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Lecture 1

The Major Component of the Universe, the Cornerstone of Microelectronics,
The High-Tech Magic Wand of Technology

1.1 The Forth State of Matter: Plasma in Nature, in Lab, in Technology

Walking the streets of a beautiful city of Belgrade with an excellent plasma scientist and friend Zoran Petrovic,
I have been shocked by and took pictures of the huge billboards claiming “Plasma, that’s all you need,” see Figure 1.1.
When asking people on the streets of the Serbian capital: “Why all you need is plasma?”, the best answer was
“because… plasma is good!”. Surely, they meant their popular brand of tasty soft biscuits, but still, I agree with them:
plasma is good! Before asking ourselves what’s so good about plasma, let’s introduce the term plasma, which means
for us neither the Serbian cookies nor component of blood, but the very special fourth state of matter.

Plasma is an ionized gas, a distinct fourth state of matter. “Ionized” means that at least one electron is not
bound to an atom or molecule, converting the atoms or molecules into positively charged ions. As tempera-
ture increases, molecules become more energetic and transform matter in the sequence: solid, liquid, gas,
and finally plasma, which justifies the title “fourth state of matter.” The free electric charges, electrons,
and ions, make plasma electrically conductive, sometimes more than gold and copper, internally interac-

tive, and strongly responsive to electromagnetic fields. The ionized gas is called plasma when it is electrically neutral
(i.e. electron density is balanced by that of positive ions) and contains a sufficiently high number of the electrically charged
particles to affect its electrical properties and behavior. In addition to being important in many aspects of our daily lives,
plasmas are estimated to constitute more than 99% of the visible universe.

The term plasma was first introduced by Irving Langmuir in 1928. The multicomponent, strongly interacting ion-
ized gas reminded him of blood plasma (thus at least no direct connection with the tasty soft biscuits). Langmuir
wrote: “Except near the electrodes, where there are sheaths containing very few electrons, the ionized gas contains
ions and electrons in about equal numbers so that the resultant space charge is very small. We shall use the name
plasma to describe this region containing balanced charges of ions and electrons.” There is usually not much con-
fusion between the fourth state of matter (plasma) and blood plasma; probably the only exception is the process of
plasma-assisted blood coagulation, where the two concepts meet.

Plasmas occur naturally but also can be effectively man-made in laboratory and in industry, which provides oppor-
tunities for numerous applications, including thermonuclear synthesis, electronics, lasers, fluorescent lamps, and
many others. To be more specific, most computer and cell phone hardware is made based on plasma technologies,
not to forget about plasma TV. Plasma offers three major attractive features: (i) temperatures of at least some plasma
components and energy density can significantly exceed those in conventional technologies, (ii) plasmas can produce
very high concentrations of energetic and chemically active species (e.g. electrons, ions, atoms and radicals, excited
states, and different wavelength photons), and (iii) plasma systems can essentially be far from thermodynamic equi-
librium, providing extremely high density of active species keeping bulk temperature as low as room temperature.

These plasma features permit intensification of conventional chemical processes, increases their efficiency,
and often even permit reactions impossible in conventional chemistry. Plasma today is a rapidly expanding
area of science and engineering, with technological applications widely spread from micro-fabrication in elec-
tronics to making protective coatings for aircrafts, from treatment of polymer fibers and films before painting
to medical cauterization for stopping blood and wound healing, from food safety to treatment of cancer, and

from production of ozone to the plasma TVs. Summarizing, “plasma is good.”
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4 1 The Major Component of the Universe

That’s all you need!

Figure 1.1 “Plasma, that’s all you need,” how about that?!

Plasma comprises most of the universe: the solar corona, solar wind, nebula, and Earth’s ionosphere are all
plasmas. Lightning is the plasma phenomenon in Earth’s atmosphere, well observed and used by humans from their
early days. The breakthrough experiments with this natural form of plasma were performed long ago by Benjamin
Franklin, which probably explains the special interest to plasma research in Philadelphia, where the author of this
book works at the Nyheim Plasma Institute of Drexel University. At altitudes of approximately 100 km, the atmo-
sphere no longer remains nonconducting due to ionization and formation of plasma by solar radiation. As one
progresses further into near-space altitudes, the Earth’s magnetic field interacts with charged particles streaming
from the sun. These particles are diverted and often become trapped by the Earth’s magnetic field. The trapped parti-
cles are most dense near the poles and account for the aurora borealis. Lightning and the aurora borealis are the
most common natural plasmas observed on Earth.

