synthesis and processing. The thermonuclear fusion facilities
such as ITER and NIF, in near future, will be performing D-T fusion experiments to
demonstrate ignition and energy gain. These experiments will result in enormous
plasma, radiation, and heat load on reactor chamber wall. One of the key issues still to
be resolved in the quest for fusion energy production is the characterization, quali-
fication (testing), and development of advanced plasma facing materials capable of
withstanding the extreme radiation and heat loads expected in fusion reactors.
Fundamental understanding of plasma-material surface interaction (PSI) processes in
magnetic and inertial confinement fusion devices is one of the key areas of research in
fusion material science and engineering. There are many gaps in the knowledge
related to the PSI area which must be addressed in order to build up a validated
predictive capability in support of the design of plasma facing components for ITER
and a fusion demonstration power plant (DEMO). While a number of unresolved
issues in plasma edge physics in magnetic confinement devices (e.g., scrape-off layer
plasma widths, flows and turbulent transport) can only be addressed using tokamaks
and stellarators, issues related to the impact of transient heat loads on materials,
erosion, and re-deposition mechanisms, fuel retention, dust formation, as well as new
material concepts can be explored using dedicated testbed devices such as plasma
focus, plasma guns, plasma and particle accelerators, etc.

The focus of this chapter is however not about the fusion plasmas or the similar
testbed facilities to investigate the plasma-material interaction processes on can-
didate materials for fusion reactor wall chamber but on relatively less-explored area
of application of high-temperature high-energy-density dense plasma focus
(DPF) device for material processing and synthesis. The dense plasma focus device,
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in Fig. 2.5, is seen to have plasma temperature similar to that magnetic and inertial
fusion plasmas but the density is in between the two of them. The high-energy-
density plasmas, by definition, refers to the plasmas which are heated and com-
pressed to extreme energy densities, exceeding 10" J/m? (the energy density of a
hydrogen molecule) [17]. The magnitude of physical parameters associated with
high-energy-density physics is enormous: shock waves at hundreds of km/s (ap-
proaching a million km per hour), temperatures of millions of degrees, and pres-
sures that exceeds 100 million atmospheres. The plasmas with energy densities in
the range of (1-10) x 10' J/m® are also now classified as high-energy-density
plasmas. There are many facilities which fall in the category and they include
high-energy long-pulsed (nanosecond range) lasers and high-power very short pulse
(femtosecond range) TW or PW laser-based laser-plasma systems [2, 18], and fast
high-current pulsed power Z—pinch [19]. The energy density of DPF devices,
estimated by dividing the energy stored in the DPF capacitor bank by the volume of
the final pinch column, is reported to be in the range of (1.2-9.5) x 10'° J/m’
making it a high-energy-density plasma facility [20].

In addition to DPF devices, the other two high-temperature high-energy-density
devices that have been extensively used for material synthesis and processing
include plasma accelerator (such as QSPA Kh-50 in Kharkov, Ukraine) and
PHEDP plasma gun in Ukraine and China, respectively. The QSPA Kh-50
(Quasi-Stationary Plasma Accelerator, Kh-50) [22, 23] consists of two stages, refer
Fig. 2.7 [21]. The first one is used for plasma production and pre-acceleration. The
second stage (main accelerating channel) is a coaxial system of shaped active
electrodes-transformers with magnetically screened elements. The total energy
stored in capacitor bank is about 2.2 MJ at the charging voltage of 25 kV. The
amplitude and time duration of discharge current is up to 700 kA and 300 ms,
respectively. The main characteristics of plasma streams depending on operations
regime and distance from accelerator output can be varied in a wide range: density

of plasma 10"> — 8 x 10'® cm™, velocity up to 4.2 x 10 cm/s, energy density of
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Fig. 2.7 Schematic of quasi-stationary plasma accelerator (QSPA Kh-50) which has been
extensively used for material research for plasma facing components of fusion reactors. Reprinted
from Garkusha et al. [21], Copyright (2009), with permission from Elsevier Ltd
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plasma stream 5 J/em’-2 kJ/cm? and total energy in plasma stream up to
600 kJ. The high-energy-density plasma stream generated by QSPA can be injected
into the vacuum chamber of 10 m in length and 1.5 m in diameter. Average plasma
stream diameter is about 0.5 m at the distance of 1 m and it is up to 1 m at the
distance >3 m from accelerator output. This enormous device, therefore, has the
capability to test full-scale prototypes of tokamak divertor cassette. Most of the
studies done on QSPA are limited to processing of fusion relevant material at high—
temperature and high-energy-density which is not the focus of this chapter and
hence is not discussed in detail.

Another high-temperature plasma device which has been used occasionally by
the group led by Prof Si-Ze Yang at Beijing National Laboratory for Condense
Matter Physics, Chinese Academy of Sciences is a plasma gun which has been
referred in their reported work as Pulsed High-Energy-Density Plasma (PHEDP)
facility [24-32]. This device has been used for film deposition and surface modi-
fication. The typical setup of PHEDP is shown in Fig. 2.8 [30]. As shown in
Fig. 2.8, it consists of three sections: (i) the fast pulse electromagnetic valve driven
by the discharge of a stored capacitance Cp (2 kV, 180 mF) through a driving coil
to introduce the working gas into the vacuum chamber; (ii) the coaxial PHEDP gun
which is powered by a capacitor bank Cg (5 kV, 1.11 mF) connected between the
outer and inner electrodes; and (iii) the vacuum chamber, where films are deposited.
Other parameters like the distance between substrate and gun, the number of pulses
and base pressure, etc., all influence the properties of the film. Other most important
features of PHEDP [33] are high electron temperature (about 10-100 eV), high
plasma density (about 10'*-10'® cm™), very high axial velocity (about
10-50 km s~ '), and the energy density of 1-10 J cm . Yang and his coworkers
have used the PHEDP facility for a variety of applications which include deposition
of (Ti,Ta)N [25] and Ta(c)N [26] thin films, titanium carbonitride [27, 29] and
titanium nitride [30] films on cemented carbide cutting tools, surface metallization
of alumina ceramics [31], titanium coatings on SizN,4 [32], etc.
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Fig. 2.8 Schematic of PHEDP facility at Chinese Academy of Sciences used for thin film
deposition and surface modification. Reprinted from [30], Copyright (2003), with permission from
Elsevier Ltd
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The PHEDP facility, used by Yang and his coworkers, is quite similar to DPF
device except that it does not have compression/pinch phase and hence the plasma
is relatively not as hot and dense as one can obtain in DPF device due to efficient
pinch. This book has several chapters that deal with various aspects of DPF devices
ranging from simulation and modeling of DPF devices, X-ray, and neutron emis-
sions studies from DPF devices and application of DPF devices for hard coatings.
In this chapter, we will discuss the application for DPF device for material pro-
cessing and synthesis under Sect. 2.5. The next section is devoted to the detailed
introduction to DPF devices providing device details, the principle of operation and
its key characteristics.

2.4 Dense Plasma Focus (DPF) Device: Introduction,
Principle, and Characteristics

The dense plasma focus (DPF) device, refer Fig. 2.9, is a coaxial electrode gun in
which plasma discharge is initiated at the closed end of the electrode assembly as
the electrical energy stored in a high-voltage fast discharging capacitor bank is
transferred across the electrodes. The discharge soon evolves into an axially
accelerated plasma sheath which finally compresses into a hot and dense pinch
plasma column at the top of the central electrode (anode). The coaxial gun primarily
consists of a central conducting electrode typically a metal rod surrounded by a
solid cage or an array of conducting electrodes in a squirrel cage configuration.
Typically, the central electrode acts as the anode and the outer electrode (connected
to chamber wall) acts as the ground electrode. One end of the coaxial electrode
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Fig. 2.9 Schematic of dense plasma focus (DPF) device. a Mather-type and b Filipov-type
configuration
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assembly is open, whereas the other end where the discharge is initiated is closed.
The volume of DPF chamber where the coaxial electrode assembly is placed is
comprised of desired operating gas at a suitable pressure. This configuration is one
of the simplest and efficient methods in producing pinch plasma capable of pro-
viding avenues to conduct fusion relevant research in a relatively small and simple
device [34, 35].

In the 60s, the design of this device was derived from a predecessor with similar
purpose called a z-pinch device which generated a column of plasma that
self-compresses when a high current flows through the plasma resulting in a
high-temperature and dense plasma at the axis of the electrode. Two different
electrode assembly geometries of DPF devices were developed independently with
different anode aspect ratio (anode length upon its diameter). The Mather-type [36]
DPF devices, developed by J.W. Mather, are the one with an anode aspect ratio
typically in a range from 5 to 10 (i.e., anode aspect ratio >1) and the Filipov-type
[37] devices, developed by N.V. Filipov, have the anode aspect ratio <1. In
Filipov-type DPF devices the anode radius is much larger compared to its axial
dimension and hence the plasma current sheath is accelerated in the radial direction
towards the axis of the anode whereas in Mather geometry the sheath is accelerated
mostly along the axial direction. The two geometries are shown in Fig. 2.9.

2.4.1 DPF Device Details

The coaxial electrode assembly of a DPF device resides inside a vacuum chamber
and the whole system is operated at the pressure of about 10 mbar and less or at
optimal pressure ranges which satisfy the focusing or pinching of the plasma sheath
at the final stage. The vacuum condition allows for reliable sheath formation in the
initial stage as the minimum breakdown voltage depends on the pressure according
to the Paschen’s law. Another important factor in the reliable operation of the DPF
device is the insulator sleeve placed around the base of the anode and the presence
of which allows proper formation of the plasma sheath in the initial breakdown
phase and leads to efficient pinching [38]. To operate the plasma focus,
high-voltage (typically greater than ten kV) and high-current (>10 kA) electrical
pulses of few hundred ns to few ps duration are required. The most economic and
simple way to generate these pulses is to charge a capacitor to a suitable voltage and
discharge it through load viz. the plasma focus. However, to get high current pulses,
the capacitors, and the connections from the capacitors to the load are specially
designed. The typical working gases used in most DPF devices are hydrogen,
deuterium, inert gases, and reactive gases such as oxygen, nitrogen, methane,
acetylene, etc. Most studies that require the production of radiation (X-rays or
neutrons) sources using the DPF device will utilize inert or deuterium gas while
there is no restriction on gases used for material synthesis or treatment unless a
specific material outcome is required. Gases used in material synthesis involving
reactive gases such as oxygen and nitrogen will yield ceramic materials such as zinc
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Fig. 2.10 Block diagram representation of the DPF device

oxide, titanium nitride, etc. The inert gases, such as neon, argon, etc. will yield
deposited material derived from the anode tip material. The overall layout of DPF
device with its various subsystems is shown in block diagram in Fig. 2.10.

Capacitor Bank: A single capacitor or a bank of capacitors, based on desired
energy storage capacity, is used to store the electrical energy needed for the
operation of the DPF device. The capacitors used for DPF devices are
high-energy-density fast-discharging capacitors which are capable of delivering
high currents needed for efficient acceleration and compression of the current
sheath. The capacitor bank value, for the DPF devices available in author’s Plasma
Radiation Sources Lab, NTU, Singapore, is decided based on the typical operating
voltage range of 12—15 kV for ease of transmission line designing. We use com-
mercially available energy storage class of capacitors which are rated typically up to
30 kV with shot life of >10° charge/discharge cycles withstanding 80% voltage
reversal. By operating the capacitors at 40-50% of their maximum charging
voltage, life expectancy improves significantly and can be used for >10°
charge/discharge cycles. The selection of capacitors for DPF device also depends
on the intended repetition rate of the device. The single 30 pF/15 kV capacitor used
in UNU-ICTP DPF device is not designed for repetitive operation, therefore for
10 Hz FMPF-3 device we used a total of eight low inductance 0.3 pF/30 kV plastic
case capacitors (Model No. #37323), procured from General Atomics, USA. These
capacitors specifically feature repetitive mode of operation.

Triggerable High Current Switch: A triggerable high-current switch(es) in a
capacitor bank is/are incorporated to transfer energy from the bank to the load
(electrode assembly in DPF chamber) at a preset voltage and time. For a fast
discharge in low inductance system, the switch should have (i) low inductance,
(i1) low erosion at high current levels, (iii) minimum breakdown time delay (also
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referred as jitter), and (iv) reliable operation. The simplest and the most economical
switch is the sparkgap switch. The sparkgaps are available in various configurations
such as trigatron, direct over-volted gaps, field distortion gaps, railgaps, etc.; though
some configuration like railgaps can be quite expensive. The DPF devices operated
in author’s lab use swinging cascade spark gap switch [34] for UNU-ICPT DPF
devices while other devices such as NX2 [39], NX3 [40], and FMPF-series [41]
DPF devices use pseudo-sparkgap switches.

Trigger System: Switches used in DPF devices need to endure high-voltage and
high-current operation along with precise timing but its switching performance is
mainly decided by applied trigger pulse characteristics produced by the trigger
system/module. A major factor that affects the performance of the switch is trigger
pulse rise time applied to the switch. The simple swinging cascade spark gap
switches used in UNU-ICTP DPF device uses relative simple low-voltage and
high-voltage silicon-controlled rectifier circuits generating a negative pulse of about
600 V which is amplified by commercially available HV TV transformer by about
60-70 times to about 35-42 kV [34]. The trigger system used for pseudospark
switches [42] are slightly more complex but can be easily assembled and used for
reliable switching of capacitor bank energy to the DPF tube.

