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ix

After our long research and development activities in Plasma science we can 
state that the plasma is a well controlled environmentally-friendly medium 
utilizing electric power and enabling the very-high temperature processes 
and low temperature reactions not available in other methods. This book 
is, therefore, intended to help the readers interested in the non-thermal gas  
discharge plasmas and their applications. The content is focused on the 
microwave-generated plasmas, which have specific properties due to relatively 
high frequency and which can be used in a number of non-conventional appli-
cations. Based on our experience, from university teaching and from commu-
nications with the industry people, no broad understanding exists of the 
microwave power and the microwave plasma systems. People know microwave 
ovens, but mostly for the heating of meals, and without understanding the 
principles and specifications of the microwave power. Little knowledge exists 
about different plasma systems and applications related to microwave power, 
even though there is apparently growing interest in this technology, mainly for 
new plasma chemical processes. A motivation for writing this book is based on 
the authors’ long experience with design and applications of several non-con-
ventional systems and applications, which might stimulate readers when 
furthering their knowledge and when developing new systems.

The content of this book is composed of five basic parts, i.e. chapters. Chapter 
1 is devoted to the microwave techniques and power systems from introducing 
their short history to the descriptions of individual parts and components in 
the microwave power lines, which are used in laboratory experiments and 
many industrial devices. Besides the microwave communication and the radar 
techniques, a lot of original systems have been developed for heating the 
plasma in fusion test reactors (Tokamaks, Stellarators, and Magnetic Mirrors), 
as well as in particle accelerators. Moreover, in the last two decades, interest 
has rapidly grown in microwave plasma systems working at atmospheric and 
higher pressures, in gases and inside liquids. Interesting new applications and 
trends are described in Chapter 6.

We have no intention to write a textbook and start with explanations of basic 
microwave theories based on Maxwell equations. Excellent comprehensive 

    
Foreword from the Authors
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Foreword from the Authorsx

monographies have been written about microwave engineering with all the-
ories, simulation models, and details, including use of microwaves for genera-
tion of the plasma discharges, see e.g. Refs. [1–7]. However, to make it easier 
for the book readers without experience in the field of microwave engineering, 
we introduce the microwave systems in a simple way. We illustrate and 
describe the most important microwave components and show at least the 
most important expressions, which can help in greater understanding of the 
principles, functions, and applications of the microwave components. For 
these purposes we have also created a large number of original illustrations. 
Therefore, the text is frequently accompanied by schematic pictures, diagrams, 
and photographs. Such an approach was promoted and recommended long 
ago by the “Teacher of the nations,” Johannes Amos Comenius (Komensky in 
Czech) in his widely translated book “Orbis Sensualium Pictus,” issued in 
1658. A copy of this book is available for example in the Hungarian library at 
the  web address https://library.hungaricana.hu/hu/view/RMK_I_1091-
RM_I_8r_0547/?pg=0&layout=s. Moreover, at the end of Chapter 1 we have 
included Part 1.5 describing the microwave oven. This is because each oven 
represents a smartly engineered microwave system, which can help in the 
understanding of the basic principles and components in the microwave tech-
nology introduced and described in Chapter 1.

After an explanation of the functions of microwave components in the typ-
ical power lines for the microwave plasma generation, in Chapter 2, we 
describe the fundamentals of the gas discharge plasma and differences bet-
ween plasmas generated by different kinds of the power, with particular 
emphasis to the microwave power. Chapter 3 is devoted to explanations of 
interactions of plasmas with solid surfaces and gases, mainly at reduced and 
low pressures. Used explanations are simplified and limited to basic expres-
sions and equations necessary for the understanding of the processes in the 
plasma and those caused by the plasma, as described in later chapters. Parts 
of the texts and some illustrations in Chapters 2 and 3 are used in the authors’ 
courses for university students, short tutorials at companies and, since 1997, 
in annual courses for the Society of Vacuum Coaters (www.svc.org) in the 
United States.

Chapter 4 focuses on different microwave plasma systems, including novel 
and non-conventional ones developed and laboratory tested in different 
processing applications at reduced pressures. Chapter 5 is devoted to the 
microwave plasma systems at atmospheric and higher pressures, including 
plasmas inside liquids and plasma interactions with the combustion flames. 
Chapter 6 describes some new applications and trends in microwave plasmas, 
with short opinions and expectations on future perspectives of the microwave 
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plasma and its applications. Chapter 7 contains appendices with description of 
symbols, abbreviations, units and values used in the individual chapters.

As mentioned, this book has no ambition to become a “handbook” or a “text-
book”. We have written an “easy” text to inspire the readers and raise their 
interest in further studies and designs of novel systems, as well as to help 
readers in their experimental works with the microwave plasma and the 
microwave plasma-assisted applications.
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1

1

Basic Principles and Components in the 
Microwave Techniques and Power Systems

1.1  History in Brief – From Alternating Current to 
Electromagnetic Waves and to Microwaves

The greatest discoveries and developments connected with the great names in 
the field of alternating current (AC) and related systems were already dated in 
the early nineteenth century, see Ref. [1.1]. However, an important basic 
invention was the battery, a source of electricity, disclosed by the Italian scien-
tist Alessandro Volta in 1799. This simple source of a direct current (DC) 
allowed many important experiments with electricity. In 1820, Danish physi-
cist Hans Christian Ørsted discovered an effect of electricity on the magnetic 
field and his findings were confirmed by the experiments of French physicists 
Andre-Marie Ampere and François Arago. The parallel wires with DC current 
visibly attracted or repelled each other according to the mutual current direc-
tions. However, in 1830, English scientist Michael Faraday discovered the 
ability to generate electricity by moving magnets and the corresponding prin-
ciple of the electric induction. These new effects based on the electric induction 
inspired the Serbian-American electrical and mechanical engineer Nikola 
Tesla and led to his inventions of an alternating current generator which used 
a rotating magnetic field, the Tesla coil, the transformation of AC voltages to 
high voltages or vice-versa, as well as other inventions patented at the end of 
1887. Besides his fundamental inventions, Tesla is considered a pioneer in 
radar technology, X-ray technology, and remote control.

In 1860, Scottish scientist James Clerk Maxwell proposed the electromagnetic 
disturbances longer than infrared (IR) radiation. He explained theoretically 
how electric and magnetic fields can form electromagnetic waves and devel-
oped a theory known as Maxwell’s equations, see Ref. [1.2]. In 1888, the 
German physicist Heinrich Hertz used an electric spark arrangement and a 
simple capacitor made from a Leyden jar for the generation of electromagnetic 
waves, see Ref. [1.3]. He was the first person who was able to transmit and 
receive radio waves. That is why the frequency unit, 1 Hz = 1/s, is called Hertz. 

c01.indd   1c01.indd   1 31-01-2022   11:43:1631-01-2022   11:43:16



1  Basic Principles and Components in the Microwave Techniques and Power Systems2

In 1897, an application of Hertzian waves was patented for long-distance radio 
telegraph communication by Italian electrical engineer Guglielmo Marconi. 
Radio waves are only part of electromagnetic waves used in radio communica-
tions. The whole spectrum of electromagnetic waves is graphically illustrated 
in Figure 1.1. The spectrum can be roughly divided into the following wave-
lengths (λ):

	● Gamma (γ) rays λ ≈ 1–100 pm (picometer)

	● X-rays λ ≈ 100 pm–100 nm

	● Ultraviolet (UV) light λ ≈ 100–300 nm

	● Visible light λ ≈ 350–750 nm

	● IR λ ≈ 750 nm–1 mm

	● Microwaves (μ) λ ≈ 1 mm–1 m

	● Radio waves λ ≈ 1 m–100 km

The electromagnetic waves are moving with the speed of light (c = 3 x 108 
m/s) and the corresponding frequencies can be calculated from the expression 
f = c/λ. This gives the following approximate frequency values:

	● Gamma (γ) rays f ≈ 3 × (1020–1018) Hz

	● X-rays f ≈ 3 × (1018–1015) Hz

	● UV light f ≈ 3 × 1015–1015 Hz

	● Visible light f ≈ 9 × 1014–4 × 1014 Hz

	● IR f ≈ 4 × 1014–3 × 1011 Hz

	● Microwaves (μ) f ≈ 3 × 101–3 × 108 Hz

	● Radio waves f ≈ 3 × 108–3 × 104 Hz

106

106

104

1010 104

102

102

10010–210–410–610–8

108

10–1010–12

10121014101610181020

Wavelength    [m]

rays X - rays UV IR waves Radio waves

Frequency f  [Hz = 1/s]

Figure 1.1  Graphical illustration of the frequencies and wavelengths in the 
spectrum of the electromagnetic waves. An optical spectrum is inserted between 
ultraviolet and infrared waves. The part of the visible light is shown in spectral  
colors.
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1.2  Microwave Generators 3

In case you need to recall what units are used in the high and very high 
frequencies, see the following list:

	● kHz 103 Hz (Kilohertz)

	● MHz 106 Hz (Megahertz)

	● GHz 109 Hz (Gigahertz)

	● THz 1012 Hz (Terahertz)

	● PHz 1015 Hz (Petahertz)

	● EHz 1018 Hz (Exahertz)

	● ZHz 1021 Hz (Zettahertz)

	● YHz 1024 Hz (Yottahertz).

The ideas presented by Tesla along with many ongoing experiments  
with electromagnetic waves in many countries led to the development of 
electromagnetic detection of objects, i.e. radar, see the condensed history in 
Ref. [1.4]. In 1936, American Robert M. Page and his group developed a 
device for detecting planes at distances up to 40 km. Four years later, the U.S. 
Navy named such systems “Radar”, meaning Radio Detection and Ranging. 
Almost simultaneously, Robert Watson-Watt in England developed a radar 
device according to his patent filed in 1935. In Germany after 1933, Rudolf 
Kühnhold and Hans Erich Hollmann developed radar systems, one of which 
was called Würzburg. Further technical developments of radars were acceler-
ated considerably during the World War Two (WWII).

The detection of moving objects by reflected waves can be performed only by 
electromagnetic waves proceeding in straight lines and directions selected by 
the operator. Because this was fulfilled best by using microwaves, all develop-
ments around radar were closely connected with the developments of suitable 
microwave generators. In the document, see Ref. [1.5], issued by AT&T 
company in 1947 about building a 7.5-cm (3 inches) wavelength communica-
tion system working at f = 4 GHz between New York and Boston they wrote: 
“Our microwaves are more closely related to the light waves than they are to 
the waves used for broadcasting, and this accounts for the fact that they travel 
in straight lines from one point to the next, can be reflected by smooth bright 
surfaces concentrated into a point source by a lens.”

1.2  Microwave Generators

The microwave wavelengths can be roughly considered to be between 1 mm and 
1 m, which corresponds to the frequency range between 300 GHz and 300 MHz. 
There are about 13 different frequency intervals (bands) designed for different 
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1  Basic Principles and Components in the Microwave Techniques and Power Systems4

applications, particularly for communications and military systems. The focus 
in this book will be in the L-band (1–2 GHz) and mainly in the S-band (2–4 
GHz), which are used in the powering of systems like microwave ovens, 
microwave medical instruments, and the generation of the microwave plasmas. 
The microwaves in this frequency region are also noted as “centimeter” waves. 
The frequency 2.4±0.5 GHz in such microwave systems is called an “industrial 
frequency” because, even at a power of hundreds of kW, these systems must not 
disturb the communication channels.

Several types of microwave power generators exist: travelling wave tube 
(TWT), klystron, magnetron, or gyrotron, see Ref. [1.6]. All these generators  
utilize electric and magnetic fields to drive and control motions of electrons and 
to produce microwave frequencies with the desired power level. Microwave 
power generators are designed for different frequencies and output powers. 
Different generators also exhibit different efficiencies (the ratio of the outlet 
microwave power to the applied electric input) from about 15% to as high as 95%. 
There are differences in the construction, power control and the maximum output 
power between “classical” vacuum tube-based generators and those using 
solid-state components, like microwave diodes. A simple reason is the limited 
voltage applicable in the solid-state semiconductor components and corresponding 
power limits. This book is dealing with the magnetron tubes, which differs from 
the magnetron sputtering diodes for film coatings.

Most of the microwave sources for generation of gas discharge plasmas are 
equipped with a magnetron generator, which is an evacuated tube used, e.g. in 
microwave ovens (see Section 1.5). Such a tube is a vacuum diode with oscil-
lating electrons generating the microwave power, typically from 0.5–15 kW. 
Magnetron tube generators built for 2.4 GHz (13 cm waves) are relatively 
cheap, and their power efficiencies are about 60%. The construction of typical 
magnetron is schematically shown in Figure 1.2.

The anode is a hollow cylinder with an even number of anode segments. The 
open trapezoidal shaped areas between each of the segments represent reso-
nant cavities serving as tuned circuits. Their shapes and dimensions determine 
the output frequency of the tube.

The cathode filament (heater) enhances the electron emission from the 
cathode located in the center of the magnetron tube coaxially with the anode.

The magnetic field provided by strong permanent magnets around the mag-
netron and the magnetic field is parallel with the axis of the cathode. The 
magnetic field turns the electrons to circulate along the anode segments.

The antenna is a probe or loop connected to the anode and extends into one 
of the tuned cavities. The antenna transmits the power generated by the 
resonances.

The magnetron utilizes oscillation motions of electrons under combined 
effect of the electric and magnetic field. After switching on the high voltage 
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1.3  Waveguides and Electromagnetic Modes in Wave Propagation 5

(several kV) between the anode (grounded) and the cathode, the electrons 
emitted from the cathode are accelerated to the anode and turned by the 
magnetic field to circular paths. Such motions of the electrons cause reso-
nances in the anode segments dimensioned to resonate at the microwave fre-
quency. There must be a minimum electric field necessary to energize electrons 
for reaching the anode and starting the resonances. The power generated by 
the magnetron is guided to a coaxial output of the magnetron with an antenna 
being the central conductor. More details about the electric circuit powering 
the magnetrons are introduced in Section 1.5.

1.3  Waveguides and Electromagnetic Modes in 
Wave Propagation

There are many transmission systems of electromagnetic waves. The low-fre-
quency power with a wavelength longer than 1 m (frequency below 300 MHz) 
can be transported by two parallel wires or by coaxial electric conductors 
(coaxial cables). Such lines, called transmission lines, transport electric power 
in forms of currents and voltages. Their transmission efficiency depends on the 
line resistance, capacitance, inductance, and shunt resistance between con-
ductors. However, transmission of centimeter or shorter waves by such lines, 
particularly at higher powers, can cause high power losses due to radiation and 
attenuation of the wave transport. It is better to “close” the short waves into 
hollow structures, e.g. as conductive tubes made from brass or copper (Cu) 
alloys with aluminum (Al) and having inner dimensions comparable with the 

Figure 1.2  Construction of the magnetron tube consists of the anode, the hot 
filament/cathode, the antenna, and magnets. The anode and cathode arrangement are 
in an evacuated tube arranged with an axial magnetic field. The E and B are vectors of 
the electric and magnetic fields. The arrows in the segmented anode show circulating 
electrons.
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1  Basic Principles and Components in the Microwave Techniques and Power Systems6

wavelength. In these waveguides, the power is transported by the moving 
waves of electric and magnetic fields.

In ordinary electric transmission lines, e.g. in the coaxial lines or parallel 
wires, transversal electro-magnetic (TEM) is the typical mode for transporting 
the electric power. Here, electric and magnetic fields only have components 
perpendicular to the axis of the transfer, and they have zero amplitudes along 
the line (z-axis in the Cartesian coordinates). The electric field is between the 
conductors, and the magnetic field is around the conductors transporting the 
current. On the contrary, in the waveguides, the waves are transported in 
certain modes, either transversal electric (TE) or transversal magnetic (TM), 
but TEM modes cannot propagate here. The TE modes have no electric compo-
nent along the wave transport (vector Ez = 0) and only the magnetic compo-
nent is non-zero along the transport (vector Hz ≠ 0). In other words, in the TE 
modes, the waves are propagating only with an electric field perpendicular to 
the propagation. The TM modes are the opposite for the H and E vectors in that 
Hz = 0, Ez ≠ 0. The waveguide power lines in the generation of microwave 
plasmas use mostly air-filled rectangular or circular waveguides with the dom-
inant modes. The dominant modes are those where the waves propagate at the 
lowest frequency (longest wavelength), i.e. close to the cut-off frequency (fcoff) 
for the used waveguide (see Figure 1.3). Dominant modes exhibit the lowest 

a =

TE11

TE01 TE10

TE10

z <=> propagation

y

x maximum E

E field

H field

(a) (b)

z y

x

(c) (d)

maximum E

b

D

λcoff/2

λg/2

Figure 1.3  The electric and magnetic fields in the waveguides. (a) Dominant mode 
(TE11) in the circular waveguide. (b) Dominant mode (TE10) in the rectangular 
waveguide. (c) Mode TE01 in the circular waveguide. (d) Intensity of the electric field in 
the TE10 mode. The wavelength λg is the length of propagating wave, the λcoff is the 
cut-off wavelength.
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1.3  Waveguides and Electromagnetic Modes in Wave Propagation 7

attenuation of the waves and there is also a low chance for any other mode to 
appear and interfere with the wave propagation. Simplified illustrations of the 
dominant waveguide modes in circular (TE11) and rectangular (TE10) wave-
guides are shown in Figure 1.3.

The indexes m and n in the modes TEmn denote numbers of half wave-
lengths (λ/2) of the electric field component (m) and the magnetic field com-
ponent (n) in the cross-section of the waveguide. The difference between the 
modes is clear when comparing the dominant mode TE11 (Figure 1.3a) with 
the mode TE01 (Figure 1.3c) in the circular waveguide with the inner diam-
eter D. For the TE10 mode in the rectangular waveguide (inner dimensions a 
and b), it means one transversal component of the electric field (m = 1). The 
corresponding profile of the intensity of the E field is a simple “hill” (one-half 
of the cut-off wavelength), see Figure 1.3d. The detailed knowledge about 
distributions of electric and magnetic fields in the waveguides is important 
for the right designs of the reactors intended for the microwave generation of 
the plasmas.

1.3.1  The Cut-off Frequency and the Wavelength in Waveguides

Waveguides have “disperse” properties, which means they depend on the fre-
quency of waves to be transported. Dimensions of the waveguides limit the 
frequencies (and wavelengths) of the waves for the transport. If the wave fre-
quency f is higher than the cut-off frequency for different modes of the waves, 
then all these modes can propagate in the waveguide. If the frequency f is less 
than all cut-off frequencies, then none of these modes can propagate inside. As 
noted, the lowest wave attenuation can be obtained for the longest (“upper”) 
usable wavelength (the lowest frequency), the length of which depends on the 
physical dimensions of the waveguide and on the propagation mode. Therefore, 
the best mode is the dominant mode with the frequency near the characteristic 
“lower” cut-off frequency of the given waveguide. The dominant modes are 
also used in most of the applications of the plasma systems. This cut-off fre-
quency (fcoff) for the TEmn and TMmn modes in the air-filled rectangular wave-
guides can be expressed as the following:

2 f = c m/a + n/bcoff

1/2
( ) ( )







2 2 � (1.1)

and the cut-off frequency for the dominant mode TE10 (m = 1, n = 0) will be 
the following:

f  c a   a Hzcoff = =/ . /2 1 5 1010 � (1.2)
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1  Basic Principles and Components in the Microwave Techniques and Power Systems8

where c = 3 x 1010 cm/s is the velocity of light in vacuum (air) with the cross-
dimension a (in the x-axis) in centimeters. The corresponding cut-off wave-
length is expressed as the following:

lcoff = 2a � (1.3)

For the maximum power transfer in the rectangular waveguides, it is always 
a = 2b. For example, with a = 8.6 cm, b = 4.3 cm for the microwave frequency 
of 2.35 GHz), the cut-off frequency is fcoff = 1.74 GHz. The dimensions a and b 
given above are almost identical with the Electronic Industry Association 
(EIA) standard waveguides WR340. A corresponding expression for the cut-off 
frequency of the dominant mode TE11 in the circular waveguide with diameter 
D is the following:

f  0.293 c/D  0.88/D 10 Hzcoff = ≈ 10 � (1.4)

For the cut-off frequency of the rectangular waveguide, the diameter D in 
circular waveguide should correspond to D ≈ 1.5 a /0.88 = 1.7 a. Therefore, the 
cross-dimension of the circular waveguides is usually considerably larger than 
in the rectangular waveguides. Despite their simpler fabrication, circular 
waveguides consume more metal and are heavier. For the cut-off wavelength 
in the circular waveguide, it is the following:

λcoff = D/ 1.84 = 1.7 Dp � (1.5)

The direction vector of the wave propagation in the waveguides is not parallel 
with the z-axis. It has an acute angle to the z-axis, and the waveguide transport 
is based on the wave reflections between the opposite conductive walls and is 
shown schematically in Figure 1.4.

The wavelength in the waveguide differs from the free space, and it can be 
expressed as the following:

l l l lg coff= −





/ ( / )
/

1 2 1 2
� (1.6)

The wavelength in the waveguide is longer than that in the free space (λg > 
λ) because λ < λcoff = 2a (for TE10), and the denominator in Eq. (1.6) is then 
smaller than one. The velocity of the wave propagation is slower than in free 
space (vg < vc = c). For 2.35 GHz, the free-space wavelength is λ = 30/2.35 = 
12.77 cm; for 2.4 GHz, it is 12.5 cm. In the rectangular waveguide with a = 8.6 
cm, the wavelength λg ≈ 19 cm.

Figure 1.4 shows that the velocity of the wave power in z-direction is slower 
than the propagation of the wave (here it is velocity of light c). The power 
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1.3  Waveguides and Electromagnetic Modes in Wave Propagation 9

carried by the wave in the waveguide is transported at a velocity called group 
velocity, which can be expressed as the following:

v  v  c f /fz group coff= = −( )





1 2 1 2/

� (1.7)

Therefore, vgroup is less than c. Also, the nodes of the wave in the waveguide, 
where the wave changes its phase, can propagate virtually at phase velocity 
(vphase > c), higher than the velocity of light. Of course, the phase  
velocity doesn’t transfer the energy. A simple relation exists between the 
group and the phase velocities:

v  v  cgroup phase⋅ = 2� (1.8)

1.3.2  Waveguides Filled by Dielectrics

The velocity of wave propagation introduced above in “empty” or “lossless” 
waveguides (empty or filled with air) is equal to the speed of light c = 3 x 108 
m/s (more exactly, 2.998 108 m/s). Light is also a kind of an electromagnetic 
wave (see Figure 1.1). There is an important relation c = (μ0 ε0)−1/2, where the 
vacuum permeability μ0 = 1.256 x 10−6 H/m = 4π 10−7 H/m, and the vacuum 
permittivity is ε0 = 8.85 x 10−12 F/m. (Henry is represented as H = kg m2 s−2 
A−2, and Farad is represented as F = A2s4 kg−1 m−3). When the waveguide is 
filled by certain dielectrics, the velocity of the wavelength propagation cd (as 
well as the velocity of light) is slower than in the vacuum:

c   where andd r r= = =−( ) ,/µ µ µ µε ε ε ε1 2
0 0 � (1.9)

Here, μr and εr are relative permeability and relative permittivity, respec-
tively, of the used dielectric. In a vacuum and in air, they are μr = εr = 1 and cd 

z

y

x

Ey

c

vz= vgroup

Figure 1.4  Schematic 
description of the reflection of 
the propagating TE10 wave in a 
lossless waveguide. Value 
(vgroup) is the velocity of 
propagating the wave power.
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1  Basic Principles and Components in the Microwave Techniques and Power Systems10

= c. For the rectangular waveguide filled with a dielectric, the equations (1.1) 
and (1.3) for the cut-off frequency (fcoff) and the cut-off wavelength (λcoff) for 
TE10 should be rewritten as the following:

2 1 2 2 2 1 2
1 2 f   m a   n b  c m acoff r r= ( ) + ( )






 = ( )− −( ) / / ( ) //
/

/µ µε ε
22 2 1 2
+ ( )






  n b/
/

(1.10)

λ µ εcoff r r    a= 2 1 2( ) / � (1.11)

Because all dielectrics have a relative permittivity of εr ≥ 1 and a relative per-
meability of μr ≈ 1, the cut-off wavelengths for dielectric-filled waveguides will 
be longer than in the empty waveguides. Considering Eq. (1.2) for the domi-
nant mode TE10 (m = 1, n = 0) in an empty waveguide, we have fcoff = c/2a = 
1.5/a 1010 Hz; for the same waveguide filled by PTFE, known as Teflon or 
[(C2F4)n] (with εr = 2 and μr = 1), it will be fcoff = cd/2a = 1.5/1.4a 1010 Hz. The 
cut-off frequency will be 1/1.4 = 0.7 times smaller. Therefore, the dielectric 
filled waveguide allows lower wave frequency (longer waves) to propagate. 
However, the dielectric losses will cause power losses and attenuation of the 
waves. Therefore, it is a bad idea to use dielectric filled waveguides to avoid the 
involvement of gases or for vacuum sealing of the waveguide parts. For such 
purpose, vacuum windows in the waveguides can be designed in a different 
way, see Section 1.4.5.

1.3.3  Wave Impedance and Standing Waves in Waveguides

For the wave propagation in any uniform medium, finding the characteristic 
impedance is possible. In a medium characterized by the permeability μ = μ0 
μr and permittivity ε = ε0 εr, the impedance Z is given as follows:

	
Z  Z     (  r r r= = = =0

1 2
0 0

1 2 1 2 1 2120 376 7( / ) ( / ) ( / ) / ) ./ / / /µ ε µ ε µ ε π µ εr 33 1 2  Ohmsr r( / ) /µ ε
(1.12)

where Z0 = (μ0/ε0)1/2 or 120 π or 376.73 Ohms is the impedance of free space 
(vacuum, air).

When the wave propagates in an “endless” waveguide in TE or TM modes, 
expressing the wave impedances ZTE and ZTM by the cut-off frequencies is 
possible:

Z  Z f /fTE coff= −( )





0

2 1 2
1

/
� (1.13)
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1.3  Waveguides and Electromagnetic Modes in Wave Propagation 11

Z  Z   f /fTM coff= −( )





0

2 1 2
1

/
� (1.14)

For example, in the lossless rectangular waveguide with the dominant mode 
TE10, at the microwave frequency of 2.35 GHz and the cut-off frequency of fcoff 
= 1.74 GHz, calculated from Eq. (1.2), the wave impedance will be ZTE10 = 377/
[1−(1.74/2.35)2]1/2 ≈ 561 Ohms.

Regardless of whether the end of the waveguide is opened or closed by 
certain barriers from any material, part of the propagating wave can return, 
superimpose with the forwarding wave and form so-called standing wave, see 
Figure 1.5.

The amplitude of a reflected wave naturally depends on the material 
terminating the waveguide because certain parts of the wave can be absorbed, 
and the reflected wave can acquire different phases with respect to the incident 
wave. Some materials can absorb the wave power almost entirely and transfer 
it to the heat. This is the case in microwave ovens, where the microwave power 
at a frequency around 2.4 GHz is efficiently absorbed in water. Because meals 
usually contain a lot of water, the microwave power can be used for their 
heating. Some materials have a higher absorption, e.g. ferrites, carbon, or 
silicon. Such materials can be used as the waveguide loads (examples will be 
described in Section 1.4.7). The microwave heating is now applied in a number 
of applications, see, e.g. Refs. [1.7, 1.8]. However, the absorption ability can 
have undesired consequences, e.g. by melting of glass due to power interacting 
with the silicon in the silicon dioxide (SiO2) material.

Hh

Forwarded

Reflected

(a) (b)

(c) SWR = 
H

h

λg
λg/2

Figure 1.5  Formation of the standing waves by waves moving in the waveguide. (a) 
The reflected wave is in a phase similar to the forwarded wave. (b) The reflected wave 
is in a position close to the opposite phase to the forwarded wave. (c) The resulting 
“standing” waves.
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1  Basic Principles and Components in the Microwave Techniques and Power Systems12

The resulting standing wave ratio (SWR), i.e. the ratio between highest and 
lowest part of the standing wave amplitude (measured usually by the voltage 
standing wave ratio or VSWR), resulted from the interaction between for-
warded, and reflected waves can be used for measurements of the impedance 
terminating the waveguide. According to Figure 1.5, the SWR ratio is SWR = 
H/h. It is then useful to define the percentage of the wave reflection (Wr) as the 
following:

W   SWR     SWR  r % /  = −( ) +( )100 1 12 2 � (1.15)

When SWR = 1, then Wr = 0%, and the wave is not reflected. When SWR = 
0, then Wr = 100%, and the wave is fully reflected. This is the case when the 
waveguide is terminated by an electrically conductive short (often shaped as a 
movable “shorting plunger”). For practical uses, the defined so-called reflec-
tion coefficient (Г) is a complex value, and its scalar form |Г| can be expressed 
using the SWR in the following way:

Γ Γ Γ= −( ) +( ) = + −SWR    / SWR    or SWR  1 1 1 1( ) / ( ) � (1.16)

If SWR = 1, the reflection |Г| = 0, and there is no reflection. The waveguide 
outlet impedance is fully matched to the inlet (waveguide) impedance, and the 
propagating power is absorbed entirely in the load. The reflection coefficient 
can be used to calculate the return loss of the power Pr in decibels (dB):

P dB  logr   =−10 Γ � (1.17)

If there is an incident power (Pinc) forwarded by the microwave source and 
the power reflected from the load is Pref, SWR can be expressed as the 
following:

SWR   P /P  / P /Pref inc ref inc= +( )





 −( )





1 11 2 1 2/ / � (1.18)

1.3.4  Coaxial Transmission Lines

The coaxial transmission lines are often used in connection with the wave-
guides. The TEM mode propagating in the coaxials has no cut-off frequency 
and can lead the DC current and voltage. However, typical use of the coaxial 
lines (cables) is under 3 GHz to avoid high power losses. Typical construction 
of the coaxial cable is shown in Figure 1.6.

The power level that can be transported through the coaxial cable is 
dependent on the diameters of the conductors and on the used dielectric 
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1.3  Waveguides and Electromagnetic Modes in Wave Propagation 13

material. The larger diameters can be obviously used for higher power, but 
usually not over 2 kW. At higher microwave powers cables can be heated and 
the dielectric material of the insulator can be melted with consequent short 
circuits. Even PTFE [(C2F4)n] insulators (Teflon) with a melting point of 327°C 
can cause problems at higher power. The heating can form some carbon parts, 
which act as the conductive shorts for electric breakdown. The advantage of 
coaxial cables is their flexibility and possibility of bending. However, if these 
features are unnecessary and the coaxial can be linear, it is recommended to 
build water-cooled coaxial lines with air as a dielectric. The construction of 
such components are presented below.

The impedance of coaxial line can be calculated using the following 
formula:

Z Ohm   / log D/dcoax r r  = ( )138 1 2
10( ) /µ e � (1.19)

Typical impedances of commercial coaxial cables are 50 Ohms or 75 Ohms. 
Expression (1.19) can be simplified assuming that most dielectrics have μr = 1, 
and one can use a natural logarithm (ln or loge) instead of the decadic one:

Z Ohm ln D/dcoax   = ( )−60 1 2εr
/ � (1.20)

For Zcoax = 50 Ohms, the required ratio of diameters D/d will be the 
following:

D/d  exp≈ ( . )/0 83 1 2εr � (1.21)

For air (εr = 1), it will give D/d ≈ 2.29, and for Teflon (εr = 2.03), it will give 
D/d ≈ 3.26. Such kinds of data allow construction designs of straight coaxial 
lines with air dielectric and local solid dielectric supports, as shown in Figure 
1.7. Because all solid dielectrics have εr > 1, the ratio Ds/ds (diel.) > D/d (air). It 
can be easier to make ds < d of the central conductor than larger Ds > D for the 
outer conductor in the area with the dielectric as shown in Figure 1.7.

D

d

Inner 
conductor

Insulator

Outer 
conductor

Jacket

Figure 1.6  Typical construction of coaxial cables. 
Symbols D and d are diameters of outer (wrapping 
the insulator) and inner conductor, respectively.
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1  Basic Principles and Components in the Microwave Techniques and Power Systems14

1.3.5  Microwave Resonators

In general terms, any hollow cavity made from conducting material can reso-
nate at certain wavelengths or frequencies of the electromagnetic waves. A 
simple condition for the resonance in such cavity is that the wavelength of the 
involved electromagnetic wave (λ) and the linear dimension of the cavity 
(length, diameter) ∧ are related to each other:

Λ= = … k k          l / , , ,2 1 2 3for � (1.22)

Therefore, using a piece of a waveguide as a resonant cavity is possible, 
providing both ends are closed by conductive walls and the microwaves are fed 
into such cavity by an antenna or a narrow slot. Schematic illustrations of typ-
ical couplings are shown in Figure 1.8.

The position of the coupling in the waveguide resonator is not arbitrary 
because the resonances have forms of standing waves with nodes at the con-
ductive ends at both sides. According to Figure 1.5, the maximum wave 
amplitude in the TE10 mode is located at several λg/4 from the node, and there 
is an optimal place for inserting the power.

1.4  Waveguide Power Lines

For the power feeding to any applicator generating the gas discharge plasma, 
some kind of the waveguide power line must be assembled. Almost all wave-
guide components and coaxial cables are today commercially available for 

d D

Water cooling

Dielectric support

D

Water cooling

Dielectric support

d ds

Ds

Ds> D

ds< d

(a)

(b)

Figure 1.7  Principle of construction of an air-filled coaxial line with possible cooling 
for higher powers arranged with dielectric supports of central conductor. (a) The 
larger diameter Ds of the dielectric support. (b) A shorter diameter ds of the central 
conductor.
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1.4  Waveguide Power Lines 15

different frequency ranges and powers. Basic components and their functions 
will be described below with simple illustrations. Typical power line is com-
posed from or contains parts, shown schematically in Figure 1.9:

a

4
(a)

3 λg/4

λg E

b

(b)

(c)

H

(d)

Coupling 
window

E

Waveguide resonator

H

Λ = 6 λg/2

Figure 1.8  Examples of coupling arrangements. (a) A stub coupling with coaxial. (b) 
A tee coupling with coaxial. (c) A loop coupling. (d) A slot window coupling with a 
waveguide.

Plasma load

Control
electronics

1

2 3 4

5 66

7 7

8

5

Indicators

9

Prefl Pinc

Figure 1.9  Typical microwave power line for generation of a discharge plasma slab 
in a dielectric (quartz) tube passing the broader side in a narrowed waveguide.

The numbers in Figure 1.9 mean the following:

1)	 Microwave generator (usually magnetron) with the waveguide power outlet
2)	 Insulator (mostly a circulator) protecting the generator from the reflected power
3)	 Impedance tuner or tuners for maximizing the matching with the load (plasma)
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1  Basic Principles and Components in the Microwave Techniques and Power Systems16

4)	 Directional coupler or couplers for separating the incident and reflected 
power

5)	 Power detectors, e.g. thermistors for measurements of the power
6)	 Passive waveguide components (bends, coaxial to waveguide couplers, 

dividers)
7)	 Tapered waveguide parts or rectangular-to-circular waveguide parts
8)	 Power loads and load tuners
9)	 Waveguide shorting plungers

The microwave plasma can be generated inside different shapes of resona-
tors. Typical resonant cavities for the resonant generation of plasmas will be 
described in Section 1.4.10.

1.4.1  Magnetron Tube Microwave Generator

The principles of the magnetron tube operations have been described in 
Section 1.2. In the laboratory applications of the plasma, the magnetron power 
is 0.5–5 kW. The generator consists of an electric supply containing a 
high-voltage feeder, filament heating current circuit, and control electronics. 
An example of an electric supply for 1.2 kW continual wave (CW) mode mag-
netron can be found in Ref. [1.9]. The magnetron tube can work in CW mode 
or in the pulse modes, see Ref. [1.10]. These possibilities should be available 
from the control electronics. More details will be introduced in Section 1.5. An 
illustrating example of the design of the magnetron generator with 2.46 GHz 
850 W CW magnetron tube, relevant electric circuitry, and the coupling to the 
TE10 waveguide is in Ref. [1.11]. Today, many commercial magnetron power 
sources are available. Schematic sketch of typical microwave magnetron gen-
erator is shown in Figure 1.10.

1.4.2  Microwave Insulators

Microwave insulators protect power generators from possible damage by 
reflected microwaves. The most frequently used systems are called ferrite cir-
culators, which utilize turning the reflected wave by the magnetized ferrite 
toward a side waveguide arm terminated, e.g. by a dummy load. A simple 
sketch of such a waveguide circulator is shown in Figure 1.11. Ferrites are 
anisotropic materials with properties depending on the intensity of applied 
magnetic field and on the frequency of incident electromagnetic waves. The 
circulators are always designed for the requested frequency band. At higher 
powers, the ferrites can be heated during operation, which requires proper 
cooling, mostly by water.
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1.4  Waveguide Power Lines 17

1.4.3  Impedance Tuners

The incident microwave power from the source should be transferred to the 
load, e.g. to the gas discharge plasma, at the highest level with minimum reflec-
tion. Therefore, tuning the impedance of the waveguide with the plasma load 
is desirable. Among several systems the most frequently used are three-stub 
tuners and the E-H tuners (described below).

Any conductor rod immersed in the waveguide represents an impedance 
disturbance. It can be active, like an antenna, to radiate power from the 

Magnets

Cooling 
wings on 

anode

Antenna

Control 
electronics

Forced air

Magnetron

λg/4

Figure 1.10  Schematic sketch of typical microwave power generator cooled by the 
forced air.

Magnets

Ferrite

Cooling

Reflected 
power 

Forward 
power 

Figure 1.11  Sketch of the ferrite circulator based on the wave deflection. Directions 
of the forwarded microwave power and reflected power are depicted by arrows.
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1  Basic Principles and Components in the Microwave Techniques and Power Systems18

magnetron generator, or it can have a “passive” function, such as a local shunt 
susceptance for tuning of the waveguide impedance. A typical representative 
of a stub-based impedance tuner is arranged with three rods, with stubs having 
adjustable variable lengths. The stubs are installed in line on the broader 
dimension of the rectangular waveguide. They can be positioned at distances 
of 3λg/8 from each other. The control of the stub lengths is mostly manual, but 
electronically driven systems also move stubs to minimize the reflected power. 
A three-stub tuner is shown in Figure 1.12. An illustration of the E-H tuner is 
in Figure 1.13. The E-H tuner has two waveguide "arms" for affecting the 
E-field and H-field in the main waveguide. The principle is based on two arms 
forming parallel impedances tuned by shorting plungers, adjusted manually or 
by motors.

Movable 
stub

Power

Stub 
adjuster

3λg/8

3λg/8

Figure 1.12  Schematic 
illustration of the three-stub 
tuner installed in the 
rectangular waveguide.

Shorting 
plunger

Power

E-arm

H-arm

Figure 1.13  Schematic sketch of the E-H tuner. Both arms are equipped by shorting 
plungers.
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1.4  Waveguide Power Lines 19

1.4.4  Directional Couplers

Directional couplers can sample certain amounts of the microwave power in 
the selected direction (forward and/or reflected). This ability is used for mea-
surements of the forward and reflected power, necessary for tuning the imped-
ance and minimizing the reflections. In Section 1.3.3, it was explained that the 
SWR can be used for measurements of the reflected power. In a simple 
approach, two points at distance λg/4 should always coincide with higher and 
lower signals (up to the maximum and minimum) in the SWR or VSWR. 
Proper placement and shape of the slots made in the waveguide wall can be 
used for the construction of systems measuring part of the incident power (or 
voltage in the VSWR) and the relevant reflections. Many constructions of 
directional couplers exist with waveguide arms installed on the E-side or at the 
H-side of the main waveguide. Older types of couplers typically used an extra 
waveguide arm with coaxial connector at one end and a dummy load on the 
opposite end. They were installed on the broader wall of the waveguide and 
coupled to the main waveguide by at least one pair of the connecting long slots. 
Advanced loop directional couplers use conductive strips connected to the load 
resistors. Two of the loops are installed in two circular cavities mounted on a 
broader wall of straight waveguide piece with circular coupling holes. An illus-
trative sketch of such a coupler is in Figure 1.14.