Natural and man-made plasmas (generated in gas discharges) occur over a wide range of pressures, electron tem-
peratures, and electron densities, see Figure 1.2. The temperatures of man-made plasmas range from slightly above
room temperature to temperatures comparable to the interior of stars, and electron densities span over 15 orders of
magnitude. Most plasmas of practical significance, however, have electron temperatures of 1–20 eV, with electron
densities in the range 106–1018 cm–3. The high temperatures are conventionally expressed in electron volts; 1 eV approx-
imately equals 11 600 K. Not all particles need to be ionized in plasma, a common condition is for the gases to be
only partially ionized. The ionization degree (i.e. ratio of density of major charged species to that of neutral gas)
in the conventional plasma engineering systems is in the range 10−7–10−4. When the ionization degree is close to
unity, such plasma is called completely ionized plasma. Completely ionized plasmas are conventional for ther-
monuclear plasma systems: tokamaks, stellarators, plasma pinches, focuses, and so on. When the ionization degree
is low, the plasma is called weakly ionized plasma, which is the focus of most of this book. Both natural and
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Figure 1.2 Electron temperatures and number densities in different plasmas.
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man-made laboratory plasmas are quasi-neutral, which means that concentrations of positively charged particles
(positive ions) and negatively charged particles (electrons and negative ions) are well balanced. Langmuir was one
of the pioneers who studied gas discharges and defined plasma to be a region not influenced by its boundaries.
The transition zone between the plasma and its boundaries was termed the plasma sheath. The properties of the
sheath differ from those of the plasma, and these boundaries influence the motion of the charged particles in this
sheath. The particles form an electrical screen for the plasma from influences of the boundary.

1.2 Multiple Plasma Temperatures, Plasma Nonequilibrium, Thermal
and Nonthermal Plasmas

Temperature in plasma is determined by the average energies of the plasma particles (neutral and charged) and
their relevant degrees of freedom (translational, rotational, vibrational, and those related to electronic excitation).
Thus, plasmas, as multi-component systems, can exhibit multiple plasma temperatures. In the electric discharges
common for plasma generation in the laboratory, energy from the electric field is first accumulated by the elec-
trons between collisions and, subsequently, is transferred from the electrons to the heavy particles. Electrons receive
energy from the electric field during their mean free path and, during the following collision with a heavy particle,

lose only a small portion of that energy (because electrons are much lighter than the heavy particles).
That is why the electron energy and temperature in plasma can be higher than those of heavy particles. Sub-
sequently, collisions of electrons with heavy particles (Joule heating) can equilibrate their temperatures. This
“equilibration” doesn’t happen if time or energy are not sufficient (which occurs, for example, in coronas and
pulsed discharges) or if there is an intensive cooling preventing heating of the entire gas (which occurs, for

example, in wall-cooled low-pressure discharges). This determines the basic plasma nonequilibrium (Te≫T0). The
temperature difference between electrons and heavy neutral particles due to Joule heating in the collisional weakly
ionized plasma is usually proportional to the square of the ratio of electric field (E) to pressure (p). Only in the case
of low E/p, the temperatures of electrons and heavy particles approach each other. This is a basic requirement for
local thermodynamic equilibrium (LTE). The LTE conditions also require chemical equilibrium and restrictions
on gradients. The LTE plasma follows the major laws of equilibrium thermodynamics and can be characterized by a
single temperature at each point of space. Ionization and chemical processes in such plasmas are determined by a single
temperature (and only indirectly by E/p through Joule heating). The quasi-equilibrium plasmas of this kind are usually
called thermal plasmas. Thermal plasmas in nature are represented by solar plasma and lightning.