The DPF Chamber: The capacitor bank, high-current low jitter switch(es), and
a trigger system form the pulse power driver while the DPF chamber with coaxial
electrode assembly is the load where the plasma is formed and compressed to high
temperature and density. The DPF chamber normally is fabricated from stainless
steel of wall thickness of 3-5 mm with several vacuum parts, gas inlets, and
diagnostics ports. The electrode assembly comprises of an anode as central elec-
trode surrounded by cathode which can either be the chamber wall [43] or several
rods in squirrel cage fashion mounted on backwall plate [44, 45], shown in
Fig. 2.11. The anode and cathode, at the closed end, are separated by an insulator
sleeve. Low erosion characteristic is one of the most important factors in the
selection of anode material. In conventional DPF device experiments selection of
anode material is based on low spark erosion characteristics, good mechanical and
thermal properties, availability and low cost. Spark erosion rates of various mate-
rials that are used as anode have been shown in Table 2.1. The erosion results are
presented in terms of the volume of eroded material per coulomb of charge
transferred (p cm’ Cfl) [46]. The “Elkonite”, the Cu—W alloy, has the lowest
erosion rate but it is very costly and not easy to machine. “Aluminum” is the
cheapest option but it has the highest erosion rate of all the materials along with
poor mechanical strength. So many DPF devices normally use stainless steel,
because of its relatively lower cost, good mechanical, and thermal properties though
copper is also another good choice which has been routinely used in our
UNU-ICTP and NX2 DPF devices. Similarly, the selection of insulator sleeve
material is primarily done on the basis of the dielectric constant of the material as a
study done by Beg et al. [47] indicated a significant enhancement in neutron yield
with use of high dielectric constant sleeve material. Dielectric constants of various
sleeve materials have been compared in Table 2.2. Although ceramic has highest
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Fig. 2.11 Schematics of a FMPF-1 device with chamber wall as cathode, and b FMPF-3 device
with cathode rods in squirrel cage fashion. Reprinted from a Verma et al. [43], Copyright (2008),
with permission from IOP Publishing; b Reprinted from Verma et al. [44], Copyright (2010), with
permission from Elsevier Ltd and Verma et al. [45], Copyright (2013), with permission from

Springer

Table 2.1 Spark erosion rate
of various anode materials

Table 2.2 Dielectric
constants and densities of
various insulator sleeve
materials

Material Erosion rate (ucm3 C_l)
Elkonite (Cu-W) 5.44

Brass 7.59

Stainless steel (SS) 9.14

Aluminum 17.37

Material Dielectric constant Density (g cm ™)
Alumina/ceramic 4.5-8.4 4.14
Pyrex 4.5-6.0 2.05
Nylon 3.55 1.09
Perspex 2.76-3.12 1.08
Teflon 2.04 2.04
Quartz 3.74.1 2.17

dielectric constant, but as a compromise between electric characteristics, easy
availability and low cost; in all our DPF devices, “Pyrex” has been used.

The choice of anode material and anode type (solid v/s hollow anode) for
application of DPF devices for material processing and synthesis are very critical.
For applications in material processing where the intended target material, placed
down the anode stream, is required to be processed by high-energy ions of filling
gas species or hot dense decaying plasma, the hollow anode with thin wall and
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made up of material which erodes less is highly desirable. Otherwise, in addition to
processing of bulk material, the undesirable deposition of impurity material from
the ablation of anode material will also take place. The application requiring the use
of DPF device as deposition facility may need to use the solid anode of suitable
material with suitable background gas.

High Voltage Charger: A high-voltage power supply with suitable voltage and
current rating is required to charge the capacitor bank. The electrical characteristics
of the high-voltage power supply will depend on the repetition rate of DPF device.
For single shot operations, with the significantly large time interval between the
shots, a simple home-made power supply utilizing a step-up transformer with diode
chain for rectification would suffice. This was the kind of HV charger that was
assembled and given to the trainees participating in UNU-ITCP training program
mentioned in Chap. 1. They worked pretty well for all kind of DPF operation. The
repetitive operation of DPF devices, however, requires HV chargers with much
large charge transfer rate to achieve fast charging of the capacitors. The repetitive
NX2 and FMPF-series DPF devices in our lab use constant power charger “EMI
HVPS 802L” (procured from M/s a.l.e. Systems, USA) for fast charging of the
modular capacitor bank. The HVPS 802 is especially designed for fast charging of
energy storage capacitors used in various pulsed power applications, with an
average power exceeding 8000 W. The HVPS 802 power supply incorporates a
high-frequency IGBT series-resonant inverter for efficient generation of the output
power. A high-performance control module precisely regulates the output voltage,
automatically compensating for line, load, temperature, repetition rate, and program
voltage variations along with inbuilt overload and short-circuit protection. The
output voltage of the HVPS 802 is fully adjustable over the whole range 1-40 kV.

Vacuum System: The typical pressure range in which DPF devices operate with
best focusing efficiency is from about 1-10 mbar with heavier gases requiring
lower pressure and lighter gases requiring higher operating pressures. The pressure
range can also be manipulated with a change in anode dimensions and designs, e.g.,
longer anode will require smaller filling gas pressures while the tapered anode with
reducing radius at the top can operate at higher filling gas pressures. Since the
operating pressure is of the order of few mbar, typically a rotary vane pump capable
of producing a base pressure of about 10~ mbar is good enough for most opera-
tions. However, for application of DPF device in materials-related work it is
advisable to use turbo molecular or any other high capacity pump which can
produce a much lower base pressure of about 107°-10"° mbar to reduce the gaseous
impurities in the chamber. Adequate vacuum gauges should be used to reliably read
the filling gas pressure of the chamber. It is important to note that the DPF devices
generate strong EM noise and shock waves during their operation, so for the safety
of electronic pressure gauges (i) mechanical isolation using valves, and (ii) elec-
tronic isolation by switching off the gauge and detaching its cable to gauge con-
troller are important safety procedures.

Diagnostic System: The DPF device is a rich source of many fundamental
plasma phenomena and radiations. The fundamental plasma phenomena of interest
include breakdown across electrodes at the closed end of the electrode assembly;
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formation of plasma sheath; lift-off, axial acceleration and radial compression of
plasma sheath; shock formation; plasma instabilities and turbulences; ionization
wavefront formations; magnetic field structures; plasma decays, etc. The radiation
of interest include soft and hard X-rays, relativistic electrons, instability-accelerated
high-energy ions, and neutrons (for deuterium operated DPF). The availability of a
large range of fundamental plasma physics phenomena and radiation yields which
can be used for applications allows DPF to be a test-bed facility for many diag-
nostics making it an outstanding playground for fundamental research. Over the
years a large number of electrical, magnetic, optical, spectroscopic, radiation,
charge particles, and neutron diagnostics have been developed, tested, and explored
on DPF device. For the material synthesis and processing application of DPF
device, most of these diagnostics are actually not required but they create the
knowledge and database and understanding of the device operation and charac-
teristic features which help its operator to master its material-related application.
Even though most diagnostics are not required for materials-related application of
DPF device, basic electrical diagnostics comprising of a Rogowski coil and a
resistive divider voltage probes to monitor the pinching efficiency and a Faraday
cup (biased ion collector) to deduce the ion emission characteristics of the DPF
device are normally employed.

Data Acquisition System: Most DPF devices operate with capacitor banks that
produce electrical discharges with a quarter period (T/4) in the range of 500 ns to
4 pus. Hence, a fast data acquisition system is required to record the signals from
applied diagnostics. The digital storage oscilloscopes have sampling speed of about
1GS/s and bandwidth of 1 GHz with multiple channels (four channels) is more than
sufficient for most works. The synchronization of signals is very important because
the data processing requires comparison on the same time base.

2.4.2 Principle of Operation: Plasma Dynamics in DPF
Device

The DPF chamber is first evacuated to base pressure using rotary vane pump or
with the combination of turbo molecular and rotary vane pump. The working gas is
then filled in right operating pressure range which is different for different gases
(typically about few mbar). The capacitor bank is first charged to high voltages
(typically in 10-30 kV range) using a high-voltage power supply. The electrical
energy stored in the capacitor bank is then transferred to the electrode assembly by
activating low-inductance high-current fast switches resulting in gas breakdown in
DPF device chamber which undergoes through several phases shown in Fig. 2.12.
If the operating pressure is within right working range then gas breakdown, phase @
in Fig. 2.12, is initiated across the insulator sleeve at the closed end of the electrode
assembly. In the breakdown phase, the ionization of the background gas grows
exponentially as predicted by the Townsend law which states that an electron
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Fig. 2.12 a Different phases of plasma dynamics from (i) breakdown and current sheath
formation @, (ii) lift off or inverse pinch @, (iii) axial acceleration @, (iv) radial compression @,
and (v) pinch @ phase. The post pinch phase ® is not shown here. b The oscilloscope trace of the
typical voltage probe signal with approximate timing duration marked on it

avalanche is produced when a free electron under the influence of an electric field
ionizes a neutral particle and releases bound electron which become free electron
for subsequent ionization. The formation of the initial discharge is heavily influ-
enced by the gas pressure, type of filling gas used in the DPF chamber where the
behavior resembles Paschen’s law, and the inter-electrode distance. This discharge
then evolves into a well-defined sheath of plasma. The time duration required for
the formation of the well-defined axisymmetric plasma current sheath is about 100—
500 ns for DPF devices having the quarter time period of about 500 ns and 3 ps,
respectively [48, 49]. This is followed by lift-off phase in which current sheath is
lifted away from the insulator sleeve in an inverse pinch manner, phase @ in
Fig. 2.12, to the outer electrode, the cathode, due to a radially outward component
of J x B force. The magnetic field B generated by discharge current / flowing
through the anode and then through the current sheath to the ground electrode is
responsible for this J x B Lorentz force (where J is the current density). This phase
is relatively short, probably about several tens of ns to hundreds of ns, and is easily
recognized when the plasma sheath widens on backwall from the base away from
the insulator surface and takes on a shape of a curve or parabola, caused by the
radial magnetic pressure that drifts along the anode axis while maintaining electrical
contact with both electrodes [50]. Zhang et al. [49], using laser shadowgraphy,
showed that the curvature steepness or angle of the plasma sheath is influenced by
the length of the insulator sleeve mounted at the closed end of the anode. An
increase in the insulator sleeve length was found to increase the steepness angle
which affected the focusing efficiency. The optimized focusing of the DPF device
was found to be closely related to the current sheath steepness angle which can be
adjusted through the length of the insulator sleeve, thus highlighting another
important aspect of the insulator sleeve.
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Driven by the axial component of J x B force, the current sheath then accel-
erates along the electrode assembly in what is commonly referred as axial accel-
eration phase, phase @ in Fig. 2.12. The radial component of J x B force pushes
the sheath outwards, leading to the mass loss through the open squirrel cage
cathode. Both components of J x B force cause the plasma sheath to be canted as it
moves axially forming an axis-symmetric parabolic shape. In this stage, the mag-
netic field strength is described as a smooth sinusoidal curve with field strength
reaching the maximum value, owing to a maximum value of discharge current, as
the current sheath reaches the open end of the assembly before entering the radial
collapse phase [51]. The typical current sheath speed in axial acceleration phase is
reported to be about 4-6 cm/us though it can range from 2 to 10 cm/ps.

As the current sheath reaches the open end of the anode and starts to roll over
anode, it is said to enter into radial acceleration phase @ where it collapses on the
anode axis. This fast collapse causes a sudden increase in the circuit inductance and
produces anomalous electrical resistance [51]. The radial speed of current sheath in
radial compression phase is about 2—-2.5 time the speed in axial phase which results
in extremely fast moving shock. The abrupt change in plasma characteristics in this
stage is due to plasma heating mechanism and several other major contributors
include shock heating, magnetic compression, and viscous heating [52]. The
magnetic compression and Joule heating of the imploding current sheath also cause
the heating of the plasma sheath due to the intense current flowing through it.
Another major effect is the viscous heating where collisional ion—ion interaction in
a dense plasma volume results in self-heating.

The fast-moving shock front ahead of the collapsing current sheath can result in
plasma temperature of about several hundred electron volts; while the reflected
shock at the axis, together with the magnetic compression, can finally raise this
temperature to around 1-2 keV. The outgoing reflected shock from the electrode
axis hits the incoming plasma current sheath slowing it down and resulting in
formation elongated stable pinch plasma column. This is referred as pinch phase,
depicted as ® in Fig. 2.12. During the pinch phase, ion density increases from
107722 m ™ to the order of 10**72° m™2 in pinch plasma column, increasing by a
factor of 10476, due to the densification and further ionization of a wide plasma
sheath converging into a narrow column driven by the magnetic compression and
secondary ionization [53]. Soon after the formation of pinched plasma columns, it
breaks up due to m = 0 and m =1 instabilities. The m = 0 mode instabilities (also
referred as plasma diode formation in literature) accelerate the ions of the filling
gas species to very high energies, up to MeV range, towards the top of the
chamber and accelerate electrons to relativistic energies (100 keV and above)
towards the positively charged anode.

The pinched plasma column finally breaks up and disintegrates leading to the
decay of hot and dense plasma. The plasma dynamics in DPF device now can be
labeled as being entering into post pinch phase; not shown in Fig. 2.12a but is
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labeled as @ in Fig. 2.12b. A fast-moving axial ionization wavefront, produced by
the ionization caused by energetic ions, later develops into a bubble-like structure
[54]. The ionizing front coincides with the beginning of the hard X-ray emission
due to the interaction of energetic electrons with anode tip material and also the
neutron pulses for deuterium-filled DPF device. It may be noted that the number of
studies performed for post pinch phase is rather limited and almost all of those
studies are limited to the time scale of the order of few tens to hundreds of ns only,
though the phase may last several tens of microseconds. Martinez-Fuentes et al.
[55] used a triple Langmuir probe to measure the velocity, electron density, and
temperature of the plasma in the expansion discharge phase (after pinch formation)
at distances between 16 and 24 cm in 4.8 kJ FN-II DPF device filled with 2.5 Torr
pure deuterium gas. The values of velocity, electron density, and temperature of the
plasma were reported to be 5.5 x 10° m/s, 10°°"2' m™>, and 30-60 eV, respec-
tively. Another study on 481 kJ DPF device (PF-1000) at 3.5 kPa pure deuterium
showed that the free-propagating plasma stream (plasma after pinch phase) has an
electron density of about 102 m™> and 10 m™> at 15 cm and 30 cm, respectively,
from the electrode outlet [56]. For more details about DPF devices, readers are
advised to refer to excellent reviews written by Tendys [57], Bernard et al. [58],
Gribkov et al. [59], and Krishnan [60]. A detailed review highlighting several
applications of DPF device in plasma nanotechnology can also be found in refer-
ence [61].

2.4.3 Key Characteristics of DPF Device

The optimized DPF devices operating across entire energy range from few J to MJ
exhibit many typical parameters and characteristic features of pinch plasmas, cur-
rent sheath dynamics, various radiations, and energetic charged particles that are
very similar and are not affected by the dimensions of coaxial electrode assembly,
capacitor bank energy, peak discharge current, and the operating gas type. This has
been referred as “the unique universality of plasma focus devices” by Rawat [61].
The typical values of various key parameters of interest for optimized DPF devices
are given below.

(1) The typical time required for the breakdown and formation of the
well-defined current sheath at the start of the discharge pulse is approxi-
mately one-fifth to one-sixth of the quarter time period of discharge.

(i) The current sheath speed in axial acceleration phase is typically in the range
of 2—10 cm/ps [62, 63] which shock-heats the plasmas to electron and ion
temperatures of about 100 and 300 eV, respectively, at the end of the axial
acceleration phase [64].

(iii) The current sheath speed in radial compression phase is typically about
2-2.5 times that of the axial speed [62] and hence it can reach as high as
25 cm/ps (i.e., 250 km/s).