As can be seen, each cavity is coupled with the main waveguide by a small 
circular hole. The conductive loop strip coupled to the coaxial connector on the 
cavity serves for measurement of the signal, and an opposite resistor represents 
a dummy load, see, e.g. Ref. [1.12]. Knowing the coupling of the cavity with the 
waveguide, calibrating such a system and measuring the power in both direc-
tions is possible.

Coaxial 
connector

Forward 
power 

Coupling 
hole

Load 
resistor

Cavity

Reflected 
power 

ard 
er 

Figure 1.14  Loop-type double directional coupler. Coaxial connectors serve for 
coupling to power detectors.
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1  Basic Principles and Components in the Microwave Techniques and Power Systems20

The coaxial outputs of the microwave coupler are usually connected to the 
indicator heads, which can be equipped by thermal absorbing sensors (called 
bolometers) or fast diodes. The thermal sensors, thermistors in the bolometer 
heads, are semiconductors with the strongly dependent conductivity on the 
absorbed heat. The microwave diodes are VSWR elements fast responding on 
the measured voltage changes. Many commercial systems are available for 
such microwave power measurements.

1.4.5  Passive Waveguide Components – Bends, Flanges, 
Vacuum Windows

Rectangular waveguides often require bended components to fit the power line 
into a limited space. There are several types of bends having different bending 
angles and constructions. Individual constructions differ in the wave reflec-
tions. The best bends with minimum reflections can be formed by smooth 
bending with the middle length of about 2λg. Illustrations of such 90° bends in 
the E direction and the H direction are shown in Figure 1.15.

In all illustrations of the rectangular waveguide components showed in 
Figures 1.10–1.15, the connecting flanges were flat and provided with 10 holes 
for screwing together. However, in many practical cases, particularly at high 
powers, such simple connections can cause strong reflections and visible 
sparking between flanges. To improve waveguide connections, the pair of the 
contact flanges can be designed with a quarter wavelength choke slit working 
as a resonator, see Figure 1.16. In such a connection, the choke has high input 
impedance, which prevents waves to move into the slit and leads to negligible 
coupling impedance at the broader wall (“a”) of the contacting waveguides, 
where TE10 mode has maximum intensity of the electric field E. The choke 

≈ 2 λg

E-bend

H-bend

≈ 2 λg

Figure 1.15  Illustrations of typical 90° waveguide bends in the E direction and H 
direction.
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1.4  Waveguide Power Lines 21

groves are made only on one flange, and the opposite flange is flat to close the 
choke arrangement. When required, the choke coupling in Figure 1.15 can 
contain a groove for an O-ring sealing the waveguide system for the pressur-
izing or evacuation.

The rubber of the O-rings used for the sealing of waveguide parts shouldn’t 
be from “ordinary” rubber (e.g. Viton, Neoprene, or Nitrile) because of possible 
damage by the microwave absorption and heating/burning damage the O-ring 
as shown in Figure 1.17. To avoid problems with rubber damage, use O-rings 
made of the silicone rubber. The silicone rubber withstands higher tempera-
tures (up to about 300°C) and is less sensitive to the microwave heating based 
on the power absorption. Because of silicone rubber’s good electric insulation 
ability, it is often used to prevent arcing on insulators in the high-voltage power 
lines.

An often requirement is to transport the microwave power from air filled 
line to an evacuated or pressurized waveguide part. Practical construction of 
suitable window used for the power level up to 2 KW is shown in Figure 1.18.

O-ring

Eλg/4

λg/4

Figure 1.16  An illustration of a 
choke-type flange connection 
between waveguide components.

Figure 1.17  Microwave caused damage of an ordinary Viton O-ring used for vacuum 
sealing.
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The pair of flanges holding the alumina window shown in the figure, can be 
made from 4 mm thick aluminum plates. The window is sealed by silicone 
O-ring having diameters 40 x 37 x 2 mm placed in a conical saddle groove 
pressing the O-ring.

1.4.6  Tapered Waveguides and Waveguide Transformers

As explained above, the TE10 dominant mode in the rectangular waveguides 
has a maximum electric field intensity (E) in the center of the broader wave-
guide wall at several quarter wavelengths distances from a shorting wall 
(plunger) reflecting the wave. Because the electric field is defined as voltage 
over distance (in this case, the height “b” of the waveguide), i.e. E = V/b, the 
decreasing dimension b should increase the intensity of the electric field. This 
is suitable, e.g. for an easier generation of a plasma slab in a dielectric tube 
passing the waveguide with the maximum E, as in power line shown in 
Figure 1.9. Decreasing the dimensions can be made in the shorter (“b”) but 
also in the wider (“a”) wall, or even in both waveguide cross dimensions. The 
components with shortened cross-dimensions providing minimum reflections 
are called waveguide transformers. If the input impedance of such component 
is Zin and the output one should be Zout, the transformation can be provided by 
a quarter wave section with an impedance Ztr:

Z   Z  Ztr in out= ( ). /1 2� (1.23)

In most cases, the impedance transformation is made in the E direction 
(dimension b) to increase the electric field E. It can be provided by smoothly 

99.5% Al2O3
ø 40 mm, 

6 mm thick

Cooling

Silicone
O-rings

43

86

37 
mm

Figure 1.18  Construction of a sealed ceramic window for TE10 waveguide 2.4 GHz. 
The back flange on the vacuum side is water cooled. The flange of the coupled 
waveguide (not shown) can be flat or a choke type.
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tapering a waveguide over the length of about 2 λg, see Figure 1.19a. The 
quarter wave transformer is shown in Figure 1.19b.

For the shortest waveguide transformer the minimum number of the trans-
forming steps is one, where the dimension b1 is the following:

b   b  b1 2
1 2

= ( ). / � (1.24)

However, the step transformer can have more quarter wave steps by applying 
the similar rule for the intermediate dimension b as given in Eq. (1.24).

In the case of transforming the wave by shortening the broader dimension 
“a” of the waveguide, it changes the waveguide wavelength λg in the individual 
sections. The relevant calculation is more complicated, see Ref. [1.13]. In a 
“one-step” transformer from the basic waveguide dimension “a” and wave-
length λg to the dimension “a2” with wavelength λg2, the intermediate section 
will have dimension a1 and wavelength λg1, where the equation applies:

a / a/ ag1 g1
1 2

2 2
1 2l l l= ( ) ( / )/ /

g � (1.25)

1.4.7  Power Loads and Load Tuners

In many practical cases, entirely attenuating or absorbing the microwave 
power is necessary in a dummy load. Such attenuators can be designed as 
waveguide sections with the cut-off condition, where the operating frequency 
is far below the cut-off frequency of the incident wave or the wavelength is 
above the cut-off wavelength, see Eqs. (1.2, 1.3). The wave is unable to propa-
gate in the waveguide. As the cut-off wavelength λcoff for dominant mode TE10 
is 2a, see Eq. (1.3), narrowing the dimension “a” in the waveguide is possible to 

E

E b

b1

b2

b1=
(b.b2)

1/2

(a) (b)

λg/4

≈ 2λg

λg

λg/4

Figure 1.19  (a) Tapered waveguide. (b) Four sections of a quarter wave transformer 
(the last section is not seen).
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1  Basic Principles and Components in the Microwave Techniques and Power Systems24

settle the cut-off condition. However, in other arrangements, a piece of 
absorbing material (e.g. glass) is installed in the waveguide and shaped with a 
sharp end to decrease reflections, see examples in Figure 1.20. Some details can 
be found, see e.g. Ref. [1.14].

The absorption of the electromagnetic power at microwave frequencies 
depends on properties of dielectric material used as a load, and the microwave 
power is transferred to the heat. A simple example can be the microwave oven 
with the power absorption in water contained in the food, see Section 1.5. 
However, other materials exist with high absorption coefficient. The measure 
of the losses by the wave absorption is called the loss tangent (tan δ). The angle 
δ in any dielectric material with the complex relative permittivity εr represents 
the angle between the real part of the complex permittivity (resistive part) and 
its reactive part. The lower tan δ is, the lower the dielectric losses are. For an 
ideal value of tan δ = 0, it means δ = 0, and that means no loss. A comparison 
of the loss tangent values for selected materials measured between 1–8 GHz is 
shown in Table 1.1.

The loss tangent depends on the wave frequency and the temperature of 
material. Data about dielectric losses of different materials can be found in Ref. 
[1.15].

An outstanding material for the microwave absorption and heating applica-
tions is silicon carbide (SiC), e.g. made in the form of Carborundum. Graphite 
is also an efficient absorbing material when used in form of fibers, see Ref. 
[1.16]. For high-power absorption loads, using ordinary water-cooling using 
glass pipes is useful, see Figure 1.21. For the rectangular waveguide (43 × 86 
mm2) the suitable glass pipe with outer diameter 22 mm and inner diameter 18 
mm should be from the Pyrex or quartz glass. The absorption principle is sim-
ilar as in the microwave ovens.

Absorbing 
element

Cooling 
wings

Absorbing 
element

2λg

λg/2λg/23λg/2

Figure 1.20  Examples of waveguide attenuators. Air cooling wings can be replaced 
by a barrel with cooling water.
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1.4  Waveguide Power Lines 25

1.4.8  Waveguide Phase Shifters

For tuning, e.g. electric field E, in any local part of the waveguide, adjusting the 
phase of the wave is possible by inserting some elements made from low-loss 
dielectric into the waveguide, which can change the effective dielectric 
constant in this part and the wave phase without changing the wavelength. 
Even with the low-loss dielectric, the above proposed option is limited for low 
powers due to possible heating damage of the dielectric. Tunable phase shifters 
have different constructions, see, e.g. Refs. [1.17, 1.18]. The position of the 
dielectric element in simple waveguide phase shifters can be changed manu-
ally and by motor shifting controlled by a control unit. A simple phase shifter 
with a movable dielectric “paddle” is shown in Figure 1.22.

1.4.9  Waveguide Shorting Plungers

In many installations of the microwave power lines, the waveguide should be 
terminated by some kind of movable shorts, see, e.g. Ref. [1.19]. The simplest 
shorts use movable shorting plungers, see Figure 1.23. The plunger in Figure 
1.23a has ohmic contact due to sliding of a metal “comb” with the waveguide 

Table 1.1  Comparison of the loss tangent values of selected materials from 1–8 GHz.

Material tan δ Material tan δ

Alumina 2 x 10-4 Neoprene rubber 3.7 x 10-2

Fused quartz 6 x 10-5 Silicone rubber 1 x 10-3

Corning glass 3.6 x 10-3 Polyimide 6 x 10-3

Teflon 2.8 x 10-4 Water 1.6 x 10-1

Silicon 1.7 x 10-3 Graphite fibers 1 x 10-2

Silicon carbide 3 x 10-3 Carborundum 5.8 x 10-1

Water

3λg/4

λg/4

λg/4

Figure 1.21  An illustration of the 
microwave load with the water tube 
for absorbing the power.
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1  Basic Principles and Components in the Microwave Techniques and Power Systems26

walls. The choke-based plungers have no ohmic contact with the waveguide, 
see Figure 1.23b. Such a plunger can be made from a good conductive bulk 
metal, e.g. aluminum, packed in an insulating low loss dielectric cover.

1.4.10  Coupling from Rectangular to Circular Waveguide: 
Resonant Cavities for Generation of Plasma

As shown in Figure 1.8 (Section 1.3.5), the microwave resonator can be made 
as a piece of rectangular waveguide having length ∧ = k λ/2 for k = 1, 2, 3,…. 
However, in different systems for plasma generation, the resonators can have 
other more suitable shapes. The most obvious is a cylindrically shaped metal 
chamber, where the plasma is generated in an inserted quartz cylinder or bell 
jar chamber. There are three types of connections between the rectangular 
waveguide power line and the cylindrical waveguide used as a resonator:

1)	 A smooth ≥ 2λg with a long transition between the rectangular waveguide 
with TE10 mode and the circular one with TE11 mode (see, e.g. Ref. [1.20])

Low-loss 
dielectric

≈λg

Figure 1.22  An example of the 
waveguide phase shifter with 
movable dielectric “paddle”.

Insulating 
cover

Movable 
plunger

Meta
l

Metal 
comb

(a) (b)

λg/4

λg/4

Figure 1.23  Shorting plungers for rectangular waveguides. The contacting plunger 
with sliding metal comb (a). A non-contacting plunger with a single choke made in 
the metal part (b).
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2)	 An antenna-based coupling
3)	 An orifice hole coupling between waveguides

The smooth transition coupling between rectangular and cylindrical wave-
guide is shown in Figure 1.24.

The arrangement in Figure 1.24 can be used for couplings of a rectangular 
waveguide with a circular resonator either directly, or e.g. via an orifice bet-
ween them. Somewhat simpler coupling arrangements can be performed with 
an antenna and an orifice or by some window, iris, or slit transitions. The 
shape and positions of the coupling orifices affect the resonant mode excited in 
the cavity. Cylindrical resonant cavities are often made from circular wave-
guides by putting conductive side walls. As the dominant mode in the circular 
waveguide is TE11 (see Figure 1.3), the dominant mode for the cylindrical res-
onant cavity with the length L longer than diameter 2r is typically TE111. 
However, in short resonators, where the length is ∧ < 2r, the dominant mode 
would be TM010. The geometry of the electric and magnetic fields in the reso-
nator TE111 is shown in Figure 1.25. The resonance frequency of such a reso-
nator filled by air or evacuated (i.e. where relative permittivity and permeability 
are equal to one) can be expressed as the following:

f r rred = + ∧





1 841 22 2 1 2
. ( / ) /

/
p p � (1.26)

This expression is also shown in Figure 1.25. Related theoretical back-
grounds can be found in Refs. [1.20, 1.21].

More detailed descriptions of the cylindrical waveguide resonators and their 
couplings to the incident power are described, e.g. in Refs. [1.22–1.24]. 
Theoretical background can be found in Chapter 6 of the Ref. [1.21]. Figure 
1.26 shows two examples of resonator couplings to the antenna and to an ori-
fice. The used antenna can be made with tunable length, which can optimize 
the exciting efficacy and lowering of the reflections. The cavity can be arranged 
with a movable plunger on one side, which can fine-tune the resonances.

TE10

TE11

E

H

E
H

≥2λg

Figure 1.24  The simple smooth 
transition between a rectangular and a 
circular waveguide. The diameter of the 
circular waveguide should exceed the 
diagonal dimension of 96 mm of the 
rectangular waveguide.
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The coupling orifices can have different shapes and sizes for optimal power 
coupling. Rectangular orifices can have an angle with respect to the axis of the 
resonator. Moreover, the waveguide can be coupled to the resonator also tan-
gentially. All these options can affect the coupling efficiency and the modes 
excited in the resonator.

1.5  Microwave Oven – A Most Common Microwave 
Power Device

The microwave ovens are common devices in many households, kitchens, res-
taurants, rest areas in companies, and refreshment rooms. Figure 1.27 shows a 
typical student refreshment area at university with multiple ovens for heating 
food quickly. However, every oven represents a smartly engineered microwave 
system, which can help us understand the basic principles and components in 
the microwave technology introduced and described above.

From Table 1.1 (in Section 1.4.7), it is understood that heating food is based 
on the efficient absorption of the power at frequency of 2.4 ± 0.05 GHz in the 
water contained in the food. The human body is composed of more than 60% 
water and, therefore, exposing any body part to the power generated by the 
microwave oven is dangerous. Of particular danger are the human eyes, which 

TE111

fres =
r1

2πr
1.8412+ 2

Λ > 2r

πr
Λ

Figure 1.25  Distributions of the electric and 
magnetic fields in the cylindrical waveguide 
resonator with dominant mode TE111. The 
resonant frequency is given for an empty 
cylinder.

Antenna

Cylindrical
resonator

Coupling 
slit

Cylindrical 
resonator

λg/4

Figure 1.26  Examples of the coupling between a resonator and a rectangular 
waveguide. The coupling by an antenna (a). Coupling by an orifice (b).
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can be damaged with a short exposure, which is why all microwave ovens have 
their door windows protected by the shielding metal net. A similar warning 
extends to animals like dogs or cats. The microwave radiation can be used also 
for killing of unwanted insects, e.g. with the storage of flour.

The ovens are designed to distribute the microwaves as uniformly as possible 
over the food. At the same time, the system is constructed to be as simple and 
cheap as possible. The components used in each oven are the magnetron tube 
(usually for 2.45 GHz) described in Sections 1.2 and 1.4.1 and a piece of the 
rectangular waveguide for the TE10 modes (see Section 1.3), with an open end 
radiating the microwaves into the main chamber of the oven. The chambers 
are made from the metal sheets to reflect the waves, and the walls are covered 
by dielectric sheaths for easy cleaning. Therefore, the chamber represents a 
multimode resonant cavity. To prevent the waveguide from grease and fat 
vapor, the radiating waveguide outlet is covered by a special dielectric plate 
made usually from mica. After long use, this part can show enhanced dielectric 
heat damage or some sparking, and it needs to be replaced.

Many commercial magnetrons are available for microwave ovens. In the 
ovens for domestic use, these tubes are air cooled and give maximum power of 
about 0.5–1 kW. Figure 1.28 shows a typical magnetron tube, e.g. WB27X10516 
OM75P(31) for GE Samsung. Most of these microwave generator tubes are 
relatively cheap (often below US$ 100). In domestic ovens, the antenna deliv-
ering the power is immersed into the waveguide section, as illustrated in 
Figure 1.9 in Section 1.4.1.

The power can be radiated into the cooking cavity from the top, the side, or from 
the bottom, and the cavity is a multimode resonator. The most typical arrange-
ments are from the top or side (see Figure 1.29). To distribute the microwave 

Figure 1.27  Typical service arrangement with multiple microwave ovens for 
university students.
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1  Basic Principles and Components in the Microwave Techniques and Power Systems30

heating power, the food is placed on a turning glass holder and the power outlet in 
the cooking cavity is often arranged with the rotating wave stirrer reflecting the 
waves to different angles.

Figure 1.30 shows a typical view into the microwave oven. This oven is 
equipped with a control knob for adjusting the heating time on a digital 
indicator, as recommended for different kinds of the food. The knob can be 
used for adjusting different heating regimes. As illustrated in Figure 1.29, the 
food should be placed on a rotating glass table for optimization of the heating 
action.

Cooling 
wings on 

anode

Antenna

Contacts for 
cathode 
heating and 
high voltage

Figure 1.28  Shapes of typical air-cooled microwave magnetron tubes used in 
microwave ovens.

Waveguide Cooling fan MagnetronWave stirrer Cooking cavity

Turning glass table Power and control unit

Food Food

Antenna

(a) (b)

Figure 1.29  Schematic illustrations of heating arrangements in the microwave 
ovens. (a) The top arranged waveguide with the wave stirrer, (b) the side arranged 
waveguide.
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The domestic microwave ovens are constructed for simple heating, and they 
use magnetron tubes with the power ≤ 1 kW. In such magnetrons, the typical 
values for the cathode filament heater are about 2 V and 10 A AC, and the rec-
tified high DC voltage at the cathode is about 3–5 kV. As mentioned in Section 
1.2, the amplitude of the DC voltage must exceed a threshold to initiate the 
current between the cathode and anode. Because no special filtration of the DC 
voltage is used in the ovens, the high voltage is pulsing with the frequency of 
the electricity (50 or 60 Hz) as does the output microwave power. This is 
acceptable for the heating of food but not for microwave systems intended for 
generation of stable plasmas. Moreover, for the generation of plasmas, the 
power lines are usually required with good control of the output power.

Figure 1.31 shows the basic electric circuit for the powering of the magne-
tron tubes in the microwave ovens. A simple circuit is presented here without 
components controlling the power level, possible pulsing regimes, time, over-
heating sensors, etc. The high DC voltage for the magnetron is provided by 
doubling and rectifying the high AC voltage from the transformer using a 
high-voltage capacitor and a high-voltage diode. Because this high DC voltage 
remains on the capacitor even after switching off the power, any unskilled 
manipulation inside the ovens is dangerous, and it could bring serious life 
risks.

Timer

Digital indicatorRecommended times for different kinds of food

µ-wave
power

Turning glass table

Stop, Start

Door 
locks

Door

Power and heating regimes

Figure 1.30  A view into a typical microwave oven with the power outlet arranged on 
the right side.
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The magnetron power depends on the cathode filament current controlling 
the emission of electrons from the cathode and on the level of the high DC 
voltage controlling the DC current to the anode. The power control is complex 
because the DC current changes rapidly with the cathode voltage above the 
threshold. Keeping the stable level usually requires current limiting arrange-
ments in the transformer. The variation of the heater current is an option, but 
it needs a corresponding control circuit. The magnetron operation in an on-off 
regime needs proper switches, and it reduces the magnetron lifetime. Such 
options are arranged in more sophisticated commercial microwave power 
sources, whereas household ovens mostly utilize only constant power (with 
some oscillations) and the heating is controlled by the operation time.

The microwave ovens are equipped with neither ferrite insulators protecting 
the magnetron tube from the reflected power nor with impedance tuning sys-
tems and indicators, as required in the microwave power lines for plasma 
experiments and applications. Despite its simplicity, the microwave oven is a 
microwave power source and can be used at certain conditions for the ioniza-
tion of a gas and generation of a gas discharge plasma. Many attempts have 
been tried to use the microwave oven as the plasma source, see, e.g. Ref. [1.25].

An introduction to the plasma and plasma-related processes will be given in 
the next Chapter 2. However, at this stage, we can illustrate the possibility of 
igniting the plasma in an ordinary microwave oven. Figure 1.32 presents a 
simple experiment.

In Figure 1.32, we have used a quartz tube with a mercury vapor at reduced 
pressure. Such tubes were used in the ultraviolet (UV) disinfection treatments 
of water. The upper photograph shows the tube placed on the turning glass 
table inside the oven. The lower photograph shows an ignited Hg discharge 
during a short switching on of the microwave power.

Controlled 
primary 
supply

HV transformer

Magnetron

+

-

HV 
capacitor

HV diode

≈ 2 kV (AC)

≈ 4 V (AC)
≈ 10 A

≈ 4 kV 
(DC)

Figure 1.31  An illustration of simple circuitry used with magnetron tubes in 
microwave ovens.
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2

Gas Discharge Plasmas

This chapter is devoted to the explanations of fundamental principles impor-
tant for the understanding of discharge plasmas, particularly those where the 
plasma is generated by an alternating current (AC) power at high frequencies. 
The main emphasis is given to the plasmas generated by the microwave power. 
Sections of the texts and illustrations are taken from the authors’ annual courses 
C-210 and C-324 since 1997 for the Society of Vacuum Coaters (www.svc.org) in 
the United States and from university courses and many seminars.

2.1  Basic Understanding of the Gas Discharge 
Plasmas

We recognize three basic states of the matter: solid, liquid, and gas. By deliv-
ering some kind of energy to a solid, e.g. thermal energy by heating, its temper-
ature T increases, and at the melting temperature, the solid is melted to a 
liquid. By delivering more heat, the liquid boils and is evaporated to the gas 
phase. If the heat continues to increase, part of the neutral gas particles loses 
electrons and become positively charged ions. This last step of the process is 
called ionization. However, due to collisions with other particles, the ions can 
get the electrons back again and they recombine to the neutral particles. 
Therefore, the charged particles (ions) generated by the ionization have limited 
lifetimes, and they vanish (recombine) due to interactions with other particles 
in the volume, mainly with the neutral particles under the assistance of elec-
trons, with electrons on solid surfaces in the reactor vessel, or due to the 
Coulomb forces between opposite charges of ions and electrons. The collisions 
lead to the removal of charges, i.e. to a discharging of the gas, which is accom-
panied by deliberation (radiation) of an excess energy, partly in the form of 
visible light observed in the discharge chambers, hence, the common name gas 
discharge. At a certain level of the delivered power, the number of ions (ioniza-
tion) prevails over the ongoing recombination, the gas continues being partly 
ionized and electrically conductive and remains in the form of a plasma or gas 
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2  Gas Discharge Plasmas38

discharge plasma. The number of charges in the plasma over the number of the 
rest of neutral particles available at the given gas pressure is called the degree 
of ionization, and in the most processing plasmas, it is much less than one, 
often 0.01. Figure 2.1 schematically shows the above described processes of the 
phase transfers caused by increasing the delivered thermal energy (heating 
power) to the plasma state.

We can recognize several kinds of energy, i.e. mechanical energy (mv2/2), 
electric energy (electron volt or eV), thermal energy (kT), or optical or photon 
energy (hv), where m is the mass, v is the velocity, e is the electron charge (e = 
1.6 x 10–19 As), V is the electric potential (volts), k or kB is the Boltzmann 
constant (k = 1.38 x 10-23 W s/K), h is the Planck constant (6.63 x 10-34 kg m2/s), 
and v is the photon frequency. The necessary energy for the first ionization (i.e. 
for losing one electron) of a neutral particle is given by so-called the first ioni-
zation potential, whose value depends on the type of gas. The ionization poten-
tials for different atoms and molecules are tabulated, and their typical values 
for the single (first) ionization are of the order of 1–10 eV. The lowest known 
potential has cesium (3.89 eV), the highest one has helium (24.59 eV). The 
values of all other elements are between Cs and He. Potentials for metals are 
lower than for gases, e.g. titanium (Ti) has 6.83 eV, and argon (Ar) has 15.76 eV.

If we compare the electric energy of 1 eV (i.e. with the potential of 1 V) to the 
thermal energy equivalent (kT), we will get a surprisingly high corresponding 
temperature:

	 T eV k As V VAs K= = × × [ ]≈ ≈− −/ . / . / /1 6 10 1 38 10 1160019 23 K 11300C°

	 (2.1)

Ionization Recombination

Solid
Liquid

Gas

Ionized Gas <=> P L A S M A

ENERGY (e.g. Heat)

Figure 2.1  Simple schematic description of the phases of matter and the formation 
of the plasma state.
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2.1  Basic Understanding of the Gas Discharge Plasmas 39

This explains why our Sun, which is a gigantic plasma ball, has an extremely 
high temperature. The Sun’s surface (its corona) is about 5600 °C, and at the 
center, the temperature is estimated to be 15 000 000 °C. In some practical 
applications, by using so-called thermal or hot plasmas generated by the 
high-power generators (about 1–10 MW), we can generate plasma tempera-
tures of about 10 000 °C. Such arc type plasmas can be used in pyrolytic 
processes in metallurgy, waste incineration, etc. These temperatures exceed 
melting points of nearly all materials, and such hot plasmas are evidently not 
useful for processing of solid surfaces, particularly on the heat sensitive 
materials.

The visible light from the gas discharges is often considered a plasma. 
However, only parts of the gas discharges can be correctly considered plasma, 
e.g. the “positive column”, which is a substantial part of the direct current (DC) 
gas discharge generated between an anode and cathode. Though this part can 
be considered the plasma, the more intense radiating parts visible in the dis-
charges around the electrodes or on the reactor walls are not the plasma. The 
plasma can be considered only in those discharge regions where the density of 
the positive ions (ni) is balanced by the negative electrons (ne) if no negative 
ions are present. The plasma always keeps such electrical neutrality (the 
charge balance), and this important property is called the quasineutrality of the 
plasma:

n  ne i≈ � (2.2)

The electrodes and the reactor walls represent disturbances in the plasma, 
and they intrude the electrical neutrality. However, the plasma always 
responds to such intruding regions by forming some kind of sheaths with an 
opposite charge to that of the disturbing surfaces. These space-charge sheaths 
are adjacent to the electrodes, where the electrically neutral plasma is insu-
lated and separated from the charged surfaces. Any disturbance of the charge 
neutrality in the plasma is immediately screened by the opposite charges. 
Due to a substantial difference (about 1000 x) between the mass of electrons 
and ions, the light mobile electrons are always faster than ions on all surfaces 
of the passive objects immersed in the plasma and they form there a negative 
surface charge. The plasma responds by the so-called sheath above this neg-
ative surface with an equivalent positive charge at the plasma side. The mass 
difference between charges is important at the high frequency of micro-
waves, where ions are too heavy even to follow oscillations of the microwave 
electromagnetic field.

Keeping the charge balance around any object immersed in the plasma by 
screening this object by a “shell” of positive ions has a characteristic distance 
between the negative surface and the positive wall of the sheath, which is 
called Debye length (λD). This length (in meters) depends on the electron (or 
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2  Gas Discharge Plasmas40

ion) density (n) (in m–3) and on the electron energy kTe, where the electron 
temperature Te is given in Kelvins:

	 lD ee kT /n As A s V m K VA s K mm= ⇔ ( ) ( )


[ ]− − − − − −1

0
1 2 1 1 1 1 3 1 2

( ) / /
ε 







� (2.3)

Note the equivalence of units at both sides of the equation above: ε0 is the per-
mittivity of the vacuum or the free-space [ε0 = 8.85 x 10-12 (A s V-1m-1)]. After 
introducing the constant values (e, ε0 and k) a simplified form of the expres-
sion, see Eq. (2.3), is the following:

lD e    T /n  m≈ ( )  69 1 2/ � (2.4)

For example, the electrons with an electron voltage of 5 eV (5.8 x 104 K) in a 
plasma with the density of 1016 m−3 (1010 cm−3) will exhibit the Debye length 
of about λD ≈ 0.2 mm. Due to this Debye screening effect, any plasma discharge 
can only be generated in spaces with the linear dimensions longer than the 
Debye length. In shorter distances, the plasma cannot exist.

As mentioned, the space-charge sheaths are usually visible as intense dis-
charge parts surrounding the electrodes and on the reactor walls. The sheaths 
are usually thicker than several λD, (about 10–100 times), because the electrode 
surfaces exchange the charges with the plasma, and the thicknesses of created 
space-charge sheaths depend on the plasma parameters. For example, the 
sheath thickness depends roughly on p−1/2 (where p is the gas pressure). The 
properties of the space-charge sheath also depend on the type of the power 
used for the plasma generation (DC or AC), on the power frequency, meaning 
radio frequency (RF), microwaves, etc., and on the level of the delivered power, 
which controls the plasma density. The sheath regions on the surfaces are 
often the most important parts during processing interactions with the plasmas 
because the final processes impact the resulting surface modifications.

2.2  Generation of the Plasma, Townsend 
Coefficients, Paschen Curve

The gas discharge plasma has been introduced without a description of the 
generation processes. The plasma generated by an increasing heat, shown in 
Figure 2.1, was a schematic simplification. A simple example of a slightly 
enhanced gas ionization is an ordinary gas flame, but the flame is still not gen-
erally considered a typical plasma. In Chapter 5, we will show that it is incor-
rect. The normal dry air is electrically insulating, and its breakdown requires 
an electric field of about 30 kV/cm.

In many practical applications, the electric or electromagnetic fields are 
applied to a gas by means of electrodes or by electromagnetic waves to generate 
sustaining discharge plasmas. This can be done, e.g. by emission of electrons 
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2.2  Generation of the Plasma, Townsend Coefficients, Paschen Curve 41

from an electrically biased cathode in a DC circuit and accelerating these elec-
trons by electric fields toward an anode to the ionization energies of the given 
gas or by energizing primary electrons present in the gas from other electron 
sources, e.g. from hot filaments. However, some electrons are always present 
around us due to ionization by the continuous cosmic radiation.

The basic experimental tests of generation of the steady-state gas discharge 
in the DC electric discharges were carried out by J.S. Townsend, see, e.g. Refs. 
[2.1, 2.2]. More fundamental knowledge and details were published after 
Townsend’s work in several books on gas discharges, see, e.g. Refs. [2.3, 2.4]. 
Figure 2.2 shows an idealized scheme of the avalanche processes present dur-
ing ionization of an atomic gas between electrodes. A similarly simple scheme 
can be used for molecular gases.

It is necessary first to explain the processes shown schematically in Figure 
2.2. In Townsend’s experiments, he introduced two main coefficients for the 
ionization probability: alpha (α), which is the 1st Townsend coefficient for ioni-
zation in a volume between DC electrodes separated by distance “d”, and 
gamma (γ), which is the 3rd Townsend coefficient for probability of emission of 
secondary electrons from the cathode during bombardment of the cathode sur-
face by ions created by the volume ionization. The coefficient γ is related to 
so-called work function of the given cathode material.

je0

je = je (V, p, t)
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Figure 2.2  Idealized scheme of an avalanche process of the gas breakdown in a DC 
system.
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2  Gas Discharge Plasmas42

The Townsend coefficient α depends on the collisions and, therefore, on the 
gas pressure (p) between electrodes in the gap (d). Coefficient γ, also called  
the secondary electron emission coefficient, represents the generation of the 
secondary electrons by surface processes on the cathode. If the voltage bet-
ween electrodes is high enough to ionize the gas, an initial flux of electrons 
(je0) emitted from the cathode is capable to ionize gas atoms (or molecules in a 
molecular gas) and create positive ions with a probability of eαd. Assuming that 
each new ion is formed by an existing electron emitted from the cathode, the 
resulting flux of positive ions will be je0 (eαd−1). Being positive, these ions will 
be forced back to the cathode, bombard the cathode surface, and generate 
additional (secondary) electrons with probability γ. The electron flux ready for 
the further ionization will then be je0 γ (eαd−1). Repetition of such processes 
can lead to an avalanche and result in an electron flux je, which is the current 
flowing in the DC circuit as in Figure 2.2.

If we consider only one initial electron in the process described above, 
instead of generation of je0, the simple expression will have following form:

1 1= −g( ).eαd � (2.5)

Here, minus one means the initial electron, which was not balanced by ion. 
This expression represents the sustained ionization and forming a breakdown 
current in the plasma. The voltage necessary for the breakdown is called 
breakdown voltage (VB).

Five important notices should be added to the simplified description of the 
breakdown showed in Figure 2.2 and expressed in equation Eq. (2.5):

1.	 Due to collisions, VB is usually higher than the first ionization potential of 
the gas used (roughly about 10–20 times).

2.	 The breakdown depends on the distance (d) and on the time (t) until the 
avalanche reaches a steady state. The value of Δt in Figure 2.2 is the time 
interval necessary for the cycle: electron impact – ionization – ion hitting 
the cathode – secondary electron emission. Therefore, a more realistic 
approach includes time t: α = α (d, p, t).

3.	 VB can be expressed as a function of α and γ, but because the Townsend 
coefficient α can be expressed in terms of gas pressure p, the resulting 
function can be VB = VB (p.d, α, γ), which forms so-called the Paschen 
curve.

4.	 The gas discharges are often classified according to the prevailing process of 
electron production as α-discharges or γ-discharges.

5.	 J.S. Townsend considered the probability of the ion-based ionizations (2nd 
probability coefficient β), but such ionizations were found practically 
negligible.

Pioneering experiments carried by Friedrich Paschen (see Ref. [2.5]) revealed 
that VB depends on the distance (d) between electrodes and the gas pressure 
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2.3  Generation of the Plasma by AC Power, Plasma Frequency, Cut-off Density 43

(p). The function VB = f (p d) is called the Paschen curve, and it always appears 
with a valley-type shape, as shown in Figure 2.3, similar for all gases. For 
constant distance (d), the shape of the Paschen curve can be explained by 
effects of the gas pressure. At low gas pressures, due to the low frequency of 
collisions in a corresponding low number of gas particles, the electrons need 
higher energy to ionize gas particles enough and sustain the discharge. 
Therefore, to generate and to sustain the low-pressure plasma, high breakdown 
voltages are often needed. At low pressures, the ionization process often 
requires some kind of additional pre-ionization, e.g. a hot filament for emission 
of additional electrons. On the opposite side, at high pressures, there is high 
collision frequency and, consequently, high recombination rates. These condi-
tions again require higher voltages to start and sustain the discharge. Between 
the low and high pressures, a certain pressure interval always exists, where the 
VB is lowest in the voltage “valley.” As mentioned, the VB of the dry air at atmo-
spheric pressure in a gap of 1 cm is about 30 kV. At reduced pressures, it can be 
about 100 V = 0.1 kV, as shown in Figure 2.3.

2.3  Generation of the Plasma by AC Power, Plasma 
Frequency, Cut-off Density

It might be expected that the gas breakdown in AC fields oscillating with certain 
frequency is simply an oscillation of the DC electric field. However, such an 
approach is misleading because the oscillating field is not pure electric but is 
always an electromagnetic field. For example, the oscillating electromagnetic 
field can ionize the gas through the dielectric walls of a reactor without placing 
electrodes in direct contact with the gas discharge. This is not possible in the DC 
case. The difference between the mass of electron (9.1 x 10−31 kg) and ion (about 
1.7 × 10−27 kg for protons) causes a much higher mobility of electrons than of 
ions. At high AC frequencies in the microwave field, the motions of electrons and 
ions are, therefore, almost entirely decoupled. In the processing applications, the 

Figure 2.3  Shape of the Paschen curve 
showing a minimum breakdown voltage 
for the tested gas. The example shown in 
the figure is for argon at 100 Pa (0.75 
Torr) between 1 cm separation of the 
electrodes; the necessary breakdown 
voltage is about 100 V.
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2  Gas Discharge Plasmas44

plasma generation by high frequency power, e.g. by microwave, is used more 
frequently than the simple DC power, because there is usually better plasma sta-
bility and higher plasma density. Moreover, an auxiliary DC bias can be used to 
control the motions and energy of the charges interacting with the processed 
substrates. A disadvantage is usually a lower power efficiency with a higher price 
of the AC generators than the DC generators.

Basic parameters of the electromagnetic wave are its frequency (ω = 2π f [Hz 
= s-1]) and the power (only voltage and current amplitudes if we ignore the 
phase). The frequency can be expressed as an angular frequency ω (suitable in 
theoretical descriptions) or as a normal frequency f = ω/2π. Different 
frequencies of incident waves lead to different generation effects. In a first 
approximation, disregarding the frequency effects, the AC generation of the 
plasma means an interaction of the electromagnetic waves of a given frequency 
with a weakly ionized (pre-ionized) gas. As mentioned, a weak pre-ionization 
of the gas is always present due to the cosmic rays. The power carried by the 
electromagnetic wave may be absorbed by the particle motions, e.g. by elec-
trons. Moreover, an interaction of the incident electromagnetic wave with the 
plasma may often lead to the generation of other kinds of waves, which subse-
quently interact with the plasma particles and loose the energy. Some heavy 
particles can be ionized by such waves directly and by electrons produced in 
ionizations. Accelerated electrons (lighter and more mobile than ions) are then 
capable to ionize the neutral particles further and increase the plasma density 
and/or energy of other particles up to certain limit dependent on the type of gas 
and incident waves. The process of the energy transfer from the wave to the 
particles is often denoted as a heating of the plasma (particularly in plasma 
fusion experiments and in high-energy plasmas). The most rigorous way to 
describe the interactions of waves with plasma would be solving the system of 
differential equations consisting of four Maxwell equations for the 
electromagnetic waves and the Boltzmann differential equation for the move-
ments of particles in the plasma, see, e.g. Refs. [2.4, 2.6]. Such an approach 
exceeds the aim and level of this book.

There are different mechanisms of the absorption of electromagnetic waves 
in the plasma. The two basic mechanisms are collision-based absorption and 
collisionless absorption. In the collision-dominated mechanism, the wave 
energy is transferred directly into the motions of plasma particles. Due to colli-
sions, the energy acquired by these particles is continuously dissipated in the 
plasma volume, and the wave successively loses its energy along its path. A 
simplest example of the collision mechanism is the ohmic heating by DC 
power. A similar approach can be expected for alternating fields at low 
frequencies (f < 10 kHz). An important parameter is naturally the power trans-
ported by the wave into the plasma. However, it is impossible to define high or 
low power without introducing the volume of its incidence or without 
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knowledge on the number of particles on which the wave power is applied. In 
a rough estimation for the low-pressure plasmas (< 103 Pa or 10 Torr), the 
power density exceeding 1 W/cm-3 might be considered high. At moderate and 
low powers, the absorption of the wave energy and the density of the generated 
plasma could linearly follow the power level. On the contrary, at high powers, 
certain nonlinear effects can take place, which can result in substantially 
higher plasma densities than expected from the linear approach. However, the 
power dissipation in the plasma might be non-uniform, accompanied by a 
non-uniform distribution of the plasma density.

