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Fundamentals of Plasma 

1.1 INTRODUCTION 

Low-pressure plasma, cold plasma, nonequilibrium plasma, and glow discharge 
are some of the synonymously used terms to designate the same type of process. 
The technologies using these plasma assisted processes are generally referred to 
as plasma processing and include such diverse approaches as plasma assisted 
chemical vapor deposition (PACVD), plasma enhanced chemical vapor deposition 
(PECVD), ionitriding, and plasma etching. Plasma assisted processing is a critical 
technology used in the production of advanced microelectronics and in the pro-
duction of present and future generations of large-scale integrated circuits. It 
would not be possible to manufacture very-large-scale integrated circuits (VLSI) 
computer chips without deposition of thin films by plasma assisted chemical vapor 
deposition or without plasma assisted etching, which enables etching of submicron-
size features with vertical walls in silicon, metals, and dielectrics. Plasma process-
ing also made possible the development of special materials with unique properties 
such as amorphous silicon or diamondlike carbon. 

Plasma chemistry takes place under nonequilibrium conditions, and the reac-
tions can occur while the gas or parts exposed to it remain at relatively low 
temperatures. The advantages of plasma processing are being exploited in various 
areas besides microelectronics. For example, the plasma assisted chemical vapor 
deposition technique called ionitriding allows replacement and upgrade of a con-
ventional technology for surface hardening of metals, done by thermal nitridmg, 
and thus achieves much more efficient surface hardening. The ionithding tech-
nique enables control and adjustment of the properties of the hardened surface 
layers, not manageable while using the conventional method of nitriding. 

I 
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At the base of the mentioned technologies is the cold plasma, a phenomenon 
similar to that occurring in fluorescent bulbs or neon lights, that is, an electrical 
discharge in a gas at low pressure. The phenomena occurring in cold plasmas are 
very complex and not yet fully understood. However, it is possible with the 
present knowledge of plasma physics and chemistry to adjust and control the 
composition of the gas mixtures and the parameters of the discharge to achieve 
required results in terms of processing and materials properties. The plasma 
assisted techniques allow increased production rates, precise production, and de-
vising of materials with unique properties which evolve from the chemistry of 
cold plasmas. 

The present book aims to provide a broad introduction to the physics and 
chemistry of cold plasmas, to present various diagnostic techniques used for 
studies, of plasma, for monitoring and optimization of plasma operations, and to 
discuss the state-of-the-art applications of cold plasmas 

1.2 DEFINITION OF PLASMA 

Taking into consideration the energy of the particles constituting it, plasma is 
energetically the fourth state of the matter, apart from the solid, liquid, and gas 
states. Figure 1-1 presents schematically the ranges of temperature, or particle 
energy, in which each of the four forms of matter occur in nature. For the plasma 
state, the temperature range reflects only the energy of the heavy particles (not of 
the electrons) for reasons to be explained later 

Langmuir and collaborators were the first to study phenomena in plasma in 
the early 1920's while working on the development of vacuum tubes for large 
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Fig. 1-1 State of matter versus temperature. 
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currents, and it was  Langmuir  who in 1929  used  the term  "plasma" for  the first 
time [1]  to describe ionized  gases 

In a more rigorous way, a  plasma can  be  defined as a quasi-neutral gas of 
charged  and neutral  particles characterized by a collective behavior 

Let us first define the collective property of the plasma. The behavior of a 
neutral gas is described by the kinetic theory of gases. According to this theory, 
in an ordinary neutral gas no forces  act between the molecules of the gas (gravi-
tational forces are considered negligible),  and the  particles travel in straight lines, 
with a distribution of velocities. The motion of the molecules is controlled by  the 
collision among themselves  and with the  walls of the container. As a result of 
these collisions, the molecules  of a neutral gas follow  a random Brownian motion, 
as illustrated in Fig. 1一2(a). 

Assuming the particles  of the neutral  gas to be rigid spheres of radius r and 
their density  n, the kinetic  theory of  the gases defines the cross section 戶r 
collision,  a, and  mean free  path,  )., as 

0:：兀r2 

1 
A:=：—— 

0n 

The average number of collisions  per second, called the collision frequency, v, 
and the mean time between collisions,  v,  are given by 

U 
v 之 一一 

夕 
(1.3) 

(b) 

Fig. 1-2 Particle path in a neutral gas and under collective behavior in a plasma: (a) 
Brownian motion of a neutral gas molecule; (b) motion of a charged particle 
in a plasma. 

(1.2) 
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T：——：=：—— 
	 (1.4) 

v U 

where u is the average velocity of the molecules in the gas which is determined by 
its temperature, T: 

”︰ 
kT '\1

M) 
M is the mass of the molecule, and k is the Boltzman constant. If the temperature 
of the gas is constant, the collisional mean free path is inversely proportional to 
the pressure in the system: 

C' 
又＝—— 

p 
(1.6) 

where Ct = a constant depending on the gas 
p = pressure in the gas 

In a plasma, contrary to the preceding description, the motion of the particles 
can cause local concentrations〞positive and negative electric charges. These 
charge concentrations create long-ranged Coulombic fields that affect the motion 
of charged narticles far away from the charge concentrations. Thus elements ot 
the olasma affect each other, even at large separations, giving the plas.ia its 
characteristic collective behavior: A charged particle in a plasma moves among a 
path which on average follows the electric field. Such a path is illustrated in Fig 
1-2 (b). In some conditions, at low pressures, the effect of the long-range elec• 
tromagnetic forces on the motion of the particles can be much stronger thai. the 
effect of the collisions between the particles. In such cases the plasma is called a 
collisionless p級sma. 