64 R.S. Rawat

(iv) The radius of the pinch plasma column, formed in the pinch phase, is
approximately about 1/10th of the anode radius [65].

(v) For DPF devices using solid anodes, the length of pinch plasma column is
approximately the same as anode radius [65]. However, for the DPF device
with hollow anode, the length of pinch plasma column is approximately
double of the anode radius as half of the pinch plasma column is inside the
anode and another half above the anode.

(vi) The energy parameter, defined as E/V,, where E is the energy of the
charged capacitor bank and V;, the volume of the pinched plasma column, is
(1-10) x 10" J/m? for the DPF devices operating at energies between 50 J
and 1 MJ [20].

(vii) The drive parameter, also referred as speed factor, Ip/(ap'/?) has an
average value of 89 #+ 8 kA cm ' torr "/? for neutron-optimized DPF
device, Iy where is peak discharge current, a is the anode radius and p is
ambient gas density of deuterium [66].

(viii) The electron/ion densities in pinch plasmas are in the range of 5 x 10**—
10*° m™ [53, 67].

(ix) The electron and ion temperatures of pinch plasmas are in the range of
200 eV-2 keV [54] and 300 eV-1.5 keV [67], respectively.

(x) The energies of instability-accelerated electrons, which moves towards the
anode, are in the range of few tens of keV to few hundreds of keV [68, 69].

(xi) The energies of instability-accelerated ions, which mostly move axially
along the anode axis towards the top of the DPF chamber, are in the range
of tens of keV to few MeV [70, 71]. The ions are mostly forward directed
with most of the ions being emitted in the narrow angle of 20° with respect
to the anode axis.

(xii) The UV, soft, and hard X-rays with photon energies ranging from hundreds
to several hundred thousands of eV have been measured in DPF device [49,
72-75].

The DPF devices are essentially LCR circuits, refer Fig. 2.12a, involving the
transient discharge of a capacitive driver, Cy, into an inductive-resistive load with
the inductance L comprising of fixed system inductance L, and dynamic plasma
inductance L, and the resistance due to circuit connections. The characteristic
transient discharge duration, given by 1/LCy, typically ranges from few hundred ns
for low energy sub-kJ DPF devices to over 10 ps for high-energy hundreds of kJ or
M]J large DPF devices. Hence the durations of pinch plasma, radiation and energetic
particles in DPF devices, which are typically some fraction of characteristic dis-
charge duration, are of the order of tens of ns to about hundred or several hundred
ns. This makes most phenomena of interest in DPF device being highly transient in
nature. Hence, “in DPF devices the very high densities and temperatures of pinch
plasmas, very high number and energy densities of high energy instability accel-
erated ions and electrons, intense energetic radiations such as soft x-rays and
neutrons (for deuterium operated devices), fast moving shock and hot-dense
decaying plasma combined with their transient nature offers a kind of plasma and
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radiation environment that is drastically different from the ambience of low tem-
perature plasmas conventionally used for material synthesis and processing”.

2.4.4 Plasma Lifetime in DPF Device and Some Features
of Post Pinch Phase

It may be highlighted that Sect. 2.4.3 concentrates on or refers to the intense plasma
and radiation phenomena associated with DPF device during pinch phase, phase @
in Fig. 2.12, and only first few hundreds of ns of post pinch phase, the phase ® in
Fig. 2.12b. However, as the DPF operation is an LCR discharge, the discharge
current or DPF tube voltage has damped sinusoid profile lasting over several dis-
charge cycles as shown in Fig. 2.13a. This allows the DPF plasma to last much
longer than what has been explored by almost all DPF researchers as there is
sufficient electromagnetic energy available during subsequent half cycles of
damped sinusoidal LCR discharge circuit of DPF.

The plasma lifetime and other features of post pinch phase in DPF device can be
deduced from the optical emission spectroscopy results discussed by T. Zhang in
his Ph.D. thesis [76], carried under author’s supervision. An Acton 750 spec-
trometer was used for end-on optical emission spectroscopy to study temporal
absorption/emission characteristics of primary gas (hydrogen) plasma of the filling
gas species and secondary Fe/Co plasma ablated from FeCo anode top in the
NX2 DPF device. One of the exit ports of the spectrometer was coupled to an
intensified CCD camera which could be gated down to durations of 10 ns using
Programmable Pulse Generator PG200 from Princeton Instrument. The other exit
port was coupled to PMT. The spectroscopic setup on plasma focus device is shown
in Fig. 2.13b. The spectra were obtained at central wavelengths of 656.1 and
526 nm, corresponding to H and Fe emission/absorption lines at different time
instants with respect to the peak of the voltage probe signal and are shown in
Fig. 2.13c,d, respectively.

The hydrogen spectra, with central wavelength 656.1 nm, obtained at different
delays with respect to the first voltage probe peak (corresponding to first com-
pression phase), shown in Fig. 2.13c, were obtained at 12 mbar hydrogen at 12 kV
NX2 DPF operation. It is needed to point out that relatively stronger intensities at a
later time are due to the use of wider gate width for the spectrometer. The spectra
recorded up to 0.7 ps show that the whole 13 nm spectral window is covered with
the strong continuum, almost saturating the CCD camera. It may be important to
mention here that the spectra that appear to be like that of the continuum are
actually a Stark-broadened hydrogen line at 656.1 nm because of high plasma
density in pinch plasma column at the anode top. It is a well-known fact that the
plasma density in focused plasma column can be of the order of 10**~10*® m™ [53,
67]. Such high plasma density results in FWHM of the Stark-broadened line to be
more than 15 nm, resulting in complete coverage of the observing window of the
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Fig. 2.13 a Discharge current signal taken using Rogowski coil at a high operating pressure of
25 mbar argon in NX2 DPF device showing multiple half-cycles. b Optical emission spectroscopy
setup on NX2 DPF device with anode fitted with FeCo top and device operated with hydrogen as
the filling gas [76]. ¢ H emission spectra when NX2 is operated at 12 kV and 12 mbar hydrogen
[76]. d Fe emission spectra from NX2 DPF device [76]. The delay time in colored bars in (c¢) and
(d) are in ns. Reprinted from Zhang [76]. Permission not needed

spectrometer. The decay of focused plasma column will result in a reduction in
plasma density and correspondingly the FWHM of Stark-broadened spectral line
will decrease as can be seen in Fig. 2.13c with a clear emergence of the emission
peak from 3.3 ps spectrum and with its continuous sharpening as time evolves.
Another noticeable feature in hydrogen spectra recorded from 1.3 ps onward is the
emergence of H absorption line (seen as a depression in the center of spectral peak).
This absorption line is caused by the resonance absorption of hydrogen emission
line emitted from hot-focused hydrogen plasma column by the bulk of the back-
ground neutral hydrogen gas (at 12 mbar) between the focused plasma column and
the chamber wall. The absorption line must be there from the beginning of focused
plasma column formation, but it is not observable because of the saturation of the
ICCD camera. It becomes prominent when the focused plasma column starts to
decay/expand decreasing the plasma density and temperature and hence reducing
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the emission line intensity. The absorption line seems to disappear at about 3.9 us
which can be attributed to the continuous reduction of neutral hydrogen zone
between the focused plasma column and the exit window of the chamber because of
fast expansion of the ionization wavefront [77] which while expanding pushes
away the neutral gas in front of it. A reasonably strong hydrogen emission peak can
still be observed as late as 55 ps; and it can probably last tens of microsecond more.

In addition to the plasma of the filling (hydrogen) gas species there will be
ablated plasma of anode top material which in this case is that of Fe and Co, refer
Fig. 2.13b. The time evolution of the Fe emission/absorption spectra is shown in
Fig. 2.13d. Please note that Co optical emission/absorption spectra are not shown
and the discussion from Fe spectra should suffice. The spectra are shown from 1.8
ps onwards as spectra captured before that show a continuum in the 13 nm spectral
window of the spectrometer indicating the very high density of ablated Fe plasma.
The observation of continuum, followed by absorption and finally conversion to
emission line spectra of Fe can be explained as follows. The hot dense pinch plasma
coupled with the instability-accelerated intense and energetic electron beam ablates
the anode top resulting in the formation of hot and dense Fe/Co plasma. The
ablation of FeCo anode top probably lasts several microseconds because the
electron emission duration in plasma focus has been found to be longer than 1 ps
and in some cases even a second electron emission period was observed [78]. The
initial ablated plasma is formed from the ablation of the solid target material and
hence its density is expected to be very high. This was also observed in laser
shadowgraphy results obtained by Soh et al. [77], shown in Fig. 2.14, for graphite
anode top where the density of the carbon plasma ablated from graphite top is so
high that it was opaque to nitrogen laser light. The hot and high-density ablated
Fe/Co plasma produces emission spectra, which due to very high plasma density
initially is Stark-broadened resulting in completing coverage of 13 nm spectral
window for spectra captured up to 1.8 ps (not included in Fig. 2.13d). The ablated
Fe/Co plasma continues to expand with time and so the plasma density and hence
the corresponding Stark broadening reduces and hence the emission spectral lines
are expected in the spectra. However, Fe/Co absorption lines were observed which
is due to absorption of emission line (generated from plasma that is still being
generated at the anode top because of long electron beam pulse duration and also
due to prolonged thermal ablation time of the anode) by the relatively less hot
expanding part of the Fe/Co plasma envelope. The spectra from 4 ps onwards show
only the emission lines which are attributed to the fact that the electron beam hitting
and ablation of the anode ceases by this time and therefore there is no background
emission source to generate absorption spectra. It can be noticed that the Fe
emission lines were observed even at 13 ps after the pinch plasma phase indicating
that even the plasma ablated from the anode top, which is much lower temperature
plasma as compared to compressed pinch plasma of filling gas species, lasts sig-
nificantly longer to the time scale of greater than 10 ps.

The lifetime of the plasma ablated from the anode top or the plasma of the filling
gas species also depends on the operating gas pressure of DPF device. It was found
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Fig. 2.14 Laser shadowgraphic images graphite anode ablation. Initially, ablated plasma is so
dense that laser cannot pass through it. Ionization wavefront resulting in bubble formation can be
seen in (a) and (b). Reprinted with permission from Soh et al. [77], Copyright (2004), with
permission from IEEE

that the lifetime of the plasma of the filling gas species increases with the increasing
gas pressure (with the pressure increase limited to the range where strong focusing
or pinching efficiency can still be maintained) while that of plasma ablated from
anode top decreases. The increase in the lifetime of the plasma of the filling gas
species with an increase in pressure can be attributed to the increase in pinch (or hot
dense plasma) volume and pinch being delayed. The increase in pressure, however,
is known to adversely affect the formation and efficiency of m = 0 instabilities
resulting a reduction in instability-accelerated electron and hence the anode abla-
tion. Another reason could be enhanced collision between the ablated plasma and
background neutral gas resulting in relatively faster collisional cooling of the
ablated plasma reducing its lifetime.
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2.5 Material Processing and Synthesis Using
DPF Device—Timeline of Milestones

The evolutionary progress on the application of the DPF device for material pro-
cessing and synthesis is shown in Fig. 2.15. The timeline of the important mile-
stones for different materials-related application in different possible ways is shown
in Fig. 2.15.

Processing of bulk target surface—the first report (1988): The first ever
materials-related work using DPF was reported by Feugeas et al. [79]. in 1988 on
the processing of bulk AISI 304 stainless steel substrate by the implantation of
energetic nitrogen ions produced by BD-1 DPF device at the Instituto de Fisica
Rosario, Argentina for surface nitriding. They used nitrogen as the working gas for
the implantation of nitrogen ions into the stainless steel substrate. The DPF-nitrided
stainless steel sample showed a wear reduction by a factor of 42 times compared to
virgin stainless steel. It was found through XPS that the implantation of nitrogen
ions by 30 exposures generated Fe,N thin film as deep as 300 nm from the surface.
Based on the nitrogen concentration in the irradiated sample, the depth of nitrogen
implantation in the sample they estimated that total ion flux was about 1.3 x 107
cm” 2 over 30 DPF discharge with ion energy range up to 500 keV. This initial work
showed promising application for DPF as a material processing device as the
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Fig. 2.15 The evolutionary progress of material process and synthesis using DPF device. Feugeas
et al. [79], Rawat et al. [80, 82], Kant et al. [81], Tan et al. [83, 84]
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surface of a particular material can be modified to have ceramic behavior such as
Fe,N, a wear-resistant ceramic material. The artistic impression the setup is shown
in Fig. 2.16a.

Processing of thin film—the first report (1993): The first ever application in
the processing of thin film, deposited by another deposition scheme, was reported
by Rawat et al. [80] in 1993 using 3.3 kJ DPF device at University of Delhi, India.
A material science research group at the University of Delhi was working on
ferroelectric thin films of lead zirconate titanate (PZT). The group had an interest in
depositing thick PZT thin film using rf magnetron sputtering. As-deposited PZT
thin films were amorphous in nature and had to be annealed for transformation to
the crystalline phase. However, it was found by the group that about 1 pm thick
films of PZT were not crystallized even after 10 h of annealing. Many different
strategies were adopted to achieve the crystallization of micron thick PZT film
including the irradiation using very high-energy ion beam at the nuclear accelerator,
but they all failed. Finally, 3.3 kJ UNU-ICTP DPF device was used to irradiate 0.9
pm thick PZT films by Rawat et al. [80]. The crystalline PZT was achieved by a
single exposure of DPF-operated argon as the working gas although the device
required minor optimization in operating parameters such as the exposure distance
and operating gas pressure to prevent removal of the thin film and to achieve
significant crystallization. The 0.9 pm PZT sample was successfully crystallized at
an optimized distance of 4.0-4.4 cm from the anode. The setup of irradiation or
processing experiment is shown in Fig. 2.16a which is similar to the processing of
bulk target material discussed earlier. The crystallization of PZT was deduced to be
caused by the intense and rapid heating of the amorphous material surface by pulsed

(a) (b)
F = L5 =
Target (bulk) —
i\ Thln film
| ] | S — Substrate
Processing of bulk Deposition using PVD type ablation
target or thin film of bulk target placed down stream

Fig. 2.16 The DPF device configurations for a processing of bulk target or thin film and
b deposition or synthesis of a thin film by ablation/sputtering of a bulk target placed down the
anode stream; by instability accelerated energetic ions and hot dense decaying plasma. Note
Hollow anodes were used to minimize impurity ablation from the anode



2 Dense Plasma Focus—High-Energy-Density Pulsed Plasma Device ... 71

energetic ion beam leading to a melted state. The heat from the melted surface
propagates through the entire film until it reaches the film—substrate interface. Upon
cooling, the entire film crystallizes. In other words, unlike both the post-processing
techniques which require high temperature and prolonged processing duration, the
DPF was able to produce the same effect of PZT crystallization at room temperature
as well as in a short span of time.