Numerous plasmas exist very far from the thermodynamic equilibrium and are characterized by multiple differ-
ent temperatures related to different plasma particles and different degrees of freedom. It is the electron temper-
ature that often significantly exceeds that of heavy particles (Te ≫T0). Ionization and chemical processes in such
nonequilibrium plasmas are directly determined by electron temperature and, therefore, are not so sensitive to
thermal processes and temperature of the gas. The nonequilibrium plasma of this kind is called nonthermal plasma.
An example of nonthermal plasmas in nature is the aurora borealis. Although the relationship between different
plasma temperatures in nonthermal plasmas can be quite sophisticated, it can be conventionally presented in the
collisional weakly ionized plasmas as Te >Tv >Tr ≈Ti ≈T0. Electron temperature (Te) is the highest in the system,
followed by the temperature of vibrational excitation of molecules (Tv). The lowest temperature is usually shared by
heavy neutrals (T0), temperature of translational degrees of freedom or simply gas temperature), ions (Ti), as well as
rotational degrees of freedom of molecules (Tr).

In many nonthermal plasmas, electron temperature is about 1 eV (about 10 000 K), whereas the gas temperature
is close to room temperature. Nonthermal plasmas are usually generated either at low pressures or at lower power
levels, or in different kinds of pulsed discharge systems. The engineering aspects and application areas are quite
different for thermal and nonthermal plasmas. For example, thermal plasmas are usually more powerful, whereas
nonthermal plasmas are more chemically selective.

It is interesting to note that both thermal and nonthermal plasmas usually have the highest temperature (Te
in one case, and T0 in the other) on the order of 1 eV, which is about 10% of the total energy required for ioniza-
tion (ionization potential, about 10 eV). It reflects the general rule found by Zeldovich and Frank-Kamenetsky
for atoms and small molecules in chemical kinetics: the temperature required for a chemical process (includ-
ing ionization) is typically about 10% of the total required energy, which is the Arrhenius activation energy
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(or ionization potential in plasma). Funny, a similar rule of 10% can usually be applied to determine a down payment
to buy a house or a new car. Thus, the plasma temperatures can be somewhat identified as the “down payment for
the ionization process.” Thus, in the thermal quasi-equilibrium plasmas, the single temperature is about 1 eV. In the
strongly nonequilibrium nonthermal plasmas, the electron temperature is on the order of 1 eV, while gas temperature
can be from the room temperature and above simply following the heating/cooling balance.

1.3 Plasma Sources: Nonthermal, Thermal, and Transitional “Warm” Discharges,
Discharges in Gases and Liquids

Plasma sources, which in most of practical cases are the electric discharges, represent the engineering basis of the
plasma science and technology. For simplicity, an electric discharge can be first viewed as two electrodes inserted into
a tube and connected to a power supply. It was Michel Faraday, who was observing and investigating such plasma
sources as early as in 1830s. The tube can be filled with various gases or evacuated. As the voltage applied across the
two electrodes increases, the current suddenly increases sharply at a certain voltage required for sufficiently intensive
electron avalanches. If the pressure is low, on the order of a few Torrs, and the external circuit has a large resistance
to prohibit a large current, a glow discharge develops. This is a low-current, high voltage discharge widely used
to generate nonthermal plasma with Te about 1 eV and above, and T0 about room temperature. A similar discharge
is known to everyone as the plasma source in fluorescent lamps (you can touch it to double-check that T0 is about
room temperature). For educational purposes, the glow discharge can be considered as a major example of low-pressure
nonthermal plasma sources, see Figure 10.1 in Lecture 10.

A nonthermal corona discharge occurs at high pressures (including atmospheric pressure) only in regions of
sharply nonuniform electric fields. Glowing powerlines and spikes on top of high buildings are examples of the coro-
nas, which originated the name of the discharges meaning “crowns” in several languages. The electric field near one
or both electrodes of the corona discharges must be stronger than in the rest of the gas. This occurs near sharp points,
edges, or small-diameter wires. These discharges tend to be low-power plasma sources limited by the onset of electri-
cal breakdown of the gas. It is possible, however, to circumvent this restriction using short-pulse power supplies and
organizing large-scale arrays of the more powerful pulsed coronas. Figure 1.3 shows example of the 10-kW pulsed
corona. The picture is made through a window of the Mobile Environmental Laboratory, see Figure 24.5 in the Lec-
ture 24. Electron temperature in the corona discharges exceeds 1 eV, whereas the gas remains at room temperature.
The corona discharges are widely applied in the treatment of polymer materials: most synthetic fabrics applied to
make clothing have been treated before dying in corona-like discharges to provide sufficient adhesion. For educa-
tional purposes, the corona discharges can be considered as major example of atmospheric pressure nonthermal plasma
sources, see Figures 13.2 and 13.3 in Lecture 13.