Local concentrations of charges in a plasma are confined to volumes of small 
dimensions of size 2D' where AD is a characteristic dimension of the plasma, called 
the Debye length. This term will be explained in detail in Sec. 1.3.3. For a plasma 
to be stable, it is necessary that the dimensions of the system be much larger than 
the Debye length. Outside of these small volumes, of orders of tens of microm-
eters, the charge density of ions, which is generally approximately equal to the 
density of the ions, is equal to the density of electrons, making the plasma 
electrically neutral. As a result, the plasma is considered a quasi-neutral gas 

A plasma is usually obtained when sufficient energy, higher than the ioniz-
ation energy, is added to atoms of a gas, causing ionization and production of ions 
and electrons. Parallel and concomitant to the ionization occurs the opposite 
process of recombination of electrons with ions to form neutral atoms or mol- 
ecules. Although plasmas are commonly produced by electrical discharges in 
gases, a plasma can also be obtained when sufficient energy is provided to a liquid 
or a solid to cause its vaporization and ionization. Such plasma plumes can be 
obtained when high-density energy is supplied to a solid or a liquid by a laser. In 
a gas, a plasma is usually excited and sustained by providing to the gas elec-
tromagnetic energy in different forms: direct current, radio frequency, micro- 
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Waves, and so on. Plasmas are often referred to as gas discharges because the 
'flOat common way to produce plasma is by passing an electrical discharge through 
the,，∼， 

∼∼ 膩（取。． 

'.3PLASMA PARAMETERS 

A Plasma, especially0 one sustained in amultitude of different neutral and chargedin a plasma is commonly referred to as a驗 f molecularf gases, conptaiA group of identical part 
The plasma is broadly characterized by the following basic parameters 

.The density 了the neutral particles, nn 

•騵densities of thlasma the den篇trons and ions, liea and n,t.th In the quasi-nseutralof the electrons and of the ions are usually e讖 
n汙 ne:n and n is called the plasma dens即． 

● The energyelectrons, f絆butions of the neutral particles, f(W); ions, f(W); and 

響訪 
hea、The energy transferhea target is determine森 in an ethe mas黑＃驟n between an electron and aparticles 
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where M = mass of the heavy particle 
W = energy of the electron 
m戶 mass of electron 

For an elastic collision of an electron with an argon atom, the fraction of trans-
ferred energy is therefore very small, about 

w∼ 	l 
一不毛

至絀  →∼、∼、 

W 40,000 

On the other hand, a significant amount of energy is transferred in a collision 
between two electrons. 

The electrons gain energy through acceleration by the electric field, which 
sustains the plasma and transfers that energy by inelastic collisions with the 
neutral gas molecules. The inelastic collisions between energetic electrons and the 
heavy species of the plasma result in excitation, ionization, or dissociation of the 
target if it is multiatomic. Energy transfer in an inelastic collision is not controlled 
by the mass ratio of the colliding particles. In an inelastic collision between two 
particles, the fraction of transferred energy is given by 

WTr 一 Af 

w '?1'n+M 

where m.m is the mass of particle losing energy. 
According to Eq. (1.9), in an inelastic collision between an electron and a 

heavy particle (m = me <<M), the electron can transfer almost all its energy to the 
heavy particle, creating an energetic plasma species. The inelastic collisions there-
fore sustain the plasma by producing the particles that form it and giving the 
plasma its special features. Inelastic collisions involve energy transfer in amounts 
that vary from less than 0.1 eV (for rotational excitation of molecules) to more 
than 10 eV (for ionization). 

Electron-electron collisions can also play a significant role in the energy 
transfer processes in the plasma. Their importance depends on the degree of 
ionization prevalent in the plasma. For degrees of ionization below l0 一 10, the 
contribution of the electron-electron collisions to the energy transfer is negligible 
However, in electron cyclotron resonance 仿CR)plasmas, where the degree of 
ionization can be above 10-3 , electron-electron collisions dominate [2] 

The relative contribution of each type of collision to the processes taking 
place in the plasma depends on additional plasma parameters, which will be 
discussed next and which derive from the previously described parameters. 

1.3.1 The Degree of Ionization 

The parameter that defines the density of the charged particles in the plasma 
is the degree 衫 ionization of the gas. It specifies the fraction of the particles in 
the gaseous phase which are ionized. The degree of ionization, a, is defined as 

(1.8) 

(1.9) 

ng 
cx 一—— 

n 
(1.10) 
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For plasmas sustained in low-pressure discharges, the degree of ionization is 
typically 10 一 6 to 10 -3 .3 However, if the electrical discharge is assisted and 
confined by an additional magnetic field, the degree of ionization can reach values 
of 10-2 or higher, as for example, in an ECR plasma. Table 1-1 presents the range 
of values of the degree of ionization encountered in different low-pressure plasmas 
used for processing of solids 

TABLE 廈自廈 Ranges of Para廈i1eters for Various Low-Pressure Plasmas 

則asma Type 
	

Pressure 	Ion Density 	Degree of Ionization 
(torr) 

Depos山onletching 
Reactive ion Etching 
Magnetron sputtering 
Electron cyclotron resonance 

The degree of ionization in a plasma is a function of the elements contained 
in the plasma. For example, in plasmas used in magnetron sputtering, the degree 
of ionization of the sputtered metal is higher than that of the process gas employed 
for the sputtering 