The first synthesis of thin film—target ablation in pure PVD mode (1997):
The applications stated in two previous illustrations were related to the first ever
reported use of DPF device as a materials processing device for bulk and thin film
material. On the deposition front, the first ever application of DPF for deposition of
materials was reported by Kant et al. [§1] in 1997. They were able to deposit carbon
thin films by ablating the graphite target placed down the anode stream using
energetic argon ions produced by the DPF device. The schematic of the experi-
mental setup is shown in Fig. 2.16b. A substrate, S, was placed in shielded
enclosure to avoid its direct exposure to energetic ions and hot dense decaying
plasma. They established that the DPF was able to produce 100-150 nm thick
crystalline graphitic thin films on silicon and quartz substrates with a number of
DPF shots ranging from 10 to 30 shots. The mechanism used in their approach is
identical to physical vapor deposition (PVD) in RF sputtering device where ions,
typically argon ions, from capacitively coupled plasma are accelerated towards
target due to the electric field of the sheath region on the target surface resulting in
sputtering of the target material which is then deposited on the substrate surface. In
the case of a DPF device, the instability-accelerated energetic argon ions and hot
dense argon plasma from pinch plasma column is accelerated towards the top of the
chamber and ablated the graphite target placed downstream to deposit the ablated
carbon on the substrate surface. The difference is that the DPF acts like pulsed PVD
facility with a sputtering process much more intense than in conventional RF
sputtering system thus allowing more efficient ablation of material.

The first synthesis of thin film by the anode ablation in PVD mode with
reactive background gas (2001): Rawat et al. [82] in 2001 reported the first ever
use of background reactive gas, containing the carbon precursor, along with the
PVD type ablation of solid anode of titanium to synthesize nano-structured TiC thin
film using 3.3 kJ UNU-ICTP DPF device. No external heating arrangement was
used and the substrates were kept at room temperature and the anode top or anode
inert was ablated by instability-accelerated electrons and hot dense pinch plasma
much like in a PVD system. The suitable background gas was made reactive by
intense DPF discharge. We still refer it as DPF in PVD mode with reactive
background gas. For deposition of TiC films, the conventionally used central
hollow copper anode was changed to a solid titanium one whereas the outer cathode
rods were kept the same as shown in Fig. 2.17a. The argon-acetylene admixture
was used as the working gas. Throughout the experiment, the filling gas pressure of
argon-acetylene admixture, in the ratio 7:3, was kept at 1.5 mbar. This work opened
a new era of DPF device application whereby many kinds of ceramic materials such
as metal nitrides, metal carbides, metal oxides, etc., were deposited using anode of
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suitable material and with desired working gases such as nitrogen, methane or
acetylene, and oxygen.

In many of the works reported later instead of replacing the entire anode by solid
anode, many of the researchers either replaced only the anode top by machining and
attaching the desired material piece, shown in Fig. 2.17b, or by using a relatively
small anode insert as shown in Fig. 2.17c. The strategy of replacing the anode top
by desired material piece [77], Fig. 2.17b, has the advantages of using a smaller
amount of material in comparison to the full solid anode and avoiding any impurity
from anode material as the ablation occurs only at the anode top. This configuration,
however, can be used only for metallic or graphite as anode top which are con-
ductive in nature and does not affect the plasma dynamics of DPF device as seen in
shadowgraphic images in Fig. 2.14 where graphite anode top was used. The
strategy of using the material to be ablated as anode insert [85], totally inside
conventional hollow anode as shown in Fig. 2.17c, has advantages of (i) using very
small amount of material, (ii)) no machining requirement, and (iii) even
non-conducting materials can be used. However, this strategy suffers from a major
drawback that the anode rim, which is a different material, also ablates and con-
tributes to impurities in deposited layer. The impurity ablation from anode rim,
however, can be minimized by making anode wall very thin.

The first synthesis of pure gaseous precursor based process—pure PECVD
mode (2012-2016): Carbon nano-structures such as nanotubes, nanowalls, and
graphenes have been regarded as an advance material due to their vast and unique
properties with great potential in many commercial applications. Many apparatus
and techniques have been employed in producing and commercializing carbon
nano-structures. Currently, the preferred method of preparing them is chemical

(a) (b) (©

Full solid anode Anode fitted with top Anode with insert

Fig. 2.17 Different type of anode configuration used for deposition of thin film synthesis which
relies on ablation of anode material by backward moving energetic electrons and hot dense plasma
of DPF pinch
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vapor deposition (CVD) where a carbon feedstock, process gas, and catalyst are fed
into a furnace at high temperature which decomposes the carbon feedstock while
allowing for the catalyst to initiate the CNTs growth. The Plasma-Enhanced CVD
(PECVD) systems where a CVD system is improved by using a microwave dis-
charge, or a capacitive discharge, or an inductive discharge are becoming popular
as they allow the chemical reaction to take place at a lower temperature. Our group
at PRSL, NIE/NTU, Singapore, has successfully synthesized vertically aligned
carbon nanotube at very high instantaneous growth rates at low substrate temper-
atures through the use of DPF with the assistance of a catalyst coated substrate and
a substrate heater. It is demonstrated that 2 um long vertically aligned carbon
nanotube can be successfully grown using pulsed plasma that lasts for a maximum
of about 100 ps in a single DPF shot giving rise to the enormous instantaneous
growth rate of about 2 cm/s. The same device with different operating conditions
can be tailored to produce graphene nanoflower structures. This pioneering was
done by K.S. Tan during his Ph.D. program at Nanyang Technological University,
Singapore [83, 84]. This work highlights the first ever use of DPF device in pure
PECVD (plasma-enhanced CVD) mode with the use of hollow copper anode,
heated substrate surface and pure gas based (using carbon-containing gaseous
precursor) synthesis of one-dimensional CNT and three-dimensional graphene
nanoflowers. More details are provided later.

Other strategies for material synthesis and processing using DPF devices: It
may be important to mention that there may be other processing and deposition
strategies that might have been developed or used but are not included in timeline
and milestone developmental work listed in Fig. 2.15. This can be purely incidental
or may be due to very limited use of those methods. For example, Zhang et al. [68]
reported the optimization and application of NX2 DPF device as pulsed electron
beam source for deposition of thin film FeCo. The arrangement of their experi-
mental setup is shown in Fig. 2.18a where the electron beam was extracted through
the hole in the anode in the lower deposition chamber attached to the anode and
high voltage flange. The pulsed electron beam was used to ablate the FeCo target
and the nano-structured FeCo thin films were deposited on the substrate placed
across. They used CCD based magnetic electron energy spectrometer to deduce that
hydrogen should be the first choice as filling gas for DPF operation for
electron-based target ablation for thin film deposition as it produces highest electron
beam charge and higher energy (from 50 to 200 keV) electrons. They claim the first
ever thin film deposition using PFPED (Plasma Focus assisted Pulsed Electron
Deposition) using hydrogen operated NX2 DPF device. Similarly, Mohanty et al.
fabricated the network of polyaniline nanowires at room temperature in
microsecond timescale by using the pulsed electron beam of a plasma focus device
[86]. The experimental setup used by them is shown in Fig. 2.18b.
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Fig. 2.18 a Pulsed electron beam based deposition of thin films in deposition chamber attached to
the lower end of the NX2 DPF device. b Schematic of experimental setup for electron beam
processing of polyaniline thick films; with magnified view of electron beam interaction process
with film. Reprinted from a Zhang et al. [68], Copyright (2007), with permission from IOP
Publishing; and b Mohanty et al. [86], Copyright (2009), with permission from Elsevier Ltd

2.6 Material Processing Using DPF Device

The typical DPF setup for the processing of bulk or thin film samples used is the
UNU-ICTP facility in our lab in NTU, Singapore is shown in Fig. 2.19a. For
efficient processing of samples in DPF device, one should take note of following
characteristics of DPF device and use the appropriate strategies according to the
requirement or proceedings of the experiment

(i) The DPF devices, like any other plasma device, lacks the exact repro-
ducibility, i.e., there is variation in device performance (and hence the
radiation and charged particle yield) from one shot to another. To minimize
the shot-to-shot variation in performance of the DPF device it should be
conditioned to achieve efficient pinching. Unwarranted exposure of the
sample to the less-efficient conditioning shots is avoided using a mechanical
shutter between the anode top and the sample, as shown in Fig. 2.19a. The
conditioning of DPF ensures reliable shot-to-shot operation of DPF device.
Once the good focusing efficiency, monitored by current and/or voltage
probe, is achieved then the shutter is removed and the sample is exposed or
deposited in subsequent DPF shots. The conditioning process needs to be
repeated for each fresh loading of a new sample.

(i) As mentioned earlier, in each DPF shot the irradiated sample is processed by
a complex mix of instability-accelerated energetic ions, high-energy
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Fig. 2.19 a Schematic of DPF as a bulk and thin film processing facility. b The pinch column
above anode acts like a point source of the fast ion beam and hot-dense decaying plasma. The
schematic in (b) is reprinted from Nawi et al. [88] (Open access no permission needed)

high-flux photons, fast moving ionization wavefront, strong shock wave, and
hot and dense decaying plasma. The source of above-mentioned energetic
plasma, ions and radiation source is the pinch plasma column which from the
end-on direction behaves like a point source [87]. Energetic ions and plasma
emitted from a point source (tip of pinched plasma column) spread out and
expand as shown in Fig. 2.19b. Moreover, this flux of energetic ions and hot
dense decaying plasma is forward directed with the highest number and
energy densities along the anode axis. The number and energy density of
ions and decaying plasma decrease in radial direction with increasing angle
from the anode axis. This angular dependence of number and energy density
of energetic ions and plasma species plays the key role in controlling the
processing conditions of the irradiated target surface and deposition features
on the substrate surface. The angular variation is much more evident at a
smaller distance of material processing or deposition. This leads to greater
inhomogeneity in processing or deposition at smaller distances. However, as
the distance is increased, the area within the same solid angle increases
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leading to greater homogeneity in processing or deposition over a larger area
at a larger distance from anode top. Hence, with the increasing distance of
exposure, the ions/radiation/plasma flux will decrease or in other words the
energy flux delivered at different distances of exposure is different. This
gives the possibility of a different degree of processing of the sample by
simply changing its exposure distance from the anode top and also by using a
different number of DPF exposure shots. The exposure distance and angular
position of the sample can simply be changed using an axially moveable
sample holder with mounting positions along the axis as well as at different
radial position from the anode axis as shown in Fig. 2.19a.

(iii) Depending on the application, one should carefully choose the gas to be used
as the operating media. Inert gases such as neon and argon have been used in
many studies where the aim was to simply process the material to change its
physical characteristics without affecting its composition. For the fusion
relevant studies, where the aim is to test the performance of the first wall
candidate material, one needs to use deuterium as the filling gas. This pro-
vides 2.45 meV D-D fusion neutrons along with other intense radiations. To
simulate more realistic fusion reactor type irradiation conditions it will be
desired to have 14 meV fusion neutrons by operating the DPF device with
1:1 D-T gas mixture. The handling and procurement of tritium, however, is
not trivial and only certain selected groups only can probably do these
experiments. The processing of bulk or thin films for the purpose of doping
or the nitride, oxide, and carbide formation will require the use of reactive
gas environment such as nitrogen, oxygen, acetylene, methane, etc., in DPF
chamber.

2.6.1 Mechanism and Physical Processes for Material
Processing in DPF Device

The processing of bulk or thin/thick film material in DPF device is a very complex
process due to a complex mix of energetic ions, hot decaying plasma, radiation, and
shock, shown in Fig. 2.19b. The mechanism of material processing in DPF device
is not unique as it strongly depends on the exposure position and distance of the
material from the anode top. Five different material processing positions and dis-
tances from the anode top are possible which are marked in Fig. 2.20a as position
“1” to position “5”. These five positions are: (1) within the pinch region, (2) very
close to the exit point of the pinch, (3) at moderate distance from the anode top
(surface melting possible), (4) large distance from the anode top (no surface
melting), and (5) below the anode top inside the hollow anode or in the chamber
attached to the anode.

The sample placed within pinch region: The sample placed at the position
marked as “1”, in Fig. 2.20a, can be placed in two different orientations: horizontal
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Fig. 2.20 a Five different material processing positions in DPF device. Note two different
orientations for position marked as “1” inside the pinch region. b Wire type sample mounted along
the anode axis using support

or vertical. For the planar sample, both these orientations at position “1” obstruct
and interfere with pinching plasma. The shadowgraphic study of plasma dynamics
showed that any target/sample placed at a distance less than the anode radius, i.e.,
within the pinch region, will severely affect the plasma dynamics [89] and will not
allow the pinch to take place and hence all subsequent phases of plasma focus are
disrupted. Sample exposure at this position does not allow the sample to be exposed
to the fast ion beam, hot dense plasma, and strong shock. Hence it is not advisable
to expose planar samples at this position. However, thin cylindrical wire type
sample can be exposed at this position by mounting them using a support as shown
in Fig. 2.20b. In an unpublished work done at the University of Delhi, India, the
group conducted experiments of Langmuir probe measurements in dense plasma
focus device by mounting tungsten wire probe tip at many positions including the
position 1 shown in Fig. 2.20b. The pinching efficiency of DPF device was not
affected by tungsten wire along the anode axis, but the plasma was so intense that
the tip did not last for more than three—five shots.