The value of an ultimate importance in the wave absorption mechanisms is 
the plasma frequency. As explained, the gas discharge plasma is a complex 
dynamic system of charges and activated neutrals. Due to the Coulomb forces 
between charges, the plasma exhibits specific oscillations with characteristic 
frequency called plasma frequency. The Coulomb force between charges q1 
and q2 is expressed as follows:

F  k q q   r  Ws/mCoulomb C= ( )  1 2
2/ � (2.6)

where kC is the Coulomb constant (kC = 9 109 V m/A s) and “r” is the distance 
between these charges. The force between charges can be negative (attractive), 
e.g. electrons and ions, or can be positive (repulsive) for the same polarity of 
charges, e.g. pairs of electrons or ions. In an idealized approximation shown in 
Figure 2.4, the stationary systems of both types of charges will oscillate when 

Figure 2.4  Idealized description of the plasma oscillations. (a) The plasma as an 
electrically neutral system of electrons and ions. (b) Displacement of electrons from 
their positions to a small distance, designated x, forms an electric field Ex and 
electrons start to oscillate.
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pulled from an initial position to distance “x” and then released. The electric 
field formed by such displacement of electrons depends on the electron density 
(ne) and the length (x) of their displacement, Ex = e ne x/ε0, where e is the 
charge of electron and ε0 is the permittivity of vacuum. The oscillation fre-
quency (ωp), derived from the equation for the harmonic oscillator assuming 
driving force of eEx (shown in Figure 2.4), is the plasma frequency. This fre-
quency for electrons (plasma electron frequency) is the following:

ωpe
e

ne

m
n= ≅2 18

2

0

π
ε

π � (2.7)

where me is the electron mass (9.11 x 10-31 kg). The plasma frequency for ions 
with mass mi will be (mi/me)1/2 times smaller (i.e. about 100x).

In Eq. (2.7), the plasma frequency depends only on the square root of the 
electron (or ion) density n (the plasma density). The value calculated in an 
ordinary frequency f instead of its angular form ω will be 2π times smaller fpe = 
ωpe/2π. For example, in a plasma with n = 1016 m−3 the plasma frequency will 
be fpe ≈ 900 MHz.

For incident electromagnetic waves, the plasma looks like a complex dis-
perse dielectric. “Disperse” means frequency dependent properties. The prop-
erties of plasma depend on the frequency of the incident wave. In plasma 
theory, the current density vector j in plasma depends on the plasma conduc-
tivity (σp). One can write j = σp E, which represents the Ohm’s law. The con-
ductivity of plasma is a complex value depending on the frequency ω of the 
incident wave and on the plasma electron frequency ωpe:

	 σ
ε

σ ωp
pe

coll
dc

e collj +v
and e n

m v
 for the DC case where = = =0

2 2ω

ω
00( ) � (2.8)

In this equation, j is an imaginary unit (j2 = -1), ε0 is the permittivity of the free 
space (vacuum), the plasma frequency (ωpe), introduced in Eq. (2.7), me is the 
electron mass, and νcoll is the collision frequency. It is seen that the conduc-
tivity (σp) of a plasma depends linearly on the plasma density (because ωpe

2 ≈ 
ne) and depends inversely on the collision frequency, which “slows down” the 
particles. The effect of the νcoll is seen in the second part of Eq. (2.8) for the con-
ductivity in the DC case, where the frequency of the power is ω = 0.

Because the plasma is a complex disperse dielectric, it is possible, similar to 
other dielectrics, to introduce a dielectric permittivity (εp) of the plasma:
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An approximation on the right side of Eq. (2.9) is for the low pressures, where 
the νcoll can be neglected in comparison with the wave frequency: ω  νcoll.
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In Eq. (2.9), two general possibilities exist:

1.	 The wave frequency ω is greater than the plasma frequency (ω > ωpe). 
There, the dielectric permittivity is positive, εp > 0. In this case, the wave 
can penetrate into the plasma, lose its energy, and “heat” the plasma.

2.	 The wave frequency is lower than or equal to the plasma frequency (ω ≤ 
ωpe); then the dielectric permittivity of the plasma would be negative, εp ≤ 0, 
which has no physical sense. In this case, the only possibility is the wave 
cannot penetrate into the plasma and it is reflected.

Consequently, until the plasma does not reach certain critical value (ncrit) of its 
density, the wave can penetrate into such plasma and deliver its power. The value of 
ncrit, which is also called the cut-off density, can be derived from Eqs. (2.7 and 2.9):

n    x f  crit =
−1 24 10 2 2. � (2.10)

where f is the wave frequency (f = ω/2π). Whenever the plasma density (n) 
approaches ncrit, the plasma starts to reflect the wave. These cases can be 
expressed through the following frequencies:

	
ω ω ω ω ω ω2 2 2 2 2 2= ≈ > ≈ = ≈ ≤ ≈crit crit pe crit crit pen n transition or( ), n nn reflection( ).	

(2.11)

Eq. (2.11) implies an important conclusion: the higher the frequency of the wave, 
the higher the density of plasma can be generated by the power delivered by this 
wave. Therefore, the high-frequency systems are more suitable for generation 
of the high-density plasmas then low-frequency ones. The critical density for 
the microwave power (fMW = 2.4 GHz) should be ncrit ≈ 7 x 1010 cm−3; for typ-
ical radio frequency power (fRF = 13.56 MHz), it is only ncrit ≈ 2 x 106 cm−3. 
Optical lasers can generate high-density plasmas, and the gamma rays can gen-
erate the highest density in the nuclear processes.

The plasma density required for the processing applications is usually higher than 
the ncrit in certain regions of the plasma. This is possible because the theoretical 
approach explained above is based only on a linear approximation, assuming low or 
moderate power transported by the wave under small collisions (ω  νcoll). 
Increasing the power substantially is possible to push the wave into the plasma 
despite reflections. In this case, the linear approach does not work, and the plasma 
density may exceed critical value but at the cost of considerable losses in the genera-
tion efficiency. Moreover, the plasma density along the path of the wave is non-uni-
form with higher density at the incidence area with a steep decrease towards the 
bulk of the plasma. Therefore, other methods must be applied in generation of uni-
form overcritical (overdense) plasmas in large volumes, or over large surface areas. 
For example, suitable methods are based on the wave resonances as explained below.
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2  Gas Discharge Plasmas48

The plasma may exhibit identical conditions for the incident waves in all 
directions, like in isotropic dielectrics, but it may also have certain preferred 
directions, caused by auxiliary external forces similar to the anisotropic dielec-
trics. Such anisotropic plasmas are used in resonant processing systems in spe-
cial nonlinear regimes of the wave absorption or in the generation of highly 
overcritical plasma densities. Two most typical regimes are the Landau damp-
ing and the electron cyclotron resonance (ECR). The plasma anisotropy in both 
these regimes is created by a static magnetic field (induction vector B) applied 
in the plasma region. The plasma properties differ along this field compared to 
other directions. In both cases, the wave power is absorbed through mecha-
nisms independent on the particle collisions, and they are denoted as the col-
lisionless absorption. The collisionless plasma can be generated at low gas 
pressures (≤ 1 Pa ≈ 8 mTorr), where long mean-free paths (MFPs) allow better 
control of the directions and energies of the charged particles.

Let us assume the planar electromagnetic right-hand polarized (RHP) wave 
having the intensity of electric field [E(t)] and the intensity of magnetic field 
[H(t)] [or the induction B(t) = μ H(t), where μ is permeability] oscillating in 
the planes perpendicular to the wave velocity, as shown in Figure 2.5. The 
left-hand polarized (LHP) waves in Figure 2.5 would have opposite directions 
of the angular motions. The high-frequency wave moving in the plasma along 
the stationary magnetic field with the induction vector B interacts mainly with 
the plasma electrons; ions are too slow for the interactions. Because of the elec-
trons’ high mobility, they can be trapped and carried by the wave in the 

Figure 2.5  Schematic representation of a planar RHP electromagnetic wave moving 
in the direction of static magnetic field of induction B. Intensity of the magnetic field 
is H = B/μ, where μ is the permeability.
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2.3  Generation of the Plasma by AC Power, Plasma Frequency, Cut-off Density 49

electrostatic “valleys” of the wave. The electrons are accelerated by the wave if 
their phase velocity is in suitable relation with the phase velocity of the wave. 
In this Landau damping regime, the wave transfers its energy to the electrons, 
meaning it is dumped.

In a simple approach, this process of electron acceleration in Landau damp-
ing may be compared to a surfer on the sea waves who must have the right 
starting velocity to be properly carried and accelerated by the sea waves 
(according to F.F. Chen in Ref. [2.6]). The high-energy electrons generated by 
the Landau damping enhance the overall ionization in the plasma, independent 
on the critical plasma density. This is considered to be the main mechanism 
responsible for the high-density RF plasma generation in helicon plasma 
sources, see Ref. [2.7]. Experiments with the helicon plasma sources confirm 
that the absorption mechanisms are not very sensitive to the value of induction 
B of the static magnetic field, see Refs. [2.8–2.10]. Typical values are B ≈ 20–30 
mTesla, but the whole interval of inductions between 0.1–500 mTesla have 
been examined successfully.

An important collisionless absorption of the microwave power is the ECR, 
where electrons having mass me and the velocity component ve(norm) normal to 
the vector B of the static magnetic field (induction B = |B|) are forced to gyrate 
around the magnetic flux lines at Larmor radius (rL) defined as the following:

	 r  m v   e BL e e(norm)= ( )−1 � (2.12)

The cyclotron or gyration frequency for electrons is expressed as the following:

	 ωce e e B m= / � (2.13)

This frequency can be expressed for ions by replacing the mass me by the ion 
mass mi. The condition for the incident wave with angular frequency ω (= 2πf) 
to undergo resonant absorption of its energy by the electron resonances, called 
ECR, is the following:

	 ω ω π= ce e or f = e B m  / ( )2 � (2.14)

The Landau damping and the ECR have four similarities:

1.	 Both are based on electron interactions.
2.	 Both are based on the waves moving along the static magnetic field.
3.	 Both need auxiliary magnetic field.
4.	 Both are independent on collisions.

However, on the contrary to the Landau damping the ECR mechanism is 
sensitive on the magnetic induction B. The ECR regime needs magnetic field of 
induction B = Bce, where:

	 B m /ece e=w � (2.15)
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2  Gas Discharge Plasmas50

Typical value Bce for the microwave generation (f = 2.4 GHz) is Bce = 8.57 
10-2 T = 857 Gauss. For 2.35 GHz the resonance requires magnetic field of B = 
8.4 x 10-2 T = 840 Gauss. This level of the magnetic induction can be generated 
by the electromagnetic coils or by permanent magnets. Even though the 
required magnetic induction for lower frequencies are lower (for the RF f = 
13.56 MHz it is only Bce = 4.8 Gauss), the most commercial plasma systems 
using ECR regimes are powered by the microwaves where the critical fre-
quency is relatively high. The energy transported by the wave in the ECR is 
absorbed in the plasma efficiently and independently on the collisions. The 
high-density ECR microwave plasma is easy to ignite and it has considerable 
stability. Schematic Figure 2.6 illustrates all AC generation processes of the 
plasma described above.

2.4  Space-charge Sheaths at Different Frequencies 
of the Incident Power

The schematic illustration of the characteristic regions in the DC discharge 
between electrodes is shown in Figure 2.7.

The applied voltage (VDC) causes motions of the charged particles in the gen-
erated DC current. As explained in Section 2.1, the equivalent number of elec-
trons and ions (i.e. quasineutrality) can be considered only in the positive 

Ohmic – flowing currents (e.g. in the DC case)
collisions

Linear (up to certain power) density n < ncrit

ncrit (cm–3) ~ 1.2 x 10–8 f2 (Hz) density
n ≥ ncrit
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Non linear (high incident power)
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• Low gas pressures 
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Landau damping 
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B

B
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f me
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Figure 2.6  Graphical illustration of the plasma generation by incident 
electromagnetic waves.
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2.4  Space-charge Sheaths at Different Frequencies of the Incident Power 51

column, which is considered as the plasma. Because the current density (jDC) 
must be the same everywhere in the DC circuit, the current can be expressed 
as a sum of the electron and the ion current densities:

j E  n q v  n q v  n e v  v  DC p e e e i i i e i= = + = +( )s � (2.16)

The value σp represents the conductivity of the DC plasma, see Eq. (2.8). The 
electron and ion charges are identical |qe| = |qi| = e, but their charges have 
opposite signs. In the electric field, the velocity of ions vi has an opposite 
direction, but the ion charge is opposite to the electron. The current density 
depends on the density of transported charged particles, their charge (single 
charged ions), and the velocities (energies) of charged particles. Assuming  
ve  vi, Eq. (2.16) can be simplified to jDC ≈ n e ve.

As shown in Figure 2.7, the electrons emitted from the cathode are acceler-
ated toward the anode through the cathode dark space or cathode fall (the DC 
form of the space-charge sheath) and they should acquire enough velocity 
(energy) to ionize the gas. Therefore, the cathode fall is followed by the area of 
the first ionization, which is accompanied by an intense optical emission. Due 
to ionizing collisions, the electrons lose part of their energy (in Faraday dark 
space, which is not shown), and they continue in a steady flow along the 
positive column (plasma) to the anode, being compensated by an opposite flow 
of ions to the cathode. In the region close to the cathode, the ions are unable to 
follow fast electrons, and they screen the negative cathode surface. Therefore, 
cathode region is permanently electron deficient, regardless of a diffuse flow of 
ions. The main characteristics of the DC circuit are the following:

	● Electrodes are in contact with the discharge.
	● The gas breakdown depends on the cathode emission of electrons.
	● Electrode phenomena (secondary emission, sputtering, melting) are 

important.
	● Conductive (ohmic) currents are present.

DC

VDC≥ VB Iconductive 

e-e-e-

i+ i+i+

Cathode region
(DC sheath)

Positive column (plasma)Ca
th

od
e

A
no

de

Figure 2.7  Schematic representation of the electron and ion currents and important 
discharge regions in the DC plasma. The cathode fall region represents the space-
charge sheath.
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2  Gas Discharge Plasmas52

	● Stationary cathode fall-region and its thickness (pressure, voltage, gas 
dependent) is another characteristic.

	● Plasma density relates to the DC current.

Figure 2.8 shows a simplified schematic illustration and characteristic regions 
in an AC discharge between electrodes, which can be placed outside a dielectric 
chamber.

When an AC voltage is applied between two electrodes, the difference in the 
mobility of electrons and ions becomes important. At low frequencies, both 
electrodes in the AC circuit are cathodes during part of the AC cycle, and there-
fore, both electrodes are temporarily attached to the electron-deficient regions 
based on similar principles as in the DC case. In an opposite polarity, the neg-
ative charge on an electrode is compensated until the start of the next AC 
polarity, etc. The regions surrounding the electrodes are known as the space-
charge sheaths. The oscillating field can generate space-charges inside the 
volume of gas. These charges can simplify the AC breakdown. The amplitude 
of the AC voltage necessary for generating and sustaining the discharge is usu-
ally higher at low frequencies and lower at higher frequencies, see Refs. [2.11, 
2.12]. The simplified Figure 2.8 below represents a low-frequency AC case in 
the kHz range. The higher frequencies, in the range of RF and microwaves, 
cause different effects, as explained below.

The main characteristics of an oscillating electromagnetic field in an AC cir-
cuit are:

	● The possibility of the electrodeless generation of the plasma exists (no ohmic 
contact of the generating electrodes with the plasma).

	● The gas breakdown can start inside the volume.
	● Forming of the space-charges inside the gas volume enables lower breakdown 

voltages than in the DC case.
	● The sheath thickness and voltage oscillate with the AC frequency ω.
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Figure 2.8  Schematic representation of the electron and ion currents, space-charges, 
space-charge sheaths, and motions of charged particles in an AC plasma.
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2.4  Space-charge Sheaths at Different Frequencies of the Incident Power 53

	● At frequencies ω > ωpi, the movements of electrons and ions are decoupled.
	● The wave resonance phenomena allow generation of the high-density 

plasmas.

Properties of the space-charge sheaths depend on the gas, gas pressure, applied 
power, etc. Due to different masses of the electrons and ions, an important 
factor is the frequency of applied power. In the RF discharges with typical fre-
quency order of f = ω/2π ≈ 1–100 MHz (see Figure 1.1, Chapter 1), the space-
charge sheath can be described as a parallel-plate capacitor, where one plate is 
the plasma-sheath boundary and the second plate is the surface of the RF elec-
trode. The RF sheath region between these plates is similar to a dielectric 
because it contains (theoretically) no charges. The electrons emitted from the 
powered or live RF electrode (always cathodic with respect to the plasma) 
quickly pass the space-charge region, but the ions are too slow to follow them 
and they form a positive boundary of the space-charge sheath on the side of the 
plasma to mirror the negative charge of the electrode.

The characteristic of the sheath region depends on the gas pressure. If the 
pressure in the plasma system is high (roughly > 1 Torr = 133 Pa), the electrons 
will collide with the neutral gas particles and generate ions inside the sheath 
region. These ions enhance secondary electron emissions from the electrode. 
The sheath character is changed from a weak α-type (almost dielectric sheath) 
to a strong α-type (volume ionizations) and γ-type (production of secondary 
electrons). These changes affect the whole discharge, see, e.g. Ref. [2.13].

Properties of the sheaths depend on the number of charged particles (elec-
trons and ions) participating in the motions. Theoretical analysis shows that 
when the generator frequency ω is lower than the plasma frequency for ions 
ωpi (ωpi = ωpe (me/mi)1/2, see Eq. (2.7), the motion of electrons and ions is cou-
pled together, and they can react simultaneously. With respect to Figure 2.8, 
such a sheath in a low-frequency AC-powered discharge can be described in a 
similar way as with the DC discharges, with a periodically changing anode and 
cathode. Therefore, at ω  ωpi, the displacement currents across the sheath 
can be neglected and, the sheath remains rather resistive. On the contrary, in 
the RF discharge, the motions of electrons and ions are fully decoupled and the 
corresponding space-charge sheath is denoted as an ion sheath. This happens 
for frequency ω:

ω ω ωpi pe< < � (2.17)

The ions are grouped at the plasma side at the sheath edge because they 
respond only to the time-averaged RF field and not to the oscillations of the RF 
field. The electrons inertia is neglected. The surfaces of small RF electrodes can 
acquire high negative potential with respect to the plasma. The time-averaged 
value of the potential Vdc is called self-bias, see Ref. [2.14]. The voltages over the 
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2  Gas Discharge Plasmas54

sheaths in the RF plasma oscillate with the frequency of the applied RF field. 
The time-dependent total voltage over the sheath Vs (t) is the sum of the voltage 
Vdc and oscillating amplitude of the RF voltage Vrf applied to the sheath, Refs. 
[2.14–2.16]:

V t    V  V cos ts dc rf( ) = + w � (2.18)

However, the voltage Vdc also depends on the Vrf, see Ref. [2.14]:
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I0 is the modified Bessel function of zero order, me and mi are electron and ion 
masses respectively, δ is an eigenvalue, which represents the ion current to the 
wall (assume δ = 1). For small amplitudes of Vrf, the voltage Vdc equals the 
floating potential (Vdc ≈ Vf). The floating potential is the potential measured on 
an unbiased electrode floating in the plasma with respect to the ground (zero) 
potential. Often, the RF potential Vrf  kTe/e (where Te is the electron temper-
ature, k is the Boltzmann constant, and e is the electron charge), and Vdc ≈−Vrf, 
see Ref. [2.14]. The sheath voltage is |Vs (t)|  kTe/e for most of the RF cycle. 
Because the average ion and electron currents to the wall must be balanced, 
during certain parts of the RF cycle, the sheath must collapse to allow electrons 
to escape. This happens when |Vs (t)| ≤ kTe/e and a charge balance ne ≈ ni is 
settled throughout the collapsed sheath, see Ref. [2.16].

The small electrode always exhibits higher self-bias than the larger electrodes at 
zero potential (e.g. the grounded metallic reactor chamber). The potential drop 
between the plasma and the grounded electrode is the plasma potential (Vp). 
The distributions of the voltages Vs and Vp at the sheaths of electrodes with 
respective sizes Arf and A0 were studied using different theories, see Refs. [2.17, 
2.18]. The only approach supported by the experiments is based on the 
conservation of the positive ion current jsh

+ Arf = j0
+ A0, which gives the follow-

ing important relation in the RF discharges:

V  V   A / A  s p rf/ = ( )0
2 � (2.20)

This means that the smaller the RF electrode is in capacitively coupled RF system, 
the higher the self-bias voltage is across its sheath. This effect of the electrode size 
is important in designs and applications of capacitively coupled RF plasma sys-
tems and in cases when auxiliary RF biasing is applied, e.g. on the processed 
substrates in the microwave plasma.

Calculating the sheath thickness is possible from the Child-Langmuir theory, 
but an estimated sheath edge may misplace as much as 40% of the total space 
charge outside the sheath. One can derive the sheath thickness also by 
including almost an entire space-charge present in the sheath, see Ref. [2.19]. 
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2.5  Classification of Gas Discharge Plasmas 55

However, it might be best to utilize experimental factors affecting the sheath 
thickness. Experiments confirm that the thickness ds of the sheath in the RF 
discharges depends on the gas pressure p on the applied voltage Vs and on the 
ion current js

+ density. According to Ref. [2.20], ds can be expressed as follows:

d p d V d j forcollisional sheath ds s s s s∼ ∼ ∼ −+( / ) , , ( / ) (/ / /1 11 5 3 5 2 5 a ss i>1 ) �(2.21)

d f p ,  d  V   d   j   for collisionless shes s s s≠ ( ) ( )+~ , ~ // /3 4 1 2
1 s aath d  ls i<( )� (2.22)

where li is the ion MFP. If the sheath is thinner than the MFP of ions, there are 
no collisions and the sheath is collisionless. Experiments in the RF plasma at 
different gas pressures, see Ref. [2.20], proved that the most reliable dependence 
is the following:

d   ps ≈ ( )1 1 2/ / � (2.23)

The experimental data for hydrogen (H2), nitrogen (N2), and argon (Ar) fit 
well with Eq. (2.23) as seen in Figure 2.9.

2.5  Classification of Gas Discharge Plasmas, 
Effects of Gas Pressure, Microwave Generation of 
Plasmas

2.5.1  Classification of Gas Discharge Plasmas

The gas discharge plasmas may be characterized in many categories or groups, 
either according to the parameters of their generation, or according to their 
characteristic properties. We can roughly recognize the following three 
classifications:
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Figure 2.9  The sheath 
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(Data used from Figure 1 in Ref. 
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2  Gas Discharge Plasmas56

1.	 According to the generation parameters – high-pressure or low-pressure 
discharges, high-frequency plasmas (e.g. radio frequency – RF plasma, 
microwave plasma), DC plasma, pulsed DC plasma, magnetron sputtering 
plasmas, etc.

2.	 According to the characteristic properties – high-density plasmas, high or 
low particle energy plasmas, glow and arc discharges, etc.

3.	 According to the applicability – a suitable classification, which to some 
extent includes classifications (1) and (2), includes two basic groups:
(I) equilibrium or “thermal” plasma
(II) non-equilibrium or “cold” plasma

Classification (3) is based on different particle energies (temperatures) in the 
gas discharge plasmas. In the equilibrium (hot or thermal) plasmas, all parti-
cles have energies at the same level at thermal equilibrium due to particle 
interactions with energy exchanges. Most thermal plasmas are generated at the 
atmospheric or higher gas pressures where the high particle density [ ≥ 1025 m-3 
(1019 cm-3)] is accompanied by the high collision frequency. Due to high tem-
peratures (≈104 °C), e.g. in the high-power arc torches, such plasmas are not 
useful for treatments of the most material surfaces. However, at high gas pres-
sures, generating non-equilibrium (cold or non-thermal) plasmas is possible. 
Principles and suitable systems will be described in Chapter 5.

Even though at special conditions (e.g. power, pressure), it is possible to ion-
ize all gas particles and generate fully ionized plasma, in most cases, only a 
certain part of the gas particles present in the plasma is ionized. For these 
partly ionized plasmas, we can write the following:

n  n  n  ne i gas= = << � (2.24)

where ne is the density of electrons, ni is the density of ions, and ngas is the 
density of neutral gas particles at a given pressure and temperature. Defining 
the value of the degree of ionization (δi) is useful and represents the ratio of 
density of charged particles to the density of all gas particles available at a given 
gas pressure. In terms of Eq. (2.24), the degree of ionization δi can be defined 
as the following:

δi gas n / n= � (2.25)

In the “ordinary” frequently used plasmas, the degree of ionization reaches 
values of δi ≤ 0.01 (i.e., only ≤1% ionization). In the microwave plasmas, this can 
be higher (δi ≈ 0.1). In the high-energy plasmas generated in fusion devices (e.g. 
Tokamaks, Stellarators, magnetic mirrors), working, e.g. with deuterium, the 
plasma can be fully ionized (δi ≈ 1). The differences between hot and cold 
plasmas are given mainly by the differences in the temperature of the prevail-
ing amount of neutral (not ionized) gas particles in the plasma, i.e. ngas – n, 
where n = ne,i. An example of the lightning flash with an air temperature of ≈ 
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2.5  Classification of Gas Discharge Plasmas 57

30 000 °C belongs, of course, to the hot plasma category. The ionized gas in the 
discharge tubes and in light bulbs with walls almost at room temperature rep-
resents the cold plasma. The natural reason for such temperature differences is 
usually based on different collision frequencies of the gas particles νcoll and the 
corresponding MFPs of these particles. These values depend on the gas pressure 
and on the gas temperature, gas composition, and the plasma generation 
parameters.

Typical densities of electrons (and ions) and the corresponding electron 
energies in different kinds of plasmas are shown in simple diagram in Figure 
2.10. The energy of 1 eV corresponds to Te = 1.16 104 K, (or 1.13 104 °C). Figure 
2.10 shows examples of the plasma sources used in different applications. 
Specific regions of the plasma parameters in the systems in this book, particu-
larly the microwave plasma (denoted in Figure 2.10 as µW) and the ECR 
plasma, are emphasized in Figure 2.10 by the patterned areas with the full-line 
frames.

Even hot parts of flames have plasma characteristics. Recent measurements 
by double Langmuir probes in a premixed methane flame revealed as much as 
1011 cm-3 ions and an electron temperature around 0.2–0.3 eV, see Ref. [2.21]. 
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2  Gas Discharge Plasmas58

As the combustion is an atmospheric pressure process where the number of 
neutral molecules at a higher flame temperature can reach up about 1020 cm−3 
(see the next part), such plasma is only weakly ionized and prevailing parts of 
the neutral gas can be heated to several thousand ˚C. In Section 5.5, Chapter 5, 
we will show how the microwave plasma can affect the flames.

2.5.2  Effects of the Gas Pressure on Particle Collisions in the 
Plasma

Several effects of the gas pressure (e.g. collisions, Paschen curve, sheath thick-
ness) have already been explained. The pressure and temperature depen-
dencies of the density ngas of neutral gas molecules or atoms in the molecular 
or atomic gas can be estimated from Avogadro’s law by following equation for 
several useful units of the gas pressure p:

	
n m   p Pa T °C   p Torrgas
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(2.26)

The temperature T in the denominator of Eq. (2.26) is given in °C for T + 273, 
with the absolute temperature T in Kelvins. At the gas pressure of 1 mTorr and 
at room temperature (20 °C = > 293 K), the gas density should be ngas = 9.6 1021 
/293 ≈ 3.3 1019 m−3 = 3.3 1013 cm−3. The neutral gas particle density at 1mTorr 
is in the order of 1013 cm−3.

A feasible way of generating a non-equilibrium plasma, i.e. with different 
particle energies, is to decrease the collision frequency through decreasing of 
the gas pressure. The collision frequency can be expressed as the following:

	 v
ms

coll
ps

velocity of theconsidered particle v
me

−
−





=1

1[ ]
aan-free pathof the particle l [m]p

� (2.27)

For example, in ambient air at room temperature, where the density of neutral 
particles reaches the order of 1025 m−3 (1019 cm−3), the collision frequency bet-
ween molecules can be estimated to vcoll ≈ 109 – 1010 s−1 (see e.g. Figure 12 in 
Ref. [2.22]). At these conditions, the MFP lp between two collisions is roughly 
only 10−7 m (0.1 µm). Consequently, the interactions between particles are so 
frequent that any attempt by any particle to adopt more energy fails quickly (in 
10−10 s = 0.1 ns = 100 ps).

In a first approximation, the velocity vp of particles in Eq, (2.27) depends only 
on external forces, e.g. on heat or on an applied voltage assuming the charged 
particles. Decreasing the particle velocity substantially is usually not simple, 
and increasing the velocities (energy) is often more desirable to decreasing 
them. However, an increase in the vp would cause an increase in collision fre-
quency νcoll. Affecting the MFP of the particles becomes possible. In a simplest 
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2.5  Classification of Gas Discharge Plasmas 59

hard-sphere model the MFP lp of a particle with diameter dp is inversely pro-
portional to the density of neutral gas ngas, in which the particle is moving:

l dp in a gas m Q n m n mp g gas gas( ) [ ] ( ) = 







−

− − −≈
1 2 2 32( )p p

11 � (2.28)

Qp-g is the collision cross-section of the considered gas particle, which is 
characteristic for a given gas. Its value depends generally on the particle energy, 
but in a first approximation, it can be estimated by an effective geometrical 
cross-section (21/2 π dp

2) of the particle and consider it constant. For air mole-
cules (diameter dp ≈ 3.7 x 10-10 m = 0.37 nm), Qp-g ≈ 1.6 10−19 m2. For air at 1 
mTorr pressure and 293 K (20 °C) the molecular density will count ngas ≈ 3.3 x 
1019 m−3. Eq. (2.28) gives MFP of lp ≈ 0.18 m = 18 cm. Note that electrons 
should have approximately 4 times longer MFP, i.e. about 0.8 m at 1 mTorr.

From Eqs. (2.27 and 2.28), the collision frequency depends inversely on the 
particle density, and the particle density depends inversely on the temperature. 
Therefore, the MFP should grow with the temperature; at elevated tempera-
tures of the gas, the free paths can easily reach multiple values. However, the 
calculations above are rather theoretical. For practical uses, one can rely on the 
multiple experimental observations to estimate the MFP lp for air at room tem-
perature from the following expression:

l in air  mm p Pa p mTorrp ( )   ≈  ( )≈  ( )6 7 50. / / � (2.29)

The MFP in air at 1 mTorr and room temperature is about 5 cm. At 350 °C, the 
MFP is about twice of the room value, i.e. appr. 10 cm.

Contrary to hot plasmas, the parameters of cold plasmas can be tuned for the 
treatment of surfaces of almost all materials and for treatments of biological 
objects like the human skin. Such plasma enables substrate temperatures as 
low as 50–70 ˚C during the treatment, e.g. during the growth of films where the 
classical chemical methods would require temperatures close to 1000˚C. There 
are no temperature limits so far defined or commonly accepted in the literature 
for the characterization of cold plasma. Therefore, we can define this limit with 
respect to the material processing:

The partly ionized gas discharge plasma with the neutral gas temperature up to 
1000 °C may be considered a cold plasma, the temperatures over 1000 °C may be 
considered a hot plasma.

Chemical reactions in cold plasmas are based on the collisions of electrons 
with gas molecules or atoms, which can become chemically reactive, e.g. ions, 
radicals, excited atoms, etc. Therefore, the plasma chemistry is not based on 
the Arrhenius equation with temperature dependencies of the rate of chemical 
reactions r(T) given ony by one common temperature T (in Kelvins) of reac-
tants in the chemical reactor:

	 r T    exp E kTa( ) ≈ −( )/ � (2.30)

c02.indd   59c02.indd   59 31-01-2022   12:46:5031-01-2022   12:46:50



2  Gas Discharge Plasmas60

where Ea is the activation energy of a given chemical reaction and k (or kB) is 
the Boltzman constant. Instead of one temperature T, the low-pressure plasmas 
in molecular gas can be characterized by six different temperatures and by 
electrons as the main energy transporters (distributors).

In weakly ionized molecular gas at reduced pressure, depending on the 
energy (temperature Te) of the electrons, most of the gas molecules remain 
neutral and they can be forced to move only at the gas temperature Tg. We 
assume a translation temperature (Tt) roughly equal to the temperature of the 
gas (Tg ≈ Tt). With energy increasing for the electrons colliding with the mole-
cules, the atoms in the molecules can start to rotate at the rotational tempera-
ture and some pairs of the inner atoms in the molecule can vibrate and acquire 
a vibrational temperature. At higher energies of the incident electrons, the mol-
ecules can be excited and acquire an additional potential energy characterized 
by an electronic temperature, due to shifts of internal electrons in the valence 
shells of the atoms or molecules to the higher orbits. When the bombarding 
electrons have energies high enough for ionization, the molecule can lose  
an electron and acquire positive charge. The produced ions have a lower energy 
(temperature) than the electrons. Therefore, the plasma in a molecular gas can 
be characterized by several temperatures (or energies, when multiplied by the 
Boltzman constant):

	● The gas temperature (Tg)
	● Translational temperature (Tt)
	● Rotational temperature (Tr)
	● Vibrational temperature (Tv)
	● Electronic temperature (Tel) for electrons at valence orbits
	● Plasma ion temperature (Ti)
	● Electron temperature (Te)

Therefore, in the non-equilibrium plasmas in molecular gas, one can recognize 
the following:

	 T T T T  T   and T  T  g r v el e≈ < < << <<t i � (2.31)

In atomic gases, no rotation and vibration temperatures can be considered. 
The electron temperature Te (or energy We ≈ kTe) in the gas discharges can 
often be tuned for possible reactions by reaching the threshold at the start of 
the desired reaction. For such tuning, one must know the generated electron 
energy or the electron energy distribution function (EEDF). The Langmuir 
probe can measure the EEDF, which characterizes how many electrons have a 
certain energy throughout an entire energy scale. For the equilibrium plasmas, 
the typical distribution is the Maxwell-Boltzmann one; in the chemically reac-
tive plasmas at reduced gas pressures, it can differ from the Maxwellian one.
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2.5.3  Microwave Generation of Plasmas

As explained in Section 2.3, all plasmas exhibit certain critical density (ncrit), 
above which the incident electromagnetic waves are strongly reflected from 
the plasma. This density depends on the plasma electron frequency (ωpe) and 
on the frequency square (f2) of the incident wave, see Eqs. (2.3.5 and 2.3.6). It 
means that the microwave power can generate higher plasma density than 
lower frequency AC powers, like RF power. Indeed, the critical density for the 
microwave power (fMW = 2.4 GHz) is ncrit ≈ 7 x 1010 cm-3; for a typical radio fre-
quency power (fRF = 13.56 MHz), it is only ncrit ≈ 2 x 106 cm-3. For more detailed 
explanations, one can find main differences between microwave and RF 
plasmas introduced and explained in more details, see, e.g. in Ref. [2.23].

Without applying magnetic fields in the microwave plasma, one can expect 
the plasma densities of the order of 1010 cm-3. The electron temperatures can 
reach several eV, and the temperatures of heavier ions can be lower due to 
higher inertia. The plasma parameters depend on the gas pressure, type of used 
gas, and used power launching arrangements.

The power launching in microwave generation of plasmas can be arranged 
in different systems using, e.g. special electrodes and surface wave launchers 
or by using electrodeless systems, resonators, etc. A comprehensive topical 
review on the low-pressure microwave plasma systems can be found, in Ref. 
[2.24]. Several microwave systems for processing applications, which will be 
described later, are illustrated in Figure 2.11. Typical gas pressures in these sys-
tems are between 10-2 Torr and 10 Torr. However, some of the systems shown 
in Figure 2.11 can be used for microwave generation of an atmospheric plasma. 
Atmospheric plasma systems and applications will be described in Chapter 5. 
In many practical applications, the microwave plasmas are generated in the 
ECR regimes using the magnetic field defined in Eq. (2.15). Plasma densities 
can reach up to 1013 cm-3. Such densities are possible even at 1 mTorr pressure 
and lower, with the ionization degree reaching 100%.

Because of the high frequency of the microwave power, the motions of elec-
trons and ions in the plasma are decoupled and the space-charge sheaths at 
surfaces immersed in the plasma are thin with capacitive character. The 
sheaths are thinner than the ion sheaths in the RF plasmas. In an example of a 
simple calculation, an electron displacement to distance “x” in an electric field 
E ≈ 1000 V/m with the frequency f = 2.4 GHz gives the following:

	 x  eE  m f  µme= ≈/ [ ( ) ] .2 0 772π � (2.32)

This is about two orders of magnitude shorter than the typical sheath thick-
nesses in the RF discharges presented by the graph shown in Figure 2.9.

The thickness of the microwave sheath can be estimated to be between 3 and 
14 times of the Debye length, see Refs. [2.25–2.27]. For an electron density of 
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1010 cm-3 and an electron energy of 5 eV, the value calculated from Eqs. (2.3 
and 2.4) gives the Debye length of about λD ≈ 0.2 mm and the sheath thickness 
ds between 0.6 mm and 2.8 mm, The Monte Carlo simulations particle-in-cell 
(PIC) confirmed that the sheath thickness depends inversely on the generator 
frequency, see Ref. [2.28]:

	 d    and roughly d  p  s s~ ( / ) . /1 0 87 1 2 1w w≈ − − � (2.33)

These expressions for the microwave systems with frequency ω = 2π 2.4 GHz 
≈ 15 GHz confirm thin sheath thickness. Indeed, electrodes immersed in the 
microwave discharge exhibit almost no visible sheaths similar to those observed 
in the RF discharges at three orders of lower frequencies. Recent measurements 
of the sheath thickness at frequencies up to 3 GHz confirmed sheath thickness 
below 0.4 mm, see Ref. [2.29].

The thickness of the space-charge sheath and the energy of the ions bom-
barding the electrode decreases with the increasing frequency. In the 
microwave range, the sheath resistivity is high, and the continuity of the 
current flow is based on the displacement currents through the sheath. In this 
case, the role of electrodes in the generation of charged particles is negligible 

Figure 2.11  Typical microwave systems for the plasma generation at reduced 
pressures. The discharge tubes are vacuum pumped with continuous delivery of a 
plasma gas (not shown). (a) Simple waveguide system (can be terminated by short or 
by dummy load). (b) Step tapered waveguide. (c) Tapered waveguide. (d) Discharge 
tube at the outlet of circular waveguide. (e) Microwave resonator. (f) Surfatron 
launcher (coaxial type).
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2.5  Classification of Gas Discharge Plasmas 63

because γ-processes associated with the secondary electron emission from the 
electrodes can be neglected. The discharge exists in the form of an α-discharge, 
in which the volume ionization is of main importance. Due to the low energy 
of ions, the microwave plasma is inefficient in ion-based processing, like sput-
tering or ion etching. Such purposes can be fulfilled only by combinations of 
the microwave power with other kinds of power sources, e.g. RF or DC biasing 
of substrates. On the other hand, the high electron density and possible control 
of the electron energies can be favorable in many plasma-chemical processes 
when forming reactive radicals, of which the radical represents part of a disso-
ciated molecule. The radicals are unstable and, therefore, chemically reactive. 
The chemical reactions in the plasma must be based only between heavy parti-
cles (ions, atoms, molecules). The important role of electrons here is to activate 
these particles. Only heavy particles have proper mass for chemical reactions 
and they bear a certain chemical state needed for different reactions. The colli-
sions with electrons can change the energy (state) of such particles and form 
reactive radicals, which can provide several orders higher reaction rates than 
those in the conventional equilibrium chemical reactions.