The value of the critical ionization is defined by [3] 

cc 絀 173×10120 ea T: 

where aea= electron-atom collision cross section at the average electron velocity, 
expressed in cm2 

Te = electron temperature of the plasma, expressed in eV 

fhe electron temperature will be defined later, in Sec. 1.3.2.1 
If the degree of ionization is much bigger than the critical ionization value, 

the charged particles behave as in a fully ionized gas 

1.3.2 Plasma Temperature 

One of the physical parameters defining the state of a neutral gas in ther-
nodynamic equilibrium is its temperature, which represents the mean transla 
tional energy of the molecules in the system. A plasma contains a mixture of 
particles with different electric charges and masses. At a first approximation, the 
plasma may be considered, thermally, as consisting of two systems: the first 
containing only electrons and the second containing the heavy species, that is, 
neutral atoms or molecules, ions, and neutral molecular fragments. 

The electrons gain energy from the electric field, which energizes the plasma, 
and lose part of it by transfer to the second system through elastic or inelastic 
collisions. The system of heavy particles loses energy to the surroundings, either 
by radiation or by heat transfer to the walls of the vessel containing the plasma 
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The electrons and the heavy species in the plasma can be considered approximate- 

讓離 
equation is satisfied: 

Tg = T群 = Tg0 = Td = Tr = Te 

Complete thermodynamic equilibrium cannot be achieved in the entire 

plasma because the radiation temperature, Tr, at the envelope of the plasma cannot 
equal the temperature in the plasma bulk. However, under certain 呈aooratory 
conditions, it is possible to achieve local thermodynamic equilibrium in piasma in 
volumes of order of the mean free path length. If this happens, the plasma isca llcU 
a local thermodynamic equilibrium (LTE)plasma. In low pressure p且as彆5,J〕乏！！二 

duced by direct current glow discharge or radio frequency excitation, tne Lir 
conditions are generally not achieved. These plasmas are theretore caiieu flOfl-LIL 
〞勿smas. 

In non-LTE nlasmas the temperatures of the heavy particles are normally tOO 
small to nromote chemical reactions in thermodynamic equilibrium. I ne eiectron 
temperature is therefore the most important temperature in non-LI t piasmas, 
among all those different temoeratures mentioned previously. the traction Or 
electrons that will cause the different reactions in the plasma, the overall em-
ciencv of the olasma orocesses. and the processing rates increase with increasing 
electron temperature. The electron temperature is discussed in further dctail in tne 
following section. 

了•亂之了 Electron Ternperature 

The velocity distribution function f(〞）for a syste乎 of particles is defined as 
the density of particles in the velocity space that satisties tne equation 
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n(cm 一 3):4兀 
I f(v) v2  dv 

'Jo 
(1.13) 

where 	v = velocity 
f(v) = velocity distribution function (density in velocity space) 

n = the density of the particles in the geometrical space 

If it is assumed that the velocity distribution of the electrons in the plasma 
is isotropic, that the effects of inelastic collisions act only as a perturbation to the 
isotropy, and that the effects of the electric fields are negligible, then the velocity 
distribution is Maxwellian. The Maxwellian distribution assumes that the tempera-
ture of the electrons equals the temperature of the gas, Te = Tg 

If the distribution of the electron velocities can be considered Maxwellian, 
then it can be described by [4, 6] 

f
（〞）→  /2 

 me \
3/2ex

p

（一 
me

v 2 

 \f(v) = ne 

 2k  ) 
 ex

p ( -  2kT
e )  

The electron energy distribution function八 W) is related to the velocity distnbu-
tion function f(v) through the relation [6] 

f(喲
： 4m 

 叮（〞）  

Therefore, the Maxwellian energy distribution function for the electrons is given by 

f(  W): 2.07W '2 
 W 2ex

p

（一 1.  5W

W-..  ) 
where Wa. is the average energy 衫electrons 
It can be shown that the average energy of the electrons is related to their 
temperature by 

Way：抓Te 
乙 

Due to the simplifying assumptions, the Maxwellian distribution provides only 
a first approximation of the electron energy (or velocity) distribution in the plasma 

The assumptions made for the Maxwellian distribution can be replaced in 
low-pressure plasmas by the following assumptions 

1. The electric field strength in the plasma is sufficiently low such that one 
can neglect the inelastic collisions, but large enough for the electron 
temperature to be much higher than the ion temperature, Te >> T. 

2. The electric field is of sufficiently low frequency, that is, it is of a 
frequency w much lower than the frequency of collisions v 

3. The collision frequency is independent of the electron energy 

Under these assumptions the distribution of the electrons in the plasma is given 
by a Druyvesteyn distribution [6]. The Druyvesteyn distribution function gives a 

(1.17) 
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better approximation than the Maxwellian one for the electron energy distribution 
in the non-LTE plasmas. 

by Th
e Druyvesteyn energy distribution of the electrons  in the  plasma  is  given

by 

f(  W):  104W
v

312
W"2 exp

〔一 0.  55W2

2
av  ) 

in the case of the  Druyvesteyn distribution, the average electron energy and the 

electron temperature are functions  of  E0 /p, where E0  is the strength of  the electric 

field and p is the pressure in  the  plasma.  However,  when the degree of  ionization 

becomes large,  the  electron  density  also  affects  the energy distribution  [61. It 

should be  emphasized that the  Druyvesteyn  distribution,  as  the Maxwellian one, 

gives only  an approximation for a steady plasma. Numerical  calculations have to 

be made  to  obtain a more accurate evaluation  of the electron  energy distribution 