The sample placed very close to the exit point of the pinch: The exposure of
target sample placed very close the exit point of the pinch, marked as position “2”
in Fig. 2.20a and also shown in Fig. 2.21d, is discussed in great detail by Gribkov
et al. [90]. With the help of extensive fast gated imaging and time-resolved inter-
ferometry, they demonstrated the generation of cumulative plasma stream (referred
as a jet) at the conical compression of the imploding pinch plasma current sheath
shown in Fig. 2.21b. The plasma jet is guided by the axial magnetic field (B,)
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formed by the compression of Earth’s magnetic field and residual field of con-
struction material of DPF chamber by the imploding current sheath by the azi-
muthal (B,) magnetic field, refer Fig. 2.21a. The fast-moving plasma jet produces a
shock wave (SW) in the residual gas above the pinch shown in Fig. 2.21c. They
estimated the speed of deuterium hot plasma stream (plasma jet + SW) to be
about ~ 3x107 cm s~' with the energy of about 1 keV. If the target sample is
placed very close to the pinch exit point, Fig. 2.21d, then this hot plasma stream
(plasma jet + SW) hits the target surface with the power density of about Py ~
10' W ecm ™2 for PE-1000 DPF device over the sample surface of about few cm?.
This results in intense head load on target surface leading to surface melting and
generation of secondary plasma (SP) which starts moving in the direction opposite
to the incoming primary plasma. They estimated the temperature of this secondary
plasma, produced by hot plasma stream, of the order of 10 eV. It may be noted over
here that the above-mentioned physical processes are taking place before the pinch
disruption, i.e., when the pinch is stable and the instability-accelerated fast ions
have not been generated yet. This shows the strong ablative/sputtering effect of hot
plasma stream at very close distance of exposure. This secondary plasma which is
moving toward the anode/pinch may or may not interfere with the pinching plasma

(a) (b)

Cumulative
Stream (jet)

(c) (d)
Jet
and
/ Shock
wave
Shock
wave Cumulative

Stream (jet)

Fig. 2.21 a Implosion phase of the DPF plasma and magnetic field dynamics, b generation of
plasma jet/stream, ¢ plasma jet and shock wave produced by jet, and d target sample placed very
close to the exit point of the pinch
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dynamics depending on target distance from pinch exit point. Assuming that the
pinch dynamics is not affected then the kinetic stage of DPF dynamics follows.
The kinetic stage of DPF device consists of “current abruption”, plasma diode
formation (a term normally used by Gribkov et al. [90] which is referred as m = 0
instability formation in this chapter earlier and by others as well) and generation of
fast energetic beam of ions and electrons. The plasma diode (or m = 0 instability),
shown in Fig. 2.22, results in a very strong local electric field of the order of 10 MV
cm” ! resulting in acceleration of ions and electrons in opposite directions. The ions
have been observed to have energies from several tens of keV to several MeV [70,
71]; while the electrons have energies from several ten to several hundred keV [68,
69]. According to Gribkov et al. [90], the fast ion beam has two components; the
first component is magnetized in the combined B,/B, magnetic field and escapes
from the pinch within cone of angle of about 25-30° (shown by cone in Fig. 2.19b)
and the second component, the main part, propagates in a relatively narrow cone of
5° along the line of singularity of B,, field, i.e., the anode axis where B, = 0. The
narrow main part of the fast ion beam, comprising of ions of average energy of the
order of 100 keV, results in small spot size of the order of few mm?’ on the
irradiated target surface with very high-power density [90] of about 10'? — 10'3
W cm 2. Such high-power density of fast ions results in the generation of another
set of secondary plasma from the targets placed at closer distances to the pinch. This
secondary plasma was observed to be moving at a speed of ~ 10" cm s~ with the

m=0 1nstability
(ple_lsma diode)

Anode

Fig. 2.22 a I-ns three laser sequenced shadowgrams, and b time integrated soft X-ray image; all
showing plasma diode (/2 = O instability) formation in DPF device. a Reprinted from Rafique et al.
[93], Copyright (2010), with permission from Springer
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energy of about hundreds of eV. Recently, ion beam fluences and flux for various
gases, at the exit point of the pinch, in a DPF device have been numerically
estimated and reported by Lee and Saw [91, 92]. Hence the target/substrate sample
placed nearer to the pinch exist point suffers greater ablative/sputtering damage as
both the hot plasma stream (comprising of keV plasma jet and SW during stable
pinch phase) and instability generated fast energetic ions (comprising of ions of tens
of keV to MeV energy during the pinch abruption phase) result in secondary
plasmas from irradiated surface. It may, however, be noted that the power densities
of hot plasma stream and fast ions beam mentioned above are specific to the large
PF-1000 device. For smaller DPF devices the pinch volume, and hence energy
content in pinch, is much smaller as they scale on anode radius. Hence the effects
on sample surface will be different.

The ablative/sputtering generation of secondary plasma will have two different
effects on the irradiated surface: (i) the surface reconstruction and (ii) thin film
formation if a reactive background gas is used. This will be explained with the help
of suitable examples in later sections. In addition to material melting and ablation in
the form of secondary plasma, the high-energy fast ions (>100 keV ions) are
capable of moving deep inside the bulk target surface, from several hundred nm to
micrometer distance, with the ability to dislodge bulk atoms from their lattice
positions creating vacancy defects in crystalline structure. The penetration depth of
ions and vacancy defects in bulk or thin film targets of various materials can be
estimated using SRIM© [94].

Sample at a moderate distance from the anode top (surface melting possi-
ble): This exposure position is marked as “3” in Fig. 2.20a. The instability gen-
erated beam of fast ions initially propagates behind the shock wave as it is generated
later in time and does not spread much, as seen in Fig. 2.19b. However, as it pierces
through the shock wavefront, the ions find themselves in neutral gas with density
same as that of the ion beam. The fast ions escaping the shock front,
supported/guided by diverging B, field due to increased distance from pinch
regions, turn in the direction of grounded chamber walls resulting in the greater
spread of fast ions as shown in Fig. 2.19b. The increasing spread of fast ions will
reduce the fluence on the target surface with increasing distance of exposure. The
mean free path of very high-energy ions, say hydrogen ions of >100 keV, will be
greater than 60 cm in hydrogen at 6 mbar. The very high-energy ions, hence, will
not be able to ionize the working gas before they hit the target or the chamber wall.

At moderate distances of exposures, the delivery of high flux and high-energy
instability-accelerated ions, energetic radiations, shock exposure and hot dense
decay plasmas in a very short time (with different events lasting from few tens of ns
to several ps) results in the processing of material in DPF device which is equiv-
alent to ultra-fast annealing. Sanchez and Feugeas [95] estimated the generation of
intense transient heating slopes and heating speeds as high as ~3600 K pm™
and ~40 K ns~' respectively, on various metal sample surface confirming the
ultra-fast annealing rate in DPF device. The rapid surface temperature rise, beyond
evaporation point, followed by the rapid cooling results in a strong thermal effect on
the material exposed at a moderate distance which brings out the changes in their
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several physical properties and compositional characteristics. In addition, the
high-energy ions can also induce defect in crystalline structure of irradiated
materials.

Sample at large distance from the anode top (no surface melting possible):
At large distances from the pinch region, marked as position “4” in Fig. 2.20a, due
to the conical geometry of ion beam, the number and energy density of ions are
greatly reduced on the sample surface. This leads to insignificant processing of the
irradiated sample surface.

The sample placed inside the hollow anode or in the chamber attached to
the anode: These positions are marked as “5” in Fig. 2.20a and also shown in
Fig. 2.18b. In this case, the sample is essentially processed by
instability-accelerated energetic electrons which move in a downward direction
through the annular hollow space of the anode. Roshan et al. [96], though,
demonstrated the existence of backward moving high-energy ions in NX2 DPF
device using the direct and unambiguous technique of nuclear activation. They
conducted a 30 shot sequence at 1 Hz repetition rate in NX2 DPF device at 8 mbar
deuterium and showed significant activation of graphite mounted as an insert inside
the anode top by high-energy deuterons moving in the backward direction. Their
estimates showed 1.3 x 10'! backward deuterons per shot per steradian with
energies higher than 500 keV. They estimated that the number of backward deu-
terons was about one order of magnitude less than the forward ones. Hence, for the
samples placed at position “5” mainly electrons and to some extent ions will be
responsible for processing. At smaller distances of exposure below the anode top, in
the negative direction, the charge particle number and energy flux will be strong
enough to cause rapid thermal melting and re-solidification of the sample surface.
The effect obviously will decrease with the increasing negative distance. Based on
self-luminescence and laser interferometric images of plasma diode formation, it
was deduced that after that an acceleration of electrons in plasma diode by the
vortex electric field takes place followed by the self-focusing of the electron beam
inside the pinch during its propagation to the anode [90]. Moreover, it was inferred
from Rogowski coil and magnetic spectrometry measurements that electrons from
pinch region are accelerated towards the anode over a relatively long period of
microseconds and that too in several bunches [78, 97]. Hence, the sample irradiated
by electrons in downward direction depending on the distance of exposure will
have nonuniform irradiation with electrons bunch focusing at a different place on
the irradiated sample. This was observed on polyaniline thick films irradiated by
electron beams in DPF device where polyaniline nanowires were observed to form
at scattered locations and not uniformly on the entire irradiated surface [86].

Next, we will illustrate the application of DPF device for material processing by
a transient complex mix of radiation, shock, plasma, and charged particle using
selected examples.
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2.6.2 Selective Examples of Material Processing

This section is divided into two subheadings (i) processing of bulk substrates and
(ii) processing of thin films.

2.6.2.1 Processing of Bulk Substrate Surface

The first experiment on processing of bulk substrate of AISI 304 stainless steel
using DPF device was reported in 1988 [79] and after that several experiments have
been conducted on processing of many different bulk substrate materials, such as
titanium [95, 98-103], different types of stainless steel [95, 104—106], silicon [107-
113], aluminum [114-116], zirconium [117-123], zirconia [124], tungsten [125],
tantalum [126], boron nitride [127], alumina [127], PET [128], etc. This shows that
wide range of materials such as metals, semiconductors, ceramics, and polymers
have been processed using DPF devices. Some of the key features of DPF-based
processing are discussed under following subheadings.

Surface Reconstruction: Fig. 2.23 shows typical SEM (scanning electron
microscopy) images of the Ti and W samples before and after being processed by
DPF. The bulk samples were processed at smaller distances from the anode top
using different DPF devices (UNU-ICTP and PF-6 devices, respectively, in this
case). The processed samples show the surface reconstruction with nano-structures
being formed on them. The surfaces of the unexposed Ti and “Eurofer” ferritic steel
substrates are shown in Fig. 2.23a, d, respectively. The low-magnification image in
Fig. 2.23a shows linear scratch marks on unexposed Ti sample surface formed
during mechanical polishing by abrasive silicon carbide paper. As discussed in the
previous section, the exposure of bulk substrate samples to an efficiently pinching
DPF shot at lower distances of exposure causes an extreme transient temperature
rise of the top few micron thick layer of the sample surface which results in
sputtering, melting, and re-solidification of the top layer. This melting and
re-solidification result in surface reconstruction, as seen in Fig. 2.23b, with the
removal of initial mechanical polishing marks along with substantial smoothening
of the Ti sample surface which was irradiated at an axial distance of 5 cm using
nitrogen operated 30 shots in UNU-ICTP type device. In addition to the surface
smoothening, one can also observe the crack formation in Fig. 2.23b. The crack
formation can be attributed to the stress formed between the bulk cold solid sub-
strate and transiently melted and re-solidified top surface layer upon DPF exposure
[129]. Similar surface reconstruction has been observed in several other processing
experiments using DPF devices, such as the one reported recently by Chernyshova
et al. [130] and is shown in Fig. 2.23e, f. The ferritic steel “Eurofer” sample showed
surface reconstruction within one shot in PF-6 DPF device, refer Fig. 2.23e, with
the wavelike structure on the surface with initial traces microcrack nucleation. The
wavelike structures, cracks, and craters were strongly developed on the sample
surface after five shots, as seen in Fig. 2.23f.
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Fig. 2.23 a Virgin Ti sample surface, b Ti sample surface after exposure to 30 DPF shots in at
axial distance of 5 cm at angular position of 10° with respect to anode axis, ¢ magnified image of
part of image in (b), d virgin ferritic steel “Eurofer” sample, (e, f) exposed to 1 and 5 shots in PF-6
device. Reprinted from a—c Rawat [129], IOP Publishing (Open Access paper no permission
needed); and d—f Chernyshova et al. [130], Copyright (2016), with permission from Elsevier Ltd

Surface Nano-structurization: Fig. 2.23c, the SEM image at higher magnifi-
cation on DPF processed Ti sample surface, shows the formation of self-organized
linear nano-structures. It may be mentioned that the dark gray islands observed in
Fig. 2.23c are not large grains but itself composed of very small nanoparticles (not
visible at this magnification) within the boundaries of these linear nano-structures.

Figure 2.24a—c shows the SEM images of bulk Ti substrate processed by two
different methane-operated DPF devices; 190 kA, 3.2 kJ single shot UNU/ICTP and
430 kA, 3.1 kJ NX2 devices. The comparison of SEM images in Fig. 2.24a, c shows
the formation of titanium oxycarbide nanoparticles on the substrate surface
exhibiting the reproducibility of the results from two independent devices. The size
of nanoparticles is about 35-50 and 20 nm in Fig. 2.24a, c respectively. The bigger
size of nanoparticles in Fig. 2.24a is attributed to the higher energy and material flux
due to exposure at a lower distance as well as the being conducted along the anode
axis. The off-axis irradiation at an angular position of 10° with respect to anode axis
as well as at a higher distance of 9 cm results in lower ion number and energy flux at
the irradiated substrate surface leading to smaller nanoparticle size for SEM image
shown in Fig. 2.24c. The SEM image of the Ti substrate exposed along anode axis in
the NX2 device, shown in Fig. 2.24b, exhibits features similar to the one observed in
Fig. 2.23c with linear nano-structures. The greater details about the structure,
composition and hardness of the nano-structured nanocomposite titanium oxycar-
bide layer formed on DPF irradiated Ti substrate surface can be found in our paper
[100]. The Fig. 2.24d—f shows SEM images of the unexposed and irradiated tung-
sten samples. The high magnification image of unexposed W samples, Fig. 2.24d,
shows variable sized and shaped grains and pits on the rough surface but it does not
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Fig. 2.24 a-c SEM images of Ti samples processed in methane operated UNU-ICTP and
NX2 DPF devices at different distance and angular positions. d—f Virgin and irradiated W samples.
The distance (z) and angular position (0) of the samples, the number of DPF irradiation shots and
DPF operating gas for each of the exposure experiment are mentioned in SEM images. Reprinted
from Rawat [129], Copyright (2015), IOP Publishing (Open Access paper no permission needed)

show any nano-structures. The SEM images of 10 and 15 shot irradiations in
hydrogen operated UNU/ICTP DPF device, shown in Fig. 2.24e—f respectively,
exhibit the formation of nanoparticles and nanoparticle agglomerates on the irradi-
ated tungsten surface. The size of nanoparticles is about 15-20 nm for 10 shot
irradiation and they also agglomerate resulting in particle agglomerates with size
varying from 100 to 300 nm. The tungsten sample irradiated with 15 shots shows
mostly particle agglomerates of about 200-800 nm in size. These big size particle
agglomerates are made up of 40-60 nm sized nanoparticles. The increase in
nanoparticle and particle agglomerate size with the greater number of irradiation
shots can be attributed to enhanced transient thermal treatment of the sample surface.