Figure 2.12 illustrates the comparison of optical spectra from nitrogen 
plasma generated at comparable conditions by the microwave power (2.35 

Figure 2.12  Optical emission spectra from nitrogen plasma generated by the 
microwave power of 15 W (a) and an RF power of 40 W. The pressure was kept at 0.5 
Torr (67 Pa).
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2  Gas Discharge Plasmas64

GHz, 15 W) and the RF power (40 W, 27.12 MHz). Despite lower power, the 
first positive system (1+N2) and most band heads have higher intensity in the 
microwave discharge than in the RF discharge, see Ref. [2.30]. The Surfatron 
launcher used for generation of this nitrogen plasma is shown in Figure 2.11f.

Interactions of high-energy electrons with the gas particles can produce 
reactive atoms and radicals, which can generate chemical reactions not pos-
sible in the conventional equilibrium chemical systems. Activity of such 
plasmas can be used in different plasma-chemical applications, see e.g. Refs. 
[2.31, 2.32]. The ion energies in the microwave plasma at reduced or low pres-
sures can be efficiently controlled by auxiliary electric fields and magnetic 
fields to allow, e.g. an ion bombardment for sputtering of target cathodes or the 
production of desirable metastable particles for alternative way of deposition 
of films onto substrates positioned far from the plasma region. Principles and 
some special devices for such applications will be described in the following 
parts of this book.
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3

Interactions of Plasmas with Solids and Gases

We have used so far the term plasma processing without more detailed expla-
nations or examples. In Chapter 2, a non-equilibrium (cold or non-thermal) 
gas discharge plasma has been described and introduced as a suitable medium 
for processing treatments of solid substrates or gases at temperatures well 
below 1000 °C. We will describe how and in what applications such cold plasma 
can be used and what results can be expected after such plasma processing 
treatments. For more details and theoretical explanations in this field, use 
fundamental books, see, e.g. Ref. [3.1]. The plasma processing will be described 
first at reduced gas pressures in an interval between 1.5 Pa and 15 MPa (≈ 0.01 
Torr and 100 Torr) or at low gas pressures ≤ 1.5 Pa (≤ 0.01 Torr). In Chapter 5, 
the atmospheric and higher gas pressures will be introduced and described 
together with the novel cold atmospheric plasma (CAP) sources powered by 
microwaves.

3.1  Plasma Processing, PVD, and PE CVD

The cold gas discharge plasmas can be used in almost all types of the surface 
treatments. In many cases, such processing has been used as an industrial tech-
nology. The plasma processing can be considered as a particular part of the sci-
ence and technology in Plasma Science. It is based on interactions of the plasma 
with nearly all kinds of materials, including solids, gases, and liquids. For a long 
time, plasma interactions with liquids have been typical rather for hot plasmas 
used in the plasma metallurgy. However, in the recent decades, the cold  
plasma at atmospheric pressure has been found efficient in treatments of differ-
ent liquids, and it has been applied on liquid surfaces or submersed inside the 
liquid. Some experiments and devices will be described in Chapter 5, and a con-
cise review on microwave plasma systems in liquids can be found in Ref. [3.2].

The plasma interactions with gases are often used in the plasma chemistry 
for changes in the chemical composition of gases, gas cleaning from effluents 
and poisons, gas activations, etc. However, for the plasma processing at reduced 
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3  Interactions of Plasmas with Solids and Gases68

and low pressures, the most typical and most widespread applications are 
interactions of the plasma with solid substrate surfaces. Such treatments are 
typical mainly in the microelectronic and micromechanic applications, where 
they enable controlled changes of the surface properties, e.g. its geometry, 
chemical composition, hardness, structure, morphology. The results depend 
on the type and parameters of the plasma used and on the solid surface.

Three basic types of surface processing exist:

1)	 Deposition of films
2)	 Etching or cleaning of the surface
3)	 Change of the chemical composition (e.g. an oxidation) and chemical-

mechanical properties (corrosion resistance and/or hardness by surface 
nitriding or carburizing)

Typical processes in the plasma treatment of solid substrates can be explained 
using Figure 3.1. The sample to be processed is placed in a vacuum chamber 
(reactor), with steady pumping and simultaneous inflows of the gaseous com-
ponents (e.g., gases A, B, C, …) necessary for the desired plasma-chemical 
processes.

Figure 3.1  Schematic representation of the particle and energy interactions in the 
reduced or low-pressure plasma in a reactor, with a solid substrate placed inside the 
reactor and biased by auxiliary voltage (Us) with respect to the grounded reactor 
walls.
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3.1  Plasma Processing, PVD, and PE CVD 69

The involved gas mixture is often noted as the working gas. For example, in 
the processing of the deposition of a thin film on a sample surface, the chemical 
composition of growing the film will generally be a function f (A, B, C, …) of 
gases involved in the working gas mixture. The ratio of the inflowing amounts 
of the respective gases corresponds to the ratio of their partial pressures (pA, pB, 
pC), and they define the density of particles of these gases in the reactor. The 
sum of the partial pressures of the components A, B, and C gives the total gas 
pressure (pTOT) in the reactor:

p  p  p  p  TOT A B C= + + +…� (3.1)

The pumping speed must be stable to keep the selected partial gas pressures 
in the reactor constant at the selected inflow rates of individual gas compo-
nents. The available vacuum technology for such purposes, including different 
kinds of pumps and measuring sensors, is described well in the literature, see, 
e.g. Ref. [3.3]. We will refer only to the mechanical pumping for the reduced 
pressure processing (the rotary pumps and the Roots blowers) and to the high-
vacuum pumps (e.g. the turbomolecular pumps, oil diffusion pumps, or cryo-
genic pumps) for the high-vacuum processing. The high-vacuum pumping 
always requires the high-vacuum pumps and the mechanical pumps for the 
backing of the high-vacuum pumps and for the pre-pumping down the reactor 
chambers from atmospheric pressure after closing all openings.

When the low-pressure gas discharge plasma is generated in the reactor by 
an electromagnetic power, the neutral particles in the working gas are partially 
ionized, excited, or dissociated in cases when a molecular gas is present. 
Depending on the generating parameters, e.g. the total pressure, parameters 
of the generator (frequency and power), types of the gases used in the working 
mixture, the plasma density (n) is represented by the density of positive ions 
and by an equal number of electrons (or a sum of electrons and negative  
ions in case of an electro-negative gas). In typical processing systems, the 
plasma density (n) reaches the order of the following:

n  n   n    n  10  10 cme
3= + ( ) = ≈ −− +

i i
8 11 − � (3.2)

The density of neutral molecules (or atoms) (ngas) in the working gas has 
been defined by Eq. (2.26) in Chapter 2. However, for rough estimates in the 
processing applications, it can be calculated as the following:

n cm p Pa p Torrgas TOT TOT
−




≈   ≈  

3 14 1610 10 � (3.3)

The degree of ionization δi = n/ngas defined in Eq. (2.25) is usually less than 
0.01 (1%) in the discharges for plasma processing at pressures 1–100 Pa. At low 
pressures, pTOT < 1 Pa; the degree of ionization can be higher, (≥ 10%), particu-
larly in the microwave plasma in a magnetic confinement or in the resonant 
generation regimes, e.g. in the microwave electron cyclotron resonance (ECR) 
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systems, Refs. [3.4, 3.5], where we speak about the high-density plasma. In 
such plasmas, the electron density is usually ne ≥ 1012 cm−3.

The particle energies in processing plasmas at gas pressures between 10 and 
100 Pa do not usually reach high values. An average energy of electrons usually 
does not exceed 10 eV (i.e. Te ≤ 106 K), which is the order of typical ionization 
potentials as discussed in Chapter 2. The energy of heavier ions is lower, roughly 
Ti < 0.1 Te. As discussed (Section 2.1, Chapter 2), all values found in the plasma 
can differ substantially at surfaces separated by the space-charge sheaths. An 
electric field across the space-charge sheath can accelerate ions even up to sev-
eral tens of eV, see, e.g. Ref. [3.6]. Therefore, the space-charge sheath almost 
always represents an important transition zone between the processes (reactions) 
in the volume and bulk of plasma (homogeneous reactions) and the surface of 
the solid substrate (heterogeneous reactions), see scheme in Figure 3.2.

As can be understood from Figure 3.2, the general reaction scheme in the 
plasma processing of the surface of a substrate in chemically reactive plasma 
can be written in the following way:

	
homogeneous plasma chem. heterogeneous reactions solid fil− ⇔ ⇔ mm or

  in the gas phase   at the gas  solid interfreactions ( ) − aace  etched surface( )
	

(3.4)

Neutral gas components introduced into the plasma are transformed by the 
homogeneous (volume) reactions to active forms, e.g. radicals, excited or ion-
ized atoms. These species collide with the surface and with other particles.

Solid substrate

Homogeneous reactions (inside plasma) 

(Estimates of characteristic times for 1 Torr gas pressure)

Relaxation of plasma density (ionization) 10–3 s  

Relaxation of electron energy ................. 10–8 s 

Dissociation of molecules ............. 10– 2– 10–1 s 

Residence time of gas particles ............... ≈ 1 s

Heterogeous reactions (inside sheath)

Interactions of plasma particles with the surface
0.1 s –100 hours

Figure 3.2  The homogeneous and heterogeneous reactions in the plasma 
processing. Time estimates for typical processes at 1 Torr (133 Pa) gas pressure are 
taken from Ref. [3.7].
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3.1  Plasma Processing, PVD, and PE CVD 71

The resulting product of such collisions can be a new kind of gas, transformed 
from original gases, or a solid deposit coated on the substrate surface in form of 
a thin film (coating). The growing film as well as the original substrate surface 
can be simultaneously etched (gasified) by the activated reactive particles or 
sputtered by an ion bombardment. The homogeneous reactions can then be 
affected by their own products on the substrate surface. Therefore, the prop-
erties of the substrate, e.g. the chemical composition, externally applied bias, 
or geometry, play an important role in the processing technology.

The plasma processing of surfaces of solid substrates can be characterized as 
follows: the plasma processing is an interaction of the gas discharge plasma or its 
products with the surface of substrate, which results in changes of the surface 
properties and/or its geometry.

The deposition of films onto surfaces of solid substrates can be realized by 
different methods. The selection of suitable method depends on the desired 
application. It is always necessary to select a proper deposition technology 
according to the following:

	● The substrate to be used defined by chemical composition of the substrate 
surface, temperature limits (melting, sublimation, etc.), geometry of the sub-
strate, etc.

	● The film to be deposited defined by desired chemical composition,  
desired thickness and its uniformity or its distribution over the surface, 
desired mechanical, chemical, optical, electrical, and other film properties

The industrial applications of the particular deposition technology must 
account for an economy of the selected processes, e.g. the productivity, costs, 
availability. Therefore, in many cases, finding satisfactory technology for the 
desired application is complicated.

Two groups of the film deposition technologies are available, according to 
their respective principles: (1) Chemical Vapor Deposition (CVD) and (2) 
Physical Vapor Deposition (PVD).

Typical representatives of group (1) can be chemical precursors (e.g. metal 
chlorides, iodides) used in the deposition of metal films at elevated tempera-
ture. Typical representatives of group (2) can be the deposition of metals using 
thermal evaporation of selected metal in the high vacuum. In plasma 
processing, the physical processes and plasma chemistry play important roles. 
This can be demonstrated in the Plasma-Enhanced Chemical Vapor Deposition 
(PE CVD). Other notations with the equivalent meaning are frequently used: 
Plasma-Activated CVD or Plasma-Assisted CVD (PA CVD), and Plasma-
Induced CVD (PI CVD). The PE CVD methods are based on physical-chemi-
cal principles of the generation of the discharge and simultaneous formation 
of the chemically active species. In some gas mixtures, the discharge can 
induce fast plasma-chemical reactions at low gas temperatures, which  
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3  Interactions of Plasmas with Solids and Gases72

cannot exist in classical chemistry. Examples of the PE CVD processes will be 
introduced in Chapters 4, 5, and 6.

The gaseous components A, B, and C described in Figure 3.1 could be repre-
sented by the vapor of an evaporated metal or by particles sputtered from some 
metal target by ion bombardment (e.g. in the magnetron sputtering of a 
cathode target). The reaction principles introduced in Figure 3.1 have general 
validity. The reactive sputtering and reactive evaporation in the film deposi-
tion are assumed to be the PVD methods, where the sputtered and evaporated 
material reacts with the reactive gas plasma. Such methods belong also to the 
general PE CVD (or PA CVD) methods. The deposition of any particular film 
by the PE CVD has usually several possibilities based on the choice of the 
working gas. On the other side, the change in the chemical composition of  
the working gas will change the composition of the deposited film. This possi-
bility opens a number of technological variations in the film growth and the 
resulting film properties. Some of such cases will be described in Chapter 4.

Contrary to the plasma-based depositions in the plasma-based etching (also 
called dry etching), the plasma produces chemically reactive particles, which 
react with the solid surface and form volatile compounds. These compounds 
are pumped out from the reactor, and in a continuous process, the consider-
able parts of the surface can be etched away. The dry etching methods depend 
on the proper choice of the working gas. The etching gas must produce species, 
which can react chemically with the material to be etched, and the key require-
ment is the volatility of the etched product, see Ref. [3.8]. Etching mechanisms 
differ in different gases and in plasma parameters. At least three different etch-
ing mechanisms exist, see Ref. [3.9]:

1)	 Sputtering-based (based on a surface erosion by an ion bombardment)
2)	 Chemical etching (based on chemical reactions on the surface)
3)	 Ion-enhanced chemical etching (also RIE – the reactive ion etching)

The sputtering process is important for the film deposition and it can assist 
also in the dry etching processes. In real processes, both mechanisms occur, 
and the resulting effect depends on the ratio of the rates of involved processes. 
The chemical compositions of typical gases using in dry etching are usually 
based on Fluorine (F), Chlorine (Cl), Oxygen (O), and Hydrogen (H).

3.2  Sputtering, Evaporation, Dry Etching, Cleaning, 
and Oxidation of Surfaces

The low-pressure interactions of the charged particles from plasma with solid 
surfaces depend on the particle energy in the plasma and the surface bias with 
respect to the plasma. Moreover, because of the difference in their mass, ions 
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3.2  Sputtering, Evaporation, Dry Etching, Cleaning, and Oxidation of Surfaces 73

and electrons differ substantially when they interact with the solid surfaces. 
Accelerated ions can bring substantial mechanical momentum to the  
surface, and they can interact with individual surface atoms, transfer their 
momentum, and eventually release-sputter the atoms from the surface. 
Instead, the light electrons interact with the oscillating crystal lattice in the 
surface (also called phonon interactions), and above certain levels of electron 
flux density and energy in the electrons, they can increase the substrate tem-
perature up to its evaporation.

The electron current in metals is known to cause ohmic heating, which 
depends on the metal resistance and the current level. In a simplified approach, 
such ohmic heating may be described as a motion of an electron cloud interact-
ing with electrons in the valence shells of individual metal atoms causing 
enhanced vibrations of the metal lattice, i.e., the heating. Similarly, the flux of 
electrons interacting with a positively biased surface interacts with the surface 
atoms, enhances the lattice vibrations, and heats the surface. Depending on the 
thermal conductivity of the substrate, the heat from the surface can be distrib-
uted with a certain gradient to the whole substrate. Therefore, in the thermally 
insulated systems, the heating by an electron beam can be used for melting 
positively biased targets and their vacuum evaporation. This is usually applied 
in high vacuum chambers to avoid interactions of the produced vapor with 
residual gases. The electron beams about 10–100 A/cm2 can melt most metals 
at bias voltages of about 10 V. Indeed, the power delivered by this beam is as 
high as 0.1–1 kW/cm2. The melting temperature of metals and their saturated 
(maximum) vapor pressure differ in individual metals, see data, e.g. Ref. [3.10]. 
Certain metals exhibit a high pressure of their own metal vapor even below 
their melting point. The presence of metal vapor from electrodes can affect the 
plasma parameters in the system. Moreover, electrons with low energy (several 
eV up to about 30 eV) can attach to the particles of the electro-negative gas and 
form negative ions. A typical example is oxygen, where the negative oxygen 
ions can oxidize solid substrates. These processes are called the plasma 
oxidation or plasma anodic oxidation. An example of the plasma anodic 
oxidation of silicon is shown in Figure 3.3. More detailed experimental data 
will be introduced and discussed later in Chapter 4.

An ion bombardment of surfaces can generate heat. However, due to the 
large ion mass compared to the electrons, the ion interactions with electrode 
surfaces have a substantially different character, usually more aggressive and 
destructive. The bombardment of the negative electrode surfaces by certain 
density of positive ions under negative acceleration voltages can cause 
numerous effects depending on ion energy (affected by the bias), ion mass, 
angle of the incidence, and surface conditions, like roughness, temperature, 
chemical composition, etc. Processes on the cathodic and anodic surfaces are 
schematically depicted in Figure 3.3. The typical processes are the following:
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3  Interactions of Plasmas with Solids and Gases74

	● Cleaning the cathode surface (at ion energies of about 0.1 eV–10 eV) when 
weakly bonded impurities are loosened by the incident ion and forced to 
leave the surface.

	● Sputtering of the cathode surface above a certain threshold energy of ions 
depending on the ion and the surface (at typical ion energies for sputtering, 
about 50 eV–1 keV), when the surface atoms are loosened by an ion impact.

	● Anodic oxidation of an anode surface by low-energy electrons (roughly 
below 50 eV), with possible heating and partial evaporation by higher energy 
electrons.

With a large mechanical momentum, the ions can cause surface bonds to 
break and surface particles to loose (typically atoms) from the cathode surface 
(often called a target). Such ion-surface interactions caused by the momentum 
transfer are denoted as a sputtering. Because of the short characteristic time of 
the momentum transfer from ions to the surface atoms, there is only limited 
yield of energy transferred from ions to the oscillations of crystal lattice of the 
solid (ion-phonon interactions heating the surface). Therefore, the typical fea-
ture of the sputtering process is an absence of high surface temperatures. 
However, if the bombarded surface during sputtering is thermally insulated 
and not cooled, its temperature can easily increase, similar to what occurs in 
electron bombardment. For materials like aluminum (Al), zinc (Zn), and tin 
(Sn), the temperature can quickly reach the melting point. At this stage, the 
contribution of the sputtering mechanisms on the total production of particles 
from the target can be overbalanced by the contribution of evaporation. 
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Figure 3.3  Schematic representation of possible processes at negative (left) and 
positive (right) biased substrates. An incident ion is considered to be a gas ion (G +). 
The electrode target is considered to be metallic and consist of metal atoms (S). An 
example of the plasma anodic oxidation shows silicon oxidation based on a diffusion 
of negative oxygen ions.
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Therefore, in the most of practical cases, the cathode (target) is cooled during 
sputtering to suppress heating of the target and to avoid its melting.

Important characteristic values in the sputtering are the sputtering threshold 
and the sputtering yield. The sputtering threshold is a minimum ion energy, 
necessary for the sputtering. Typical threshold values are around 50 eV. This 
threshold depends on the energy of surface bonds on the target. The sputtering 
yield represents the number of the target atoms produced by one incident ion 
hitting the target during sputtering. With identical conditions, the sputtering 
yields differ for different cathode target metals, see, e.g. Ref. [3.11]. However, 
the value of the sputtering yield is not constant. On the contrary, for a given 
target metal, the yield depends on many factors, the most important being the 
incident ion energy and angle of incidence.

The microwave plasma is not primarily suitable for sputtering although it is 
possible to perform sputtering with help of an auxiliary bias applied to the 
target. Moreover, the liberation of particles from an ion-bombarded target can 
be performed also at ion energies lower than the sputtering threshold by using 
chemical sputtering. With chemical sputtering, the incident ions initiate suit-
able surface chemical reactions leading to the liberation of the surface atoms or 
molecules. Such processes can be considered a kind of dry etching of the sur-
face. However, while dry etching is occurring, the surface chemical reactions 
result in a volatile product containing the surface atoms to be pumped out; in 
the chemical sputtering, the produced atoms or compounds are supposed to be 
deposited as films on the selected surfaces. The plasma etching (dry etching) of 
surfaces is usually a faster and better controllable process than chemical etch-
ing. Details of this technology are available in several publications, e.g. Refs. 
[3.8, 3.9].

3.3  Particle Transport in Plasma Processing and 
Effects of Gas Pressure

A difference between neutral particles in the plasma (e.g. atoms, molecules 
excited neutrals, radicals) and the charged particles (ions and electrons) is an 
easier control of the motions of charged particles by electric and magnetic 
fields. To affect and control the transport of neutral particles is always more 
complicated. However, because particle types are usually important in the 
plasma processing, and in many applications, both particle types are to be 
transported from the plasma generation area (the plasma source) to the sub-
strate; the individual control methods will be shortly described in Section 3.3.1. 
The transport will be considered as the driving of selected particles through 
certain transport region between the plasma source and the substrate.
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3.3.1  Movements of Neutral Particles

The electromagnetic fields do not affect the neutral particles (mass mgas) in the 
plasma. Without any forcing power, they move stochastically (with random 
motions in all directions) with an average thermal velocity (vgas). In an ideal-
ized approach, when the particles are considered as independent hard spheres, 
the thermal velocity depends only on the gas temperature (Tgas) and one can 
write the following:

m v  k T 2 or v   3 k T /mgas B gas gas B gas gasgas
2 1 2

2 3/ /
/

= = ( ) � (3.5)

where kB is the Boltzmann constant. Using Eq. (3.5), the thermal velocity of 
argon (Ar) particles (using mgas = mass of proton 1.67 10−27 kg multiplied by 
the Ar mass number 39.95 = 6.67 10−26 kg) at room temperature (Tgas = 300 K) 
should give vgas ≈ 430 m/s. The corresponding value for neutral (molecular) 
nitrogen (mgas = 2.34 10−26 kg) is as high as vgas ≈ 720 m/s. These values are 
surprisingly high and both are exceeding the sonic velocity (about 340 m/s at 
20°C = 293 K). This surprise can be explained by the zero collisions considered 
in Eq. (3.5). Moreover, the particles are moving stochastically in all directions 
and all particles are supposed to have the same velocity. In a more realistic 
approach, it is necessary to consider that particles collide with each other and 
they can acquire different velocities over a broad interval of values. According 
to the kinetic theory of gases, the distribution of the particles as a function of 
their velocities obeys the Maxwell–Boltzmann distribution function:

dn
dv

2n m
2k T

v exp
v m
2k T

gas gas gas

B gas

gas

B g
=












−

p

3
2

2
2

aas












� (3.6)

Here ngas = ngas (v) represents the number of gas particles in a unit volume 
having velocity v. The sum (integral) of particles over all possible velocities 
must be equal to the total gas particle density n present in the considered (unit) 
volume:

n n (v)dvgas=
∞

∫
0

� (3.7)

The most probable velocity in the distribution function given in Eq. (3.6), 
ascribed to the largest number of particles, is lower than values calculated from 
Eq. (3.5) but still high. For example, for nitrogen (N), it is about 400 m/s, see, 
e.g. Ref. [3.3].

In the description given above, the motions of neutral particles were consid-
ered in a uniform distribution of their density in the studied (unit) volume. 
This might cause an unrealistic impression that the movements of neutral par-
ticles cannot be controlled, but several possibilities exist as how to drive neutral 
particles. A simplest force driving the neutral particles is based on the 
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gradients of their density. Particles with the space-dependent density n (x,y,z) 
are forced to diffuse from the regions with higher density to regions with lower 
density by the force vector FD:

FD  grad n x, y, z≈ ( )� (3.8)

In a one-dimensional approximation (e.g. along the x- axis), the total flux Φ 
of neutral particles caused by this force is expressed by the following:

Φ   D n x /dx= ( ) � (3.9)

D is the diffusion coefficient, characteristic for the given gas. The equation Eq. 
(3.9) is a one-dimensional expression of Fick’s law (Φ = D grad n (x, y, z)). 
Fick’s law is valid also for charged particles. All diffusion-based mechanisms 
are generally important in the of plasma processing.

Another type of the force affecting the movements of neutral particles can be 
understood on the basis of the general law for an ideal gas:

p  V  N k Tgas gas gas B gas. = � (3.10)

Ngas = ngas. Vgas represents the total number of particles in a considered gas 
volume (Vgas). The driving forces can be generated, e.g. by the temperature gra-
dients or pressure gradients. The pressure gradients, created, e.g. by forcing gas 
through different gas nozzles, are often of particular importance in practical 
applications because they can enhance transport of the particles at high 
velocities.

3.3.2  Movements of Charged Particles

As noted above in Section 3.3.1, in contrast to the movements of neutral gas 
particles, the movements of electrons and ions can be controlled by electric 
and magnetic fields. The Lorentz force vector (Fe,i), which affects motions of 
charged particles (electrons or ions), has an electric and a magnetic compo-
nent. The electric component is linearly dependent on the intensity vector of 
the electric field (E), and the magnetic component is defined by the vector 
product between the particle velocity ve,i (electrons or ions) and the vector of 
magnetic induction B:

F E v Be,i e,i e,i e,i q  q  N  C  m.s  T= + ( ) 



−× , , ,1 � (3.11)

Here, qe,i denotes the particle charge (electron or ion). The single ionized ion 
has an opposite charge to an electron with the same absolute value (in cou-
lombs [C] = [A s]):

 q  q    e    x A si e= = = −1 6 10 19. � (3.12)
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The magnetic component of the Lorentz force vector acts only on those elec-
trons and ions which have a non-zero vector product (v x B), i.e. those having 
a non-zero component of the velocity vnorm (e,i) normal to the vector B. Particles 
moving parallel with vector B are not affected, yet other electrons and ions 
(having the mass me,i) are forced to gyrate around the magnetic power lines at 
the Larmor radii rL defined as the following:

r  m v / q  BL e,i norm (e,i) e,i= ( )� (3.13)

Here, |qe,i| is an absolute (always positive) value of the charge and B is the 
value of the induction vector. The Larmor radius depends on the particle mass, 
and differs for electrons and for ions. Using the magnetic components of the 
Lorentz force vector, it is possible to shape special “magnetic mirrors” or ves-
sels for the confinement of the charged particles in a selected space. Moreover, 
a non-uniform magnetic field with a certain gradient of the induction B com-
poses an additional driving force on the charged particles. Such force can be 
expressed in the following way:

FB ≈ ( ) grad B x,y,z � (3.14)

For example, it can be utilized in special magnetic traps for charged parti-
cles, i.e. for the magnetic confinement of the plasma avoiding contacts with the 
reactor walls. Many magnetic confinements (plasma traps) using static 
magnetic fields were proposed for the confinement of glow discharges, see Ref. 
[3.12]. In applications of electromagnetic power, the magnetic arrangements 
optimized with respect to the used electrodes can maximize the confinement 
of the plasma in desired area, reduce losses of charged particles outside the 
desired area, and allow plasma to sustain even at low gas pressures in the dis-
charge chamber (even under 10−4 Torr ≈ 0.01 Pa).

Although the magnetic forces are useful for controlling the charged particles 
in plasmas, the most typical force for the direct driving of charged particles is 
the electric field, i.e. the electric component of the Lorentz force vector: qe,I E 
in Eq. (3.11). An important value in such particle motions is the mobility µp of 
particles (the units are m2/(V s)), which is defined as the following:

µ = v /E = q/ mp d vm( ) � (3.15)

Here, vd is the drift velocity of the particle in the electric field with intensity 
E, q = qe,I is the charge (electron, ion), m = me,i is the mass, and νm is the 
collision frequency with transfer of the particle momentum. Because the elec-
tron mass me = 9.11 x 10−31 kg is about three orders of magnitude smaller than 
the mass of ions (mi ≥ 1.67 x 10−27 kg = mass of proton), the mobility of the 
electrons and their corresponding ability to respond to the changes of the 
applied electromagnetic fields is higher than for ions. This capability can lead 
to higher electron energies than for ions (energy non-equilibrium). As dis-
cussed in Chapter 2, this is a characteristic feature of the low-pressure plasmas 
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and an important property of plasmas powered by the high-frequency fields. 
One can conclude that the electrons are the most important particles in the 
ionization processes in the gas discharges.

A simple ionization path of a gas particle caused by the collision with an 
energetic electron (having energy exceeding the ionization threshold) can be 
expressed as the following:

Energetic electron + Gas particle  Positive Gas Ion    Ele→ + 2 cctrons  Energy± 	
(3.16)

The Energy part in Eq. (3.16) is a term depending on the kind of gas. An excess 
energy is usually radiated, partly in an optical emission. Therefore, the optical 
emission spectroscopy (OES) is an important non-disturbing diagnostic tool in 
all gas discharge plasmas. If calibrated, the OES can identify the particles pre-
sent in the plasma and their energies.

The Energetic electron in Eq. (3.16) is expected to have enough energy to ionize 
the gas. The energy of electrons is usually expressed in electron volts (eV), which is 
the energy acquired by an electron in an electric field along a potential difference 
of 1 volt. In Eq. (2.1) in Chapter 2, the energy of 1 eV is equivalent to the tempera-
ture of 11 600 K. To ionize the gas, the incident electrons must have a potential 
energy exceeding the minimum ionization potential (Vioniz) of the given gas. 
Because of the collisions, neither electrons nor ions can simply acquire as much 
energy (velocity ve,i) as would correspond to an entire potential drop along the unit 
length. The particle velocity in a stationary electric field (E) is expressed in terms 
accounting for the collisions with the neutral gas particles (the most probable col-
lisions), represented by the collision frequency νcoll (e,i – gas):

v
q
m

E
ve,i

e,i

e,i coll(e,i-gas)
= � (3.17)

The role of collisions (and, therefore, the gas pressure) is important for the 
particle energy and for the overall character of the plasma. The motions of 
charged particles in the plasma are affected by the external electric, magnetic, 
or electromagnetic (oscillating) fields. As discussed, in the charged particle 
transport, the Coulomb forces are important, see Eq. (2.6) in Chapter 2.

3.3  Effect of the Gas Pressure on the Plasma 
Processing

As explained, an increasing gas pressure increases the collision frequency and 
decreases the mean-free paths of particles, see Section 2.5, Chapter 2, and Eqs. 
(2.27 and 2.28). This can affect the velocity of neutral and charged particles. An 
explicit direct effect of the collisions on the plasma processing systems exists. 
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The collisions during transport of the desired particles from their origin in the 
plasma generation region to the substrate surface can change their reactivity and 
chemical composition, their energy (velocity), and the directions of their motion. 
The effect of growing gas pressure is schematically illustrated in Figure 3.4.

Figure 3.4 shows three typical levels of the gas pressure

1)	 < 1 mTorr (< 0.13 Pa) with fewer than 1013 particles in cm3

2)	 An interval 10 mTorr–10 Torr (1.3 Pa–1.33 × 103 Pa) with 1014–1017 parti-
cles/cm3

3)	 > 10 Torr (> 1.33 × 103 Pa) with more than 1017 particles/cm3.

If the mean-free path, see Eq. (2.28) in Chapter 2, is longer than the transport 
(transmission) area, which depends on the reactor geometry and the position 
of substrates with respect to the plasma generation area (plasma source), then 
no collisions occur and the particles can reach the substrate in the state they 
were generated. This case is often denoted as the line-of-site arrangement. At 
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Figure 3.4  Effects of the gas pressure on the particle transport in the plasma 
processing.
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3.4  Afterglow and Decaying Plasma Processing 81

higher pressures, the probability of the particle collisions is higher, with all 
consequent changes of the density and composition of incoming particles to 
the substrate or, more correctly, to the surrounding sheath region with the het-
erogeneous reactions. As explained in Chapter 2, the character of the plasma 
changes from a low pressure non-equilibrium plasma to an equilibrium one.

3.4  Afterglow and Decaying Plasma Processing

In the plasma processing, the substrates are often positioned outside the 
plasma. There is often certain transition path over a transporting region bet-
ween the area of plasma generation and the substrate surface, as was shown in 
Figure 3.4. The active particles generated in the plasma always have a certain 
life-time of activity (the relaxation time) as was shown in Figure 3.2. This life-
time depends on several parameters. Besides collisions (Figure 3.4), the 
chemical origin of given particle, its excitation level, ionization potential, etc. 
are important. The particles are capable to run only along a limited distance or 
during limited period of time. The plasma can generate high energy radiation, 
e.g. in UV range, which has limited reach. All such factors are important for 
the selection of distance between the substrate and the plasma.

Specific regions outside the main plasma generation are called afterglows. 
Two main types of the afterglows can be recognized: time-resolved  
afterglows and space-resolved afterglows. In these afterglows, we can recog-
nize decaying plasma, near afterglow, and far afterglow. Schematic descrip-
tion of these parts is shown in Figures 3.5 and 3.6. Active particles generated 
in the plasma lose their activity during time or along the distance from the 
plasma. A typical example of the time-resolved afterglow is the pulsed 
plasma, where each pulse generates a certain density of active particles, and 
they decay after termination of each pulse. The steady-state density then 
depends on the duty-cycle, which is the ratio of durations of the pulse and 
the pause to the next pulse, see Figure 3.6.

An important factor in pulsed plasmas is the shape of the pulse, particularly 
the pulse rise-time. If the pulses are steep with a short rise-time, then at the 
beginning of each pulse, the plasma builds itself up or returns to the full param-
eter state after partial decay. At this stage, the ionization is not fully developed, 
and the voltages applied from the generators have not decreased enough. This 
state can generate a group of electrons accelerated to energies up to the total 
amplitude of the applied voltage. Such electrons can repeatedly overheat and 
damage the processed surface in the pulsed plasma, see Ref. [3.14]. Some con-
sequences will be introduced in Section 4.1.2, Chapter 4. Therefore, the pulse 
geometry must be designed to avoid such negative effects.
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3  Interactions of Plasmas with Solids and Gases82

Figure 3.5  Time-resolved and space-resolved afterglows. Certain gases can be 
excited by long-lived metastable particles from plasma. Recombination processes can 
produce visible light (chemiluminescence), see also Ref. [3.13].
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Figure 3.6  The effect of the duty-cycle in a pulsed plasma on the minimum 
steady-state density of the plasma-generated particles.

c03.indd   82c03.indd   82 31-01-2022   11:53:5131-01-2022   11:53:51



References 83

In the space-resolved afterglows, the main importance has the position of 
substrates with respect to the plasma generation area (the plasma source). 
Density of the most energetic particles decreases with the distance from the 
plasma. The rate of this downfall (decrease) in a stationary gas increases with 
the increasing gas pressure, mainly due to increasing collision frequency. Of 
course, with cases of the forced flows or other gradients, this decrease can be 
partly compensated, which is valid particularly for the long-living metastable 
excited particles. The metastable particles are the most important ones in the 
region of far afterglow. An example of such particles is excited atomic nitrogen, 
which can be transported over relatively long distances, even up to several tens 
of centimeters, see, e.g. Refs. [3.15, 3.16]. An application of this nitrogen prop-
erty in the afterglow deposition of silicon nitride films will be described in 
Section 4.2, Chapter 4.
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4

Microwave Plasma Systems for Plasma Processing 
at Reduced Pressures

According to Figure 2.10 and Section 2.5.3 (Chapter 2), the microwave discharges 
can be characterized as high density and low ion energy plasmas capable of form-
ing reactive radicals and plasma-chemical processes. The high electron densities 
microwave plasmas, particularly in the electron cyclotron resonance (ECR) 
and other magnetoactive plasmas, enable efficient control of particle energies 
and tuning these for selected reactions in the plasma processing. In this 
chapter, several microwave systems tested in the plasma processing will be 
described. Most of those were laboratory systems, but they can serve as an 
inspiration for larger systems. The microwave systems for generation of gas 
plasmas in technologies are based on similar principles and use similar compo-
nents. This chapter deals only with the reduced- and low-pressure plasma sys-
tems. The atmospheric and high-pressure systems will be introduced in 
Chapter 5.

4.1  Waveguide-Generated Isotropic and 
Magnetoactive Microwave Plasmas

Pioneering experiments with the microwave plasma in waveguide structures 
were dated by the 1960s of the twentieth century. After the Nobel Prize in 
Physics was awarded for research in semiconductors and discovery of the tran-
sistor in 1956, the first works were devoted to the oxidation of semiconductors 
in an oxygen microwave plasma to create dielectric oxides at temperatures 
below 500°C, see Refs. [4.1–4.3]. The discharge system was arranged with a 
simple discharge tube about 2 cm in diameter passing through a tapered part 
of the rectangular waveguide (see Figure 2.11c, Chapter 2). With selected 
parameters (gas pressure, position of the tube), this arrangement can work as 
a resonator with low reflected power. Several waveguide-based resonator cav-
ities (see Section 1.3.5, Chapter 1) for generation of discharges were described 
in 1965, see Ref. [4.4]. Some of these cavities were capable of generating an 
atmospheric microwave plasma. More complicated microwave structures were 
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures86

tested with plasmas in the magnetic field, see Refs. [4.5–4.7]. Some of those will 
be described in Section 4.1.2. Different microwave plasma systems with details 
and rich lists of references can be found, see Refs. [4.8, 4.9]. The plasma gener-
ated without any auxiliary magnetic field can be considered as an isotropic 
plasma because no specific force affects the plasma parameters. This is con-
trary to an anisotropic plasma where the anisotropy is given by an auxiliary 
magnetic field. Such plasma can be characterized as a magnetized or magneto-
active plasma.

As explained in Chapters 2 and 3, the microwave plasmas often use auxiliary 
magnetic fields. The magnetic field of induction Bce = meω/e, where me and e 
are mass and charge of the electron, respectively, and ω = 2πf is the frequency 
(called angular frequency) of the microwave generating power, allows reso-
nant absorption of the microwave power (ECR) and much higher plasma 
density than the critical (cut-off) density ncrit defined in Chapter 2 in Eq. (2.10). 
For the microwave frequency f = 2.4 GHz, the ncrit ≈ 7.1 1010 cm−3 (for f = 2.35 
GHz ncrit ≈ 6.8 1010 cm−3). In the ECR and higher induction magnetized 
microwave plasmas, the plasma density can reach an order of 1013 cm−3 at sev-
eral mTorr of the gas pressure. This classifies such plasmas as high-density 
plasmas. The presence of magnetic field means a presence of a driving force for 
the charged particles in the plasma, defined by the Lorentz force vector, see Eq. 
(3.11) in Chapter 3. In Chapter 3, gradients of the non-uniform magnetic 
inductions were shown to represent extra driving forces for charged particles, 
see Eq. (3.14) in Section 3.3.2, Chapter 3. Because of Coulomb forces acting 
between electrons and ions, the driving of electrons or ions means driving the 
whole plasma in the same direction by an effect called the ambipolar diffusion. 
This explains why the magnetic field must be designed and positioned care-
fully. Several microwave magnetoactive plasma systems used in oxidation 
experiments, see Refs. [4.10–4.16], are schematically illustrated in Figure 4.1.

Large number of reported experiments with the microwave plasma in oxygen 
for oxidation of solid substrates, particularly silicon, revealed specific features 
of the microwave plasmas in their generation and their properties. Therefore, 
the microwave oxidation and anodization (positively biased substrate) could 
serve as a good introduction to the microwave plasma processing. The 
microwave plasma in oxygen and its mixtures has important applications in 
modern technologies, particularly in semiconductor production, see Refs. 
[4.17, 4.18]. The microwave oxygen plasma at 0.7–1.5 kW and 6 kPa (45 Torr) 
has been used for oxidation of 4H-SiC substrates for producing metal-oxide 
semiconductor field effect transistors (MOSFETs), see Ref. [4.19]. Another 
example is photoresist stripping by the microwave plasma in O2 mixed with 
CF4, or N2H2, see Ref. [4.20]. An interesting novel application is oxidation of 
gallium nitride (GaN) substrates, see Ref. [4.21]. Gallium nitride-based mate-
rials are of growing interest due to their potential for high-temperature, 
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4.1  Waveguide-Generated Isotropic and Magnetoactive Microwave Plasmas 87

high-power, and high-frequency electronic devices. The GaN devices could 
replace silicon-based semiconductor devices. Here the microwave oxygen 
plasma is a potential candidate for replacement of thermal and chemical 
oxidation methods of GaN substrates, see Ref. [4.22]. Like in the oxidation of 
silicon, the formation of native insulating oxides Ga2O3 on GaN at low oxidation 
temperatures (≤300°C) can become important in fabrication of metal-oxide 
semiconductor (MOS) structures with low interface state density and low leak-
age currents. In this chapter, the plasma oxidation and anodization (illustrated 
in Figure 3.3, Chapter 3) will be described in more details for silicon substrates, 
based on the authors’ experimental experience.