Figure  1-3  il lustrates  Maxwellian and Druyvesteyn distributions for a sample 

of several average electron energies. As can be seen, the Druyvesteyn distribution 

is  characterized by a  shift toward higher electron energies,  as compared to the 

Maxwellian one. As  we shall see later, the reaction rates in the plasma are a 
function of interaction cross sections, which in turn depend on the energies of the 

particles.  Some reactions in the plasma have an energetic  threshold and  will 

happen only if the energy of the participating electron is higher than the threshold 

value. An  important  fact illustrated by Fig.  1-3 is  that  both  energy distributions are 

characterized by a  high-energy  tail. For  an average electron  energy of  5  eV, a 

significant  amount of electrons  have energies above 8 eV,  reaching even values 

0.8 

1 eV   Maxwellian 

一一一一 Druyvesteyn 
0石 

0.4 
3 eV 

5 eV 
0.2 

∼ ×、 、∼ 

2 	4 	6 	8 	10 	12 	14 

E (eV) 

Fig. 1-3 Electron energy distributions according to Druyvesteyn and Maxwell. The 
numbers indicate the average electron energy for each distribution 
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up to 14 eV. Thus the electrons in the high-energy tail of the distribution, though 
in small concentrations, have a significant impact on the overall reaction rates in 
the plasma. The Druyvesteyn distribution predicts a larger number of electrons to 
wntribute to reactions requiring high energies. 

As mentioned before, the different species in the plasma may be character-
ied by their distinct temperatures. The temperatures tend to equilibrate as the 
interaction between the two systems, that is, electrons and heavy particles, 
increases. This happens if either the pressure or the density of the electrons in the 
plasma increase, as shown in Fig. 1-4. 

1。5 

∼ 

FIg. 1-4 Electron and ion temperatures 
as a function of pressure (from 
[7], reprinted with permission 
from R.F. Baddour and R.S. 
Timmins, The Application 衫 
Plasmas to Chemical Pressing, 
MIT Press,。 1967). 
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At low pressures, the electron temperature is much greater than the tempera-
ture of the gas, Te >> Tg. When the pressure in the plasma increases, the energy 
transfer from electron to neutrals increases, causing an increase in the temperature 
of the gas and decrease of the electron temperature (see Fig. 1-4). The electron 
and gas temperature converge to similar values at a pressure between 10 ton and 
100 ton and the plasma becomes arclike. In arcs at atmospheric pressure the two 
temperatures are equal, Te = Tg. When the two temperatures are about the same, 
the distribution of the species in the plasma can be described by equilibrium 
relations, while in the case when Te>> Tg, the distribution of active species is best 
represented by the electron temperature, Te 

Although the temperatures of the electrons in the types of plasmas to be 
discussed in the following chapters are several times io40 K (several electron 
volts), it does not imply that these plasmas are hot. Typical electron densities in 
these plasmas are about 1010 cm 一〕， as compared to the density of particles in a 
gas at atmospheric pressure which is about ∼ 2.7 x 1019 cm 一 3. Due to the very 
low density and the very low heat capacity of the electrons, the amount of heat 
transfened by the electrons to the gas (heavy neutral and ionized particles) and 
to the walls of the container is very small. Thus, the term "cold plasma" derives 
its meaning from the small amount of heat transfened to the gas or solids in 
contact with it. 
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1.3.3 Debye Length 

Another important parameter of a plasma is its Debye length. If an electric field 
is created in the plasma, the charged particles will react to reduce the effect of the 
field. The lighter, more mobile, electrons will respond fastest to reduce the electric 
field. If a plasma had an excess of positive or negative particles, this excess would 
create an electric field and the electrons will move to cancel the charge 

The response of charged particles to reduce the effect of local electric fields 
is called Debve shielding and the shielding gives the plasma its quasi-neutrali妙 

〞 →  
characteristic. Let issume that an electric potential is applied between two surraces 
immersed in a plama. The surfaces will attract equal amounts of charged particles 
of opposite sign. The concentration of charged particles near the two surfaces will 
shield the charged surfaces from the plasma bulk, which will remain neutral. The 
applied electrical potential will therefore develop mostly near the surfaces, over 
a distance 編，called the De妙e length and defined by 

久n:'C馮、l'2 
×nee一‘ 

wheree0 = the permittivity of the free space 
e = the charge of the electron 

To clarify the meaning of the Debye length, let's assume that a positive 
electric charge, q, is inserted in a plasma that is initially quasi-neutral. The charge 
will create an electric potential, which in free space would be [2] 

V0 一 4森0d 

where d is the distance from the charge. In the plasma, the potential is affected 
by the plasma electrons and ions and its value can be obtained by solving 
Poisson's equation, 

V2F＝一上 
e0 

where p is the total charge density in the plasma and is given by 

p:e(ng 一 ne)+q(5(d) 

where (5(d) is the Dirac (5 function, indicating that q is a point charge. 
The potential V changes the electron density, and assuming that the electrons are 

in thermodynamic equilibrium at temperature T, the density can be calculated as [2] 

(1.19) 

離騙 
\\kTJ  

ne:=n exp 
，
充
 

T
 

(1.23) 

As it can be assumed that eV << kT, the Poisson's equation can be rewritten using 
Eq.(l.22) as 

r 
VZV＝不一十 q。(d) 

凡D 

(1.24) 
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with 編 defined by Eq. (1.19). The  solution of Eq. (1.24) is 

q 	f d、 T一一 f d、 
V(d):：尸 ，exn ―一于一 =  V0 exnl 一于一 I 

4iu 0d 一r× 2D1 	u 一 F\ 'ID) 

Equation (1.25)  shows  that the plasma changes the potential of free space, 
JT,  causing its  attenuation with a decay length equal to the Debye length, D This 
attenuation of the potential produced by a local  charge in the plasma is the Debye 
shielding effect. 