Changes in properties of processed materials: In addition to morphological
changes, several other properties of the processed sample may change which
includes (i) surface layer composition, (ii) lattice structure, (iii) hardness, etc. The
changes in crystal structure, hardness, and other physical properties are discussed in
detail in Chap. 7 on hard coating synthesis using DPF device so we will not touch
on those aspects over here. However, the processes or the reasons for the change in
surface properties are discussed over here. For the examples cited in the previous
paragraph, the use of background reactive gases such as nitrogen and methane
results in TiN [101] and nanocomposite titanium oxycarbide (TiC,O,) [100] layer
formation, respectively, on the Ti substrate surface. For the sake of illustration, we
will discuss the formation of a TiN layer on Ti substrate processed in nitrogen
operated DPF device on the basis of physical processes discussed in Sect. 2.6.1.
The DPF discharge results in fast primary nitrogen plasma stream, shock wave, and
fast energetic nitrogen ion beam based sputtering of Ti substrate surface resulting in
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the formation of a secondary plasma of Ti in front of the irradiated substrate
surface. This secondary titanium plasma interacts with background nitrogen plasma
to form TiN in the gas phase or on Ti substrate to fabricate a nitride layer. Thus the
gas phase nucleation may be the first step towards TiN layer growth, assisted by the
direct ion-assisted compound layer formation due to implantation of energetic
nitrogen ions interstitially. In a dynamic process like plasma focus based nitriding,
ion implantation and ion sputtering take place simultaneously which results in
surface modification and grain formation. The dimension of grains/crystallites
depends on the lattice structure of the resultant TiN compound, reaction kinetics,
diffusion rate of nitrogen, and mass loss due to ion sputtering. The thickness of the
TiN coating is dependent (i) on the depth of ion implantation in the substrate which
depends on the highest energy nitrogen ions in fast ion beam and (ii) on TiN
compound layer formation by re-deposition of gas phase nucleated titanium and
nitrogen plasma mix. As the processing was done using multiple DPF shots, the
successive ion pulses will process the pre-deposited TiN layer to improve the
quality of TiN layer with possible re-sputtering as well. The temperature evolution
during irradiation also enhances the reactivity of the nitrogen already introduced
during the preceding shots. This provides the additional energy required for surface
diffusion and migration of nitrogen, and thus enhances the crystallinity of the TiN
layer. The TiN layer formed on top of the Ti substrate surface results in different
crystalline structure and hardness properties as shown in Fig. 2.25 [101]. Similar
changes in surface stoichiometry, crystalline structure, and other physical properties
(hardness, electrical conductivity, surface energy, water contact angle, etc.) are
observed for other processed materials.
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Fig. 2.25 Change in crystalline structure (a) and hardness (b) of titanium substrate upon being
processed by nitrogen operated DPF device due to TiN layer formation. Reprinted from Hassan
[101], Copyright (2009), with permission from Elsevier Ltd
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2.6.2.2 Processing of Thin/Thick Films

A good number of thin/thick films have been processed using DPF devices though
the amount of work done in this field is rather limited compared to processing of
bulk material. Thin films processed by DPF include PZT [80], CdS [131], hematite
[132], Sb,Tes [133], Cdl, [134], ZnO [135] and FePt [136-138], and thick films of
polyaniline [86, 139]. The processing of thin film is much more interesting as
changes in many different types of properties such as crystallinity, grain size,
stoichiometric, optical, electrical, and magnetic properties have been reported.
While Rawat et al. [80] reported the crystallization of amorphous PZT thin films,
the amorphization of crystalline thin films of CdS was reported by Sagar and
Srivastava [131]. The non-magnetic a-Fe,O5 (hematite) thin films were exposed to
argon ion beam at different distances from the anode top by Agarwala et al. [132].
At a particular distance, at 10 cm in Fig. 2.26a, hematite film was converted
completely to magnetite (Fe;0,) form which is ferromagnetic in nature. The
transformation was attributed to the loss of oxygen from the irradiated iron oxide
film resulting in decreased amount of oxygen relative to iron leading to Fe;O4 (with
1.33 oxygen atom per iron atom) formation from a-Fe,O5 (with 1.5 oxygen atom
per iron atom). The change in magnetic property was thus due to stoichiometric
variation in the irradiated sample. A substantial reduction in film thickness was
observed for DPF processing performed at smaller distance indicating the signifi-
cant sputtering of material, in line with changes observed for bulk material. Another
demonstration of stoichiometric variation in DPF irradiated thin films was
demonstrated by Rawat et al. [133] for antimony telluride. Vacuum evaporation
based as-deposited films of antimony telluride contained mixed phase comprising
of both stoichiometric (Sb,Te;) and antimony-rich non-stoichiometric (Sb;Te;)
phases. The processing of mixed-phase antimony telluride film at lower distances
by high-energy ion flux broke chemical bonds resulting in further enhancement of
Sb-rich non-stoichiometric phase and oxidation in the film. A higher distance of
exposure with a right dose of lower ion energy flux led the conversion of
mixed-phase antimony telluride thin film to single stoichiometric (Sb,Te;) phase

Rawat et al. investigated the processing of Cdl, thin films by argon ions in
UNU-ICTP DPF device [134]. The as-grown film, deposited by a thermal evapo-
ration method, were essentially 4H polytype (002) oriented CdI, stoichiometric
films. The argon ion irradiation changed the orientation to (110) at certain moderate
irradiation distances as shown in Fig. 2.26b. The diffraction peaks shifted towards
higher 260 values from their corresponding powder data indicating uniform com-
pressive stress. The estimation of grain size from SEM and residual stress from
diffractograms showed a linear increase in grain size (shown in Fig. 2.26c) and
residual stress with increasing irradiation distance (or decreasing ion energy). The
morphology of the films with (002) preferred orientation was found to be similar to
each other but with different grain sizes. The films with (110) orientation, however,
was found to have different morphology. The direct optical energy gap, E,, of the
ion-irradiated films was found in the range of 3-3.3 eV. The E, was found to
increase linearly at the rate of 15 p eV/atm with the compressive stress.
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Fig. 2.26 a XRD patterns of virgin iron oxide (a) thin film and ion irradiated samples at 8, 9, 20
and 11 cm from (b—e). Variation in crystalline orientation from (002) to (110) plane (b) and grain
size (¢) of CdlI, thin films at certain distances of exposures. Reprinted from a Agarwala et al. [132],
Copyright (1997), permission from Elsevier Ltd and b, ¢ Rawat et al. [134], Copyright (2004),
with permission from AIP Publishing

One of the most interesting applications of DPF device in thin film processing is
the nano-structurization of thin/thick films. The nano-structuring of FePt thin films
in hydrogen operated DPF device [136—138] and polyaniline thick film in nitrogen
operated DPF device [86] has been demonstrated. The FePt thin films were pro-
cessed in conventional forward direction by hydrogen ions whereas the polyaniline
(PA) thick films were processed by backward moving relativistic electron beam
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after being extracted through the hollow anode in a separate chamber attached to the
bottom exit point of the anode as shown in Fig. 2.18b. The 67 nm thick FePt thin
films samples were grown using pulsed laser deposition method and processed in
3 kJ hydrogen operated UNU-ICTP DPF device by Jiaji et al. [136] at a distance of
the 5 cm from the anode top, while the few tens of micrometer thick PA films
prepared by chemical oxidation method were exposed in 2.2 kJ Mather-type
nitrogen operated DPF device [70] by Mohanty et al. [86]. The SEM images in
Fig. 2.27a show the change in surface morphology from the smooth uniform film
for the as-deposited sample to the film with uniform and isolated nanoparticles after
a single DPF shot exposure with an average size of about 9.1 &+ 2.3 nm. The DPF
irradiation using two shots resulted in agglomeration of FePt nanoparticles to about
51.3+7.4 nm sized agglomerates. Z.Y. Pan et al. repeated the experiments with
100 nm thick PLD grown FePt thin films and were able to reproduce
nano-structuring of FePt thin films, refer Fig. 2.27(d), in hydrogen operated
UNU-ICTP DPF device using different number of focus shots [137] as well as
different exposure distances (5, 6, and 7 cm) [138]. The mechanism of
nano-structuring of the DPF exposed thin film can be understood from the char-
acteristics of instability-accelerated ions of the filling gas species. Though the ion
energy is found to vary over a very big range from few tens of keV to few MeV, the
mean energy of the bulk of the H" ions in UNU-ICTP DPF has been estimated to be
124 keV [136]. The projected range of the H ions of this mean energy is about
half-micrometer in FePt, as estimated from SRIM®. Therefore, most of the H* ions
stop and deposit the bulk of their energy in the silicon substrate at the Bragg peak
position as the thickness of FePt thin films was only about 67 or 100 nm. This
would result in heating of silicon substrate to a very high temperature in a very short
span of time. The thermal energy is then conducted to the FePt thin films and causes
the diffusion of metal atoms either through the lattice or along grain boundaries.
The diffusion releases the thermal expansion mismatch stresses between the silicon
oxide layer of the silicon substrate surface and the PLD coated FePt thin film,
leading to the formation of nanoparticles at the surface layer of FePt thin films. One
of the biggest advantages of nano-structuring using a DPF device is that it can
achieve nano-structuring of the thin film in single shot exposure with ion pulse
duration of the order of a few hundred ns compared with hours of irradiation time
required for other reported continuous ion sources [140].

Figure 2.27d shows the TEM bright-field image for the single shot ion irradia-
tion sample after 400 °C annealing. The image shows relatively uniform size dis-
tribution for nanoparticles with average particle size of about 11.6 £ 3.4 nm. The
selected area electron diffraction (SAED) pattern, in the inset of Fig. 2.27d, shows
that FePt nanoparticles are in polycrystalline fct phase. It may be important to
mention over here that ion irradiation has assisted not only in the FePt nanoparticles
formation (from FePt thin films) but also in lowering the phase transition temper-
ature to 400 °C. The phase transition at lower temperature, for single focus shot
irradiation, has restricted nanoparticles grain size growth and agglomeration
resulting in relatively small and well separated magnetically hard fct phase FePt
nanoparticles; much needed for higher magnetic data storage density. Figure 2.27¢
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Fig. 2.27 SEM images of a as-deposited and DPF irradiated FePt thin films at 5 cm from anode
top using one (b) and two (¢) DPF shots; the nanoparticle formation was observed on irradiated
films. d TEM image of FePt nanoparticles formed in single DPF irradiation at 4 cm distance.
e XRD patterns of as-deposited and DPF processed FePt film samples before and after 400°C
annealing. f An enormous increase in magnetic hardness (higher coercivity) of DPF processed and
annealed sample. g, h Variation in magnetic properties such as coercivity, magnetization and
squareness of FePt samples irradiated at different distances. Reprinted from (a—c) Lin et al. [136],
Copyright (2007), permission from IOP publishing; d—f Pan et al. [137], Copyright (2009), with
Springer; and g, h Pan et al. [138], Copyright (2009), with permission from Elsevier Ltd

shows the XRD patterns of (i) as-deposited, (ii) annealed at 400 °C (without ion
irradiation), (iii) ion irradiated (without annealing) and (iv) ion-irradiated samples
after annealing at 400 °C. The as-deposited FePt sample exhibits fcc phase with a
broad and weak peak of (111) which after annealing at 400 °C remains in fcc phase
but with significantly improved (111) peak intensity and emergence of (200) peak.
The sample after single plasma focus irradiation shot, without annealing, shows
almost similar XRD patterns as the FePt sample after 400 °C annealing with
(111) and (002) fundamental peaks of fcc phase. This implies that single shot of
pulsed plasma focus ion irradiation provides almost equal amount energy that is
offered by conventional thermal annealing for 1 h at 400 °C. The average crystallite
size for single shot ion-irradiated sample, as estimated from the (111) peak using
Scherrer formula, is smaller than that of average crystallite size of sample annealed
at 400 °C. The smaller average crystallite size can be attributed to transient
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annealing by pulsed ion irradiation. With the increase in the number of plasma
focus irradiation shots to two and three, the crystallinity of the irradiated alone
samples decreases and reverses to that of as-deposited sample. Increased number of
irradiation shots provided more than required energy inducing more defects (both
the vacancy and interstitial) and lattice distortion leading to lattice disordering. The
annealing of all ion-irradiated samples at 400 °C led to the phase transition in the
FePt film from disordered fcc structure to chemically ordered fct structured L1
phase, confirmed by the appearance of the superlattice tetragonal (001), (110) and
(002) peaks. However, with the increase in the number of ion irradiation shots the
intensity of the superlattice peaks of fct phase become weaker, suggesting that the
ordering of the fct crystallite lattice is reduced. The sample irradiated by one shot
and annealed at 400 °C exhibited an enormous increase in its magnetic hardness
(coercivity) as seen in Fig. 2.27f as compared to as-deposited sample. A similar
increase in magnetic hardness (coercivity) was also observed for FePt thin films
samples processed at different distances from the anode top, Fig. 2.27g, indicating
very high reliability in reproducing results. Figure 2.27h shows that other magnetic
properties of the FePt thin film samples also change with the change in processing
distance from the anode top due to change in number and energy flux of the ions.

2.7 Material Synthesis/Deposition Using DPF Device

The material syntheses or depositions using DPF devices are mainly in the form of
thin films of many different types [44, 68, 77, 82, 120, 123, 141-156]. The large
variation in the type of thin films deposited using DPF devices is due to various
possible configurations that have been used and were discussed in detail in Sect. 2.5
and summarized in Fig. 2.15. In this section, we will highlight advantages and
criticism of DPF devices based syntheses and depositions.

2.7.1 Advantages of DPF-Based Depositions

The main advantages of DPF device as deposition facilities are as follows:

High deposition rates.

Ability to grow crystalline thin films at room temperature substrates.
. Superior physical properties.

Versatile deposition facility with variety of deposition options.