If the pressure is high, on the order of an atmosphere, and the external circuit resistance is low, an electric arc
discharge can be organized between two electrodes. This discharge is also one of the longtimers, it has been invented

Figure 1.3 Photo of the 10-kW pulsed corona discharge through a
window of the Mobile Environmental Laboratory.
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by Sir Humphry Davy in 1800. Thermal arcs usually carry large currents, greater than 1 A at voltages of the order of
tens of volts. Furthermore, they release large amounts of thermal energy at very high temperatures often exceeding
10 000 K. The arcs are often coupled with a gas flow to form high-temperature plasma jets. The arc discharges are
well known not only to scientists and engineers but also to the public because of their wide applications in welding
devices. For educational purposes, the arc discharge can be considered a major example of thermal plasma sources,
see Figure 11.2 in Lecture 11.

Between other electric discharges widely applied in plasma science and technology, we can point out the nonequi-
librium, low-pressure radiofrequency discharges playing the key roles in sophisticated etching and deposition
processes of modern micro-electronics, micro-electro-mechanics, as well as in treatment of polymer materials, see
Figure 12.7 in Lecture 12. It is these discharges manufacture for us most our cellphones or computers, which we are
enjoying so much. Between less traditional but very practically interesting discharges, we can point out the nonther-
mal, high-voltage, atmospheric-pressure, floating-electrode dielectric barrier discharge (FE-DBD), which can
use the human body as a second electrode without damaging the living tissue. Such discharge obviously provides very
interesting opportunities for direct plasma applications in biology and medicine, see Figure 1.4. FE-DBDs are younger
members of the big family of the dielectric barrier discharges (DBD), introduced as early as 1857 by Werner von
Siemens, and playing an important role in generation of ozone, plasma TVs, plasma aerodynamics, plasma medicine,
and agriculture, see Figures 13.5 and 13.6.

As it was explained above in the Section 1.2, electron temperature in most of plasma systems stay on the
level of 10 000 K (about 1 eV, which is 10% of the ionization potential). Gas temperature controlled by the gas
heat balance can be close to room temperature (nonthermal plasma) or vice versa close to electron temperature
(thermal plasma). Although plasma is often goes to these extremes, it can be also organized in the intermediate
regime of the so-called transitional or warm plasmas, where Te is still around 1 eV, but gas temperature can

be “warm”, around 1000 K and below. Members of this group include microwave discharges, sparks (see the transi-
tional PHD spark discharge in Figure 1.5), as well as different types of the gliding arc discharges. The most known
recently are the gliding arc discharges stabilized in reverse vortex “tornado” flow generating high power nonequilib-
rium atmospheric pressure plasma, see Figure 1.6. These discharges provide a unique opportunity of combining the
high power and atmospheric pressure typical for arc discharges with the relatively high level of nonequilibrium and
therefore selectivity typical for nonthermal discharges.

While majority of electric discharges generate plasma in gas phase, some discharges are operating effectively to
generate plasma in liquid phase. Most of them like gliding arcs and sparks generate plasma in bubbles or voids
in the liquid, see Figure 1.7. These types of “liquid discharges” are applied for chemical and biological cleaning of
water, as well as for medical, agricultural, and food processing purposes. Some plasma sources, usually based on
the nano-second and sub-nanosecond-based high-voltage pulsing with extremely short voltage rise time, are able,
however, directly ionize liquids without bubbles and voids. So, plasma is not necessarily only “ionized gas,” but it can
be also “directly ionized liquid.” All these plasma sources, and many others are going to be considered in the Part 2 of
this book, Lectures 9–16.

Figure 1.4 Floating-electrode dielectric barrier discharge, FE-DBD.
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Figure 1.5 Pin-to-hole (PHD) spark discharge.

Figure 1.6 Gliding arc discharge stabilized in reverse-vortex “tornado” flow.