For estimation purposes and taking  into account  that  T(0K) = 11,600 T(eV), 
it  is  convenient to calculate  the Debye  length  from 

‘一「 界 (0K) 1廈／ 之 ∼、「 Te (eV)  1m  
馮(cm) :6.93 ―  一州兀久」  ：743  I  叮 ∼ 化文、 ― 

[tie (cm 一  j 	
）」 	[tie (cm 一  j）」 

An  example of  typical  values found  in  a cold  plasma  is 

Te:  I eV, tie =  10 '0cm 一 3, and 2D  = 74tm 

As indicated by Eq. (1.19),  the Debye length decreases with increasing 
electron density. An ionized gas is considered a plasma only if the density of the 
charged particles is large enough  such that 'D  <<L, where L is the dimension of the 
system. If this condition is satisfied,  local concentrations of electric charges which 
may  occur in the plasma are  shielded out by the Debye shielding effect over 
distances smaller than the  Debye  length. Outside these volumes of charge concen-
trations the plasma bulk is quasi-neutral. The Debye length, 2D' is therefore the 
characteristic dimension of regions  in which breakdown of neutrality (formation 
of local concentrations of charges) can occur in a plasma. 

Another plasma parameter related to the Debye length is the number 衫 

particles, ND, in a Debye sphere, that is,  in a sphere of radius equal to 2D. The solution 
of Poisson's equation  given  by Eq. (1.25) can be obtained only by assuming that  the 
shielding effect  is produced by a large  number  of electrons,  or in other words,  the 
shielding effect  can  occur  only  if the Debye sphere contains  a large number of 
electrons. Due  to  the  exponential  decay of the  potential,  it  can be  assumed  that the 
shielding  is caused by  the  electrons in the  Debye sphere,  whose  number is given by 

4m 	為讒 	1.38 x 103 T3!2  (0K) 	1.718  x  109T2  (eV) 
ND:：一計 ne 2名＝一一一 	一祈 r ∼ 一一‘一一一一 	一；‘了  ∼ 一 ‘ 

3 ‘〞 

ND has to be  therefore  much larger than  unity to fulfill  the  collective  charac-
teristic of  the  plasma.  For  electron temperatures Te  > 1  eV  and densities n e  < 101 2 
cm 一 3, the condition ND>> 1 is  easily  satisfied. In the  cold  plasmas  ND  ranges  from 
about l04 to iO7 electrons in a Debye sphere 

1.3.4 Plasma Sheath 

We shall proceed with a more detailed examination of what happens at a 
surface in contact with a plasma. Ions and electrons reaching tlie 5011U sunace 
recombine and are lost from the plasma system. Electrons that have much higher 
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thermal velocities than ions reach the surface faster and leave the plasma with a 
positive charge in the vicinity of the surface. An electric field that retards the 
electrons and accelerates the ions develops near the surface in such a way as to 
make the net current zero. As a result, the surface achieves a negative potential, 
relative to the plasma, or in other words, the surface is at a negative self-bias 
relative to the plasma 

The plasma is therefore always at a positive potential relative to any surface 
in contact with it. Because of the Debye shielding effect, the potential developed 
between the surface and the plasma bulk is confined to a layer of thickness of 
several Debye lengths. This layer of positive space charge that exists around all 
surfaces in contact with the plasma is called the plasma sheath 

The sheath potential, V, is the electrical potential developed across the 
plasma sheath. Only electrons having sufficiently high thermal energy will pen-
etrate through the sheath and reach the surface, which, being negative relative to 
the plasma, tends to repel the electrons. The value of the sheath potential adjusts 
itself in such a way that the flux of these electrons is equal to the flux of ions 
reaching the surface. Its value is given for a planar surface by [81 

kT,f ''1e 、 
vs:---1n楓叩 ！ 2e 	×2•3m,' 

where V = sheath potential 
m, = mass of ion 

For a spherical surface the expression changes to [9] 

kTe ，衍m△ 
久＝：一一上一 ln ―亡一望一― 

2e ×2m'' ' 

(1 .28b) 

Figure 1-5 shows a schematic diagram of a plasma sheath. As indicated in 
the figure, the plasma sheath is a region of positive space charge, almost devoid 
of negative charges. The thickness 州 the plasma sheath, d5,is defined as the 
thickness of the region where the electron density is negligible and where the 
potential drop V, occurs. As previously explained, the thickness of the plasma 
sheath is related to the Debye length. It also depends on the collisional mean free 
path in the plasma and is affected by external biases applied to the surface 

At higher pressures, when the collisional mean free path is of the same order of 
magnitude as the thickness of the plasma sheath, the latter can be estimated from [1OJ 

with 
d, 〞2焰 × 編 

〞一 
e( 一  V11)  

斤T 

(1.29a) 

(1 .29b) 

where d5: thickness of plasma sheath 
為：the bias on the considered surface(self- or external bias) 
VP = the plasma potential, which will be defined in Sec. 5.2 
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Fig. 1-5 Diagram of a plasma sheath. 