B =
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2.7.1.1 High Deposition Rates

The deposition rates in DPF devices can be extremely high, much higher than other
deposition methods. We will illustrate this with the help of selected examples.
Figure 2.28 shows the cross-sectional SEM images and thickness of CoPt thin films
deposited using a different number of shots in NX2 DPF device at a low operating
voltage of 8 kV with a stored energy of the capacitor bank in sub-kJ range (~ 88 J)
[146]. It clearly shows that the thickness of the as-deposited samples increases
continuously with increasing number of plasma focus deposition shots with the
thicknesses of the as-deposited samples about 44.0 £ 2.0, 72.5 + 4.0,
208.1 £ 8.0,294.5 £ 14.0 and 331.7 £ 12.0 nm for the 25, 50, 100, 150, and 200
shots deposition samples, respectively. The curve of the variation of the thickness
of the deposited sample with varying number of plasma focus shots is plotted in
Fig. 2.28f, which is linearly fitted to estimate the deposition rate of the
nano-structured CoPt thin films at a fixed distance of 25 cm and the filling
hydrogen gas pressure fixed at 6 mbar. The slope of the linear fitted curve reveals
the average growth rate of CoPt nanoparticle deposition when the other operation
parameters were fixed. It is estimated to be about 1.78 nm/shot. This deposition rate
is more than 30 times higher as compared with that of conventional PLD which is
found to be about 0.50 A/shot by Lin et al. [157]. It may also be mentioned over
here that the target to substrate distance in case of PLD deposition by PLD was only
3 cm [157], much less compared to that of 25 cm for DPF deposition. This clearly
indicated that deposition rates in DPF are actually may be more than two orders of
magnitude higher than that of PLD device.

The extremely high deposition rate of ZnO thin film has been demonstrated by
Tan et al. [158] using zinc top fitted anode in UNU-ICTP device with pure oxygen
being used as the operating gas. Figure 2.28g shows the cross-sectional SEM image
of ZnO film deposited using 30 focus shots at 15 cm from anode top with a film
thickness of about 2.82 + 0.32 um. They estimated the ZnO deposition rate to be
about 100 nm per shot at the deposition distance of 15 cm. In 3 kJ UNU/ICTP
device, the ablation plume of graphite anode top was found to last for about 2 ps for
DLC thin film deposition experiments [77]. Even if we assume the anode top
ablation duration to be about 10 ps, the estimated transient ZnO thin film deposition
rate would be a staggering 10 mm/s. However, the transient deposition rate is not as
important as the average growth rate, which depends on the repetition rate (oper-
ating frequency) of the DPF device, and will be lower as DPF devices have limited
repletion rates. Tan et al. performed ZnO synthesis in single shot mode with one
shot per minute, which is the standard practice for UNU/ICTP device to avoid
overheating of the electrical system and anode target which may change the DPF
operational characteristics. This accounts for an average growth rate of about
0.1 pm/min in their study, similar to the reported growth rate found in RF mag-
netron sputtering devices [159, 160]. On the other hand, when the DPF system
operates in repetitive mode, multiple exposures can be made within a second and
this leads to the assumption of increased deposition rate. One such DPF device that
can perform such operation is the high-performance high repetition rate NX2
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plasma focus facility. The NX2 is a 3 kJ, 27.6 puF Mather-type DPF device with a
repetition rate of up to 16 Hz and has routinely been operated between 1 to 10 Hz
operation for X-ray lithography related work [161]. As for material synthesis, the
device in repetitive mode has been demonstrated to work for the synthesis of
bimetallic FeCo nanoparticles at 1 Hz repetition rate [68]. The deposition of ZnO
thin film in NX2 plasma focus device at 1 Hz repetition rate operation will lead to a
time averaged deposition rate of 6 um/min, which could further be enhanced to
60 pm/min at 10 Hz operation. Operating beyond the 10 Hz operations would
surpass the highest known deposition rate of an inductively coupled microplasma
system [162]. These deposition rates are expected to surpass any existing device,
along with material synthesis at room temperature substrates. Additionally, in DPF
device even the room temperature deposition provides a polycrystalline ZnO thin
film without any need for post-deposition annealing which is invariably needed for
ZnO thin film depositions in other devices. Further improvements of the DPF
device in terms of growth rate can be expected since a 50 Hz repetitive DPF device
has been developed [163]. However, high repetition rate operation creates several
design considerations as the plasma focus anode will require a cooling arrangement
for thermal load management due to high heat dissipation to the anode by pinch

(a)

1 w=7a5+1.78:x

Number of shots

Fig. 2.28 a—e Cross-sectional SEM images of CoPt thin films deposited using 25, 50, 100, 150
and 200 NX2 DPF shots, respectively, at 25 cm from anode top. f Film thickness variation with
the number of deposition shots. g Cross-sectional SEM of ZnO thin film deposited using 30 shots
in UNT-ICTP DPF at 15 cm from anode top. h Single shot synthesis of carbon nanotube in
UNU-ICTP DPF device. Reprinted from a—f Pan et al. [146], Copyright (2009) with permission
from IOP publishing; and g, h Tan [83, 84] (Permission not needed)
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plasma. This would require significant modification to the anode design with water
cooling arrangement before the high repetition rate experiments can actually be
performed.

It may be noted that while CoPt thin film synthesis (Fig. 2.28a—e) was purely
PVD-type deposition by the ablation of CoPt anode top, the ZnO synthesis was
PVD synthesis with reactive background gas of oxygen. Figure 2.28h shows the
pure gas phase PECVD synthesis of carbon nanotube (CNT) in single UNU-ICTP
DPF shot [83, 84]. The length of CNT is about 2 pm in single shot synthesis in
Fig. 2.28h. So if assume the discharge plasma duration to be of the order of 100 ps
(refer to the discussion of plasma lifetime in Sect. 2.4.4 where the H plasma
emission peak is observed even at 55 ps in Fig. 2.13c) then the CNT transient
growth rate is staggering 20 mm/s, double that of ZnO transient growth mentioned
above, and far more greater than CNT growth rate in any other device.

2.7.1.2 Ability to Grow Crystalline Thin Films at Room Temperature

In almost all the experiments conducted using DPF devices, it has been demon-
strated that thin films can be deposited directly into crystalline phase at room
temperature substrate. No in situ annealing was required to achieve the crystalline
phase. Figure 2.29 shows XRD patterns of TiN [141], ZnO [158] and TiO, [145]
thin films deposited using DPF device on room temperature substrates. The ability
to deposit thin films directly in crystalline phase at room temperature substrate
highlights the critical role played by high-energy-density plasma and energetic ion
processing during the deposition process

Figure 2.29a shows the XRD patterns of TiN thin film samples deposited at
fixed distance of 7 cm using different numbers (10, 20, and 30) of DPF shots at
different angular positions. Not only the films deposited along the anode axis
(labeled as “Centre”) but also the one deposited at off-axis positions at different
angular positions (labeled as “Off-centre” and “outermost”) were all crystalline in
nature. The crystallinity, however, was highest for the samples deposited along the
anode axis and it decreased with increasing deposition angle. The crystallinity was
also found to increase with the increasing number of shots.

The XRD of ZnO thin films, in Fig. 2.29b, also demonstrate the deposition of
highly crystalline thin films with (002) preferred orientation at room temperature
substrate. Author’s group at NTU has done a good amount of work on a dilute
magnetic semiconductor for transition metal doped ZnO synthesis [135, 164—168].
The ZnO thin films for those studies were synthesized using PLD deposition
method and were mostly amorphous or very weakly crystalline at room temperature
deposition conditions; and either in situ or post-deposition annealing was required
to get the a good crystalline film.

Figure 2.29c shows XRD spectra of the as-deposited TiO, (titania) thin films on
Si substrate at room temperature for a different number of DPF deposition shots viz.
25, 50, 75, and 200. In the notation of Miller indices, “A” indicates anatase-type
crystal, and “R” indicates rutile-type crystal. The XRD spectra reveal that the film
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Fig. 2.29 Direct crystalline phase synthesis at room temperature substrates for various thins films,
a TiN, b ZnO and ¢ TiO,. Reprinted from a Rawat et al. [141], Copyright (2003) with permission
from Elsevier Ltd; b Tan et al. [158], Copyright (2015), with permission from IEEE; and ¢ Rawat
et al. [145], Copyright (2008) with permission from Elsevier Ltd

deposited with 25 shots is anatase with a broad diffraction peak. The film deposited
with 50 shots shows the presence of a weak (111) and a strong (101) rutile peaks
along with the anatase (004) peak shoulder. For the films deposited with 75 and 100
shots, only rutile phase is evolved with (101) preferred orientation. The crystalline
nature of the as-deposited titania thin films using multiple focus shots at room
temperature substrate made DPF-based deposition different from most of the studies
reporting amorphous titania thin films grown on substrates at room temperature
[169, 170]. The crystallization from amorphous to anatase and from anatase to rutile
usually occurs in the temperature ranges of 450-550 and 600-700 °C, respectively.
But in DPF-based deposition, we achieved both anatase and rutile phase in
as-deposited titania samples at room temperature deposition with multiple shots.
This confirms the highly energetic deposition process or strong in situ transient
thermal annealing in DPF device which allows room temperature crystalline phase
formation. Hence DPF-based deposition can be used for direct crystalline phase thin
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film depositions on soft substrate materials such acrylic, plastics, or other polymers
which cannot be annealed at a higher temperature for phase transformation
purposes.

2.7.1.3 Superior Physical Properties

There are numerous examples whereby superior physical properties are exhibited
by DPF-deposited thin films compared to the films deposited by other methods. In
order to illustrate this, we will use few selected examples. For example, one of the
best depositions of oxygen-rich ZnO thin films by PLD method in author’s lab is
reported in a paper by Usman et al. [166] whose XRD and PL (photoluminescence)
spectra are shown in Fig. 2.30a, b. Chemically synthesized oxygen-rich ZnO power
(with Zn/O ratio of 0.71) was used for PLD pellet preparation. The ZnO target
rotating at 33 revs/min was ablated by second harmonic Nd:YAG laser (532 nm,
26 mJ) at pulse repetition rate of 10 Hz. The ZnO thin films were deposited on Si
(100) substrate for constant ablation duration of 90 min in the ultra high vacuum of
107® Torr. Post-deposition annealing was carried out at different temperatures
ranging from 500 to 800 °C for 4 h in air. The XRD of all annealed samples
exhibited polycrystalline wurtzite structure; as-grown films were weakly crystalline.
A typical ZnO PL spectral is known to exhibit characteristic UV (centered about
3.37 eV or about 370 nm) and defects-related deep level green-yellow (1.8-2.8 eV
range) emissions. The UV band emission, centered at about 3.37 eV originates
from the exciton recombination corresponding to NBE exciton emission of the wide
bandgap ZnO. The DLE in green and yellow emission spectra is related to the
variation in intrinsic defects of ZnO thin films, such as zinc vacancy (Vz,), oxygen
vacancy (V,), interstitial zinc (Zn;), and interstitial oxygen (O;) [171]. The room
temperature PL spectrum of PLD grown ZnO thin films annealed at 700 °C, shown
in Fig. 2.30b, exhibited small NBE UV emission peak at ~385 nm (3.23 eV) and
relatively stronger and broad DLE defect (green) emission centered at ~520 nm
(2.39 eV). The DLE spectrum, as seen in Fig. 2.30b, can be deconvoluted with four
peaks centered which correspond to zinc vacancy (Vz,), oxygen vacancy (V,),
interstitial zinc (Zn;) and interstitial oxygen (O;) defects. The presence of much
stronger DLE peak indicates that intrinsic defects are quite high in PLD grown ZnO
thin films. All other samples also exhibited similar PL spectra. In comparison, the
PL spectra of DPF grown ZnO thin film samples, shown in Fig. 2.30d, exhibit quite
contrasting nature with much stronger NBE emission compared to DLE emission
indicating a low concentration of intrinsic defects [158]. The samples deposited at
15 cm with increasing number of deposition shots (A15, B15, and C15) show a
gradual blue shift of NBE peak from 3.23 to 3.28 eV and gradual decrease in
relative intensity of defects-related broad green-yellow DLE band. The sample C15,
deposited with 30 focus shots at 15 cm, does not exhibit DLE emission band that
indicates intrinsic defects-free ZnO thin film in this sample. The gradual decrease in
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Fig. 2.30 XRD and PL spectra of PLD (a, b) and DPF (c, d) grown ZnO thin films. XRD and
VSM results of PLD grown FePt:A1203 composite (e, f) and DPF grown CoPt thin films (g, h).
Reprinted from a, b Ilyas et al. [166], Copyright (2011) with permission from AIP publishing; c,
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(2008) with permission from IOP publishing; and g, h Pan et al. [146], Copyright (2009) with
permission from IOP publishing
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intrinsic defects with increasing number of focus deposition shots was caused by a
greater amount of transient annealing of the deposited ZnO. This demonstrates
superior structural properties (defect-free) exhibited by DPF grown ZnO films
compared to PLD-grown films.

Another example that we would like to highlight is that of the magnetic thin film
deposited by PLD [172] and DPF [146] and shown in Fig. 2.30e-h. The PLD
grown, refer Fig. 2.30e, f, as-deposited FePt thin films were very weakly crystalline
and soft magnetic in nature with a coercivity of about 100 Oe. With post-deposition
annealing, the samples became hard magnetic with coercivity increasing gradually
to a maximum of about 1300 Oe with increasing annealing temperature due to
transition from face centered cubic (fcc) to face centered tetragonal (fct) phase. But
one thing to notice in Fig. 2.30e is the presence of a large number of unidentified
(non-labeled) XRD peaks which were associated with impurity phase formation
which did not allow the formation of very hard magnetic phase [173]. It took lots of
effort to eliminate the impurity phase formation in PLD grown thin films to be
finally able to achieve very hard magnetic phase in FePt thin films with a coercivity
of the order of 7.7 kOe. The CoPt thin films grown by DPF were having better
crystallinity but still in chemically disordered fcc phase. The crystallinity improved
significantly with annealing and converted to highly crystalline chemically ordered
desired fct phase as seen in Fig. 2.30g. One of the most important facts to note is
that no unidentified peaks were observed in XRD spectra of DPF grown CoPt thin
films implying that no impurity phases were formed. This resulted in the very hard
magnetic film for the sample deposited with 200 DPF shots with coercivity value
approaching almost to 10 kOe, refer Fig. 2.30h [146]. Even the sample deposited
with 100 and 150 shots were highly crystalline and depicted very hard magnetic
phase with a coercivity of the order of 7-8 kOe. The reader may be questioning the
comparison of DPF grown CoPt films with PLD grown FePt thin films, as they are
different materials. Both materials have similar magnetic properties and phase
transition temperature and that is the why the comparison is fair. Author’s group
has also deposited CoPt thin films using PLD and the results are discussed in paper
by Pan et al. [174]. The PLD grown CoPt thin films were less crystalline compared
to the DPF grown films, moreover the highest coercivity obtained was about 3.7
kOe, significantly lower than that of 10 kOe obtained for DPF grown CoPt films.
This highlights the superior crystalline and magnetic properties obtained for
DPF-grown films.