Figure 1.7 Spark discharge in water.
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1.4 Plasma Processes: Major Plasma Components, High Selectivity
and Controllability of Nonequilibrium Reactions, “Multidisciplinarity Without
Borders”

Chemically and biologically active plasmas are multi-component systems highly reactive due to large
concentrations of charged particles (electrons, negative and positive ions), excited atoms and molecules
(electronic and vibrational excitation make a major contribution), active atoms and radicals, and ultravi-
olet (UV) photons. In thermal plasmas, the main global effect is mostly due to temperature and relevant
quasi-equilibrium plasma components. In nonthermal nonequilibrium plasma, the processes are way

more sophisticated. Each component of the chemically active plasma plays its own specific role in plasma-chemical
kinetics. The plasma electrons, for example, are usually first to receive the energy from an electric field and then
distribute it between other plasma components and specific degrees of freedom of the system. Changing parameters
of the electron gas (density, temperature, electron energy distribution function) often permit control and optimization of
plasma-chemical processes.

The plasma ions are charged heavy particles, that can make a significant contribution to plasma-chemical kinetics
either due to their high energy (as in the case of sputtering and reactive ion etching) or due to their ability to sup-
press activation barriers of chemical reactions. This second feature of the plasma ions results in the so-called ion or
plasma catalysis, which is particularly important in the plasma-assisted ignition and flame stabilization, fuel con-
version, hydrogen production, exhaust gas cleaning, and even in plasma medicine and agriculture due to the direct
plasma-catalytic treatment of living tissue. The energetic plasma ions also significantly contribute to the reactive
ion etching processes crucial in the microelectronics for the deep ditch anisotropic etching and fabrication of the
sophisticated relevant features in the integrated circuits.

The vibrational excitation of molecules in plasma often makes a major contribution to the plasma-chemical
kinetics and energy balance because the plasma electrons with energies around 1 eV primarily transfer most of their
energy in such gases as N2, CO, CO2, H2, CH4 and so forth into vibrational excitation. The vibrational excitation of
molecules is also the most effective in overcoming the activation barriers of the endothermic chemical reactions.
Stimulation of plasma-chemical processes through vibrational excitation permits the highest values of energy effi-
ciency to be reached, which occurs for example in the plasma-chemical dissociation of CO2, and plasma synthesis of
NO in air.

Electronic excitation of atoms and molecules in plasma can also play a significant role in plasma kinet-
ics, especially when the lifetime of these excited particles is quite long (as in the case of metastable electronically
excited atoms and molecules). As an example, we can mention plasma-generated metastable low-energy elec-
tronically excited oxygen molecules O2(1Δg), singlet oxygen, which effectively participate in the plasma-stimulated
oxidation process in polymer processing, and biological and medical applications of plasma. The singlet oxygen
O2(1Δg) metastable molecules have very long radiative lifetime, about an hour. As an example of the higher energy
metastable electronically excited states of molecules generated in plasma, we can mention those of nitrogen
N2

(
A3Σ+

u
)

characterized with radiative lifetime of 13 s and playing significant role, for example, in ozone synthesis
in air and plasma-assisted combustion and flame stabilization. In both applications, these quite energetic metastable
nitrogen molecules (energy exceeding 6 eV) are able directly dissociate O2 molecules producing oxygen atoms. Also,
they can dissociate the passive radicals HO2 to suppress the chain termination of oxidation of H2 and hydrocarbons
crucial for plasma-stimulated ignition, combustion, and flame stabilization.

The contribution of the plasma-generated active atoms and radicals is obviously also very significant. As an
example, we can point out that O atoms and OH radicals effectively generated in atmospheric air discharges which
play a key role in numerous plasma-stimulated oxidation processes. They are part of the family of the so-called
reactive oxygen species (ROS), which together with reactive nitrogen species RNS (like NO, peroxynitrite,
nitrosylated organics, etc.) are the key players in the plasma-stimulated biochemistry especially in the liquid phase.
F-atoms and the fluorocarbon radicals generated in low-pressure plasmas in C2F6, C3F8, NF3, etc. play an important
role in etching and other material processing reactions in microelectronics. We should mention that relatively stable
long-living active chemicals like ozone, H2O2, NOx compounds, and acids are also crucial in several plasma-initiated
chemical and biochemical processes. Plasma-generated photons play a key role in a wide range of applications,
from plasma light sources to UV sterilization of water. Sometimes strong plasma effects are due to plasma-related