4.1.1  Waveguide-Generated Isotropic Microwave Oxygen 
Plasma for Silicon Oxidation

The plasma in molecular gases is more complicated than the plasmas in atomic 
gases because of the additional power absorbing channels (e.g. in the molec-
ular rotations and vibrations) and the formation of the excited and ionized 
radicals. One of the most complex molecular gases is oxygen because of its 
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Figure 4.1  Microwave magnetoactive plasma systems. (a) Rectangular waveguide 
system, (b) Circular waveguide terminated by a discharge tube, (c) Lisitano slow-wave 
structure with meander radiator, (d) spiral type radiator slow-wave structure.
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures88

electronegativity with forming of atomic and molecular negative ions (O− and 
O2

−). An important role of the negative oxygen ions has been proved by the 
oxidation experiments in the microwave oxygen plasma and the oxidation rate 
enhancements by applying positive bias on the silicon substrate, Refs. [4.1, 4.2, 
4.10]. A theoretical model based on the diffusion of negative oxygen ions into 
the Si substrate with simultaneous decreasing of the diffusion due to growing 
SiO2 dielectric and a certain level of sputtering/evaporation of the oxide agreed 
with the experiments, see Figure 4.2. This figure shows the time decrease of the 
DC anodization current, see Ref. [4.11]. A simplified schema of the plasma 
anodic oxidation of Si was shown in Figure 3.3, Chapter 3.

The formation of negative oxygen ions by electron attachment requires 
rather low electron energy (about 4–6 eV, see Table III in Ref. [4.23]) and the 
attachment is usually connected with the dissociation of the oxygen molecule 
according to the following reaction:

O  e  O  O2 + → +− � (4.1)

The maximum formation of the negative ions O- is around 5 eV, see Ref. [4.24]. 
These ions are not visible in the optical emission spectra from the microwave 
plasma, and their density can be measured only indirectly, e.g. from dissocia-
tion reactions between O- and O+ ions in the afterglow regions, see Ref. [4.25].

Typical emission spectrum detected from the microwave oxygen plasma is 
shown in Figure 4.3. The detected spectra confirm molecular excitation and 
ionized oxygen molecules in a strong First Negative System of O2

+ ions. The 
intensity of emission is enhanced by the negative bias of −500 V on the 
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4.1  Waveguide-Generated Isotropic and Magnetoactive Microwave Plasmas 89

electrode positioned in close vicinity of the detected area, see the test system in 
Figure 4.4. The counter electrode was grounded. The bias on Si cathode can 
form secondary electrons and enhance density of the plasma. The cathode 
bombardment by positive ions probably caused Si sputtering and forming of 
SiO bonds. The most intense band head in the spectrum coincides with the 
strongest line of the oxygen atom at 436.8 nm.

The test system with the tapered waveguide section for increasing the 
microwave electric field in a quartz discharge tube is shown in Figure 4.4a. The 
measuring line with the probe allowed detection of the standing wave ratio 
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Figure 4.3  The optical emission spectra of the microwave-generated oxygen plasma 
at 0.5 Torr and 600 W of the power. The spectra were acquired for three DC voltages 
between inserted electrodes. The zero levels of the spectra are shifted to avoid 
coincidences.
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures90

(SWR), see Section 1.3.3, Chapter 1. The waveguide power line was terminated by 
the water calorimeter (power meter). The electrodes installed in the system were 
connected to a DC source with adjustable voltage for the anodization regimes. An 
arrangement without tapered waveguide section, see Figure 4.4b. This version 
was arranged with a magnetic coil, see Figure 4.4c, to study the magnetic effect 
on the charged particles. The photograph in Figure 4.5 shows the arrangement 
illustrated in Figure 4.4a. Figure 4.5 shows the discharge tube with 25 mm in 
diameter supported by insulating rods on both sides of the tapered part of the 
waveguide. The tapered waveguide in the power line was installed between two 
quarter-wave transformers. The principles of such transformers were described in 
Section 1.4.6, Chapter 1, and illustrated schematically in Figure 1.19b, Chapter 1.

The microwave system shown in Figure 4.4 usually generated an axially 
asymmetric plasma, clearly visible at low powers. Because the power was 
delivered from one side, it was almost impossible to tune fully symmetric 
plasma in 40 mm diameter tubes, and the oxide area on the Si sample had 
always higher thickness at the power side, see Figure 4.6.

The search for the most important particles in the growth of Si oxides 
revealed the possibility of affecting oxide areas by an auxiliary magnetic field. 

Figure 4.5  Detail of the experimental arrangement with 25 mm diameter discharge 
tube.
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4.1  Waveguide-Generated Isotropic and Magnetoactive Microwave Plasmas 91

If the negative oxygen ions have an important role in the silicon oxidation, 
such ions should be produced by an electron attachment at the surface of the 
substrate or in the adjacent sheath. This hypothesis was experimentally con-
firmed by using a magnetic coil around the sample, as shown in the photo-
graph in Figure 4.7.

Figure 4.8 shows the arrangement and the geometry of the oxide spots 
obtained at different magnetic fields. The oxide spot was extended to one side 
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bottom part of the discharge chamber with the silicon sample.
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures92

on the sample surface, depending on the orientation of the induction vector 
changed by the polarity of the DC current in the coil. When the AC current was 
used with the same amplitude as the DC current in the magnetic coil, the oxide 
spot was extended symmetrically to both sides. The magnetic induction vector 
B at the edge of the Si slice had an angle of about α ≈ 30° from the axis, i.e. from 
the vector E generated by the DC voltage applied between the sample and a 
grounded counter electrode. The induction value corresponding to the 
magnetic component perpendicular to the electric field was calculated as BL = 
B sin α from B ≈ 0.01 Tesla (= 100 Gauss). The intensity of the electric field bet-
ween the sample and a counter electrode was E ≈ 500 V/12 cm ≈ 4.17 kV/m.

From the calculated drift velocity and Larmor radii with respective masses of 
the electrons and O– and O2

– ions, there were only electrons which could fit 
with the size and the shift of the oxide spot, see Ref. [4.16]. This experiment 
proved the main role of electrons in the oxidation process and their responsi-
bility for the generation of oxygen negative ions on the surface of the silicon 
sample. Therefore, electron density and its uniformity over the sample surface 
are the two most important parameters defining the oxidation rate and the uni-
formity of the resulting oxide, and the formation of negative oxygen ions 
requires proper energy of electrons (roughly between 2 and 10 eV). Experiments 
in high-density pulsed magnetoactive microwave plasmas confirmed that the 
electron energy is another limiting factor in the rate of the oxidation and the 
properties of the oxide layer.
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4.1  Waveguide-Generated Isotropic and Magnetoactive Microwave Plasmas 93

4.1.2  ECR and Higher Induction Magnetized Plasma Systems 
for Silicon Oxidation

Diameters of the discharge tubes passing rectangular waveguides (Figure 4.1a) 
are naturally limited by the cross-dimension of the waveguide. The maximum 
acceptable diameter was found to be up to about 40 mm. For larger diameter 
plasmas it is necessary to use different arrangements of the microwave sys-
tems. The discharge tube having 84 mm inner diameter has been used for gen-
eration of an oxygen magnetoactive plasma.

The system shown in Figure 4.1b was tested with the microwave magnetron 
generator giving maximum power up to 3 kW at f = 2.35 GHz (ω = 14.76 GHz). 
This magnetron allowed pulsed regimes with the repetition frequency of 50 Hz 
and with the pulsing duty-cycle controlled by the tunable pulse length. Typical 
pulse length used in the experiments was 3 ms. Application of the magnetic 
field at the ECR, i.e. for ω = ωce and/or B = Bce (Bce = ω me/e ≈ 8.4 x 10–2 Tesla 
= 840 Gauss), and the ECR field (up to B/Bce ≤ 3) allowed using large-diameter 
discharge tubes and, consequently, the larger diameter silicon substrates. 
Moreover, it was possible to reduce the oxygen pressure substantially (to ≤ 0.1 
mTorr), which expanded the volume of the plasma (longer mean-free paths).

The power functions of the magnetoactive plasma density were measured by 
the 8 mm microwave interferometer, and the corresponding heating of the 
silicon sample was measured by the thermocouple integrated in the substrate 
holder. The results revealed favorable parameters of the pulsed power regime 
over the continual wave (CW) regime, see Figure 4.9, which shows that at the 
same incident power, the pulse regime generated about three times higher 
plasma density and about three times lower heating of the Si substrate. The 
substrate heating can be caused by the bombardment of particles (depending 
on the plasma potential and particle energies) and by the microwave power 
absorbed in the silicon substrate (see Table 1, Chapter 1, Section 1.4.7).
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures94

Experiments in several gases (i.e. H2, He, Ar, O2) showed that the generation 
of the microwave magnetoactive plasma strongly depends on the value of the 
magnetic induction. An easy start of the plasma by the microwave power 
around 1 kW was possible only at the ECR condition, i.e. in the magnetic field 
of B = Bce. As proved in the hydrogen plasma at 0.5 mTorr, for the inductions 
below and above the Bce value the plasma needed certain pre-ionization, see 
Ref. [4.26]. To prove this, the system was arranged by two slow-wave Lisitano 
helical structures (see Figure 4.1d) working simultaneously on the same dis-
charge tube (inner diameter of 80 mm). One structure was powered by 2.35 
GHz at 2 kW and the other one by 1.25 GHz at 5 kW. For the lower frequency 
f = 1.25 GHz, the corresponding ECR induction value is BECR = 2π 1.24 × 109 
× 9.11 × 10−31 × 1019/1.6 = 3.58 10−2 Tesla = 358 Gauss. The magnetic induc-
tions were tested in the interval up to ωce/ω ≈ 14 for both frequencies.

In high magnetic fields, exceeding the ECR value, the microwave power was 
absorbed efficiently, and the plasma density reached almost 80 times the criti-
cal density N ≈ 80 ncrit. (The critical or cut-off density ncrit was described in 
Chapter 2, Eq. (2.10)). For 2.35 GHz, the critical density is ncrit ≈ 6.8 1010 cm−3, 
and the obtained plasma density was two orders of magnitude higher N ≈ 5.4 
1012 cm−3.

The helical or meander type of the microwave slow-wave structures (shown 
in Chapter 4.1, in Figure 4.1c, d, Section 4.1) for the generation of dense mag-
netoactive plasmas were invented by Giuseppe Lisitano and further developed 
by his co-authors, see Refs. [4.5, 4.6]. The principles of operation of such struc-
tures were described in Ref. [4.27]. The Lisitano structures were suitable for 
the high-density oxygen plasma for the oxidation of silicon. The photograph of 
the test system in operation is shown in Figure 4.10.

Systematic experiments were performed in oxygen at pressure of 1 Pa (7.5 
mTorr), at 1.6 kW microwave power (f = 2.35 GHz), with the 3 ms pulses at 50 
Hz repetition frequency. The axial magnetic field had the ECR induction value, 
i.e. B = Bce (or ωce/ω = 1) and the plasma density was detected by the 8 mm 
microwave interferometer. These experiments tested different diameters of the 
microwave structures with corresponding diameters of the discharge tubes  
(i.e. 23, 33, 45 and 75 mm) passing through their axes. It was found the plasma 
density N depended almost inversely on the diameter of the plasma column, 
see also Ref. [4.12]. These data confirmed the plasma density was proportional 
to the surfaces of the plasma columns and not to their volumes. The 
corresponding graphical results are shown in Figure 4.11.

It was found in the tube diameter of 33 mm that the plasma density grows 
with the incident microwave power and with the magnetic field, see Figure 
4.12. The results shown in this figure were found at oxygen pressure of 1 Pa. 
The high magnetic fields evidently increased the power absorption efficiency 
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Figure 4.10  The simple test system for generation of the microwave magnetoactive 
plasma by the spiral-type Lisitano slow-wave structure in the axial magnetic field.
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Figure 4.11  The plasma density vs radius of the plasma in the discharge tubes with 
diameters of 23, 33, 45 and 75 mm installed in the spiral slow-wave structures with 
corresponding diameters. Incident power Pi = 1.6 kW, 3 ms pulses at 50 Hz, B = Bce,  
pO2 = 1 Pa (7.5 mTorr).
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures96

and allowed generation of dense plasmas at gas pressures ≥ 0.1 Pa (≈ 0.8 mTorr). 
This was particularly efficient in smaller diameter discharges (tubes).

As mentioned, an advance of efficient microwave absorption at high 
magnetic fields under stable pulsed power and with instant pre-ionization 
were successfully applied in the oxidation experiments. The sophisticated 
magnetoactive plasma system built for these experiments used two Lisitano 
guns (see Figure 4.1c, d) operated at two microwave frequencies, 2.35 GHz 
up to 3 kW and 1.25 GHz up to 5 kW, in both pulsed (3 ms, 50 Hz) and con-
tinual regimes. Schematic picture of this experimental system is shown in 
Figure 4.13.

The system in Figure 4.13 was tested at one power: 2.35 GHz. An important 
finding was that the plasma generation by CW power could operate at high 
magnetic fields without pre-ionization. At a sufficiently high microwave 
power, starting an ECR plasma (electron density N ≥ ncrit) was possible when 
the magnetic field intensity was increased after the ECR plasma was on. In this 
case, the plasma generated at ECR served as the pre-ionization for the higher 
fields. Similar system to that in Figure 4.13 was described in Ref. [4.26]. The 
ECR region for 2.35 GHz (BECR = 840 Gauss) is marked in Figure 4.13 by a 
hatched area. For the lower frequency f = 1.25 GHz, the corresponding ECR 
induction value is BECR = 358 Gauss. The distribution of the magnetic induction 
in the axis of the discharge tube was controlled by the DC current in the coils. 
The coils were electrically connected in parallel.
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Figure 4.12  The comparison of dependencies of the plasma density on the incident 
microwave power at the ECR magnetic field and at two times higher magnetic 
induction. The tube diameter was 33 mm, the oxygen pressure was pO2 = 1 Pa. The 
pulsed power used 3 ms pulses at 50 Hz repetition frequency.
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4.1  Waveguide-Generated Isotropic and Magnetoactive Microwave Plasmas 97

In the power with CW regimes, the Si oxidation rates reached very high 
rates, as shown in Figure 4.14. At microwave powers P > 1.5 kW, the oxidation 
rate differed from the theoretical parabolic shape. This was caused by superpo-
sitions of the parabolic oxidation with the linear reactive deposition of SiO2 
from the partially evaporated edges of the Si sample.

The partial evaporation of the overheated sample edges was caused by fast 
electrons generated in the plasma by parametric instabilities and by the 
microwave power absorption in the sample. The evaporation of the Si sample 
edges was apparent on the series of the 25 mm diameter samples oxidized in 
the CW power, with example shown in Figure 4.15.
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Figure 4.13  Schematic of the experimental system for oxidation of silicon samples 
in a magnetoactive microwave plasma. Diameters of the quartz discharge tube were 
33 mm (upper part) and 80 mm (lower part). Maximum induction in the axis of the 
tube increased to 4 BCE.
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Figure 4.14  The oxide thickness vs time 
on 25 mm diameter silicon samples in 
2.45 GHz CW powered oxygen plasma at 
Bce/B = 2.2 and oxygen pressure pO2 = 0.27 
Pa (2 mTorr).
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures98

At different plasma densities generated in the oxygen plasmas, different 
floating potentials Ufl were measured. Floating potentials shown in Figure 4.16 
were measured on an insulated (floating) probe with respect to the ground in 
the axis of the plasma. As introduced in Chapter 2.4, Eqs. (2.19 and 2.20) 
(Section 2.4, Chapter 2), the floating potential (Ufl) of an electrode in the plasma 
represents the voltage with respect to the ground when the fluxes of electrons and 
ions are balanced and the resulting current to the electrode is zero. Such potential 
should be detected on insulated (i.e. electrically floated) Si substrates. However, 
if the sample is placed on an electrically grounded holder, the measured poten-
tial will represent the potential of the plasma (the plasma potential) with 
respect to the grounded sample surface.

The plasma density in Figure 4.16 was measured by 8 mm microwave inter-
ferometer and represented an average density across the plasma column. The 
oxygen plasma was generated here by the pulsed microwave power up to 3 kW 
(f = 2.35 GHz, 3 ms, 50 Hz). The oxygen pressure was 0.4 Pa (3 mTorr) and the 
magnetic field was B = 1.43 Bce. An important coincidence was found between 
the floating potential and the ability of oxygen plasma to oxidize electrically 
grounded Si samples. As shown in Figure 4.16, the oxidation was observed 
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Figure 4.15  Oxides on Si samples vs oxidation time at 2 kW power. Oxidation 
parameters are same as in Figure 4.14. One interference color ring corresponds 
roughly to 100 nm thick oxide.
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Figure 4.16  The floating potential vs the plasma density. Parameters: P ≤ 3 kW  
(3 ms, 50 Hz), pO2 = 0.4 Pa, B = 1.43 Bce.
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4.1  Waveguide-Generated Isotropic and Magnetoactive Microwave Plasmas 99

only when the floating potential was not more negative than about – 10 V. The 
more negative potentials indicated a higher flux of electrons to the grounded 
surface and higher electron energy. The presence of low energy electrons form-
ing negative oxygen ions for oxidation could be considerably reduced here. 
Moreover, the incidence of energetic electrons could even overheat the sample 
and destroy the oxide (such effect will be discussed again later).

Figure 4.17 shows that the floating potential strongly depended on the 
magnetic induction and could reach even positive values favorable for the 
oxidation.

Figure 4.17 shows that the plasma was unstable between induction BCE (ECR 
induction) and 2 BCE. In this region, the oxide growth was stopped completely, 
presumably due to high electron energies. Negative effects caused by fast elec-
trons were found in all oxides grown in the pulsed plasma, see Ref. [4.13]. 
Contrary to the oxidations in the CW plasma, the pulsed plasma resulted in 
partly damaged oxides having low values of the oxide dielectric strength and 
great density of the oxide defect charges. This was probably caused by the 
formation of electrons with energies exceeding 100 eV. Such electrons can be 
generated particularly at oxygen pressures under 0.67 Pa (5 mTorr) in the 
magnetic fields B > 2 BCE. Previous studies of the pulsed ECR plasmas in 
helium and hydrogen at 0.18 Pa and 0.08 Pa (1.35 and 0.6 mTorr) with 0.19 ms 
50 Hz 2 kW power pulses revealed, that at the beginning of each pulse with the 
steep rise-time (shorter than about 5 µs), the plasma only starts to build up and 
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c04.indd   99c04.indd   99 31-01-2022   12:47:3231-01-2022   12:47:32



4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures100

the electrons can easily acquire energies of the order of 1 keV, see Refs. [4.27, 
4.28]. Similar observations were recently confirmed in Ref. [4.29], where the 
author wrote:

“EEDF is greatly enriched by the fast electrons in the initial phase of the pulsed 
discharge in helium, and relaxes to a stationary value over some time, due to the 
processes of the inelastic interactions of the electrons with the gas atoms”.

Avoiding the generation of fast electrons is possible by proper “shaping” of 
the power pulses either with a slower or with a step-wise power increase. This 
idea needs more detailed experimental verifications.

The uniform thick oxides with properties of standard thermal oxides were 
obtained in the arrangement shown in Figure 4.1b. An oxide with a thickness 
uniformity of ≤ 5% formed on a 40 mm diameter Si slice in a discharge tube of 
90 mm in diameter is shown in Figure 4.18.

The experimental arrangement used for the uniform oxidations is shown in 
Figure 4.19. The power in this arrangement was applied by the circular wave-
guide from the top of the discharge tube, see also Figure 4.1b. The sample posi-
tion during oxidation was in a decaying plasma region or in a near afterglow. 
(Afterglows were explained in Section 3.4, Chapter 3.).

To find saturated ion currents and floating potentials typical in the decaying 
magnetoactive plasmas the sample holder was replaced by movable probes. 
This study is important also for other gases than oxygen, and the results were 
published in Refs. [4.30, 4.31]. The used probe had two forms of active surface: 
a small wire (Figure 4.19b) or a flat plate from different metals (Figure 4.19c). 
The probe potential was strongly negative (Vprobe = −100 V), therefore, only 
positive ions (O+ and O2

+) contributed to the measured currents.

Figure 4.18  A uniform oxide 
formed on 40 mm diameter Si 
substrate in the oxygen 
magnetoactive plasma.
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4.1  Waveguide-Generated Isotropic and Magnetoactive Microwave Plasmas 101

The saturated ion currents collected by the tungsten wire probe (shown in 
Figure 4.19b) along the axis of the plasma showed an axial decaying of the 
plasma density along the decreased magnetic induction from the ECR region 
down, see Figure 4.20. The plasma density decayed in a similar way as the gra-
dient of the induction B.

An effective area of the W wire collecting the ion current at −100 V was Ap = 
0.2 x 5 × 10−6 m2 and the plasma density N can be estimated from the saturated 
ion current Is to the probe by the following equation, see Ref. [4.32]:

I    N A e E ms p e i= ( )0 6 1 2. / / � (4.2)

Here, e is the electron charge, Ee is the electron energy in eV, and mi is the ion 
mass. If we estimate the electron energy to Ee = 10 eV, simple calculations for 
the saturated ion current Is = 6 10−3 A (6 mA in Figure 4.20) in the ECR region 
at 1 kW power give for the positive molecular oxygen ions (mO2

+ is 5.32 10−26 
kg) the plasma density of N ≈ 3.75 1012 cm−3. For the positive atomic ions of 
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Figure 4.19  Experimental arrangement for the oxidation of silicon and for test 
measurements of parameters of the magnetoactive plasma by movable probes. The 
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures102

oxygen (mO
+ is 2.66 10−26 kg), the density is 0.7 (= 1/2−1/2) times less, i.e. N ≈ 

2.63 1012 cm−3. If we estimate the electron energy as high as Ee = 100 eV, then 
these densities would be N ≈ 1.17 1012 cm−3 for the molecular ions and N ≈ 8 
1011 cm−3 for the atomic oxygen ions, respectively. Because the high energy 
electrons are regularly observed in the ECR region, the energy estimate to 100 
eV is quite realistic. What is of interest, the density measurements by the 8 mm 
microwave interferometer shown in Figure 4.9 for the CW power of 1 kW indi-
cated an average plasma density of 8 1011 cm−3. Although this comparison is 
somewhat speculative, it indicates the main role of atomic ions. The presence 
of oxygen atoms available for ionization can be expected due to low dissocia-
tion energy of the O2 molecules (only 5.15 eV), and the ionization potential of 
13.5 eV for atomic ions O+ is comparable with 12.2 eV for the molecular ions O2

+.
In Chapter 3.3, in Eq. (3.14), it was stated that the gradient B represents a 

certain force, which moves charged particles from the higher to the lower field 
by an ambipolar diffusion. In an axially symmetric magnetic field, the radial 
loss of charged particles is limited, and the plasma density should follow the 
geometry of the applied magnetic induction. This effect can be observed mainly 
at lower gas pressures where the collision frequency is lower. The divergent 
plasma geometry in the decaying magnetic induction B is shown in Figure 4.21.

Figure 4.17 showed that, at oxygen pressure of 0.4 Pa, the floating potential 
depended on the magnetic induction. For the magnetic inductions below ECR 
(B/Bce < 1), the floating potential was positive, which was found good for the 
growth of oxides on the Si substrates. The potential Ufl was measured also at 
slightly lower oxygen pressure (0.27 Pa) by the electrically floating movable W 
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4.1  Waveguide-Generated Isotropic and Magnetoactive Microwave Plasmas 103

probe (shown in Figure 4.19b) in the axis of the discharge tube for several 
microwave powers from 0.2 kW to 1 kW CW, see Figure 4.22.

The ECR region in the plasma was unstable. The floating potential had a ten-
dency to fall to lower values, where higher electron fluxes required more ions 
to balance negative electrons. As expected, the changes in the floating poten-
tial were more pronounced at higher powers. Because the flux of charged 
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Figure 4.21  A divergent geometry of the microwave magnetoactive plasma in the 
decaying magnetic induction. Incident microwave power was 1 kW, oxygen pressure 
was 0.27 Pa (2 mTorr). The quartz discharge chamber was cylinder with diameter of 
84 mm.
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induction in the oxygen magnetoactive plasma generated at several powers. The 
oxygen gas was admitted through the bottom of the discharge chamber and its 
pressure was pO2 = 0.27 Pa.
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures104

particles depends on their density and energy, the higher incident power can 
increase both these parameters and affect more the balancing conditions.

The floating potential strongly depended also on the oxygen pressure. Figure 
4.23 shows results of the W probe measurements in oxygen at the microwave 
power of 0.5 kW. In these measurements, the oxygen was admitted from the 
bottom of the discharge reactor. The floating potential was more positive at 
lower pressures, i.e. at the lower collision frequencies. The values Ufl were mea-
sured in the axis of the reactor, but the absorption of the microwave power in 
the plasma and, consequently, the plasma parameters depend also on the radial 
positions, see Ref. [4.33]. The radial non-uniformities of the plasma density and 
the floating potential were more pronounced in the ECR region and for B/BCE 
> 1. Figure 4.23 shows how the Ufl values depended on the gas pressure.

To involve larger radial plasma areas into the measurements the floating 
potential was measured by the flat probe (shown in Figure 4.19c). The results 
are in Figure 4.24. To interpret the results, for the higher secondary electron 
emission coefficient γ (identical with the Townsend coefficient γ, see Section 
2.2, Chapter 2), the more informative can be the floating potential Ufl, to limit 
the incoming ions creating the secondary electrons at the surface. As it can be 
seen in the measurements shown in Figure 4.24, the potential decreases in the 
following order of electrode materials: W, Cu, Al, Mo, Si and Fe. This order 
follows the maximum secondary electron emission coefficient γmax of the 
respective probe materials, with exceptions for Al and Fe. According to the 
Refs. [4.34, 4.35], the γmax values are the following: 1.4 (W), 1.3 (Cu), 1.3 (Fe), 
1.25 (Mo), 1.1 (Si) and 1.0 (Al). The exceptions for Al and Fe can be explained 
by quick oxidation leading to different γmax on their oxidized surfaces. Indeed, 
the emission coefficient for Al2O3 depends on its thickness, and it can reach 
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oxygen pressures.
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4.2  PE CVD of Silicon Nitride Films in the Far Afterglow 105

values exceeding two, see Ref. [4.36]. On the contrary, the iron oxide (Fe3O4) 
has a lower maximum value γ than pure iron, about 0.4–0.6, see Ref. [4.37]. 
The flat probe measured large radial areas, and the signals were affected by the 
peripheral parts of the plasma column. At lower plasma densities and larger 
distances (z), the measured signal reached also negative values and prevailing 
effect of electrons.

4.2  PE CVD of Silicon Nitride Films in the Far 
Afterglow

The processing of substrates in the decaying plasma, like the oxidation in an 
oxygen plasma introduced above, depends on the spatial distribution of the 
plasma parameters above the substrate. If the plasma is non-uniform with 
respect to the substrate surface, the resulting process (film deposition, oxidation 
or nitridation, etching, cleaning, plasma-ashing, etc.) will be non-uniform as 
well. Although the large-diameter plasmas would be naturally advantageous 
for uniform processes at smaller-diameters or small-diameter substrates, the 
basic arrangements for generation of the microwave plasmas (shown in 
Figure 2.11 in Chapter 2 and Figure 4.1 in this Chapter) can often suffer from 
the limited diameters of the discharge tubes. One example of the problem solu-
tion for the substrates with large surfaces is utilization of the space-resolved far 
afterglow (see Figure 3.5, Chapter 3). Such a method is based on the produc-
tion and transport of the long-living metastable species generated by the 
plasma far from the processing area. These active particles can be distributed 
over large processing areas containing the samples and can react with suitable 
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Figure 4.24  Floating potential measured by a flat electrode plate with diameter of 
40 mm made from different materials. The oxygen gas was admitted through the 
bottom of the discharge chamber and its pressure was pO2 = 0.27 Pa.
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures106

reactants to create homogeneous large-area processes. We will describe below 
an example of the high-quality silicon nitride films deposited by PE CVD pro-
cess on the 20 cm diameter substrate table, see also Refs. [4.38–4.40].

The first tests were made in a small laboratory arrangement with the 
coaxial Surfatron (shown in Figure 2.11f, Chapter 2) for the microwave gen-
eration of nitrogen plasma at P ≤ 200 W in a quartz tube and the plasma-
produced species divided into two inlets on sides of the glass reactor. An axial 
inlet to the reactor was terminated by a glass shower made from the fritted 
porous glass for diffuse delivery of the mixture 3% silane (SiH4) diluted in 
Argon (Ar). The chamber pressure was between 0.5 and 1 Torr, controlled by 
the pumping speed. Figure 4.25 shows this arrangement.

The Surfatrons were designed in 1970 by Michel Moisan and coworkers, see 
Refs. [4.41–4.43]. The coaxial Surfatron is a tunable coaxial cavity terminated 
by an outlet slit launching surface waves propagating in the axis and losing 
their power along the discharge tube. Surfatrons can generate long plasma 
slabs in a broad interval of frequencies with low reflected powers (<5%). The 
plasma can be generated without or with an external magnetic field in a broad 
range of pressures from 10–3 Pa (7.5 x 10–5 Torr) up to the atmospheric pressure. 
These properties make the Surfatron systems flexible and versatile, e.g. in the 
plasma generation at moderately reduced pressures accessible with simple 
mechanical pumps.

The low-power arrangement showed in Figure 4.25 revealed that, after 
switching on the plasma, the area around substrate became luminescent and 
the sample surface was slowly coated by a silicon nitride film. However, due to 
low microwave power (limited by the coaxial power cable), the film growth 
was slow. Moreover, the reaction area was limited by the 8.5 cm diameter glass 
reactor, which limited the size of the samples. Therefore, the system was 
upgraded to a 30 cm diameter cylindrical steel reactor, and the Surfatron was 
arranged for the high microwave powers by a water-cooled coaxial coupled 

N2

Surfatron

Inlet of
3%SiH4
in Ar

Plasma

Power

N metastables

Shower

PE CVD (chemiluminescence)

Substrate

Pump

Figure 4.25  Laboratory arrangement for PE CVD of Si3N4 films on substrates 
positioned outside the plasma region.
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4.2  PE CVD of Silicon Nitride Films in the Far Afterglow 107

with the rectangular waveguide. The schematic picture of this arrangement for 
deposition tests on substrates up to 20 cm in diameter is shown in Figure 4.26.

Figure 4.27 shows the whole arrangement and the view into the 30 cm diam-
eter steel reactor. Inside is the circumferential glass shower delivering an 
activated nitrogen (N*) and a planar inlet of the diluted silane using a fritted 
glass in an Al frame. This reactor was tested for industry applications, but it 
was still not enough for large sizes of substrates and lower deposition rates as 
compared to those required in mass production.

The processes of PE CVD of the Si-N films in this far afterglow reactor were 
studied by an optical emission spectroscopy (OES) through the reactor 
window. A weak background emission from the remote nitrogen plasma gen-
erated by the Surfatron was first detected without inletting the silane mixture. 

Pumping

3% SiH4
+ 97% Ar

N2

2.35 GHz
≤ 1 kW

Plasma

Surfatron
Substrates

Holder

Porous 
glass

N -
metastables

Chemiluminescence

ø 30 cm

Figure 4.26  Schematic of 
the experimental 
arrangement for PE CVD of 
silicon nitride films on 
large-area substrates.

Inlet 3% SiH4 in Ar

Shower N*

Substrate
table

Plasma

Figure 4.27  The system (left) operating with the Surfatron-generated nitrogen 
plasma. A view inside the reactor with 20 cm diameter substrate table (right). The 
substrate table was equipped with an ohmic heating and a water cooling system for 
temperature control.
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures108

After the silane (3% in Ar) was inflowed, an intense emission of a yellow-green 
chemiluminescence was observed. The detected optical emission spectra 
before (background) and after silane inflow are shown in Figure 4.28.

The optical emissions (identified according to Ref. [4.44]) revealed an impor-
tant role of the First Positive System of nitrogen molecules (1+N2) in forming of 
radicals of SiN, SiH, and NH. Further confirmation of the involvement of these 
radicals in the PE CVD process was found by measurements of the power and 
pressure functions of the relevant optical intensities of the heads of the most 
intense molecular bands in the emission spectra and their comparisons with 
the same functions of the growth rate of the Si-N film. These results are shown 
in Figures 4.29 and 4.30.

These comparisons indicated that the growth of the Si-N films was 
connected with the 1+N2 molecules and radicals SiN and SiH. The additional 
studies confirmed the presence of significant density of the nitrogen atoms N 
(4S) in the afterglow region, formed from 1+N2, see Ref. [4.39]. Therefore, PE 
CVD process is based on the following reactions with the N(4S), SiH and SiN 
radicals, see Ref. [4.40]:
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Figure 4.28  Comparison of the optical emission intensities of the background from 
the remote nitrogen plasma and a chemiluminescence from the chemical reactions 
between the SiH4 and active nitrogen particles from the remote plasma.
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4.2  PE CVD of Silicon Nitride Films in the Far Afterglow 109

An additional support to the considered reactions was a visibly longer outreach 
of the 1+N2 molecules compared to the 2+N2 molecules, as can be seen in 
Figure 4.31. This figure shows a photograph of the nitrogen plasma column 
generated by the microwave Surfatron. The length of the column corresponds 
with the displayed length of the emission of 1+N2 molecules.

Detailed tests of the properties of the afterglow grown Si-N films proved a 
high-quality stoichiometric Si3N4, see Ref. [4.45]. The films had the dielectric 
strength of up to 107 V/cm, resistivity up to 1017 Ohm cm and a refractive 
index between 1.85 and 1.92. The values of these properties can be affected 
and controlled by the process parameters, e.g. by the microwave power, gas 
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Figure 4.30  Comparison of the total 
gas pressure functions of intensities 
of the most intense band heads and 
the growth rate of the silicon nitride. 
The microwave power P = 500 W. 
Substrate temperature Tsub = 300°C.
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures110

flows, gas pressure, and sample temperature. Due to absence of the plasma in 
the PE CVD region and the low substrate temperatures, it was possible to 
deposit Si3N4 films directly onto the final semiconductor components without 
affecting their functions and properties. An example was a dielectric coating 
on power thyristors, see Figure 4.32. The far afterglow PE CVD systems con-
firmed possibility of quite large volumes and large-area depositions. To 
increase the film deposition rates further, such systems could utilize several 
generators of the microwave plasma delivering long-lived metastable parti-
cles, e.g. N(4S) atoms with uniform mixing of these particles with suitable gas-
eous precursors. Even though the growth rates of films in such systems might 
be still low (<100 nm/min), the process is well controllable and offers good 
film parameters. A similar process is not feasible for oxides because of short 
lifetimes of excited O* atoms.

Another interesting and important observation was made in the silicon 
nitride PE CVD. After the long operation of the deposition system, the quartz 
tube in the decaying part of the plasma and the whole inner part of the reactor 
were coated by an amorphous whitish powder, see Refs. [4.31, 4.46]. A 
consequence of this was that the growth rate of films was substantially reduced, 
see Figure 4.33 (for sccm units, see the Appendix). An infrared analysis showed 
this white powder contained nitrogen, hydrogen, and silicon bonds, with a 
prevailing density of N-H bonds. It indicated the transport tube walls were 
coated by PE CVD products containing a certain density of N-H bonds and 
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Figure 4.31  The comparison of 
the optical emission intensities 
of the band heads of 1+N2 and 
2+N2 molecules along the plasma 
column generated by the 
Surfatron.
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4.3  Microwave Plasma Jets for PE CVD of Films 111

these could effectively absorb the active nitrogen atoms necessary for the 
nitride film growth. The successive decrease of the film growth rate was 
observed also by other authors in the PE CVD of the Si-N films, see Ref. [4.47], 
and the Si-O films, see Ref. [4.48]. This effect evidently relates with the succes-
sive deposition of coatings absorbing the active species. All plasma reactors 
exhibit some kind of a memory based on a fouling of the walls, which affects 
the rates of the processes either after changing the process components or after 
long operation times. A periodic cleaning of the reactor is general requirement 
in all plasma processing practices. The cleaning (e.g. by a weak HF acid) was 
successful also in this case.

4.3  Microwave Plasma Jets for PE CVD of Films

The plasma processing is often needed on small areas or inside narrow profiles 
and tubes. The conventional microwave plasma systems are not useful, mainly 
because of the relatively high power (order of 0.1 to 1 kW) needed for genera-
tion and sustaining the plasma. Moreover, transport of the microwave power 

4 cm Si3N4

Figure 4.32  A set of the power thyristors coated by Si3N4 films in the far afterglow 
PE CVD.
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures112

into a reactor through dielectric windows is often accompanied by undesir-
able coatings on the window or even its damage. For example, hydrogen 
plasma on quartz can cause a reduction of the oxygen from silicon dioxide 
(SiO2) and result in an Si coating. As the silicon (Si) coating absorbs the 
microwave power, it increases the wall temperature, thereby enhancing the 
process and the local melting of the tube with the consequent vacuum leak. 
This can easily happen at higher microwave powers. Therefore, all windows 
almost always represent a weak part in the conventional microwave plasma 
systems.

To avoid problems with the windows a novel reactor was designed using a 
plasma slab generated by waveguide Surfatron as an antenna “electrode”, or by 
installing an auxiliary metal antenna electrode in the axis of the Surfatron, see 
Ref. [4.49]. Such system required low microwave power (order of only 10 W in 
most cases) for generation of a plasma slab or a plasma ball close to the sub-
strate. For testing of a broad range of plasma parameters, the gas tube with the 
plasma antenna or the metal antenna had adjustable lengths. This enabled one 
to optimize the antenna length for the resonance regimes or to work in a down-
stream regime, where the antenna acted as a microwave plasma jet for local 
film depositions.

The movable plasma antenna, i.e. the plasma slab can be narrow and can be 
applied inside narrow holes for processing purposes. Figure 4.34 shows about 2 
mm diameter plasma slab immersed in 6 mm diameter hole with 20 mm depth. 
In PE CVD applications, a slow shifting of the antenna in the hole can provide 
satisfactory uniform thickness of the film deposited inside. The described 
arrangement can be used to emphasize the bulk plasma processes by tuning the 
resonance in the reactor or to emphasize a narrow plasma slab in the plasma 
antenna for processing inside the hollow parts of the substrate. In this way, it 
was possible to plasma-treat complicated surfaces in one processing cycle.

Figure 4.35 shows the PE CVD test system with an adjustable length of the 
plasma antenna generated by the waveguide Surfatron (called the Surfaguide) 

Figure 4.34  The 2 mm diameter argon plasma slab generated by 10 W microwave 
power can be immersed into 6 mm diameter 20 mm deep hole.
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4.3  Microwave Plasma Jets for PE CVD of Films 113

in a tunable reactor (resonator) called the Surfajet or electrode microwave dis-
charge (EMD) or microwave antenna discharge (MWAD). The used steel 
reactor (15 cm in inner diameter) served as a microwave resonator. It was 
equipped with water-cooled walls and a movable short for adjusting the reso-
nance length and holding the substrates during processing. This movable short 
had controlled temperature by means of water cooling or by ohmic heating up 
to 800°C. The photograph of this shorting plunger is shown in Figure 4.36.