2.7.1.4 Versatile Deposition Facility with a Variety of Deposition
Options

The versatility of DPF device as deposition facility is reflected through many types of
depositions that have been achieved in many different investigations which include
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(i) use of DPF device as pure PVD or hybrid PVD-CVD or pure CVD type
deposition facility as depicted in Fig. 2.15,

(i) the DPF device can be operated in different configurations, shown in
Figs. 2.16, 2.17 and 2.18, to utilize its different components such as ions,
electrons and hot dense plasma for material synthesis,

(iii) ability to deposit a wide variety of materials that include metal, bi-metals,
metal nitrides, metal oxides, metal carbide, metal oxy-nitrides, metal
carbo-nitrides, and a large number of carbon-based materials, and

(iv) ability to deposit nanoparticle (0-dim), nanowires (1-dim), flat thin films
(2-dim) and vertical graphene (3-dim) materials.

2.7.2 Understanding Mechanisms of Material Synthesis
in DPF Device

The mechanisms of material synthesis are different for different types of depositions
that have been performed in DPF device. We have broadly classified these different
mechanisms in three broad categories based on materials and morphology of the
deposited materials.

Mechanism for deposition of metallic, bimetallic, and carbon thin films: The
depositions of thin films of Fe, Cu, FeCo, CoPt, FePt, diamond-like carbon, etc., are
primarily done in inert gases (neon or argon) or hydrogen as filling gas with central
electrode replaced or fitted with relevant material (metal, bimetal, or graphite). The
substrate on which deposition is done can be kept at different distances from solid
anode top and/or angular positions with respect to anode axis to control the
deposition rate and uniformity of the thin films. Most depositions are done using
multiple DPF shots to achieve higher thickness and size of nanoparticles on the
surface of the film. During each DPF deposition shot two different plasmas, one of
filling gas species and the other one of plasma of anode top ablated material, are
primarily created. The plasma of filling gas species (which in the present case is that
of either inert or hydrogen gas) is created right from the initiation of discharge and
its density and temperature reach the highest during the pinch phase. In addition to
plasma of filling gas species, as mentioned earlier, energetic ions of filling gas
species in the range of 10 keV to few MeV are also generated by instabilities and
they are the one which would reach the substrate much before ablated plasma of
anode top material. Actually, short ion pulses of high-energy-density can cause
sputtering as well as very rapid heating of the substrate surface depending on the
nature of the surface layer and the energy density (which depends on the distance
and the angular position of the substrate) of the incident ions of filling gas species.
This may cause the ablation/sputtering of the substrate forming the momentary
substrate surface plasma at the substrate surface. This leads to the cleaning of the
substrate surface before the deposition of desired thin film material, which may
result in improved adhesion of the deposited films. At the same time, it may
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introduce the undesirable impurities of substrate material in the deposited thin
material. The problem of substrate material ablation can be avoided by increasing
the distance of deposition to avoid its impurities in the film. This is followed by the
arrival and deposition of anode top ablated material plasma over the much longer
duration of several microseconds. Since all depositions performed in DPF devices
are multiple shot deposition, during the next DPF shot the energetic ions of filling
gas species will process the film deposited in previous shot leading to its densifi-
cation and in situ intense transient annealing. This in situ transient annealing is the
reason for most DPF depositions to directly go into a crystalline phase without the
need of post-deposition annealing.

Mechanism for deposition of metal-nitride, -carbide, -oxide, etc., thin films: The
mechanism of depositions of MX thin films (with M = metal and
X = nitride/carbide/oxide) is slightly different as though the central electrode is
fitted with relevant metal as before but the filling gas is reactive. The filling gas is
either nitrogen or oxygen or carbon-containing gas such as methane or acetylene.
For example, hard coating of TiN can be deposited using DPF fitted with Ti anode
and by operating the DPF in nitrogen ambiance. High-pinch plasma temperature
causes the complete ionization of the filling gas species (nitrogen) resulting for-
mation of nitrogen ions, atoms, and molecules. The interaction of hot dense pinch
plasma and instability generated backward moving relativistic electrons causes the
ablation of Ti anode material forming the Ti plasma which then reacts with ambient
nitrogen plasma resulting in TiN formation on the substrate placed down the anode
axis. Once again, during the next shot, the material deposited in previous shot is
transiently annealed by instability-accelerated energetic nitrogen ions leading to
crystalline TiN phase. In addition to transient annealing, the energetic nitrogen ions
exposure can also add on the TiN formation by implantation of nitrogen ions in the
previously deposited TiN layer. Similarly, for TiC coating the Ti anode fitted DPF
just needs to be operated with a gas containing carbon such as methane or acety-
lene. It has however been found that the DPF operation in these gases is
non-reliable and inconsistent. It is for this reason these gas are normally used as an
admixture with inert gases such as argon or neon. Thus, the deposition of thin films
of carbides, nitrides or oxides of any metal can simply be achieved using suitable
reactive background gases such nitrogen, acetylene, methane, and oxygen or their
combinations.

Mechanism for deposition of carbon nanotube or graphene thin films: The
mechanism presented here for the deposition of carbon nanotube (CNT) and gra-
phene nanoflakes (GNF) in DPF device is based on the research findings presented
by K.S. Tan in his Ph.D. thesis [84]. The successful growth of CNT required
simultaneously the presence of three important parameters while GNF required only
one important parameter for the successful synthesis in a DPF device. The first
important parameter for CNT growth was the presence of heated substrate (> 500 °
C) which provided the energy necessary for the enhancement of the dissolution of
carbon into metal catalyst due to lowering of activation energy for CNT growth at
the heated substrate. The assistance of the DPF discharge plasma is the second
important parameter which enhances/substitutes the role of thermal decomposition.
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Although it is well known that carbon dissolution into Fe results in formation of
iron carbide above 500 °C, what explains the absence of carbon nanotube growth is
due to the lack of iron carbide converting into a o-Fe phase which is an active
graphite precipitation phase. This phase increases the production of CNT rapidly
and begins to form between 500 and 750 °C while stabilizing at the temperature
above 750 °C through exothermic precipitation. Even without the assistance of a
heat source the carbon nano-structures such as graphene nanoflakes were formed
without thermal decomposition of carbon feedstock as the presence of active carbon
species was sufficiently made available via energetic DPF discharge plasma
decomposition for the growth of this material. Thus, the results hint that GNF
synthesis does not require catalytic decomposition but the presence of a catalyst
improves the synthesis outcome towards graphene-like nano-structures.
Additionally, the formation of highly dense carbonaceous plasma was more than
sufficient for GNF synthesis. However, the CNT growth without the presence of a
catalyst was not possible. In other words, the presence of catalyst plays as the third
important factor/parameter which provided a low-activation energy pathway for the
successful low-temperature plasma-assisted growth of CNT. The transient effect of
the dense plasma focus forms the o-Fe phase nanoparticles on the irradiated
Fe-coated silicon substrate, providing active catalytic carbon nucleation sites of a
right size allowing the growth of CNT on the catalyst substrate.

2.8 Scalability of DPF Devices for Material Processing
and Synthesis

One of the major issues that DPF device faces as processing and deposition facility
is its suitability as reliable and possibly a potential research/industrial facility is the
scalability of the device for large area and uniform processing/deposition. In order
to understand how scalability of DPF device can be achieved we need to understand
the basic characteristics/features of DPF device and its pinch plasma. Electrically,
the DPF device is an inductive load connected to a capacitor bank Cy. The total
inductance of the DPF device during its operation is the sum of fixed system
inductance Ly (comprising of the inductances of the capacitor bank, fast switches,
transmission line, and input flanges) and the variable plasma inductance L, due to
plasma dynamics in axial and radial phase. The bulk of the DPF inductance is due
to Lo and is used to define the quarter time period 7 /4 = 7\/LyCo/2 of the dis-
charge current in DPF device, the time instant at which the discharge current
reaches the maximum. For most efficient magnetic compression and resistive Joule
heating of the pinch plasma column the radial compression phase is required to
occur at or near maximum discharge current (at about ~ 7/4). As mentioned in
Sect. 2.4.3 the typical current sheath speed in axial phase for maximum compres-
sion efficiency is in a limited range of about few cm/us which together with the
requirement of achieving the radial compression near or at the quarter time period
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of the discharge current for maximum current to flow through pinch plasma, con-
trols the dimension of the central electrode (anode). Therefore most plasma focus
devices are designed using anode with lengths, which is approximately equal to the
multiplication of the typical average value of axial current sheath speed (say
5 cm/us) by the quarter time period of the short-circuit discharge current.

The anode radius is another crucial parameter which is decided on the basis of
speed parameter value defined by Lee and Serban [66]. Most of the neutron opti-
mized plasma focus devices have been found to have the typical speed factor,

Io/a\/ﬁ, value of about 90 kA c¢cm™! Torr "> where Iy, a and P denote the
short-circuit peak discharge current in kA, anode radius in cm and deuterium filling
gas pressure in Torr, respectively. Using the short-circuit peak discharge current
and approximate deuterium operating pressure of say 5 Torr, one can estimate the
approximate anode radius. The peak short-circuit discharge current for a given
charging voltage of V,, depends on the capacitance of the capacitor bank as

Ip = Vo/+/Lo/Co In other words, the dimensions (length and radius) of the anode
of DPF devices are different for devices of difference capacitor bank (storage
energy). The higher the capacitance of the capacitor bank the bigger is the
dimension (length as well as the radius) of the anode. According to the established
scaling laws [66] and performed optical investigations [175], the final pinch radius
and the maximum pinch length are proportional to anode radius
a (~0.12a and ~0.8a, respectively). Thus, the final plasma volume V, is of the
order of 7r(0.12a2) X (0.8a) ~0.036a°. Another important parameter is the time
duration of various transient phenomena in DPF devices. For example, the pulse
duration of energetic ion beam, which is one of the main component that is
responsible for energetic processing of material placed down the anode stream,
depends on pinch phase duration of plasma focus device which in turn depends on
the characteristic time (~+/LoCp) of the device. In low- and mid-energy DPF
devices, the duration of energetic ion beam is of the order of several tens to about
hundreds of ns while in bigger plasma focus device it might be several hundred ns.

It can, therefore, be concluded that DPF devices with larger storage energy use
larger capacitance and hence also have a larger quarter time period and the large
dimensions of the coaxial electrode assembly leading to the larger volume of the
dense hot plasma and that too for longer durations. Hence, the increase in anode
radius a from about 1 cm in 3 kJ UNU-ICTP DPF device to about 11.5 cmin 1 MJ
PF1000 device not only increases the final-pinch plasma volume by 1000 times but
the hot dense plasma and other associated phenomena are also of significantly long
durations. So even though increasing the storage energy and correspondingly the
physical dimensions of electrode assembly do not increase the temperature and the
density of the pinch plasmas, providing the unique universality in the basic nature
of the DPF devices, but the increase in final pinch plasma volume and time
durations of all associated transient phenomena leads to the increase in yields of
energetic charged particles and radiations which points to the scalability of the DPF
device. The large volume of pinch plasma will allow a large area of uniform
deposition with even high deposition rate, which makes the DPF facility scalable.
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However, making DPF devices with larger bank energy and electrode dimensions
will come at increased cost and lower repetition rate operation. For example, the
hugely expensive 1 MJ PF1000 device is operated on an average of 1 shot per
20 min, whereas low-cost kJ range UNU-ICTP device can be operated twice in
1 min.

Another solution to improve the scalability, large area uniform
deposition/processing, of the DPF device is to increase the distance of deposition
from the anode top. This normally results in significant reduction in deposition rate
but the uniformity of films improves significantly. It may also be pointed out that
now high repetition rate DPF devices are available, operating at 1-50 Hz. This in
principle allows the repetitive DPF device to be used just like repetitive PLD
(pulsed laser deposition) facility where the uniformity of deposited material can be
achieved by rotating the substrate.

2.9 Conclusions

The major aim of this chapter was to establish that the DPF device based
high-energy-density pulsed plasma facility has enormous potential for controlled
material processing and synthesis for a wide range of material types in wide range
nano-structural features ranging from zero-dimensional nanoparticles to
three-dimensional graphene nanoflowers. The versatility of DPF-based deposition
was established by demonstrating that how over the years the depositions have
evolved from pure PVD type to hybrid PVD-CVD to purely CVD type depositions.
The processing and synthesis of nanoscale materials in DPF have been successfully
performed by many different research groups across the globe using both “top—
down” and “bottom—up” approaches. In “top—down” approach, which relies on the
successive fragmentations or processing of macro-scale materials to smaller
nano-sized objects, the bulk and thin film samples were exposed to different
numbers of DPF shots at different distances from the anode top. It was found that
while the nano-structurization and property modification of the entire thickness of
the thin film can be achieved by its exposure to DPF shots but for bulk material,
only the top surface layer of the bulk sample is processed and nano-structurized by
its exposure to DPF shots. In “bottom-up” approach, which relies on nanoscale
materials being assembled atoms and molecules, several thin film deposition con-
figurations, in term of target-substrate orientation and placement, use of different
ablative components, and pure gas-based synthesis have been used in DPF devices
for nano-structured material syntheses. The DPF device has the enormous flexibility
of being operated in many different possible configurations whereby its different
components such as ions, electrons, and hot dense plasma can be used for material
synthesis or processing. Each of the DPF-based deposition configurations has its
own limitations and disadvantages but based on our extensive experience and
survey of results from different groups, we conclude that most versatile and efficient
for thin film deposition setup is where the target material (to be ablated) is used
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either as anode insert or as anode tip with background inert/reactive gas is used in
the DPF chamber and the substrate (on which thin film is deposited) is placed
downstream either along or at some angle with respect to the anode axis. This setup
allows deposition of nano-structured metallic, bimetallic, carbide, nitride, oxide,
and composite thin films. Using the hollow anode, a pure gas-based synthesis of
carbon nanotube has also been successfully demonstrated which extends the
application domain of DPF device to PECVD (plasma-enhanced CVD). This opens
a very wide area of application of DPF facility for other pure gas-based depositions
though limitations and issues need to be explored in greater details. The DPF device
has also been used successfully for the synthesis of zero-, one-, two- and
three-dimensional nano-structures proving its immense potential in plasma
nanoscience and nanotechnology. In addition, the device has the added advantage
of high deposition rates, the ability to grow crystalline thin films directly at room
temperature without any need for post-deposition annealing (though through
post-deposition annealing material properties can be tuned additionally), and other
superior physical properties in deposited materials. The DPF device offers a com-
plex mixture of high-energy ions of the filling gas species, immensely hot and dense
decaying plasma, fast-moving ionization wavefront and a strong shockwave that
provides a unique plasma and physical/chemical environment that is completely
unheard of in any other conventional plasma-based deposition or processing facility
making it a novel and versatile facility with immense potential for
high-energy-density pulsed plasma-based material processing and depositions.
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