At lower pressures, when the mean free path is much greater than the 
thickness of the plasma sheath, the thickness of the plasma sheath can be cal-
culated from 

d5 絀 l.l〞3'4 X 祕 

If the surface bias is small, of the order of magnitude of Te, the sheath will 
only be a few Debye lengths thick. At pressures below 、 0.05 torr the self-bias 
can reach values of tens to hundreds of volts, and the sheath thickness increases 
If a bias of - 100 V is applied to a surface in contact with an argon plasma in 
which Te 絀 I eV, the plasma sheath thickness is about 32 兄D [10] 

It was experimentally found that the thickness of the plasma sheath is af-
fected by more parameters than these figuring in Eq. 1.29. The relation between 
the thickness of the plasma sheath and those additional parameters is not clearly 
understood. 

The thickness of the plasma sheath was found to be also dependent on the 
frequency of the electromagnetic field and the pressure in the system. For 
example, it was found in a certain system [11] that at 7 MHz, the plasma sheath 
thickness decreases from 12 mm to 7 mm when the pressure increases frpm 4 to 
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20 Pa, but at 27 MHz the plasma sheath thickness decreases from 6 mm to 4 mm 
when the pressure increases from 2.2 to 10 Pa. In the same system it was found 
that at some pressures the thickness appeared to be independent of the sheath 
voltage, while at other pressures it was found to be dependent on it [11]. 

The ion current density through the plasma sheath, J,, is given by the 
Child-Langmuir law [411: 

馮：27.3 
40 '\h/2 v312 

rn) 	d' 
(1.30) 

Equation(1.30) calculates the current density in units of mA/cm2 for V in kV 
and d潔 in mm. 

Between the sheath and the plasma bulk extends a quasi-neutral region cal-
led presheath. In that region there is a potential drop V, whose magnitude is of 
the order of V = 0.5(kTe/e) [4, 12]. 

The transport of ions and electrons to the surface through the sheath is done 
by ambipolar diffusion, discussed at length in Sec. 1.5. The flow of ions through 
止e plasma sheath is controlled by 出e Bohm shea功 criterion. This criterion 
establishes that only ions that enter the sheath with a directional velocity, v1, 
greater than a critical value, uc, will reach the substrate: 

vi > V c (1.31) 

The value of the critical ion velocity can be calculated from [8] 

斤兀丫/2 
磯

＝ m:' 
where vc is the thermal velocity of the ions. 

Equation (1.32) shows that according to the Bohm criterion, the minimum 
velocity required for an ion to reach the surface exposed to the plasma is a 
function of the electron temperature. This expresses the relationship which exists 
between the movements of ions and electrons in the plasma. The ions achieve the 
velocity v, required by the the Bohm criterion by acceleration in the quasineutral 
presheath region. 

If the conditions of the plasma are such that collisional mean free path, A, is 
much larger than 出e Debye length（久》久D)，也e plas直na has a collision兀斤ee sheath. 

1.3.5 Plasma Frequency 

Although the plasma bulk is quasi-neutral, local perturbations from neutrality 
can occur in volumes smaller than the Debye sphere. Due to their low mass, the 
electrons will respond faster than the ions to the electric forces generated by the 
perturbation from neutrality. The response to the perturbation will be through 
oscillations. The frequency of these electron oscillations is called the plasma, or 
Langtnuir戶equency, (DP,and is given by the relation [8] 

→ nee2 	）廈‘ 2 18,000 irnV2 Hz '’言 ee0' 

vc= (1.32) 
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for t e expressed in cm -3 .3 For a typical plasma density of 1010 cm 一 3 , the plasma 
frequency is 9.108 Hz, a frequency much higher than the 13.56 MHz generally 
used to sustain a radio frequency (RF) discharge 

It can be deduced from Eq. (1.19) and Eq. (1.33) that the plasma frequency, 
cv,, is related to the Debye length by the relation 

fkTe、l/2 

又D田p 詼討J 絀亂 

Rere, Ue is the average thermal velocity of the electrons in the plasma 
Equation (1.34) shows that the electrons can move over a distance of one 

Debye length during a period of the plasma oscillation. This indicates that if a 
perturbation of frequency cv <wP is occurring in the plasma, the electrons can 
respond sufficiently fast to maintain the neutrality of the plasma. The oscillation 
frequency of the ions being much smaller due to their larger mass, only the 
electrons are able to maintain their own thermal equilibrium in the plasma. Plasma 
perturbations of frequencies higher than cv,, will not be shielded out through the 
response of the electrons. 

1.4 CONDITIONS FOR PLASMA EXISTENCE 

In Sec. 1.3.3 it was concluded that to sustain a plasma in a gas, two conditions 
have to be met: 

'D <<L 
	

(1.35) 

ND>> 1 
	

(L36) 

However, an additional third condition has to be fulfilled by a gas to become 
plasma. This condition is related to the frequency of collisions in the plasma. If 
the charged particles collide too frequently with neutral atoms, their motion is 
controlled by ordinary hydrodynamic forces rather than by electromagnetic forces 
Under these circumstances the collective behavior condition is not satisfied, and 
the gas is not behaving as a plasma. If r is the mean time between collisions of 
charged particles with neutral atoms, the product cot has to be bigger than 1 for 
the gas to behave like a plasma rather than a neutral gas 

The three conditions that have to be satisfied by a plasma are therefore given 
by Eq(135),Eq(136), and Eq.(137) 