The resonance in the reactor required the proper length (l) of the antenna 
and the length (L) of the reactor vessel adjusted by the movable short, see 
Figure 4.37. The resonance position of the movable shorting plunger in the 
reactor was identified by the steep decrease of the reflected microwave power.

The Surfajet system was tested first for the PE CVD of diamond films, see Refs. 
[4.50, 4.51] and then for the CNx films, see Refs. [4.52, 4.53, 4.54]. For diamond 
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Mechanical pumps Reactor (resonator)
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(up to 800 °C)

Air cooling
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Spectroscopy
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Figure 4.35  The PE CVD system with the plasma antenna generated by the 
waveguide Surfatron. The working gas is fed inside or around the antenna and an 
auxiliary gas around the central tube. The movable sample table tuned the resonance 
and has controllable temperature.

Shorting
plunger

Figure 4.36  Detail of the movable short for 
the reactor with the central holder of 
samples. The inner diameter of the reactor 
was 15 cm and its side flanges were shielded 
by metal nets.
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures114

depositions, the gas mixtures composed of H2 + CH4 + O2 + Ar were examined. 
The films were deposited on Si and Mo substrates. Typical experimental param-
eters for the diamond deposition were: durations of 60–900 min, the incident 
microwave power Pinc = 300–700 W; the total reflection Pref/Pinc ≤ 10%, table tem-
perature ≤ 800°C; and total gas flow 300–600 sccm. The tested gas compositions 
related to 100% H2 were 0.5% – 2% CH4, (< 0.5% O2) and ≤ 50% Ar. Argon was 
used as a shielding gas. The total gas pressure measured close to the substrate 
was 2–10 Torr (2.7 x 102 – 1.3 × 103 Pa). The resulting diamond films are shown 
in Figure 4.38. All films exhibited sharp Raman peak at 1335 cm-1.

l = 70mm

R
ef

le
ct

io
n 

P
re

f /
 P

in
c 

x 
10

0 
[%

]

90
14

150 18060 120

16

18

20

22

24

30

Length L of the resonator [mm]

26

l = 30mm

Figure 4.37  Adjusting the reactor 
length L to resonance at two 
different lengths l of the antenna. 
Antenna gas was 300 sccm H2 + 
3sccm CH4. Auxiliary gas was 100 
sccm Ar + 1sccm O2. The incident 
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Figure 4.38  (a) Diamond film deposited on Mo substrate in the resonant regime 
with plasma antenna. (b) Diamond crystals on Si substrate (400 W, 750°C, 5 Torr), Ref. 
[4.49]. (c) Diamond crystals created on Si substrate by PE CVD with metallic antenna 
(200 W, 750°C, 15 Torr), see also Ref. [4.51].
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4.3  Microwave Plasma Jets for PE CVD of Films 115

4.3.1  Deposition of Carbon Nitride Films

At the microwave power, as low as 10 W, the growth rate of the CNx films from 
nitrogen and acetylene, in the Surfajet reactor with the metallic antenna in the 
axis of the Surfaguide cavity (shown above in Figure 4.35), reached the order of 
1 µm/min. This power was lower than the powers required in the PE CVD of 
diamond films. Because of the low power and the growth rate of C-N films was 
almost ten times faster than in most conventional methods (laser-assisted, 
ECR, or hot filament activation), such non-conventional microwave antenna 
system can be suitable for different small-scale industrial applications, e.g. in 
the microelectronic chip operations.

The axially installed microwave antenna was made from the stainless steel 
rod or tube, 6 mm in outer diameter and 4 mm inside. It served as an inlet of 
the N2 + C2H2 gas mixture. However, for better film uniformity, the gas was 
often admitted around the antenna and not through it. The N2 flow was 500 
sccm or 250 sccm, mixed with different flows of C2H2 selected in the interval 
between 1 and 5 sccm. Figure 4.39 shows the photograph of the Surfajet system. 
The microwave tuning elements used in this system were the following: the 
movable coaxial plunger-tuner inside the Surfaguide, the waveguide short at 
the end of the power line, and the movable sample holder-plunger short in the 
reactor chamber (detailed view is in Figure 4.36 above).

The CNx films were deposited by the PE CVD for 10 minutes at the microwave 
power selected between 10 and 50 W. The microwave plasma generated in the 
mixture of nitrogen with acetylene had a typical spherical shape with a 

Surfaguide

Reactor-
resonator

Tuning

Waveguide

Pumping

Figure 4.39  The Surfajet system with 15 cm inner diameter reactor-resonator. The 
mechanical pumping system consisted of Roots blower and two-stage rotary pump.
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures116

diameter dependent on the dissipated power in the reactor and on the reactor 
pressure, see Figure 4.40. The plasma ball diameter decreased with the 
increasing gas pressure and increased with the increased microwave power. 
Diameters of films deposited on the Si samples, alternatively on paper or trans-
parent plastic foils, were limited by an auxiliary steel mask to 20 or 30 mm

Detailed observations revealed that, at higher pressures, the plasma ball 
acquired more intense central part, which led to a thickness peak in the film 
center. Above a certain pressure, the maximum growth rate decreased. 
However, this depended on the applied microwave power, see Figure 4.41.
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Figure 4.40  Photographs of the ball plasma generated in N2 + C2H2 gas at different 
microwave powers for two reactor pressures. Diameter of the plasma ball depends on 
both parameters.
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substrates.
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4.3  Microwave Plasma Jets for PE CVD of Films 117

The maximum thickness in the center of the sample was observed at short 
distances of the sample from the antenna electrode or at gas pressures less than 
1 Torr. The film growth rate always increased with the increased microwave 
power, see Figure 4.42.

Typical examples of the CNx films grown for 10 minutes on Si substrates at 
different temperatures are shown in Figure 4.43. The film grown at room tem-
perature had poor adhesion.

The CNx films grown on silicon in the antenna-arranged Surfajet plasma in 
the N2 + C2H2 mixtures had mostly fibrous structures with the nitrogen content 
of x ≈ 10 %. The diameter of the fibers decreased with the deposition tempera-
ture, see Figure 4.44.

The structure of the CNx films on Si substrates differed from films on the Al 
foil substrates, see Figure 4.45.
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Figure 4.43  An example of thick CNx films grown at 10 W microwave power for 10 
minutes on Si substrate unheated (a) and heated to 700°C (b). Gas pressure was 1 Torr. 
Thick film grown at room temperature had high compressive stress and poor 
adhesion.
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures118

The fibers were grown to diameters of almost 10 µm. Such thick columns 
had good adherence to the substrate, and they followed scratches on its sur-
face. The low temperature of substrates during PE CVD allowed also coating of 
plastics and paper (see Section 4.3.2).

The measurements of the vibrational temperature (Tv or Tvib) of N2 molecules 
revealed that the chemical activity of the nitrogen-based reactive microwave 

(a) (b)

Figure 4.44  The SEM images of fibrous structures of the CNx (x ≈ 10 at%) films 
grown by the microwave antenna PE CVD at 1 Torr (30 W, 2.4 GHz, 250 sccm N2 + 2.5 
sccm C2H2). Fiber diameter decreases from about 1-3 µm at 300°C (a) to about 80 nm 
at 550°C (b). Ref. [4.52].

Figure 4.45  An aluminum foil substrate coated 10 minute by the CNx film in the 
Surfajet reactor.
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4.3  Microwave Plasma Jets for PE CVD of Films 119

plasma depended on the vibrational temperature, which affected the rate of 
plasma chemical processes. For vibrational temperature see Chapter 2, Section 
2.5.2. The Tvib was estimated from the N2 (C3∏u) band intensities, see Ref. 
[4.55]. The experimental error of the temperature values didn’t exceed ± 200 K. 
Because the C2H2 content in nitrogen was low (≤1%), the radial profiles of Tvib 
were calculated from the emission spectra of the N2 + C2H2 plasma for two N2 
flows. The distribution of the vibrational temperature Tvib across the plasma 
ball is shown in Figure 4.46, together with the radial profiles of the film 
thickness.

At lower nitrogen flowrates, a slight increase appeared in the vibrational 
temperature around the central part of the plasma. Even this tiny feature was 
followed by a visible increase of the film growth rate in the central part of the 
substrate.

4.3.2  Surfajet Plasma Parameters and an Arrangement for 
Expanding the Plasma Diameter

The Surfajet plasma generated with the metallic antenna in the axis of the 
Surfaguide was analyzed by the Langmuir probes (for probes, see Appendix). 
Some of the results were published, see Ref. [4.56]. The used double Langmuir 
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Figure 4.46  Vibrational temperature of the N2 (C3∏u) emission system measured 
across the plasma ball (a). Radial profile of the CNx film thickness after 10 minute PE 
CVD at 10 W and 1 Torr, (b) and at 50 W and 0.5 Torr, (c).
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures120

probe consisted of two parallel tungsten wires 100 µm in diameter with 1 mm 
long uninsulated parts, at 3 mm distance from each other. The glass insulation 
was used on the rest of the probes, and a conductive tube holding the system 
served as an electrical shielding. The probes were used for measurements of 
the saturated ion current (at –50 V DC) and an electron temperature estimated 
from the slope of the probe characteristics. The plasma was generated in 
hydrogen or in H2 + CH4, similar as with the deposition of diamond films. 
Because the probe can be affected by the microwave field, the measurements of 
the electron temperature were performed in the region outside the central 
plasma column. The measured values of the electron temperature were about 
1–3 eV. For estimates of the plasma density using the expression in Eq. (4.2) in 
Section 4.1.2, identifying the contributing ions was necessry. In the hydrogen 
plasmas with the degree of dissociation below 50%, the most abundant ions are 
H3

+ produced by the ion conversions. Considering the surface of the probes for 
the collecting of ions in the saturated ion current Is the hydrogen plasma 
density was estimated to be about 2 1011 cm–3 in the center of the system, with 
an exponential drop in the radial direction, see Ref. [4.56].

Further studies of the Surfajet system confirmed that expanding the diam-
eter of the plasma ball by conical termination of the antenna is possible. Figure 
4.47 shows the schematic illustration of the Surfajet arrangements with the 
cylindrical antenna and the conical antenna. The figure shows position of the 
movable Langmuir probe about 4 mm above the surface of the substrate. It is 
also shows how the individual gases were inflowed into the reactor. The 
arrangement illustrated in Figure 4.47b had a 20 mm diameter bottom of the 
conical antenna. It was tested for the diamond films at high substrate temper-
atures, higher powers and for the low-power PE CVD depositions of the CNx 
films.

Ar

Langmuir
probe

H2+4%CH4 H2+4%CH4

Langmuir
probe

Ar

r r(a) (b)

Figure 4.47  Comparison of the cylindrical antenna (a) and a conical antenna (b) in 
the Surfajet reactor. The reactor was arranged with the Langmuir probe for the 
parameter measurements.
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4.3  Microwave Plasma Jets for PE CVD of Films 121

The measurements of the saturated ion current in the gas mixture of H2 + 
CH4 showed that, at an identical power, the conical antenna was capable to 
expand the plasma density to larger radius, which enabled depositions on 
larger substrate diameters. Figure 4.48 shows the comparison of the saturated 
ion current distributions for cylindrical and conical antennas.

Figure 4.49 shows the comparison of the real discharges in the mixture of 
N2  + C2H2. The expanding of the plasma diameter at identical microwave 
power is visible.

As an example, the filter paper substrate coated by the CNx film at an area of 
30 mm in diameter in the Surfajet device with the conical antenna of 20 mm 
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Figure 4.48  Comparison of the normalized saturated ion currents in the plasma of 
H2 + CH4 for the cylindrical and conical microwave antenna.

Figure 4.49  Surfajet discharges in N2 + C2H2 at microwave power of 50 W and 1 Torr 
pressure.
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures122

in diameter was capable to hold the water droplet, see the photograph in 
Figure 4.50.

It is possible to conclude that the described non-conventional arrangements 
used in the Surfajet reactor could be useful for different PE CVD applications 
on small components.

4.4  Hybrid Microwave Plasma System with 
Magnetized Hollow Cathode

An original hybrid plasma source (called HYP) combined the microwave ECR 
plasma with the magnetized hollow cathode was designed as a system sharing 
the common magnetic field. The microwave ECR systems generate 
high-density plasmas, but due to the high frequency, the main energy receivers 
are electrons. On the contrary, the RF or DC generated hollow cathodes gen-
erate the plasma with high energy ions. Therefore, a synergetic combination 
of both sources enabled a controllable process in the plasma density and the 
ion energy for the plasma processing. A schematic illustration of the hybrid 
source (HYP) designed, developed and tested by the authors is in Figure 4.51, 
see Ref. [4.57].

The HYP source combined an ECR microwave plasma generated in a horn 
waveguide antenna by the magnetic field with the ECR induction level posi-
tioned at the outlet slit of an RF-powered parallel-plate hollow cathode 
installed inside the antenna horn. The hollow cathodes of several forms, 

Water

1 cm

Figure 4.50  A filter-paper substrate coated 10 min by the CNx film on a 30 mm 
diameter area was capable of keeping the water droplet.
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4.4  Hybrid Microwave Plasma System with Magnetized Hollow Cathode 123

particularly those generated by the radio frequency (RF) or a pulsed DC power, 
have been described in many applications, see, e.g. Refs. [4.58–4.61]. The linear 
parallel-plate hollow cathode operated in the magnets-in-motion (M-M) 
arrangement in the HYP source used rotatable magnets with periodic changes 
of the magnetic polarization across the outlet slit of this linear cathode. The 
photograph in Figure 4.52 shows the front view of the HYP source with the 
waveguide horn antenna coupled to 2.4 GHz power (up to 2 kW) and the 
coaxial cable connecting the RF generator 13.56 MHz (up to 3 kW) to one side 
of the M-M hollow cathode with 16 cm long slit between cathode plates 
installed in the horn antenna.

The ECR magnetic field (≈ 875 G) was generated by two opposite rotatable 
strong permanent magnets (NdFeB) positioned at the level of the outlet slit of 
the M-M hollow cathode. The microwave power was applied by the rectangular 
waveguide to the horn antenna through the special sealed ceramic window. 
Such a window was described in Figure 1.18 (Section 1.4.5, Chapter 1). The 
whole assembly with the antenna and the linear M-M hollow cathode was 
pumped by simple vacuum system composed of the diffusion pump 700 l/s 
(Diffstak 160/700 P) backed by a Roots blower coupled with the 80 m3/h rotary 
pump. The working gas (Ar, N2 or their mixture) was introduced between the 
parallel plates of the hollow cathode. The hollow cathode was powered from 
the RF generator through an automatic matching unit. Figure 4.53 shows two 
modes of the plasma in the HYP reactor: the ECR microwave plasma alone and 

RF

Microwaves

Rotatable
magnets

Gas

Waveguide

Horn 
antenna

Linear hollow cathode

Substrate

ECR + hollow cathode plasma

Pumps

Figure 4.51  Schematic illustration of the hybrid plasma source (HYP) combining the 
ECR microwave plasma with the magnetized M-M hollow cathode source with a pair 
of the cathode plates powered by the radio frequency generator.
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4  Microwave Plasma Systems for Plasma Processing at Reduced Pressures124

the hybrid plasma consisted of the microwave ECR plasma with the RF gener-
ated hollow cathode plasma. To protect the microwave radiation from the 
reactor, the window was shielded by a metallic net.

The plasma parameters in the HYP reactor were measured by a movable 
double Langmuir probe installed 15 cm below the outlet of the M-M cathode to 
be far from the strong magnets. Part of the results was published, see Ref. 

RF coaxial
cable

Horn 
antenna

Shielded window

Figure 4.52  The front view of the HYP source for the 2.4 GHz microwave power and 
13.56 MHz RF power. The vacuum chamber has 450 mm of the inside diameter and 
the water-cooled walls.

5 cm

(a)

(b)

Figure 4.53  View on the argon plasma at 6 mTorr (0.8 Pa) pressure in the HYP 
source through the window shielded by a metallic shielding net. (a) The ECR plasma 
at 1 kW. (b) The ECR plasma with the RF hollow cathode plasma generated by the 
M-M source at 1 kW power.
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4.4  Hybrid Microwave Plasma System with Magnetized Hollow Cathode 125

[4.62]. Figure 4.54 shows the results of the Langmuir probe measurements of 
the plasma density (ion density = electron density) and the electron tempera-
ture generated by individual plasma sources in the central part of the HYP 
reactor 15 cm from the hollow cathode outlet, in different mixing of N2 with 
Ar. The hollow cathode can generate higher plasma density because it pro-
duces focused stream of the plasma while the ECR plasma is being distributed 
in the volume. The plasma density, generated simultaneously by both sources, 
could reach over 6 × 1011 cm–3 at 1 kW of the incident powers delivered from 
the RF and the microwave generator, in pure argon at chamber pressure of  
6 mTorr (0.8 Pa). Accounting for the reactor volume of about 60 dm3 (60 liters), 
this density classifies the HYP source as the high-density plasma source.

The HYP source was found to be efficient in the depositions of films. The 
reactive PVD was tested for TiN and CrN films, and the PE CVD regime was 
tested for the carbon-based films. The presence of the microwave power is ben-
eficial for enhancement of the ionization, but it can affect conditions of the 
substrate itself during the deposition. As explained in Chapter 1, Section 1.4.7, 
Table 1, the microwave power can be absorbed efficiently in the silicon sub-
strates and can slightly increase the surface temperature. This improves the 
coated TiN film adhesion and a tightness of the interface between the Si sur-
face and the film.
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Figure 4.54  The ion density and electron temperature measured by double 
Langmuir probe 15 cm below the hollow cathode outlet for different mixtures of 
argon with nitrogen.
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Examples of the 1 µm thick and highly (111) textured TiN films deposited on 
silicon and stainless steel substrates deposited in the HYP source are shown in 
Figure 4.55. Typical texture of the films was almost always in the “zone T” of 
the Thorton’s texture model for the sputtered PVD films, see Ref. [4.63].

Figure 4.56 shows the depth profiles of the elemental atomic contents mea-
sured in the deposited films. The profiles clearly confirmed the stoichiometric 
TiN film, i.e. 50% Ti and 50% N. Typical growth rates of these films in the HYP 
source were between 0.1 and 0.3 µm/min, which is about 1.4 times higher than 
in the magnetron sputtering systems under comparable conditions. Moreover, 
in the reactive PVD of the CrN films, the obtained growth rates were 4 µm/
min, which are inaccessible in the magnetron sputtering devices.

Deposition processes in the low-pressure microwave systems, like the HYP 
source, can coat the microwave power inlet window and cause lowering of the 
delivered power or crash of the window. Therefore, preventing or slowing the 
coating on the window was necessry. A simple solution was an “S” profile of 
the waveguide connected to the horn antenna chamber. Figure 4.57 shows this 
solution.

1 µm
Si Steel

TiN TiN

Figure 4.55  The scanning electron microscope (SEM) image of the fracture cross-
sections of the 1 µm thick TiN films on silicon and on stainless steel substrate.
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Figure 4.56  The ESCA depth 
profile in the 1.5 µm thick TiN 
film deposited 10 min by the 
reactive PVD on Si substrate in 
the HYP source. The process 
parameters: 6 mTorr, 70 sccm 
(Ar + 10% N2), RF power 3 KW, µW 
power 1.2 kW.
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Another important observation was made during the HYP source coating on 
the ferromagnetic steel substrates. When the HYP source was used for the PVD 
of TiN films on ordinary steel substrates, the directions of ion fluxes in strong 
magnetic fields were affected by changes of the field geometry and attracted to 
the substrates. The ferromagnetic material of the substrate attracted the 
magnetic power lines to its surface and enhanced the ion bombardment. This 
was not observed in case of the diamagnetic samples, including austenitic 
steels. The effect was confirmed on the steel components made as a combination 
of the austenite (diamagnetic) steel and the martensite (ferromagnetic) steel. 
Deposition of such a component revealed different film quality (adhesion, 
roughness), better on the austenite surface than on the martensite surface. 
Such effect is of a more general validity. It was tested and verified in the con-
ventional magnetron sputtering, see Ref. [4.64].

The HYP source deposition experiments on the silicon and steel samples 
revealed differences in the sample temperature measured during PVD. The 
higher temperature of the silicon samples can be caused by the absorption of 
some part of the microwave power not consumed for the generation of the 
plasma. In addition, it was confirmed that the PVD process can be affected by 
the substrate bias, but due to different electric resistances of the silicon and the 
steel, the resulting ion bombardment was different, see Ref. [4.65]. Therefore, 

Figure 4.57  Vacuum chamber (horn antenna) of the HYP source with the “S” profile 
on the waveguide inlet. The bottom flange of the chamber is arranged for the 
rotatable magnets.
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the optimal PVD conditions must always be tuned to the individual substrates 
to be coated.

In summary, the advantages of the HYP sources for coating processes were 
the following:

	● High or very high maximum film deposition rates.
	● Ion-assisted film growth due to high-density plasma, which enables excel-

lent films.
	● Microwave radiation-assisted growth affecting several growth mechanisms, 

e.g. the process chemistry, surface temperature.
	● A possibility of fast and efficient PE CVD regimes.
	● Unique possibility to combine the PVD and PE CVD regimes.

Some drawbacks found in the tested arrangement of the HYP source were the 
following:

	● A complex system, which required simultaneous operation of two power 
sources.

	● A small target area producing metal particles in the PVD regimes (a narrow 
slit-type target, the cathode length is limited by the size of the microwave 
horn antenna).

	● High cathode temperature necessary for the fastest arc-assisted PVD regimes.

Simple estimates accounting the operation parameters used in the HYP source 
confirm possibility of upgrading the system for industrial scale coating of mul-
tiple components, like engine valves, drills, or small tools. A simple design of 
such a device with two HYP sources, in Figure 4.58 confirms feasibility of an 
industrial usage of the HYP sources in mass production.

Based on numerous experiments with the HYP source, evaluating the advan-
tages of the industrial coating device is possible, for example on principal 
design of an industrial device shown in Figure 4.58. The length of the hollow 
cathodes in the device can be about 16 cm and the deposition area will be about 
3 cm wide. The typical PVD rate for hard TiN films is 0.2 µm/min; for hard CrN 
films, it is over 1 µm/min. For the PE CVD of hard carbon films (DLC = dia-
mond like carbon), the rate can be about 5 µm/min. Reliable estimates of the 
production time, including pumping time for the flat components with about  
3 cm in diameter, give about 200 pieces coated per hour at the estimated cost 
per piece of less than 0.025 EUR. Because of good properties confirmed in the 
coatings obtained by the HYP devices, a high probability exists for successful 
utilization of such non-conventional devices in the industry with a short time 
of the investments return for the building and installation. An additional 
option is for example application of 24 cm microwave systems (1.25 GHz), with 
rectangular waveguide (WR770) having inner dimensions roughly a ≈ 196 mm 
and b ≈ 98 mm, at about two times higher microwave power and with double 
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lengths of the linear hollow cathodes inside. However, these ideas remain 
theoretical.
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5

Microwave Plasma Systems at Atmospheric and 
Higher Pressures

In Section 2.2, Chapter 2, we introduced the Paschen curve, which showed the 
function VB = f(p d) and described how the breakdown voltage (VB) depends on 
the gas pressure p and the distance d between two electrodes. The Paschen curve 
has a typical valley shape, which is similar for all gases; however, the values of 
p, d and VB are different. Figure 5.1 shows a detailed Paschen curve for air.

In contrast to the low-pressure breakdown, the necessary breakdown voltage 
in dry air at atmospheric pressure in a gap of 1 cm between electrodes is about 
30 kV, even when the distance is d ≈ 1 mm the ignition of the plasma still 
requires 3.2 kV in air, 1.5 kV in Ar and 0.75 kV in He, see Refs. [5.1, 5.2]. This 
explains why the ignition of atmospheric plasma needs a high voltage or small 
distance between electrodes. Due to high collision frequency and corresponding 
short mean-free paths, the atmospheric plasma usually has a limited spatial 
outreach. It will be shown later, e.g. in Section 5.2, Figure 5.8, that the outreach 
of the plasma can be prolonged by the flowing gas or by working in some kind 
of a decaying plasma or in a near afterglow. These terms were explained in 
Section 3.4, Chapter 3.

If the breakdown is performed by a radio frequency (RF) power (the fre-
quency order of 10 MHz) instead of a DC power, the amplitude of the 
breakdown electric field is somewhat lower. Our measurements of the RF 
breakdown at atmospheric pressure in fused hollow cathode systems with 
about 1 mm gap between the RF biased cathode and a grounded counter elec-
trode showed the peak-to-peak voltages of 1.2 kV in air, 0.4 kV in Ar and 0.18 
kV in Ne, see Ref. [5.3]. However, with a frequency increase, the breakdown 
voltage can increase again. Measurements, reported in Ref. [5.4], performed at 
2.86 GHz with 180 ns pulses in air at atmospheric pressure between two 
opposite pins in waveguide, showed about 6.2 kV/mm in air. On the other 
hand, the study of the gas breakdown in a discharge tube passing through a 2.4 
GHz rectangular TE10 waveguide cavity section (similar to the arrangement in 
Figure 2.11a, Section 2.5.3, Chapter 2), showed lower values, e.g. only about 
0.14–0.17 kV/mm for Xe, Kr and Ar, see Ref. [5.5]. In Ref. [5.6], the breakdown 
in air at 9.4 GHz was estimated to 0.28 kV/mm. The interpretation of the 
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breakdown measurements is always complicated because the breakdown is 
affected by the secondary electron emission coefficient of the metal in used 
electrodes and by electrode shapes. Because the atmospheric breakdown 
voltage is often considerably higher than the voltage needed for maintaining 
the discharge, many atmospheric plasma sources, particularly those working 
with air and molecular gases, require certain ignition tools, e.g. sparks, high 
voltage spikes.

5.1  Features of the Atmospheric Plasma and Cold 
Atmospheric Plasma (CAP) Sources

Contrary to the well-known and established thermal plasmas (used mostly in 
pyrolytic processes, e.g. in metallurgy, waste incinerations, or spray coating 
technology, at high powers, and at energy equilibrium between particles), the 
cold plasmas at the energy non-equilibrium use rather low-power generators 
with special electrode-launching or power-launching- arrangements. Many 
sources and processes have been described and characterized in publications, 
e.g. see review in Ref. [5.7]. Moreover, a few reports and extensive reviews 
describe different principles and applications of the CAP, with numerous 
related references, which reflects an enormous interest in this technology. For 
example, recent publications describe the following:

	● Interactions of cold plasma with solid surfaces for surface activation and 
improved adhesion of subsequent coatings or paints, see Refs. [5.8–5.10].
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Figure 5.1  The Paschen curve data for breakdown voltage (VB) measured for dry air 
between DC-biased electrodes at the distance gap of one inch (25.4 mm). The 
highlighted area in the graph represents typical parameters used in reduced-pressure 
and low-pressure plasma processing devices.
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5.1  Features of the Atmospheric Plasma and Cold Atmospheric Plasma (CAP) Sources 137

	● The PE CVD of silica films, see Ref. [5.11].
	● Processes of impregnation and treatment of textiles, see Ref. [5.12].
	● Deposition of carbon nanotubes, see Ref. [5.13].
	● Interactions of atmospheric plasma with liquids, see Refs. [5.14, 5.15].
	● Treatments of implants or biological and organic surfaces including food, see 

Refs. [5.16–5.19] and plasma medicine, see Refs. [5.20–5.23].
	● Applications in the agriculture for enhanced germination of seeds, see Refs. 

[5.24–5.26].

More examples and new trends in the use of cold atmospheric plasma (CAP) 
will be described also in Chapter 6.

At one atmosphere and room temperature, the mean-free paths are roughly 
between 0.1 and 1 µm, and the high collision frequency has the tendency to 
quickly settle the energy equilibrium between plasma particles. The high-energy 
heavy particles (molecules, atoms, ions) at high pressure composes typically a 
thermal (hot, or equilibrium) plasma. On the other hand, the generation of cold 
plasmas (low energy, non-thermal, non-equilibrium) at high pressures requires 
selective delivery of the power from the generator to the electrons and not to heavy 
particles. Therefore, arranging the plasma generation system is necessary to pre-
vent the heavy particles from absorbing the delivered power. Several methods 
enable such requirements. The five most typical ones are characterized below.

(1) High-frequency AC electric fields and short DC pulses:
The high-frequency field is an advantage for the microwave power. It leads to 
the decoupled movements of electrons and ions due to their different masses, 
i.e. we know that the electrons are about 1000x lighter than ions. In the high-
frequency fields, the space-charge sheaths are thinner, ion energies are lower, 
and the electrode phenomena become less important. Moreover, the high-
frequency AC and pulsed DC discharges can be generated without contact of 
the electrodes with the plasma gas, and they can work as electrodeless glow 
plasma. Due to a short incidence time, the nanosecond DC pulses (shorter than 
about 100 ns) cannot form microarcs (streamers) and filaments. Such protec-
tion against arcing does not need any help from some of the dielectric barriers, 
see Ref. [5.27].

(2) Selection of suitable gas:
Molecular gases are generally more complicated than atomic ones because 
they tend to absorb power into their inner energy states (e.g. to the vibration or 
rotation of the atoms in the molecules). Therefore, among the most compli-
cated molecular gases are air, O2, and CO2. The atomic gas is easier to work 
with. The best choice for the atmospheric plasma is helium (He) because of 
several reasons. The helium plasma allows the fastest production of secondary 
electrons by the gamma processes (see Townsend coefficient gamma in Section 
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5  Microwave Plasma Systems at Atmospheric and Higher Pressures138

2.2, Chapter 2) because the He atoms are small (the He atom has diameter 2.8 
Å, air molecule has 9.7 Å) and exhibit lower collision frequency at atmospheric 
pressure than other gases (about 10 GHz in He compared to about 60 GHz in 
air). Moreover, a high thermal conductivity in helium gas can suppress 
formation of local hot streamers.

(3) Fast-flowing gas and stabilization of the plasma by high gas flow rates:
The high rates of the flowing gas have obvious cooling effects, which prevent 
transitions of the glow discharge into the hot arc. Fast-flowing gas particles can 
be expected to be in the plasma generation area for a shorter time (i.e. residence 
time). Moreover, the fast-flowing gas is beneficial for the expanding of the 
plasma and increasing its spatial outreach. It is often used in different 
microwave powered atmospheric plasma jets at powers of several kilowatts.

(4) Dielectric barriers between electrodes = suppressed corona = DBD:
Dielectric barriers prevent the ohmic currents and limit the current values. 
Material of the dielectric barrier discharge (DBD) is important because of dif-
ferent charging and an assistance in the Penning ionization. Electrets are use-
ful, e.g. Mylar. In the DBD systems, only AC or pulsed DC fields can generate 
plasma because the conductive (ohmic) DC currents cannot flow through the 
dielectric and the power circuit allows only displacement AC currents (like in 
the capacitors). An accumulated charge on the dielectric during one polarity of 
the electric field is compensated by an opposite charge during an opposite 
polarity of the alternating electric field.

(5) Special shapes of the electrodes:
Sharp electrode edges create high electric fields, which help in the electric 
breakdown. Brush-type electrodes, see Ref. [5.28], and mesh-type electrodes, 
see Ref. [5.29], were proved to keep the glow-type discharges in the DBD sys-
tems without filaments (streamers) representing the local filamentary arcs.

Probably the first CAP system was presented in 1857 by W. Siemens, see Ref. 
[5.30], and in 1860 by T. Andrews and P.G. Tait, see Ref. [5.31]. Both these sys-
tems were based on the DBD arrangement. Siemens used his device for the 
production of ozone. In 1941, G.D. Cristescu and R. Grigorovici reported a 
high-frequency (10–70 MHz) coaxial electrode arrangement, see Ref. [5.32], 
followed by L. Mollwo in 1958 with a microwave coaxial (940 MHz) system 
capable to generate about 2 cm long torch in air, see Ref. [5.33]. Figure 5.2 
shows the Mollwo’s microwave plasma torches.

Figure 5.3 shows schematic illustrations of the most common CAP devices 
generated by an AC, pulsed DC, or RF power with different arrangements of 
dielectric barriers.

Figure 5.4 shows microwave and very-high-frequency powered CAP sources. 
See also Refs. [5.2, 5.7, 5.34, 5.35].
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5.1  Features of the Atmospheric Plasma and Cold Atmospheric Plasma (CAP) Sources 139

Most of the microwave power systems for generation of atmospheric plasma 
is based on a waveguide power lines with simple quartz reactor tube, like in 
Figure 5.4a. However, arrangements of the microwave launchers for genera-
tion of the atmospheric plasma can be designed with different shapes and 
sizes of electrodes. Interestingly, even simple microwave ovens (Section 1.5, 

Figure 5.2  Plasma torches in air at atmospheric pressure at 32 cm wavelength and 
about 100 W power, see Ref. [5.33]. The longer torch of about 2 cm long had an 
estimated temperature of 3500 °C.
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Streamers Dielectric 
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Figure 5.3  Examples of the most frequently used cold atmospheric plasma systems 
and their arrangements for treatment of substrates (or gases). (a) Simple corona 
discharge. (b) Dielectric barrier DBD systems with one or both electrodes screened by 
the dielectric. (c) Coplanar DBD system for large area applications, Based on  
Ref. [5.34]. (d) A DBD for processing at both sides.
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5  Microwave Plasma Systems at Atmospheric and Higher Pressures140

Chapter 1) are used for atmospheric plasma experiments and surface processing 
applications, e.g. see Ref. [5.39]. The microwave oven can be used for under-
water plasma processes with the special shape of submerged electrode focusing 
the microwave power and generating the plasma, see Ref. [5.40]. The microwave 
atmospheric plasma in liquids will be described in more details in Section 5.4.

5.2  Atmospheric Microwave Plasma Sources 
Assisted by Hollow Cathodes

The microwave system shown in Figure 5.4c has a non-conventional design, 
and its construction and applications will, therefore, be described in more 
detail. This novel hybrid source with a microwave antenna, which can work 
simultaneously as a hollow cathode, was patented in 1999, see Ref. [5.41]. 
The features and applications of this source were presented in several papers, 
see Refs. [5.37, 5.42–5.45]. The source is the Hybrid Hollow Electrode 
Activated Discharge (H-HEAD), and its principle is illustrated schematically 
in Figure 5.5.

The principle of the H-HEAD source, shown schematically in Figure 5.5, is 
similar to the Surfajet device working at reduced gas pressures and described 
in Figure 4.35 (Section 4.3, Chapter 4) and in Figure 4.47a (Section 4.3.2, 
Chapter 4). It has a coaxial arrangement installed in a waveguide, similar to the 
waveguide Surfatrons, see Ref. [5.46], but it is arranged with a central metallic 
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Figure 5.4  Examples of the high frequency and microwave powered cold 
atmospheric plasma systems and arrangements. (a) Simple coaxial discharge system 
by Mollwo, Based on Ref. [5.33]. (b) Rectangular waveguide system with the dielectric 
reactor passing the tapered section. (c) Novel hybrid system with a microwave 
antenna working as a hollow cathode, Based on Ref. [5.37]. (d) High microwave power 
system with special resonator for large diameter reactors (e.g. see Ref. [5.38]).
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antenna terminated by a gas nozzle, which can serve as a hollow cathode pow-
ered by DC, RF, or a pulsed DC power.

The microwave power forms surface waves propagating along the antenna 
and further along the interface between the generated long plasma column 
(i.e. the plasma plume) and the surrounding air. The microwave surface-wave-
generated plasma can help in starting the hollow cathode plasma and vice-
versa the hollow cathode plasma can help in starting the microwave 
surface-wave plasma. In this hybrid arrangement, the microwave plasma can 
control the plasma density and the hollow cathode can control energy of the 
charged particles. The system allows combinations of gases if required for 
certain plasma-chemical reactions. Figure 5.6 shows the effect of the hollow 
cathode on the performance of the argon plasma.

The hollow cathode effect inside the 0.5 mm diameter nozzle is connected 
with an enhanced ionization due to oscillating electrons between inner walls 
of the nozzle and an ion bombardment of the inner walls, which results in an 
evident heating of the nozzle walls. Figure 5.6 shows the contribution of the 
hollow cathode was detected on an increasing temperature of the substrate 
holder positioned at 25 mm distance from the source.

The substrate temperature at the microwave power of 400 W is relatively 
high, see Figure 5.6. However, at power ≤ 50 W, the plasma plume is not hot, 
see Figure 5.7.

The authors’s previous experience with different low-power microwave gen-
erators for the CAPs confirmed somewhat better performance of classical vac-
uum-tube-driven high-voltage electronics compared to the advanced 
semiconductor-based microwave generators. The tube-driven high-voltage 
supply for the magnetron generator gave more stable power from about 10 W. 

Figure 5.5  The H-HEAD source with a microwave antenna working as a hollow 
cathode.
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5  Microwave Plasma Systems at Atmospheric and Higher Pressures142

The more modern semiconductor electronics was more rigid and remained 
stable rather for higher powers exceeding 100 W. However, this might not be 
the case with the newest generators.

Due to specific surface-wave generation, the H-HEAD source could form 
about 200 mm long plasma plumes in argon and about 60 mm long plumes in 
air, see Figure 5.8.

As it can be seen in Figure 5.8, in addition to the possibility to generate long 
atmospheric plasma plumes, the source can work at low gas flows compared 
to the flows used in the low-pressure plasma systems. This represents a non-
conventional and unique feature of the H-HEAD sources. The reason for such 
an advantage is given by the dependency of the length of the surface-wave 
transport on the interface between the plasma and the surrounding air. If the 
gas flow is laminar, this interface is smooth, and the surface waves can prop-
agate to long distances and produce long plasma plumes. By increasing the 
gas flow rate, the interface forms eddies connected with the turbulent flow. 

250 sccm

400 W 400 W

0.5 µs, 250 kHz, 0.25 A, 50 W

920°C 1020°C

Figure 5.6  The effect of the pulsed DC hollow cathode (0.5 µs, 250 kHz, 50 W) on the 
power transferred by the plasma plume in the H-HEAD plasma source. The nozzle 
became hot.

200 sccm Ar

≤ 50 W

Figure 5.7  The cold plasma jet at 
low power generated without a 
hollow cathode.
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The  interface is not smooth any more, which shortens the propagation dis-
tance of the microwave surface waves and, therefore, the length of the plasma 
column. Figure 5.9 shows an experimental proof of these effects in argon 
plasma plumes generated at 400 W microwave power.

The principle of the hybrid atmospheric plasma source was tested on a novel 
construction of a brush plasma so as to test the feasibility of an atmospheric 
plasma system for large-area processing. In the laboratory conditions with 
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Figure 5.8  Comparison of lengths of 
the atmospheric plasma jets generated 
in air and in argon by the H-HEAD 
source without the contribution of the 
hollow cathode, see also Ref. [5.43].
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H-HEAD source on the argon flow rate.
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limited available gas flow rates, the system was generated at Ar flow rate up to 
30 slm (30 000 sccm), see Figure 5.10.

The microwave antenna in this construction was represented by several 
pairs of parallel plates, and the stable plasma regime depended on the higher 
gas flow rates. The limited gas flow rate limited the maximum applicable 
power due to heating of the antenna plates. The possibility of broader plasma 
areas was confirmed, but at used conditions, the plasma had limited spatial 
outreach.

5.2.1  Applications of the H-HEAD Plasma Source in Surface 
Treatments

An advantage of the H-HEAD sources is a long plasma plume though one dis-
advantage is higher microwave power (several hundreds of watts) needed to 
sustain the stable plasma for processing applications. In most applications, at 
large surface areas, the plasma plume must be multiplied to several plumes 
above the treated surface or arranged with a robotic arm system for multiple 
scans of the plume above the surface. The H-HEAD source was successfully 
tested for surface activations of several materials, including heat sensitive poly-
mers, where the surface temperature was controlled by longer distances of the 
surface from the plasma source and by the scanning rate of the plasma plume 
over the surface. Figure 5.11 shows an example of the measured contact angle 
after surface activation of the steel vs. number of scans. The contact angle is 
measure of the surface vettability (lower angle is better vettability).

An increased surface energy is also measured by a decrease in the contact 
angle of a water drop, as shown in Figure 5.11 on steel surface. The activated 
surfaces are more hydrophilic. The H-HEAD plasma treatment can be applied 
in a similar way like a lacquer spraying pistol. For certain materials, the 
activated surface can last a long time. The surface activation on a bulk carbon-
based substrate increased the surface energy from 41 mN/m to 71 mN/m in a 
few minutes, see Ref. [5.45]. The surface activity can then last for more than a 

150 W, 25 slm Ar 200 W, 28 slm Ar

Figure 5.10  The test equipment for generation of a brush-shaped atmospheric 
plasma (unpublished results).
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half year. Figure 5.12 shows an example of the carbon fiber material used in 
construction of Airbus planes and treated by the H-HEAD plasma on the half 
surface. The surface energy was increased from 40 to 70 mN/m and lasted for 
more than one year, see Ref. [5.47]. Because the activated surface is hydro-
philic, it is suitable for pre-treatments before final lacquering or gluing with 
other materials. Therefore, surface activation can replace primer lacquer 
before final lacquering.

Contrary to the plastics and polymer materials, the surface activity of metals 
lasts for a shorter time, in the most cases less than one hour. Therefore, any 
subsequent treatments should be made within shorter times (about 10–20 min-
utes). The surface activation documented in Figure 5.11 was made on ordinary 
construction steel DC 01 used, e.g. in the construction of buoys for ocean wave 
power converters.

Because the lifetime of ocean buoys depends on the anticorrosion protection 
of their surfaces, it depends on the adhesion of the protective lacquers. The 
adhesion of the lacquer on the steel surface (without using any primer) 
improved after a short treatment by the H-HEAD plasma, see Figure 5.13.

A static interaction of the H-HEAD plasma in argon, see Figure 5.6, with 
the silicon sample was able to form 0.5 µm thick SiO2 film during several 
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Figure 5.11  The contact angles on 
the H-HEAD plasma treated DC 01 
steel as a function of the number of 
scans of the plasma plume on the 
surface. (a) The data was acquired 8 s 
after triggering the pendant drop. (b) 
The data after 3 min stabilization of 
the sessile water drop. Based on  
Ref. [5.45].

10 cm

Figure 5.12  An increased hydrophobicity on the right part of the carbon fiber 
sample after several scans by the H-HEAD plasma.
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seconds, see Figure 5.14. This was faster than in low-pressure oxidations, e.g. 
at oxygen pressure pO2 = 0.27 Pa (2 mTorr), described in Chapter 4 (see 
Figures 4.14 and 4.15, Section 4.1.2).

Even at 2.5 cm distance between the substrate and the H-HEAD source 
traces of oxides of the metal from the hollow cathode nozzle were found on 
the substrate surface. The Ti nozzle caused measurable contents of TiO2 in 
the SiO2 spot, see Ref. [5.37]. Moreover, the components of the stainless steel 

Figure 5.14  About a 5-second oxidation of the Si sample by H-HEAD Ar plasma in 
open air. Parameters: 250 sccm Ar, 2.4 GHz, 400 W, hollow cathode pulsed DC 50 W, 0.5 
µs, 250 kHz, 0.25 A. Sample distance from the H-HEAD nozzle was 2.5 cm.

300 µm Untreated steel surface 

After ≈ 30 s H-HEAD 

Paint 

Steel 

Steel 

Figure 5.13  Improvement of the lacquer adhesion on DC 01 steel after H-HEAD 
treatment. Parameters: 2.4 GHz, 240 W, 300 sccm air passing the water bubbler at 
room temperature.
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nozzle were detected by optical spectroscopy in the plasma. An example of 
the Fe optical emission (line 381.9 nm) detected at 5 mm distance from the 
steel nozzle is shown as a function of the hollow cathode pulsed current in 
Figure 5.15.

Therefore, the contribution of the hollow cathode can be beneficial when the 
plasma should have higher density and ion energy. However, the hollow 
cathode nozzle can also produce metal particles. To reduce the presence of 
metal particles from the hollow cathode on the substrate, the H-HEAD system 
should be arranged at rather long distances from the substrate, at least about 5 
cm. To avoid all metal particles, the system should be operated only with the 
microwave antenna without hollow cathode at powers under 200 W.

The contribution of the hollow cathode plasma in the H-HEAD device was 
beneficial in several processes requiring higher temperatures. An example of 
such applications is the plasma sintering of powders. Figure 5.16 shows the 
plasma sintering of powder. Sintering tests on special diamond-coated pow-
ders confirmed the possibility producing hard compact solid materials in sev-
eral minutes. Such composite materials can be useful in special hard tools, e.g. 
for grinding applications.

The H-HEAD source could be tuned by the microwave power and the pulsed 
DC power for sensitive control of the sintering temperature and, consequently, 
for the best properties of the resulting compact material. Additional control 
parameters are the gas flow rate, selected gas (mostly argon), and the distance 
between the nozzle of the H-HEAD device and the holder with the powder.

A surprising result was found in the PE CVD by the air plasma plume with 
an alcohol (C2H5OH) vapor carried by air. The result was a film composed of 
nanocluster diamonds. Such films were synthesized on the unpretreated sub-
strates, e.g. on molybdenum or on stainless steel. At the microwave power of 
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Figure 5.15  Dependence of the optical emission intensity of the Fe line 3819 Å in 
neon and argon plasma vs. pulsed DC current in the Fe hollow cathode circuit. 
Parameters: optical selector at z = 5 mm; grounded anode (sample holder) 20 mm 
from the cathode; microwave power 500 W; gas flow rate 200 sccm.
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5  Microwave Plasma Systems at Atmospheric and Higher Pressures148

2.4 GHz, 300 W
0.5 µs, 250 kHz, 0.2A

Air + ethanol
≤ 500 sccm

160 sccm air

30 mm

Figure 5.17  Experimental arrangement with the H-HEAD source generating the air 
plasma for deposition of nanocrystalline diamond clusters. The substrate is 0.25 mm 
thick stainless steel.

Figure 5.16  The H-HEAD plasma sintering of powders. Parameters on the 
photograph: 250 sccm Ar, 2.4 GHz, 400 W, hollow cathode pulsed DC 50 W, 0.5 µs, 250 
kHz, 0.25 A. The substrate holder was 30 mm in diameter. The holder was fixed on 1.5 
mm diameter stainless steel cartridge of the K-type thermocouple measuring the 
temperature of the substrate holder.
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5.2  Atmospheric Microwave Plasma Sources Assisted by Hollow Cathodes 149

around 300 W and the gas flow rates below 300 sccm, the temperature caused 
by the air plasma plume on a thermally insulated substrate placed 1.5 cm from 
the hollow cathode was less than 600°C. At these conditions the 200 nm thick 
coatings with nanocluster diamond grains and aggregates were formed on the 
unpretreated substrates after one hour, see Ref. [5.44]. Figure 5.17 shows the 
used experimental arrangement, and Figure 5.18 shows the resulting nanoclu-
sters. The characteristic diamond peaks in the Raman spectra were at 1 325 
cm–1 on steel and at 1 322 cm–1 on Mo. The spectra are shown in Figure 5.19.

Figure 5.18  The scanning electron microscope (SEM) image of nanocluster grains in 
the diamond coating after a one-hour PE CVD in the H-HEAD air plasma interacting 
with the mixture of air with alcohol.
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Figure 5.19  Comparison of the Raman spectrum of the nanocluster diamond 
coatings on stainless steel (Figure 5.18) with the Raman spectrum of the coating on 
the Mo substrate.
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5  Microwave Plasma Systems at Atmospheric and Higher Pressures150

During diamond PE CVD, a rapid molybdenum oxidation was observed, sur-
prisingly on both sides of the samples. Diamond aggregates were grown on 
scrambles of MoO3 rods, see Figure 5.20.

Simultaneous oxidation on both surfaces of the Mo plate, including even the 
bottom side laying on the holder, was surprising. The molybdenum trioxide 
(MoO3) created on the Mo substrates during PE CVD acquired also bizarre 
forms, see Figure 5.21. The MoO3 has a melting point of 795°C and it is stable 

Figure 5.21  The SEM image of bizarre creation of the molybdenum trioxide grown 
in PE CVD.

Figure 5.20  The SEM image of MoO3 formations on both surfaces of the Mo 
substrate (a). Diamond aggregates were grown only on the plasma side, preferentially 
on the MoO3 rods (b).
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5.3  Microwave Treatment of Diesel Exhaust 151

solid up to 550°C. The observed effect and material can be used in many appli-
cations, e.g. as an industrial catalyst, where the H-HEAD treatments can be 
used for fabrication of large catalytic sheaths or walls.

Figure 5.22 shows 30 nm nanocrystalline diamond grains grown on stainless 
steel.

The deposition of diamond crystals at atmospheric pressure was already 
reported also in Chemical Vapor Depositions (CVDs) in simple oxyacetylene 
flames from conventional welding torch, see Ref. [5.48]. The diamond there 
was grown on the Mo substrates pretreated by diamond paste and held at a 
temperature between 700 and 950°C in the O2 + C2H2 mixture flowing at about 
300 slm. The PE CVD regime presented in H-HEAD, with small flows of air 
and alcohol vapor and without any need for pretreatments of substrates, is 
considerably simpler. The possible explanation of the PE CVD regime in the 
H-HEAD can be based on two factors: (1) The used temperature was under 
600°C, where diamond should stay stable without being graphitized, and (2) 
the graphite is oxidized (vaporized) about 100 times faster than the diamond, 
which could help in cleaning of the growing diamond from the graphite parts 
by the reactive oxygen atoms formed in the H-HEAD air plasmas.

5.3  Microwave Treatment of Diesel Exhaust

The pulsed microwave plasma was tested in treatments of the particulate 
matter formed in the diesel exhaust. An idea to use microwave plasma for the 
removal of particles from cars was patented by G. Lucas and A.I. Al-Shamma'a, 

Figure 5.22  The SEM of the nano-diamonds on the stainless steel substrate (a). 
Detailed SEM image of the diamond nanocrystals (b).
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5  Microwave Plasma Systems at Atmospheric and Higher Pressures152

see Ref. [5.49]. We have constructed and tested an alternative arrangement 
with the pulsed microwave power, as shown in Figure 5.23.

To avoid depositions of carbon coatings inside the waveguide from the warm 
exhaust gas produced by the used diesel engine (2 kW genset), the microwave 
power line around the plasma was heated to 60°C by an auxiliary water circuit, 
see Figure 5.23. The diesel exhaust gas was introduced into the tapered wave-
guide cavity comprised an antenna with a sharp tip positioned in the center of 
the broader wall of the waveguide, i.e. in the maximum electric field of the 
dominant mode TE10. The sharp tip of the antenna enabled an easy start of the 
plasma in the system due to the high electric field. After passing the plasma, 
the treated exhaust gas was analyzed by a special sampling analyzer (impactor) 
where the content of the carbon particles was pumped out, sorted, and ana-
lyzed according particle sizes in comparison with the non-treated exhaust. 
Figure 5.24 shows a photograph of the test system with the burning plasma, 
and Figure 5.25 shows the time dependent results of the plasma cleaning.

It was confirmed that the microwave plasma can remove all sizes of the 
carbon particulate matter from the diesel exhaust gas. However, at the same 
time, the plasma enriched the treated gas with undesirable nitrogen oxides NO 
and NO2, as can be seen in Figure 5.26.

The increased repetition frequency represented an increased power and had 
little effect on the NOx contents. The main factor was the air plasma, which 

Resonator 

Gas outlet to 
analyzer 

Gas inlet 

Plasma 

Pulsed MW power 

MW window 

Warm 
water 

Plunger 

Plasma 
tuner Water circuit 

Figure 5.23  The system with pulsed power of 2.4 GHz, up to 1 kW in 1–20 kHz 
pulses (duty cycle 1) for testing of removal particulate matter from 2 kW diesel genset 
exhaust.
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Figure 5.24  The test system for cleaning of the particulate matter from the diesel 
exhaust gas. The plasma was observed through a small side window arranged as a 
quarter-wave cavity.
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Figure 5.25  Plasma removal of the particulate matter from the diesel genset. The 
graph shows differences before and after plasma treatment according to particle size.

generated reactive O atoms. The produced NO2 can be removed by installing a 
solid catalyst, see Ref. [5.50], and NO can be removed by an aerodynamically 
stabilized fused hollow cathode plasma, see Ref. [5.51]. However, such cleaning 
system would be too complex and might reduce the NOx generation without 
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5  Microwave Plasma Systems at Atmospheric and Higher Pressures154

adding other tools, for example by using nanosecond microwave pulses. This 
option has not been tested yet.

5.4  Microwave Plasma in Liquids

Certain electrode arrangements and reactors for the cold atmospheric plasma 
can be used for plasma generation in liquids and vapors. Figure 5.27 shows the 
CAP devices in contact with liquids, above the liquid, under the liquid, or in 
the vapor produced by liquids. Many such systems are powered by micro-
waves, see Refs. [5.14, 5.15].

The microwave-generated antenna discharge, in the H-HEAD version and 
with the antenna without the hollow cathode arrangement, can generate stable 
plasmas in the water vapor-enriched air, see Ref. [5.56]. Moreover, the antenna 
can be immersed into the water and generate the plasma partly in the gas bub-
bles formed by the flowing auxiliary gas. Figure 5.28 shows these regimes. An 
advantage of the antenna-generated surface wave plasma is the low gas flow 
rate, as it has been  shown above in Figure 5.9. At low flow rates of a plasma 
gas, the forming of gas bubbles in the liquid is weak, and the plasma generated 
by the antenna can be stable. Another advantage of the antenna immersed in 
the liquid is the direct cooling of the nozzle tip by the liquid and the liquid 
heating, which can be utilized in certain processes.

Another system with the central microwave antenna powering a parallel-
plate electrode was tested under water for generation of a broader plasma area, 
see Figure 5.29. The parallel-plate system generated submerged microwave 
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Figure 5.26  Generation of NO and NO2 in the microwave air plasma-treated diesel 
exhaust as a function of the repetition frequency of the microwave power pulses.
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Figure 5.27  Cold atmospheric plasma (CAP) devices in contact with liquids, or under 
liquid (water, water mixtures, or other electrolytes). (a) Coaxial electrode system for 
the plasma jets in water vapor (basic system). (b) System in (a) with the plasma jet in 
a carrier gas with water vapor admixed at the outlet. (c) A single or multiple electrode 
system above liquid (electrolyte) in a grounded conductive vessel. (d) Two electrodes 
submersed in the liquid, based on Ref. [5.52]. (e) An alternative of (d) with a 
submersed planar grounded electrode. (f) Microwave-powered system with an 
antenna serving as a gas bubbler, based on Ref. [5.53]. (g) Microwave-powered system 
with special slot antenna with multiple gas nozzles and an auxiliary gas bubbler for 
starting or enhancing the plasma bubbles, see Refs. [5.54, 5.55].

Figure 5.28  The antenna generated microwave plasma plume in 300 sccm air 
enriched by the water vapor (a). The microwave antenna with 250 sccm air immersed 
in the water vessel (b).

plasmas at low microwave power (≈ 20 W). Moreover, the plasma can be gen-
erated, with or without bubbling of an auxiliary gas. Because of the low power, 
the microwave power line was connected to the electrode system inside the 
reactor vessel by flexible coaxial cable. The connector on the reactor vessel 
allowed connections of different power sources. In case of the microwave 
cable, a special adapter was designed and fabricated to couple the power to the 
ultrahigh voltage (UHV) connector, see Figure 5.30.
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5  Microwave Plasma Systems at Atmospheric and Higher Pressures156

The discharge treatment of 600 ml tap water was tested in the water reactor 
to compare effects of different discharges. Three types of discharges were tested: 
microwave discharge (2.4 GHz, 160 W), RF discharge (13.56 kHz, 200 W), and 
pulsed DC discharge (2 kHz, 8 ns, 10 W). Comparisons of these treatments for 
the water temperature after 12 min and for changes of the acidity show the pH 
factor displayed in Figure 5.31. The results show that all discharges increase the 
temperature; however, the lowest increase was caused (as can be expected) by 
the low power short-pulsed DC plasma. The microwave plasma and the RF 
plasma are similar. However, the pulsed DC plasma caused strong changes in 
the pH factor compared to the microwave and RF discharges.

Depending on the discharge parameters, on the gas bubbling (if any) and on 
the electrode arrangements, the discharge treatment changes water properties 

0.5 slm air

35 
mm

Water 
level

0.5 mm
gap

Microwave 
antenna

Parallel electrode plates

Figure 5.29  Parallel-plate electrode arrangement with the coaxial microwave 
antenna for the plasma generation under water. The photograph shows the plasma 
generated by 2.4 GHz, 80 W incident power, with 16 W reflected power, using bubbles 
from 0.5 slm (500 sccm) air.

Figure 5.30  Coupling between the microwave power line and the UHV connector 
at the reactor.
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5.5  Microwave Plasma Interactions with Flames 157

Figure 5.31  Comparison of three different discharges in treatment of 600 ml of tap 
water.

and creates plasma-activated water (PAW), plasma-activated tap water (PATW), 
or plasma-activated liquid medium (PALM). These treatment processes have 
generated interest because the PAW has confirmed to be efficient in numerous 
applications. For example, in the activation of agricultural seeds and plants, 
see Ref. [5.57], for treatment and conservation of food, see Ref. [5.58] for disin-
fection and antivirus treatments, see Ref. [5.59], or for the therapy of certain 
kinds of cancer, see Ref. [5.60]. The reader can find numerous references to 
individual applications, but these applications are beyond the scope of this 
book. Figure 5.31 shows typical activation process of tap water by three kinds 
of discharges (heating and changing the acidity given by pH value). According 
to Refs. [5.57, 5.58], due to acid/base equilibria and the increase of water tem-
perature during plasma activation, chemical species are redistributed from 
their basic to acid forms followed by decreasing of the pH, as seen in Figure 
5.31. Plasma-enhanced dissociations of water molecules and air bubbles form 
reactive oxygen species (ROS), reactive nitrogen species (RNS), and reactive 
oxygen and nitrogen species (RONS) forming hydrogen peroxide (H2O2) and 
nitric oxide (NO), which are considered important in the activity of the plasma 
treated / activated water (PAW) in applications.

5.5  Microwave Plasma Interactions with Flames

An interesting part of CAP applications is the interaction with the combustion 
flames. For a long time, there was no general acceptance of the flames as a 
form of plasma. However, recent measurements by double Langmuir probes in 
a premixed methane flame revealed even as much as 1011 cm–3 ion density, 
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5  Microwave Plasma Systems at Atmospheric and Higher Pressures158

see Ref. [5.61]. Therefore, an interaction of the non-equilibrium (cold) gas dis-
charges with the flame can generate reactive radicals and plasma-chemical 
reactions to stabilize combustion processes, to increase the flame extinction 
limits, and to affect the flame geometry. A consequence could be an improved 
overall performance of the combustor and stabilization of flames during tran-
sients. This can be important in gas turbines, power stations, or aircraft engines 
for reduction of the emissions.

The reduction of emissions can be achieved by lowering the temperature in 
the combustor, e.g. in the lean regimes with more air mixed in the fuel. The 
effect of lower temperature on the pollutions and requirements for optimiza-
tions of the flame intensity and efficiency were emphasized in 1971, see Ref. 
[5.62], but the lowering of the flame temperature usually led to slower chemical 
reactions and, consequently, to flame instabilities and extinctions. It was con-
firmed earlier that some parts of the flames can be ionized by certain plasma-
chemical reactions to stabilize the flame, see Ref. [5.63]. Therefore, it is 
important to study how the plasma can affect the flame geometry, the location 
of an optimal position of the plasma source, see Ref. [5.64], or how to control 
the discharge effects.

A frequent requirement in the gas turbines is the flat fronts of the flames to 
increase an interaction efficiency of the flame in the combustor. Experimental 
tests of the microwave antenna plasma on the shape of flames in the liquid 
petroleum gas (LPG) revealed the possibility to broaden the flames and increase 
the flame stability. The LPG represents mixes of propane (C3H8) and butane 
(C4H10) usually used as a fuel in heating appliances, cooking equipment, and 
vehicles.

For tests of the effects of the CAP, several non-conventional plasma arrange-
ments were designed and used by this book’s authors, see Ref. [5.65]. Figure 
5.32 shows the arrangement with the microwave antenna, with antenna gener-
ating a plasma jet in an air flow of 0.5 slm and affecting the flame shape con-
siderably. Without plasma, the LPG flame was stable below about 5 slm, and 
above this flow, the flame always extinguished. However, after starting the 
microwave plasma, the shape of the flame changed substantially and increasing 
the LPG flow rate up to about 8 slm remained possible while keeping the stable 
flame. Moreover, the front part of the flame was broadened to a flower shape, 
with branches following four LPG nozzles used in this arrangement.

The temperature in the microwave plasma plume in air was measured by 
the B-type thermocouple in the axis of the microwave air plasma jet as shown 
in Figure 5.33. In the measurements, the microwave power delivered to the 
0.5 slm air jet was 360 W in the continual wave (CW) regime. The measure-
ments were slightly affected by spatial instabilities of the flames and by strong 
heating of rhenium cartridge (melting point is 3186°C) of the thermocouple, 
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Figure 5.33  The temperature of the microwave air plasma jet at different distances 
from the nozzle on the microwave antenna. The temperature near to the nozzle was 
close to the melting point of rhenium cartridge of the thermocouple (3186°C).

particularly near the nozzle. In Figure 5.33, the heated tip of the thermo-
couple cartridge is above the plasma plume. The measurements near the 
microwave antenna were affected by the electric interactions between  
the microwave antenna and the electrically grounded cartridge of the 
thermocouple.

Figure 5.34 shows the effects of the air plasma jet on the flame shape. As 
mentioned above, the LPG flame was stable below flow rates of 5 slm. Above 
this flow, the flame extinguished, probably because of the mixing of the flames 
with the central flow of neutral air from the antenna jet, which could exceed 
the extinction limit for the lean regime. After switching on the microwave 
power, the shape of the flame changed, and it was stable up to about 8 slm of 
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5  Microwave Plasma Systems at Atmospheric and Higher Pressures160

the LPG forming the flower flames. Figure 5.34 shows the comparison of the 
individual phases described above.

The temperature measurements of the LPG flame were performed with and 
without the plasma jet, keeping the 0.5 slm of the central air jet stream in both 
cases. The thermocouple was positioned at six different distances above the 
nozzle tip at the microwave antenna, and the temperature was recorded at sev-
eral radial distances from the axis to find the temperature profiles after broad-
ening the flame by the plasma. The results are shown in Figure 5.35. The 
temperature of the LPG flame with an axial flow of 0.5 slm of neutral air is 
shown in Figure 5.35a. The LPG flow rate was kept at 4 slm to avoid the 
extinction instabilities but was high enough to elevate the flame above the air 
nozzle. This explains a lower temperature value measured in the axis at 1.5 cm 
from the nozzle than that at 3 cm and 4.5 cm, where the temperature reached 
about 1200°C. After switching on the microwave power, the flame stabilized 
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Figure 5.34  The LPG flames with and without the microwave air plasma jet. (a) The 
flame at low LPG flow rate. (b) The LPG flame close to the extinction. (c) Stabilizing 
and shaping effect of the microwave plasma jet on the LPG flame. (d) Stable and 
broad LPG flame supported by the central microwave air plasma jet.
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5.6  Microwave Plasmas at Very High Pressures 161

and acquired a broader shape with side branches in this bouquet-shaped flame. 
Consequently, the temperature field was wider, and the temperature of the 
side branches was comparable with the axial parts of the flame. This can be 
seen in Figure 5.35b.

The performed experimental tests confirmed possibility of controllable shap-
ing of the flame geometry. Moreover, the plasma assistance confirmed earlier 
findings of an increased stability of the flames. Even though the performed 
experiments had a phenomenological character, the obtained results could 
help in new designs of efficient auxiliary plasma units, e.g. for gas turbines or 
for aircraft engines.

5.6  Microwave Plasmas at Very High Pressures

We haven’t mentioned so far the microwave plasma at pressures higher than  
1 bar because the simple atmospheric plasma is of the major use in applications. 
However, several experiments in a hermetic vessel have proven the possibility 
to operate the plasma at higher than atmospheric pressures. For example, the 
experiments with the submerged microwave plasma in water (described in 
Figure 5.29) were tested up to about 1.1 bar. Slightly enhanced pressures can be 
expected in the microwave plasma jets at high gas flow rates. The pressures as 
high as 5 bar were already tested successfully for the direct microwave plasma 
ignitions of gasoline fuel in the combustion engines, see Ref. [5.66]. Even the  

Figure 5.35  Temperature profiles across the flames at different distances from the 
antenna tip. (a) The LPG flame in 4 slm with the central neutral air stream of 0.5 slm 
without plasma. (b) The branched flame in 6 slm LPG after switching-on the power in 
the 0.5 slm air plasma jet.
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5  Microwave Plasma Systems at Atmospheric and Higher Pressures162

30 bar pressure in the mixture of He + CH4 was used in the microwave plasma 
production of ultrafine carbon particles in a specially designed semi-coaxial 
2.45 GHz resonator, see Ref. [5.67].

References

[5.1]	 R. Sankaranarayanan, B. Pashaie, and S.K. Dhali: “Characteristics of a 
barrier discharge in monatomic and molecular gases”; Appl. Phys. Lett. 
74 (1999) 3119–3121.

[5.2]	 L. Bardos and H. Baránková: “Plasma processes at atmospheric and low 
pressures”; Vacuum 83 (2009) 522–527.

[5.3]	 H. Baránková and L. Bardos: “Hollow cathode cold atmospheric plasma 
source with monoatomic and molecular gases”; Surf. Coat. Technol. 
163–164 (2003) 649–653.

[5.4]	 Y.-M. Yang, C.-W. Yuan, and B.-L. Qian: “Measurement of S-band 
microwave gas breakdown by enhancing the electric field in a 
waveguide”; IEEE Trans. Plasma Sci. 40 (12) (2012) 3427–3432.

[5.5]	 B.M. Song, D.A. Hammer, C. Golkowski, and Y.-L. Tian: “Initiation of 
microwave-induced electrical breakdown of high-pressure gases”; IEEE 
Trans. Plasma Sci. 31 (1) (2003) 146–156.

[5.6]	 G.C. Herring and S. Popovic: “Microwave air breakdown enhanced with 
metallic initiators”; Appl. Phys. Lett. 92 (13) (2008) 131501-1–131501-3.

[5.7]	 L. Bardos and H. Baránková: “Cold atmospheric plasma: Sources, 
processes, and applications”; Thin Solid Films 518 (23) (2010) 
6705–6713.

[5.8]	 Z. Károly, G. Kalácska, J. Sukumaran, D. Fauconnier, Á. Kalácska, M. 
Mohai, and S. Klébert: “Effect of atmospheric cold plasma treatment on 
the adhesion and tribological properties of polyamide 66 and 
Poly(Tetrafluoroethylene)”; Materials 12 (2019) 658, 1–14. 10.3390/
ma12040658.

[5.9]	 T.S.M. Mui, L.L.G. Silva, V. Prysiazhnyi, and K.G. Kostov: “Surface 
modification of aluminium alloys by atmospheric pressure plasma 
treatments for enhancement of their adhesion properties”; Surf. Coat. 
Technol. 312 (2017) 32–36.

[5.10]	 G.F. Fernandes, M. Kowalczuk Manosso Amorim, R.G. Turri, et al.: 
“Plasma treatment of crosslinked polyethylene tubes for improved 
adhesion of waterbased paints”; Mater. Res. 22 (1) (2019) e20171046, 
pp. 1–8. http://dx.doi.org/10.1590/1980-5373-MR-2017-1046.

[5.11]	 A.S. Meshkova, F.M. Elam, S.A. Starostin, et al.: “The role of carrier 
gas flow in roll-to-roll AP-PECVD synthesized silica moisture barrier 
films”; Surf. Coat. Technol. 339 (2018) 20–26.

c05.indd   162c05.indd   162 31-01-2022   12:44:1431-01-2022   12:44:14



References 163

[5.12]	 K.H. Kale and A.N. Desai: “Atmospheric pressure plasma treatment of 
textiles using non-polymerising gases”; Indian J. Fibre Text. Res. 36 
(11) (2011) 289–299.

[5.13]	 B. Sharma, R. Kar, A.R. Pala, et al.: “Investigations on the transformation of 
vertically aligned CNTs to intramolecular junctions by atmospheric 
pressure PECVD”; Mater. Today Commun. 16 (2018) 178–185.

[5.14]	 P. Bruggeman and C. Leys: “Non-thermal plasmas in and in contact 
with liquids”; J. Phys. D: Appl. Phys. 42 (2009) 053001 pp.1–28.

[5.15]	 Y.A. Lebedev: “Microwave discharges in liquids: fields of applications”; 
High Temp. 56 (3) (2018) 811–820.

[5.16]	 S. Jung, H.J. Kim, S. Park, et al.: “The use of atmospheric pressure 
plasma-treated water as a source of nitrite for emulsion-type sausage”; 
Meat Sci. 108 (2015) 130–137.

[5.17]	 N.N. Misra, A. Martynenko, F. Chemat, et al.: “Thermodynamics, 
transport phenomena, and electrochemistry of external field-assisted 
nonthermal food technologies”; Crit. Rev. Food Sci. Nutr. (2017) pp. 
1–32. http://dx.doi.org/10.1080/10408398.2017.1287660.

[5.18]	 S.K. Pankaj, H. Shi, and K.M. Keener: “A review of novel physical and 
chemical decontamination technologies for aflatoxin in food”; Trends 
Food Sci. Technol. 71 (2018) 73–83.

[5.19]	 K. Zhang, C.A. Perussello, V. Milosavljevic, et al.: “Diagnostics of 
plasma reactive species and induced chemistry of plasma treated 
foods”; Crit. Rev. Food Sci. Nutrit. (2019) pp. 1–23. 
10.1080/10408398.2018.1564731.

[5.20]	 M. Laroussi, X. Lu, and M. Keidar: “Perspective: The physics, 
diagnostics, and applications of atmospheric pressure low temperature 
plasma sources used in plasma medicine”; J. Appl. Phys. 122 (2017) 
020901, pp. 1–19.

[5.21]	 S.-H. Choi, W.-S. Jeong, J.-Y. Cha, et al.: “Time-dependent effects of 
ultraviolet and nonthermal atmospheric pressure plasma on the 
biological activity of titanium”; Sci. Rep. 6 (11) (2016) 33421. 10.1038/
srep.33421.

[5.22]	 S. Helgadóttir, S. Pandit, V.R.S.S. Mokkapati, et al.: “Vitamin C 
pretreatment enhances the antibacterial effect of cold atmospheric 
plasma”; Cell. Infect. Microbiol. 7 (2017) article 43. 10.3389/
fcimb.2017.00043.

[5.23]	 Z. Chen, X. Cheng, L. Lin, and M. Keidar: “Cold atmospheric plasma 
discharged in water and its potential use in cancer therapy”; J. Phys. D: 
Appl. Phys. 50 (2017) 015208 (8pp).

[5.24]	 V. Stepanova, P. Slavicek, J. Kelar,et al.: “Atmospheric pressure plasma 
treatment of agricultural seeds of cucumber (Cucumis sativus L.) and 
pepper (Capsicum annuum L.) with effect on reduction of diseases and 

c05.indd   163c05.indd   163 31-01-2022   12:44:1431-01-2022   12:44:14



5  Microwave Plasma Systems at Atmospheric and Higher Pressures164

germination improvement”; Plasma Process. Polym. 15 (2) (2017) 1–9. 
https://doi.org/10.1002/ppap.201700076.

[5.25]	 G.J.J.B. De Groot, A. Hundt, A.B. Murphy, et al.: “Cold plasma 
treatment for cotton seed germination improvement”; Sci. Rep. 8 
(2018) 14372. http://dx.doi.org/10.1038/s41598-018-32692-9.

[5.26]	 R. Molina, C. Lopez-Santos, A. Gomez-Ramirez, et al.: “Influence of 
irrigation conditions in the germination of plasma treated Nasturtium 
seeds”; Sci. Rep. 8 (2018) 16442. http://dx.doi.org/10.1038/
s41598-018-34801-0.

[5.27]	 M.M. Kekez, M.R. Barrault, and J.D. Craggs: “Spark channel 
formation”; J. Phys. D: Appl. Phys. 3 (1970) 1886–1896.

[5.28]	 S. Kanazawa, M. Kogoma, T. Moriwaki, and S. Okazaki: “Stable glow 
plasma at atmospheric pressure”; J. Phys. D: Appl. Phys. 21 (1988) 
838–840.

[5.29]	 S. Okazaki, M. Kogoma, M. Uehara, and Y. Kimura: “Appearance of 
stable glow discharge in air, argon, oxygen and nitrogen at 
atmospheric pressure using a 50 Hz source”; J. Phys. D Appl. Phys. 26 
(1993) 889–892.

[5.30]	 W. Siemens: “Ueber die elektrostatische Induction und die 
Verzögerung des Stroms in Flaschendrähten”; Poggendorff’s Ann. 
Phys. Chem. 102 (1857) 66.

[5.31]	 T. Andrews and P.G. Tait: “VII. On the volumetric relations of ozone, 
and the action of the electrical discharge on oxygen and other gases”; 
Phil. Trans. Roy. Soc. (London) 150 (1860) 113–132.

[5.32]	 G.D. Cristescu and R. Grigirovici: “Optical temperature determinations 
in the high-frequency “torch” discharge”; Naturwissenschaften 29 
(1941) 571–572.

[5.33]	 L. Mollwo: “Elektronentemperatur und Elektronenrauschen in der 
hochfrequenten Fackelentladung”; Ann. Physik 7 (1958) 97–129.

[5.34]	 T. Homola, J. Matousek, M. Kormunda, L.Y.L. Wu, and M. Cernak: 
“Plasma treatment of glass surfaces using diffuse coplanar surface 
barrier discharge in ambient air”; Plasma Chem. Plasma Process. 33 
(2013) 881–894.

[5.35]	 L. Bardos and H. Baránková: “Atmospheric Plasma – Yes or No?”; 
Presented at the 49th TechCon of Society of Vacuum Coaters as the 
D.M. Mattox Tutorial, April 26, 2006 in Washington DC, published in 
SVC Summer Bulletin (2006), pp. 42–48.

[5.36]	 H. Baránková and L. Bardos: “Atmospheric plasma technology for 
surface treatment”; Galvanotechnik 9 (2004) 2244–2247.

[5.37]	 L. Bardos and H. Baránková: “Characterization of the cold atmospheric 
plasma hybrid source”; J. Vac. Sci. Technol. A23 (4) (2005) 933–937.

c05.indd   164c05.indd   164 31-01-2022   12:44:1431-01-2022   12:44:14



References 165

[5.38]	 IPLAS – Innovative Plasma Systems GmbH, Germany, www.cyrannus.com.
[5.39]	 B.K. Barnes, H. Ouro-Koura, J. Derickson, et al.: “Plasma generation 

by household microwave oven for surface modification and other 
emerging applications”; Am. J. Phys. 89 (4) (2021) 372–382. https://doi.
org/10.1119/10.0002706.

[5.40]	 H. Toyota, S. Nomura, and S. Mukasa:: “A practical electrode for 
microwave plasma processes”; Int. J. Mater. Sci. Appl. 2 (3) (2013) 
83–88. 10.11648/j.ijmsa.20130203.12.

[5.41]	 L. Bardos and H. Baránková: “Device for hybrid plasma processing”, 
Swedish patent No. 9904295-4, priority 1999-11-26, WO0139560 (A1) 
– 2001- 05-31.US6899054 (B1), JP2003515433 (A).

[5.42]	 H. Baránková and L. Bardos: “New hybrid source of cold atmospheric 
plasma”; Surface Coat. Technol. 177–178 (2004) 688–692.

[5.43]	 H. Baránková, L. Bardos, and D. Soderstrom:: “Cold atmospheric 
plasma in nitrogen and air generated by the hybrid plasma source”; J. 
Vac. Sci. Technol. A24 (4) (2005) 1410–1413.

[5.44]	 L. Bardos and H. Baránková:: “Cold atmospheric plasma deposition of 
diamond”; Plasma Proc. Polym. 4 (2007) 533–514.

[5.45]	 L. Bardos and H. Baránková: “Cold atmospheric plasma treatment 
of steel buoys for wave energy”; Plasma Proc. Polym. 8 (2011) 
658–663.

[5.46]	 M. Moisan and Z. Zakrzewski:: “Plasma sources based on the 
propagation of electromagnetic surface waves”; J. Phys. D: Appl. Phys. 
24 (1991) 1025–1048.

[5.47]	 H. Baránková and L. Bardos: “Hollow cathode atmospheric pressure 
plasma sources for surface treatment”; Surf. Coat. Technol. 174–175 
(2003) 63–67.

[5.48]	 S. Marinkovic and S. Zec:: “Formation of large diamond crystals in 
oxyacetylene flame chemical vapour deposition”; J. Mater. Sci. 31 
(1996) 5999–6003.

[5.49]	 J. Lucas and A.I. Al-Shamma’a: “Exhaust gas reactor”, USA Patent No. 
11/233853, September 2005. EP No. 1606497, December 2005. British 
Patent No. 0302905.5 GB, October 2003.

[5.50]	 B.M. Penetrante, R.M. Brusasco, B.T. Merritt, and G.E. Vogtlin: 
“Environmental applications of low-temperature plasmas”; Pure Appl. 
Chem. 71 (1999) 1829–1835.

[5.51]	 H. Baránková and L. Bardos: “Effect of the electrode material on the 
atmospheric plasma conversion of NO in air mixtures”; Vacuum 84 
(2010) 1385–1388.

[5.52]	 O. Takai:: “Solution plasma processing (SPP)”; Pure Appl. Chem. 80 (9) 
(2008) 2003–2011.

c05.indd   165c05.indd   165 31-01-2022   12:44:1431-01-2022   12:44:14



5  Microwave Plasma Systems at Atmospheric and Higher Pressures166

[5.53]	 S. Nomura, H. Toyota, S. Mukasa, et al.:  “Microwave plasma in 
hydrocarbon liquids”; Appl. Phys. Lett. 88 (2006) 211503 pp.1–3.

[5.54]	 T. Ishijima, H. Hotta, H. Sugai, and M. Sato: “Multi bubble plasma 
production and solvent decomposition in water by slot-excited 
microwave discharge”; Appl. Phys. Lett. 91 (2007) 121501 pp.1–3.

[5.55]	 T. Ishijima, H. Sugiura, R. Satio, et al.: “Efficient production of 
microwave bubble plasma in water for plasma processing in liquid”; 
Plasma Sources Sci. Technol. 19 (2010) 015010 5pp.

[5.56]	 H. Baránková and L. Bardos: “Atmospheric pressure plasma sources 
and processing”, Chapter 17 in P. Martin, ed.: “Handbook of plasma 
processing technology”, William Andrew Inc., 2009.

[5.57]	 F. Judée, S. Simon, C. Bailly, and T. Dufour: “Plasma-activation of tap 
water using DBD for agronomy applications: identification and 
quantification of long lifetime chemical species and production/
consumption mechanisms”; Water Res. 133 (2018) 47–59.

[5.58]	 B. Adhikari, M. Adhikari, B. Ghimire, et al.: “Cold atmospheric 
plasma-activated water irrigation induces defense hormone and gene 
expression in tomato seedlings”; Sci. Rep. 9 (2019) 16080. https://doi.
org/10.1038/s41598-019-52646-z.

[5.59]	 L. Guo, Z. Yao, L. Yang, et al.: “Plasma-activated water: an alternative 
disinfectant for S protein inactivation to prevent SARS-CoV-2 
infection”; Chem. Eng. J. (2020) in print. https://doi.org/10.1016/j.
cej.2020.127742.