勿T>l 

1.5 DIFFUSION OF CHARGED PARTICLES IN PLASMA 

It was so far implicitly assumed that the plasmas are homogeneous. However, any 
plasma has a density gradient and has to be considered as having a nonuniform 
distribution of ions and electrons in a dense background of neutrals. Because of 
the concentration gradients, the plasma particles will tend to move by diffusion 
toward regions of lower density. As the plasma spreads out as a result of concen- 
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tration gradient and electric field forces, the individual charged particles diffuse 
by undergoing a random walk and collide frequently with the neutral atoms. The 
electrical conductivity of the plasma caused by the movement of the charged 
particles is therefore controlled by the diffusion of the charged particles through it 

At very low charge concentrations, like those existing near the breakdown in 
a direct current glow discharge (described in Sec. 2.1), where the Debye length 
is of the same order of magnitude as the diffusion distance or system dimension, 
L, the electrons and ions will diffuse independently, and their flux will be con-
trolled by their individual dffusivities, De and Dg, respectively. However, this is 
no longer true when the density of the charged particles increases above 
ne 絀 n‘渣 108 cm3 and the Debye length becomes much smaller than the dimen-
sions of the system. 

The diffusion, or dr幹 veloc仰，v, of charged particles in an electric fie廈d is 
proportional to the field strength, E, and the proportionality factor is called the 
mobility, ,u, of the particles 

U 
〞 ：：不＃ 

力 
(1.38) 

The mobility of a charged particle is its drift velocity in an electric field of unity 
Because of the much smaller mass of the electrons as compared to that of the 
ions, their mobility is much higher than the mobility of the ions in the plasma 
The mobilities, ,u, of the charged particles are correlated to their diffusion coeffi 
cients, D, by the Einstein equation 

- q-D 
〞一一召不；7 x' 

where q = the electric charge of the considered particles 

(1.39) 
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Fig. 1必 Plasma types by electron densi妙 and temperature 
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Due  to the  proportionality  between the mobility and diffusion coefficient, as 
indicated  by Eq.  (1.39), the diffusion coefficient of  the electrons is much higher 
than that  of the ions. As a  result, the electrons tend to diffuse toward  regions of 
lower concentration much  faster than the ions. This  faster  diffusion causes the 
formation of  a space charge,  which according to  the  Debye shielding effect  (Sec. 
1.3.3.)  has  to be contained  over  distances smaller than  AD. A corresponding space 
色arge  field,  E,,,is  formed 

The  motion of the electrons is  restrained by  the space charge field, created 
by their tendency  for faster  diffusion. At  the  same  time,  the field that  restrains the 
electrons causes the ions to diffuse  faster  than  they would otherwise in the absence 
of the electrons. Consequently, both  species  of charged particles diffuse with the 
same velocity. Because it is also assumed that  tie= ni:: n, the戶ux 了 the elec-
trons, "e,is equal to the刀ux 了the ions,  F, : 

取＝熙＝ r 

The described behavior is  called ambipolar diffusion  [13] because particles of 
opposite electric charges  diffuse together due  to their interaction. 

The flux of charged particles  is  composed of two terms 

1. Flux associated with the  motion induced by diffusion, caused by  concen-
tration gradients,  Vn;  this term,  - DVn, is not affected by  the electric 
charge of the particles. 

2. Flux associated with the drift of the charged  particles under the influence 
of  the electric  field;  the sign  of  this  term, ( 士 ) njiENc, depends  on  the 
charge  of  the  particles 

ihe fluxes of the diffusing particles  will therefore be given for electrons and ions, 
respectively, by 

re：一DeVfle 一 Ple/JeEsc 

L ＝一 D1Vn'+n〞儿BJc 

Assuming tie:n:n and 勗e 靄n ＝添，Eq(141)and Eq(142) can be 
soIvel to give the value of the space charge field and the particle flux 

B 

＝ 一 （
De  D

/ e  + /

1,  )Vn

n 

,, 	fD U e 十 Deii.、電， 	→→ 
F：一―  ‘→ 一 rr →‘ Ivn：一 D"Vn 	 (

-...) 
× 〞e 十儿 ‘ 

Fhe diffusion of the charged particle in the plasma is  therefore not controlled by 
the  individual diffusion coefficients of the electrons  and ions  but by the ambipolar 
(1ffU5iOfl coefficient, Da 

乓一 De/+D'pe 
〞‘十‘‘ , 

(1.43) 

Vn：一 D',vn 	 '1.44) 
“ 	 、 	 ‘ 

(1.45) 
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As said before, the coefficient Da reflects the interaction between plasma species 
of opposite electric charges 

Because /e >> ,u, Eq. (1.45) for the coefficient of ambipolar diffusion can be 
changed to 

and using Eq. (1.39), 

∼〔l 十
De/li

Di /le 

∼ 一乙 Te、 

l人 =lJ〞 ∼且十可‘ 

1.6 PLASMA TYPES 

The plasma state exists in natural form in the cosmos or is created under unique 
conditions for specific purposes. The plasmas found in nature cover a very large 
range of electron densities and temperatures. As shown in Fig. 1-6, the plasma 
density, ,ie, spans the range between 1 and 1020 cm 一 3 , while the electron tern-
perature, Te, can vary between 10 一 2 and ios eV 

Solar winds are a continuous stream of charged particles with n e = 5 cm 一 3 
and Te = 50 eV. The interstellar material contains a hydrogen plasma with a 
density of 1 cm 一〕 The ionosphere, which extends approximately from 50 km 
upward from the earth's surface, is populated by a weak plasma with a density 
varying up to 106 cm 一〕 and an electron temperature of 0.1 eV, while the sun and 
stars have surface temperatures ranging from 5000 to more than 70,0000 K (0.5 
to 7 eV). They consist entirely of plasma, the outer layer being partially ionized 
and the interior hot enough to be completely ionized. The temperature at the center 
of the sun is at about 2 keV. 