[5.60]	 A. Azzariti, R.M. Iacobazzi, R. Di Fonte, et al.: “Plasma-activated 
medium triggers cell death and the presentation of immune activating 
danger signals in melanoma and pancreatic cancer cells”; Sci. Rep. 9 
(2019) 4099. |https://doi.org/10.1038/s41598-019-40637-z.

[5.61]	 J. Wild, P. Kudrna, M. Tichy, et al.: “Electron temperature 
measurement in a premixed flat flame using the double probe 
method”; Contrib. Plasma Phys. 52 (8) (2012) 692–698. |https://doi.
org/10.1002/ctpp.201200005.

[5.62]	 F.J. Weinberg: “Combustion temperatures: the future?”; Nature 233 (9) 
(1971) 239–241.

[5.63]	 A. Von Engel and J.R. Cozens: “Origin of excessive ionization in 
flames”; Nature 202 (1964) 480.

[5.64]	 W. Kim, H. Do, M.G. Mungal, and M.A. Cappelli: “Optimal discharge 
placement in plasma-assisted combustion of a methane jet in cross 
flow”; Combust. Flame 153 (2008) 603–615.

[5.65]	 L. Bardos and H. Baránková: “Shaping of the flame geometry by 
non-conventional cold plasma arrangements”; Plasma Res. Express 2 
(2020) 035014 (1–6). https://doi.org/10.1088/2516-1067/abb8e6.

c05.indd   166c05.indd   166 31-01-2022   12:44:1431-01-2022   12:44:14



References 167

[5.66]	 K. Linkenheil, H.-O. Ruoß, T. Grau, et al.: “A novel spark-plug for 
improved ignition in engines with Gasoline Direct Injection (GDI)”; 
IEEE Trans. Plasma Sci. 33 (5) (2005) 1696–1702. 10.1109/
TPS.2005.856409.

[5.67]	 H. Yagi, T. Ide, H. Toyota, and Y. Mori: “Generation of microwave 
plasma under high pressure and fabrication of ultrafine carbon 
particles”; J. Mater. Res. 13 (6) (1998) 1724–1727.

c05.indd   167c05.indd   167 31-01-2022   12:44:1431-01-2022   12:44:14



Microwave Plasma Sources and Methods in Processing Technology, First Edition.  
Ladislav Bárdoš and Hana Baránková. 
© 2022 by The Institute of Electrical and Electronics Engineers, Inc. Published 2022  
by John Wiley & Sons, Inc.

169

6

New Applications and Trends in the Microwave 
Plasmas

Based on our experience we can conclude that the plasma is well- 
controllable environment-friendly medium utilizing electric power  
and enabling the very-high temperature processes and low-temperature 
to very-low-temperature reactions unavailable in other methods. 
Therefore, plasma-based technologies are developing so rapidly that new 
trends are quickly turned to obsolete ones. Nevertheless, several trends and 
applications, which have broad applicability, will probably stay in use in the 
future. Some of them were already mentioned in Chapters 4 and 5.

As introduced in Chapter 1, the applications of the microwave power intensi-
fied after the World War Two (WWII). Besides new communication technol-
ogies, the microwave cavities were soon developed and used for the acceleration 
of electrons and forming of high-energy electron beams for different applications 
in microtrons, see Ref. [6.1]. Such acceleration method was proposed in 1944, see 
Ref. [6.2]. Under high-vacuum conditions, the surfaces of the stainless-steel cav-
ities in accelerators must be perfectly clean, see Ref. [6.3]. To maximize the beam 
energy, a recent trend is an in-situ high-vacuum cleaning and outgassing in the 
accelerators using the radio frequency (RF) and microwave plasmas, see Refs. 
[6.4, 6.5]. The frequency range is typically between 1–3 GHz, and the electronic 
cyclotron resonance (ECR) arrangements are used. The principles and gases for 
such cleaning are similar to the processes known in the plasma processing (see 
Figure 3.3, Chapter 3). These applications are still under development.

The low-pressure microwave plasma is frequently used in Plasma-Enhanced 
Chemical Vapor Deposition (PE CVD), e.g. in deposition of diamond coatings. 
High-quality single-crystal diamond coatings can be applied in new types of 
lasers. In Raman lasers, they enable higher gain, greater power densities, and 
changeable wavelengths, see Refs. [6.6, 6.7]. The deposition systems for single-
crystal diamond coatings utilize resonators similar to that shown in Figure 
1.26a, Chapter 1. However, the single-crystal diamond coatings require selected 
processing parameters and procedures.

Another interesting new application of the microwave plasma at reduced 
pressure is plasma annealing, see Ref. [6.8]. It offers better effects than any 
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6  New Applications and Trends in the Microwave Plasmas170

conventional heating and has been applied, e.g. in the synthesis of transition 
metal oxides like tantalum oxide (Ta2O5) or zinc oxide (ZnO), for upgrading 
their protective and optoelectronic properties. Several other interesting trends 
and arrangements exist in the PE CVD of thin films by low-pressure microwave 
plasma, see Ref. [6.9]. Kind of microwave plasma annealing was presented as a 
sintering of powder in Figure 5.16, Chapter 5.

Due to frequent requirements of the large-area microwave plasma systems, 
new concepts were designed and developed for industrial microwave ECR sys-
tems, Ref. [6.10], in particular, the distributed ECR arrangements, see Ref. 
[6.11]. Such systems can be used in different large-area or large-volume plasma 
applications, e.g. in plasma etching, PE CVD, or in plasma nitriding. The ECR 
plasma was described in its application for oxidation of silicon (Section 4.1.2, 
Chapter 4). For the simple illustration the planar plasma arrangement based 
on the distributed ECR is shown in Figure 6.1.

Novel high-density low-pressure plasma systems based on the microwave 
surface waves are innovative devices, e.g. in the dielectric etchers for 12 inch 
and larger wafers in microelectronics, see Ref. [6.12]. These systems do not 
need the magnetic field. Principles of the wave propagation on the interface 
plasma-dielectric and several arrangements were published in Ref. [6.13]. The 
microwave power is delivered directly from the waveguide by small slots onto 
the dielectric window (usually quartz) on the plasma reactor, or these slots are 
arranged in a resonator cavity installed on a dielectric window. Another 
arrangement was designed as a resonator with radiating slits positioned in a 
cylindrical geometry. The device, called a slot antenna (SLAN), was described 
in Ref. [6.14]. The authors claimed a better power transfer than in the coils of 
the Lisitano slow-wave structure, described in Figure 4.1c, d, Chapter 4. Figure 
6.2 shows schematic descriptions of the systems. The power delivery from slots 
in a resonator arrangement was recently used for the atmospheric plasma (see 
Figure 5.4d, Chapter 5.1).

Although these low-pressure systems can be arranged for large-volume 
plasmas, their general weak point is the dielectric window. (Some non- 
conventional arrangements without windows, e.g. with metal antennas shown 
in Figure 4.47, were described in Section 4.3.2, Chapter 4.) The window has 
always limited life-time due to the inner structural changes, particularly at 
high microwave powers. However, more serious practical disadvantages are 
the limited applications of such systems in depositions of coatings, which 
absorb or reflect the microwave power, e.g. carbon-based coatings or metal 
coatings. Therefore, these systems are more useful in dry etching or annealing 
processes, but also in the PE CVD of Si-O films. These insufficiencies are prob-
ably among the main reasons for the development of new technologies using 
the microwave plasmas at atmospheric pressure, where neither dielectric 
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windows nor vacuum pumps are needed. Still, the atmospheric plasmas have 
serious drawbacks, e.g. the limited outreach of the plasma due to collisions.

Several approaches with the atmospheric plasma, developed and tested in 
our lab, have been described in Chapter 5. In this chapter, we will point out 
other interesting abilities in applications of the microwave atmospheric 
plasma. It was confirmed that the hot microwave arcs can be generated with 
almost 100% efficiency, with all delivered power absorbed in the plasma plume. 
Such arcs are generated by absorbing the microwave power in polar molecules. 

Figure 6.1  Schematic of planar microwave plasma system utilizing distributed 
electron cyclotron resonance arrangement. The microwave applicators can be 
arranged as antennas or primary plasma tubes connecting opposite waveguides. The 
ECR magnetic induction for 2.45 GHz is 8.76 × 10-2 Tesla.
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The absorption is based on losses due to an intermolecular friction and high 
collisions among the molecules, see Ref. [6.15]. The main feature of such 
microwave plasma arcs is their long uniform high-temperature columns (see, 
e.g. Figure 5.6, Chapter 5), which is impossible in conventional direct current 
(DC) or RF arc discharges. The microwave arcs can be used, e.g. in the coal 
gasification and in gasifying of different wastes at a lower power consumption 
than in conventional DC and RF electric arcs, see Refs. [6.15, 6.16].

Interesting results were reported on the testing of radioactive decontamina-
tion of cobalt oxides by the microwave plasma in CF4 + O2 gas mixtures (ratio 
1:15) at atmospheric pressure, see Ref. [6.17]. The 2.45 GHz 1.5 kW microwave 
torch was generated by coaxially arranged antenna coupled with the wave-
guide power line. In 200 seconds, the entire deposit of the radioactive cobalt 
oxide was removed from the plane surface. Thermodynamic equilibrium cal-
culations on CF4 + O2 systems containing cobalt explained the mechanism of 
metal oxide removal by the microwave plasma. Similar calculations on the sys-
tems containing actinides (U, Pu, etc.) and lanthanides (La, Gd, etc.) indicated 
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Figure 6.2  Examples of high-density low-pressure plasma systems based on the 
microwave surface waves. The top-wall excitation of surface waves from slots in 
rectangular waveguide (a) and from slots in a ring cavity (b). The side-wall excitation 
by slot antennas in SLAN system is shown in cross-section (c).
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that the removal process can apply to these radioactive elements. More results 
are reported in the recent handbook, see Ref. [6.18]. These results can lead to 
the future plasma-based nuclear waste management of medium-level or 
low-level radioactive waste and replace conventional methods requiring a lot 
of deactivation procedures and deep storages of the fuel.

An interesting experiment was recently reported, see Ref. [6.19]. The authors 
proposed a propulsion thruster that utilizes microwave plasma in air. The 
system is similar to the arrangement shown in Figure 5.4b, Chapter 5, where 
the discharge tube which passes  the tapered waveguide section is closed at the 
bottom with an RF igniter and an inlet of the pressurized air. Figure 6.3 shows 
such an arrangement.

The authors used tapered part of the waveguide and a quartz tube with an 
upper opened outlet. The authors measured the propulsion force with a hollow 
metal ball placed at the outlet of the reactor tube with pulsed plasma powered 
by 2.45 GHz and 1 kW. The vibrations of the ball were compensated by a small 
hole covered by the small metal bead of defined weight. This was used for esti-
mates of the thrust force. The total propulsion pressure was estimated at 2.4 
104 N/m2, which is comparable to that generated by the airplane jet engines 
using fossil fuels. Such carbon emission-free thruster could potentially be used 
as a jet thruster. The principle of this experiment can be explained by the gen-
eral law for an ideal gas, see Eq. (3.10) in Section 3.3.1, Chapter 3. Considering 
that the temperature of the gas in each pulse igniting the plasma instantly 
peaks to about 10 000 °C, the corresponding pressure increase from the normal 
value (1 bar) at about 50°C will grow 200 times. It could be important to study 
possible by-products generated by this system, like NO and NO2, similar to 
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Figure 6.3  An illustration of the experimental system for testing the thrust force of 
the atmospheric microwave air plasma.
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those found in the microwave cleaning of diesel exhaust (see Figure 5.26, 
Chapter 5), to avoid environmental pollution.

The production of NO in microwave systems similar to Figure 6.3 was 
recently used for the NO enrichment of water, which was successfully applied 
as a supportive medium in treatment of several types of cancer, see Ref. [6.20]. 
The method was examined both, in vitro and in vivo. It is important to empha-
size that there are many reports about successful medical treatments by the 
cold atmospheric plasma, including cancer. There are special conferences and 
conference sessions about this field, called plasma medicine. The plasma-
activated water (PAW) and their applications (including cancer treatment) was 
mentioned in Chapter 5, section 5.4. This is an exciting field of research and 
applications for the future.

Many applications of the atmospheric microwave plasma are in the field of 
energy and environment, e.g. in the plasma-assisted production of hydrogen, 
applicable in fuel cells or in fuel enrichments in engines. The microwave 
plasma was effective in the hydrogen production by the plasma conversion of 
methane, see Ref. [6.21]. Another way to produce the hydrogen-rich gas, like 
synthesis gas H2 + CO, is to use the microwave plasma in the mixture of water 
with ethanol, see Ref. [6.22]. This mixture was used in other types of discharges 
(see, e.g. Ref. [6.23]) because the bioethanol is accessible as a waste product. 
The tested microwave system is simple, as illustrated in Figure 6.4. For more 
details, see, e.g. Refs. [6.22, 6.24].

As introduced in Section 5.4, Chapter 5, a great future can be expected in 
different methods utilizing the microwave plasma above, at, and in the liquids. 
Many references, details of different systems, and applications are available, 
see Refs. [6.25, 6.26, 6.27]. The main applications are, e.g. in new environmental 
methods for cleaning of the wastewater and in producing hydrogen-based 
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Figure 6.4  Illustration of the experimental system for production of hydrogen-rich 
gas.
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fuels, Ref. [6.28], producing nanoparticles (NPs), and in several other plasma-
chemical reactions applicable in healthcare, the food industry, power produc-
tion, etc.

The production of NPs is an important part in many applications in the 
material science, medicine, etc. The microwave plasma has been found useful 
in this field. According to the review, see Ref. [6.29], the nanomaterials have 
been intensively developed because of their unique electrical, optical, magnetic, 
and catalytic properties. The microwave plasma in liquid electrolytes can be 
used to produce metal NPs. The process consists of three phases:

1)	 Generation of atoms or small clusters from precursors, such as metal salts, 
metal oxides, metal complexes

2)	 Formation of nuclei from atoms or clusters
3)	 Controlled growth of nuclei to NPs

For example, in Ref. [6.30], Au/Pd alloy NPs were synthesized by the 
microwave plasma in liquid process using HAuCl4, H2PdCl4, and α-thioglycerol 
as precursors and a stabilizer. The experimental arrangements are arranged 
with the waveguide-powered coaxial microwave antennas exciting plasma in a 
liquid electrolyte through a dielectric window. Alternative microwave arrange-
ments with the microwave plasma in liquids for development of NPs are 
described in Ref. [6.31]. In this reference, the authors propose microwave sys-
tems to treat wastewater.

Another interesting application of the microwave atmospheric plasma is the 
synthesis of graphene, see Ref. [6.32]. Graphene is an attractive material with 
the two-dimmensional honeycomb arrangement of carbon atoms. It is consid-
ered the world’s strongest light material which can be added to other materials 
to enhance their strengths. It has other unique properties and applications 
(https://www.graphene-info.com/graphene-applications). The graphene was 
synthesized using an atmospheric microwave plasma jet, consisting of a mix-
ture of ethanol vapor in argon. Figure 6.5 shows the arrangement.

Because the graphene synthesis from ethanol vapor required controlled tem-
peratures, the end part of the plasma column was cooled or heated by an 
external heat exchanger. The graphene material was synthesized on mem-
branes of a filter sampler. The microwave plasma jet was generated by the 
waveguide Surfatron (Surfaguide) arrangement described in Sections 4.2, 4.3, 
4.3.1 (Chapter 4) and Figure 5.2 (Chapter 5).

As explained in Section 2.3, Chapter 2, the plasma has characteristic critical 
density ncrit dependent on the frequency f of the used generating power ncrit = 
1.24 x 10-2 f2, see Eq. (2.10). The plasma with density higher than critical density 
will reflect the power; therefore, the higher the frequency, the higher the 
density generated. The authors of the article [6.24] compared two microwave 
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frequencies 2.45 GHz and 5.8 GHz. They tested several gases and they con-
cluded the electron density in the atmospheric plasma jet for the same absorbed 
microwave power is almost two times higher at the higher frequency. Therefore, 
an expected future trend can be a utilization of higher frequencies. As described 
in Section 1.2, Chapter 1, several types of high-power and high-frequency 
microwave generators are available, see Ref. [6.33], e.g. the Gyrotron gener-
ator, which is a vacuum tube in a strong magnetic field utilizing ECR in a 
high-power linear-beam to generate millimeter-wave electromagnetic waves 
in the frequency range from about 20 to 527 GHz. For details, see, e.g. Ref. 
[6.34]. Of course, the ECR magnetic field for the frequency of 500 GHz is high 
(B = f me/e ≈ 2.8 T = 28 000 Gauss) and requires superconducting magnets. 
Therefore, such generators are applicable in big Tokamak fusion devices. 
Lower-frequency klystrons or travelling wave tube (TWT) generators are avail-
able for laboratory experiments and future developments but only in well-
shielded electromagnetic arrangements.
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7

Appendices

7.1 List of Symbols and Abbreviations 

Chapter 1

λ – wavelength in metric units.
c – �c = 3 x 108 m/s – the velocity of light (universal constant). It is c = (μ0 

ε0)–1/2, where the vacuum permeability μ0 = 1.256 x 10–6 H/m = 4π 10–7 
H/m (Henry H = kg m2 s–2 A–2) and the vacuum permittivity ε0 = 8.85 x 
10-12 F/m (Farad F = A2s4 kg–1 m–3).

f – �frequency of the wave (f = c/λ). Units are Hertz (Hz), 1 Hz = 1/s. kHz = 
103 Hz (Kilohertz), MHz = 106 Hz (Megahertz), GHz = 109 Hz (Gigahertz), 
THz = 1012 Hz (Terahertz), PHz = 1015 Hz (Petahertz), EHz = 1018 Hz 
(Exahertz), ZHz = 1021 Hz (Zettahertz), YHz = 1024 Hz (Yottahertz).

E or E – Vector of the electric field. Units are volt/meter E = V/m.
B or B – �Vector of the magnetic induction. Units are Tesla = kg/(As2) = V.s/m2 

and 1 T = 104 Gauss.
H or H – �Intensity vector of the magnetic field. Units are A/m. H = B/μ (μ is 

the magnetic permeability of the medium).
TEmn, TMmn – �Transversal electric or magnetic modes in the microwave 

waveguides. Indices m and n show numbers of half-
wavelengths in Cartesian coordinates x and y in the waveguide.

TE10 – �Dominant TE mode in the rectangular waveguide (having the lowest 
wave attenuation).

TM11 – �Dominant TM mode in the circular waveguide (having the lowest 
wave attenuation).

a, b – �Cross-dimensions of the rectangular waveguide in x, y coordinates.
D – Diameter of the circular waveguide.
TEM – �Transversal electro-magnetic modes (in coaxial cables and coaxial 

waveguides).
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λg – �The length of the propagating (guided) wave in the waveguide.
fcoff – �The critical or cut-off frequency or the lowest frequency in the 

waveguide.
λcoff – �The critical (also λc) or cut-off wavelength – the longest possible in the 

waveguide. The dominant mode in a rectangular waveguide is λcoff = 
2a, in circular one is λcoff = 1.7 D.

vgroup – �The group velocity of the wave or the velocity of the power transfer.
vphase – �The phase velocity or the moving wave phase in the waveguide:  

vgroup . vphase = c2.
cd – �The wave propagation velocity in a dielectric; cd = (μ ε)-1/2, where μ = μ0 

μr and ε = ε0 εr; μr and εr are relative permeability and permittivity of the 
medium.

Z – �The impedance of the medium. Z = Z 0 (μ/ε)1/2, where Z 0 is constant 
impedance of the free space (vacuum, also air). Z0 = (μ0/ε0)1/2 = 120 π = 
376.73 Ohms.

ZTE – �The impedance of the TE mode in the waveguide: ZTE = Z0/
[1−(fcoff/f)2]1/2.

ZTM – �The impedance of the TM mode in the waveguide: ZTM = Z0 
[1−(fcoff/f)2]1/2.

SWR – �Standing wave ratio, which is the ratio between highest and lowest 
part of the standing wave amplitude in the waveguide.

Wr – Reflected power. Wr [%] = 100 (SWR−1)2/(SWR + 1)2.
Γ – �The reflection coefficient: |Γ| = (SWR−1)/(SWR + 1) or SWR = (1 + |Γ|)/

(1−|Γ|).
Pr – �The return loss of the power measured in decibels (dB): Pr [dB] =  

−10 log |Γ|.
Pinc, Pref – �The incident and reflected power; SWR = [1 +(Pref/Pinc)1/2]/

[1−(Pref/Pinc)1/2].
Zcoax – �Impedance of the coaxial cable. Zcoax [Ohm] = 60 εr

-1/2 ln (D/d), where 
D and d are diameters of the outer and inner conductor, respectively. 
For Zcoax = 50 Ohms, the required ratio of diameters D/d must be: D/d 
≈ exp (0.83 εr

1/2).
Λ – The length of the resonator. Λ = k λ/2 for k = 1, 2, 3, ….
tan δ – �The loss tangent of material = measure of the losses by the wave 

absorption.
f res – �The resonant frequency of cylindrical resonator: fres = [1.8412 + (πr/ 

Λ)2]1/2 /2πr, where r is the radius (r = D/2).
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Chapter 2

Temperature of 1 eV: �T = eV/K = 1.6 x 10-19/1.38 x 10-23 [As V /VAs/K] ≈ 
11600 K ≈ 11300°C.

e – �Electron charge (also the unit charge) e = 1.6 x 10-19 A s. 1 A s = 1 
Coulomb.

ne, ni – Density of electrons, density of positive ions in the plasma (ne ≈ ni = n).
Te – �Electron temperature. Units are [eV] or [K]. Note 0 K = – 273.15°C.  

1 eV ≈ 11600 K.
λD – �Debye length or plasma screening distance. λD = e-1(ε0 kTe/n)1/2. Units 

are [m].
ε0 – �Permittivity of the vacuum or free-space (ε0 = 8.85 x 10-12 [A s V-1m-1])
α – The 1st Townsend coefficient for ionization in a volume.
γ – �The 3rd Townsend coefficient = secondary electron emission coefficient = 

work function of the cathode metal.
je, ji – Electron current, ion current, respectively.
VB – �DC breakdown voltage = voltage necessary to start the current between 

electrodes. The voltage depends on the gas pressure p, distance d between 
electrodes, and coefficients α and γ.

Paschen curve – Dependence VB on the pressure p and distance d.
FCoulomb – �Coulomb force between charges q1 and q2. FCoulomb = kC (q1 q2) /r2 

[Ws/m].
kC – �Coulomb constant (kC = 9 x 109 V m/A s), r is the distance between 

charges.
ωp – The plasma frequency. For electrons, ωpe = 18 π n1/2.

j – Current density vector. j = σp E, which is the Ohm’s law.
σp – �The conductivity of the plasma, which depends on the plasma frequency 

(plasma density) and collisions.
εp – �The permittivity of the plasma with respect to an incident 

electromagnetic wave with frequency ω. εp = ε0 {1−(ωpe/ω)2}. Permittivity 
must be positive number = > ω > ωpe.

νcoll – �The collision frequency between particles, mostly electrons with neutral 
particles in the plasma (depends on the gas pressure).

ncrit – �The critical or the cut-off density, above which the plasma starts to 
reflect the generating waves (power).

ωcrit – �The critical frequency of the wave generating the critical density. The 
critical density for the microwave power (fMW = 2.4 GHz) should be ncrit 
≈ 7 x 1010 cm-3.
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Landau damping – �The wave energy is transferred to electrons moving with a 
suitable phase velocity.

rL – �The Larmor radius of paths of charged particles bended in the magnetic 
field.

ECR – �Electron cyclotron resonance, when the induction B = ω/(e me).
ωce – �Electron cyclotron frequency. ωce = eB/me or fce = e B/(2π me) because 

ωce = 2π fce.
Bce – The magnetic induction for the ECR. Bce = ω me/e.
VDC – �The DC voltage for DC current, where jDC = σp E = ne qe ve + ni qi vi = 

n e (ve + vi).
ve, vi – Velocity of electrons, ions. For ve  vi, the jDC ≈ n e ve.
AC – �Alternating voltage. It always forms an electromagnetic field.
RF – �The radio frequency with a typical frequency order of  

f = ω/2π ≈ 1−100 MHz.
ωpi – �The ion plasma frequency (lower than for electrons).  

ωpi = ωpe (me/mi)1/2.
Vdc – �The DC self-bias. Found in the RF discharges due to different mobilities 

of electrons and ions. Self-bias depends on the frequency, electron 
temperature, and sizes of the RF electrodes in the plasma.

Vs – �Voltage across the space-charge sheath at the RF electrode. Vs (t) = Vdc + 
Vrf cos ωt.

Vrf – Amplitude of the RF voltage applied by the RF generator.
Vf – �The floating potential on the unbiased electrode against to zero (ground).
Vp – �The plasma potential measured in the plasma against the ground.
Arf – The area of the RF electrode in contact with the plasma.
A0 – �The area of the grounded electrode (or grounded parts in the reactor in 

contact with the plasma. The relation is Vs/Vp = (A0/Arf)2.
ds – �The thickness of the space-charge sheath at the electrode. ds ≈ (1/pressure)1/2.
Thermal – The plasma where all particles have the same energy 
plasma     (in thermal equilibrium) ≤ > hot plasma.
Cold plasma – �The plasma where different particles have different energies. 

Also non-thermal or non-equilibrium plasma. The small 
electrons in such plasmas have highest energies.

ngas – �The density of neutral particles in the plasma. It depends on the 
pressure and temperature T and can be estimated from ngas [m-3] = 7.2 
1022 p [Pa]/(T[°C] + 273) = 9.6 1024 p [Torr]/(T[°C] + 273) = 7.2 1024 p 
[mBar]/(T[°C] + 273).
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δi – The degree of the ionization in a given plasma. δi = n/ngas.
lp – �The mean-free path (MFP). The path of the particle between collisions.
Qp-g – �The collision cross-section of a gas particle characteristic for the given 

gas.
Ea – �The activation energy (kTa) of a given chemical reaction in equilibrium 

chemistry. (k is the Boltzmann constant.)
Tg, Tt, Tr, – Energies (temperatures) of the respective individual 
Tv, Tel – �particles in the plasma: gas, translation (heat), rotation (atoms in 

molecules), vibration (atoms in molecules), and electrons orbits in 
atoms (molecules).

We – Electron energy in the plasma. We ≈ kTe.
EEDF – �Electron energy distribution function, i.e. the number of electrons in 

each energy level (from 0 to infinity). The two most frequent ones are 
Maxwellian and Druywestain  
EEDFs.

fMW – �The microwave frequency. Typically, fMW = 2.4 ± 0.05 GHz. The critical 
density for this wave frequency is ncrit ≈ 7 x 1010 cm-3.

Chapter 3

pTOT – �Total gas pressure, consisting of partial pressures of the participating 
gases in the mixture pA + pB + pC + .

ngas, n, ne, ni
-, – �The particle densities of the neutral gas, the plasma density, 

ni
+     �density of electrons, negative ions, and positive ions, respectively. They 

are related as n = ne + (ni
-) = ni

+.
δi – The degree of the ionization in given plasma. δi = n/ngas.
Ne – The electron density. Used sometimes instead of ne.
CVD – �Chemical Vapor Deposition – deposition of coatings from gaseous 

phases.
PVD – �Physical Vapor Deposition – deposition from evaporated or sputtered 

solid targets.
PE CVD – �Plasma-Enhanced CVD. Also Plasma-Assisted CVD (PA CVD), 

Plasma-Activated CVD (PA CVD), or Plasma-Induced CVD (PI 
CVD).

RIE – �Reactive ion etching. Ion-enhanced chemical etching using plasma.
kB – The Boltzmann constant. kB = k.
mgas – Mass of gas particles in the plasma.
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ngas – The density of neutral particles in the plasma.
FD – �The force vector forcing particles from higher to lower density. FD ≈ grad 

n (x, y, z).
Φ – Flux of the diffused neutral particles. Φ = D n(x)/dx.
D – Diffusion coefficient.
Ngas – �Total number of particles in a gas volume (Vgas): Ngas = ngas. Vgas. Here, 

pgas.Vgas = Ngas kBTgas (the general law for an ideal gas).
Vgas – The volume occupied by gas particles in a reactor vessel.
pgas – The gas pressure in the reactor vessel.
Fe,i – �The Lorentz force vector acting on charged particles in electric and 

magnetic fields (qe,i are charge of electrons and/or ions). Fe,i = qe,i E + 
qe,i (ve,i x B) [N, C, m.s-1, T].

qe,i – �Charges. For single ionized ions, | qi | = | qe | = e = 1.6 x 10-19 A.s.
rL – �Larmor radius of charges in a magnetic field with induction B (for 

charges moving perpendicularly to the vector B). rL = me,i vnorm (e,i) / 
(|qe,i| B).

FB – �Force vector acting on charges in non-uniform field B. FB ≈ grad B 
(x,y,z).

µp – �The mobility of particles having mass m moving in electric field E with 
the drift velocity vd – It is expressed as µp = vd/E = q/(m νm).

νm – �The collision frequency with the transfer of the particle momentum.
mi – �Mass of ions (about 1000 times higher than mass of electrons). The mass 

of a proton is 1.67 × 10-27 kg The mass of an ion depends on the content of 
its protons.

νcoll (e,i - gas) – �The collision frequency of electrons and ions with neutral 
particles. The prevailing colissions are between electrons and 
neutral gas particles, because electrons have highest mobility.

Tc – Period of cycles in pulsing.
Duty-cycle – The time ratio of the pulse to the pause between pulses.
CW – Continual Wave = continual power without pulsing.

Chapter 4

BCE – �The magnetic induction necessary for the ECR (resonance) of the 
incident microwaves. The resonance condition for wave frequency f = 
ω/2π is B = Bce (or ωce/ω = 1).

MW – �A sign used for the microwave generator or power. Also µW or µw.
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Thickness – �The thickness units for coatings or films or depths in an oxidized 
surface are [nm] or [µm]. For thin thickness, use [Å]. 1 µm = 
1000 nm = 10 000 Å.

Ufl – �The floating potential of an unbiased and ungrounded electrode in the 
plasma. It is the bias (with respect to the ground) when the fluxes of 
negative electrons and positive ions are compensated and the resulting 
current to the electrode is zero.

Ap – �An effective area of the probe for electrical measurements in the plasma.
Is – �Saturated ion current. It is the current limited by an available plasma 

density.
Vprobe – �Electric potential (with respect to the ground) applied on the probe 

for measurements in the plasma.
N – �The plasma density (also n). The density number in unit volume (m-3 or 

cm-3) is the same for electrons and ions.
Ee – The electron energy in eV.
Tsub – �Substrate temperature. The temperature of the sample in plasma process.
L – Length of a resonator.
Langmuir probe – �(commercially available devices) – the thin wire (single or 

double) biased electrically or unbiased (floating) and 
immersed in the plasma for measurements of local plasma 
density, electron energy, floating potential, plasma 
potential and for the electron energy distribution function 
(only single probe). The probe measurements are invasive 
and require often complicated interpretations. The probes 
are used at pressures below about 10 Torr. For details, see, 
e.g. F.F. Chen and J.P. Chang: “Langmuir Probes” – 
Chapter XII in “Lecture Notes on Principles of Plasma 
Processing”; Springer Science + Business Media, LLC, 
(2003) ISBN 978-1-4615-0181-7 (eBook). DOI 10.1007/978-
1-4615-0181-7. https://link.springer.com/
book/10.1007/978-1-4615-0181-7.

Chapter 5

VB – �The breakdown voltage of gas. The voltage needed to start the plasma.
DBD – �Dielectric Barrier Discharge = an atmospheric discharge between 

electrodes shielded by a dielectric barrier to prevent arcing. The 
dielectric shield can be on one or both electrodes.

H-HEAD – Hybrid Hollow Electrode Activated Discharge.
LPG – �Liquified Petroleum Gas = mixes of propane (C3H8) and butane (C4H10).
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7.2 Constants and Numbers

Electron charge e = 1.6 x 10–19 A s.
Electron mass me = 9.11 x 10-31 kg.
Ion mass – �dependent of number of protons (proton mass is 1.67 × 10-27 kg).
Diameter of – in the range of 1 × 10-10 m (0.1 nm = 1 Å). 
an atom

Diameter of  – in the range of 1.75 × 10−15 m (1.75 fm). (The size ratio 
the nucleus �atom/nucleus ≈ 105. It is same as the soccer stadium/mosquito ≈ 

100 m/1 mm = 105).
Diameter of –5.64 × 10-15 m (Pauling 1964). More recent data show < 10-18 
an electron m._________
Boltzmann constant k = 1.38 x 10-23 W s/K.
Planck constant h = 6.63 x 10-34 kg m2/s._________
1 atm = 1.01 Bar = 760 Torr = 1.01 x 105 Pa, 1 mBar = 100 Pa.
1 Torr = 133.3 Pa = 1.33 mBar — > 3 x 1016molecules/cm3 (at 0°C).
1 Pa = 7.5 x 10-3 Torr, 1 mBar = 0.75 Torr.
Avogadro number  NA = 6.022 x 1023 mol-1.
sccm = �flow of the standard cubic centimeter per minute = flow of 1 cm3 at 

standard pressure of 1 atm.
slm = flow of the standard liter per minute = 1000 sccm.
1 sccm = �6.022 x 1023/22.414 molec/min = 2.69 x 1019 molecules/min.
1 Torr litre/sec  = 79.03 sccm = 2.13 x 1021 molecules/min.
Molar volume:   Vmol = 22.41 x 10-3 m3/mol.
Mean free path (20°C) at 1 mTorr ≈ 50 mm.
Pressure intervals �< 1 mTorr (<0.13 Pa) = > less than 1013 particles in cm3, 

10 mTorr-10 Torr (1.3 Pa – 1.33 × 103 Pa) = > 1014 – 1017  
particles/cm3, > 10 Torr (> 1.33 × 103 Pa) = > more than 
1017 particles/cm3._________

Vacuum permittivity: εo = 8.85 x 10-12 Farad/m [As/Vm].
Vacuum permeability: μo = 1.26 x 10-6 Henry/m [Vs/Am].
An impedance for wave propagation in the free space: �Zfree space = (μo /εo)1/2  

= 377 Ω.
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wave)  93, 94, 95 (Fig. 4.10),  
97 (Fig. 4.13), 98, 101 (Fig. 4.19), 
102
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description  28–32
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1.29)
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1.31)

microwave plasma arcs  172
microwave plasma in liquid  140, 154
microwave (waveguide) 

resonators  14, 15 (Fig. 1.8), 16, 
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5.21)

n
nanocluster diamonds  147, 149, 149 
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nanoparticles production by 

plasma  175
negative ions  39, 69, 73, 88, 92
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53, 56, 58, 59, 70, 77, 79, 159, 
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effect)  141

bindex.indd   192bindex.indd   192 31-01-2022   12:39:1031-01-2022   12:39:10



Index ﻿ 193
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114 (Fig. 4.38)
plasma ball  112, 113 (Fig. 4.35), 116, 
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81, 122, 136 (Fig. 5.1), 169
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pressure gradient  77
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pulsed plasma  81, 82 (Fig. 3.6), 99, 

153 (Fig. 5.24), 173
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radicals (SiH, SiN)  85, 87, 108
radioactive decontamination  172
Raman spectrum (peaks)  114, 149, 

149 (Fig. 5.19)
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saturated ion current  100, 101, 102 
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148 (Fig. 5.16)

sputtering  63, 64, 51, 56, 57 (Fig. 
2.10), 72, 74, 74 (Fig. 3.3), 75, 88, 
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sputtering yield  75
standing waves  10, 11 (Fig. 1.5), 14
surface activation (hydrophilic 

surface)  136, 144, 145
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surface waves  106, 141, 141 (Fig. 5.5), 
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Surfajet  113, 115, 115 (Fig. 4.59), 117, 
118 (Fig. 4.45), 119, 120, 120 
(Fig. 4.47), 121, 122, 140

surfatrons (coaxial surfatron, 
surfaguide)  62 (Fig. 2.11f), 64, 
106, 106 (Fig. 4.25), 107, 107 
(Fig. 4.26), 109, 110 (Fig. 4.31), 
112, 113 (Fig. 4.35), 140
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temperature

electron temperature/energy  40, 
54, 57, 57 (Fig. 2.10), 60, 61, 62, 
70 (Fig. 3.2), 88, 92, 99, 101, 102, 
120, 125, 125 (Fig. 4.54)

electronic temperature  60
gas temperature (of the gas/

flame)  38, 57, 59, 60, 71, 76, 
158, 159 (Fig. 5.33), 160, 161, 
161 (Fig. 5.35), 173

ion temperature  60
rotational temperature  60
substrate (sample) temperature  109 

(Fig. 4.29, Fig. 4.30), 110, 117, 
118, 120, 125, 127, 128, 140, 148 
(Fig. 5.16)

translational temperature  60
vibration (vibrational) 

temperature  60, 118, 119, 119 
(Fig. 4.46)

thermal velocity of particles  76
TiN and CrN films  125–128, 126 (Fig. 

4.55, Fig. 4.56)
Townsend coefficients  40–42, 104, 

137
transmission lines

coaxial (antenna, output, cable, 
connector, waveguide)  5, 6, 
12–14, 13 (Fig. 1.6), 14 (Fig. 1.7), 
15 (Fig. 1.8), 16, 19, 19 (Fig. 
1.14), 20, 62 (Fig. 2.11), 95 (Fig. 

4.10), 106, 123, 124 (Fig. 4.52), 
138, 140, 140 (Fig. 5.4), 155, 155 
(Fig. 5.27), 156 (Fig. 5. 29, Fig. 
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TEM mode  6, 12
transport of particles (species)  51, 75, 

77, 79–81, 80 (Fig. 3.4), 83, 105

v
vacuum (thermal, reactive) 

evaporation  71–74
vacuum window (alumina, dielectric, 

sealed)  22 (Fig. 1.18), 152 (Fig. 
5.23), 175, 170

w
waveguide components/power lines

coupling flange  20–22 (Fig. 1.16), 
22 (Fig. 1.18)

directional coupler  16, 19, 19 (Fig. 
1.14)

E-bend, H-bend  20, 20 (Fig. 1.15)
loss tangent  24, 25 (Table 1.1)
microwave insulator  16, 113 (Fig. 

4.35)
phase shifter  25, 26 (Fig. 1.22). 89 

(Fig. 4.4)
power load (water load)  16, 23, 25 

(Fig. 1.21)
quarter-wave transformer  22, 23 

(Fig. 1.19)
shorting plunger  25, 26 (Fig. 1.25), 

87 (Fig. 4.1), 113, 113 (Fig. 4.35, 
Fig. 4.36), 172 (Fig. 6.2)

tapered waveguides  16, 22, 23 (Fig. 
1.19), 85, 89, 89 (Fig. 4.4), 90, 
173

thermistors, bolometer sensors  16, 
20

tuner (three-stub tuners, E-H 
tuners)  15 (Fig. 1.9), 17,  
18, 18 (Fig. 1.12, Fig. 1.13), 172 
(Fig. 6.2)

bindex.indd   194bindex.indd   194 31-01-2022   12:39:1031-01-2022   12:39:10



Index ﻿ 195

waveguides (parameters)
cut-off frequency (condition)  6–8, 

10–12, 23, 24
cut-off wavelength  6 (Fig. 1.3), 7, 8, 

10, 23
dominant modes TE, TM  6, 6 (Fig. 

1.3), 7, 8, 10, 11, 22, 23, 27, 28 
(Fig. 1.25)

filed by dielectrics  9, 10

standing wave (ratio SWR)  10–12, 
11 (Fig. 1.5), 14

wavelength in the waveguide  6–8, 
6 (Fig. 1.3)

wave velocity (group, phase)  9, 9 
(Fig. 1.4)

work function (secondary 
electrons)  41, 42, 53, 74 (Fig. 
3.3), 89, 104
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