In the quest for controlled thermonuclear fusion, it is necessary to create 
plasmas with electron temperatures above 10 keV and with ion densities of 
(1 - 2) x 10 廈 ' cm -〕 . These values are required in order to obtain the nuclear 
fusion reaction between deutenum and tritium atoms, because reasonable cross-
sections for the fusion reactions are obtained only for energies above 5 KeV. 
Central ions temperature of T‘絀 35 KeV and electron temperature of Te = 15 KeV 
have been reached in Tokomak fusion reactors [14]. 

Taking into account the wide ranges of parameters, the plasmas are classified 
化to several categohes: 

●Plasmas in complete thermo心namic equilibrium 一 GTE plasmas. In a CTE 
plasma all temperatures discussed previously in Sec. 1.3.2 are equal. CTE 
plasmas exist only in stars or during the short interval of a strong ex-
plosion. They have no practical importance because they do not exist in 
controlled laboratory conditions. 

●Plasmas in local thermo心namic equilibrium 一 LTE plasmas. These are 
plasmas in which all temperatures, except the radiation temperature, Tr, are 
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equal in each small volume of the plasma. The LTE plasmas are discussed 
in Sec. 1.6.1. 

●Plasmas that are not in any local thermodynamic equilibriun？一 non-LTE 
plasmas. These plasmas, also named cold plasmas, are the su切ect of 
discussion in the following chapters. 

The plasmas produced for research or manufacturing purposes are either LTE or 
non-LTE type plasmas, designated in daily use, respectively, as thermal and cold 
plasmas. 

1.6.1 Thermal Plasmas 

LTE plasmas can exist under two circumstances: 

• When the heavy particles are very energetic, at temperatures of the order 
of 106_1080 K (102_104 eV) 

● When the pressure is atmospheric, even at temperatures as low as 6000。 K 

An increase of pressure in the plasma causes an increase in the number of 
collisions between the electrons and the heavy species. As a result, when the 
pressure in the system increases toward atmospheric pressure, the two systems 
tend to reach the same thermodynamic equilibrium, as shown in Fig. 1-4. For 
example, in electric arcs, or in plasma jets operating at pressures of about 1 atm, 
the temperature of the electrons is approximately equal to that of the gas, Te = Te 
The temperature of the gas in the center of these plasmas can reach values of 
20,000 to 30,0000 K. The high-intensity arc of plasma jets in inert gas atmosphere 
is used as a heating torch that is capable of delivering considerably higher 
temperatures and rates of heat transfer as compared to conventional torches. 

Such LTE-plasmas at atmospheric pressure are called thermal plasmas. Their 
production and properties make them appropriate for deposition of coatings by 
plasma spraying processes and in extractive metallurgy, for reduction, or for 
smelting of ores. 

The plasmas produced to create controlled thermonuclear fusion are LTE 
plasmas with very energetic heavy particles. The high energies can be obtained 
at low pressures of 10 一 8....lO -3 ton, and the main problem in heating these 
plasmas is to prevent the interaction of the energetic particles with the walls of 
the reactor. The interaction with the walls causes both loss of energy from the 
plasma and its contamination with particles sputtered from the walls of the plasma 
container. Continuous heating of the plasmas to the required temperatures of 
above 10 KeV (above j080 K) and the confinement from interactions with the 
containing vessel are problems yet to be solved. 

1.6.2 Cold Plasmas 

As mentioned before, in low-pressure discharges, thermodynamic equilibrium 
is not reached, even at a local scale, between the electrons and the heavy particles, 
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and these plasmas are of the non-LTE type. In the non-LTE plasmas the tempera-
lure of the electrons is much higher than that of the heavy particles and 
Te >> T, > Tg > Tx. The electrons can reach temperatures of io4一io50 K (1-10 eV), 
while the temperature of the gas, Tg, can be as low as room temperature. There-
fore, such plasmas are called cold plasmas. 

The cold plasmas have been developed specifically and purposefully based 
on their nonequilibrium properties and their capability to cause physical and 
chemical reactions with the gas at relatively low temperatures. Applications of 
cold plasmas are widespread and put to use in a variety of fields, from microelec-
tronic fabrication to surface hardening of metals. In the following chapters we will 
concentrate on and examine in depth only the cold plasmas. 

1.7 QUESTIONS 

I. The value of the constant in Eq. (1.6) is Ct = 18.0 X iO-3 cm.mbar for 
helium and ct = 6.5 X 10 一 3 cm.mbar for oxygen. Plot the mean free path 
versus pressure for both gases in the pressure range 10 一 5一 1 0 torr 

2. Plot the collision frequencies for the same conditions as in question 1, assum-
ing that the gases are at room temperature. 

3. The electron temperature in an argon plasma is 20,0000 K. Plot the energy 
distribution of the electrons assuming that it is a Druyvesteyn distribution 

4. a. Calculate the average energy of the electrons for the conditions stated in 
question 3. 
b. Calculate the fraction of electrons having energies higher than twice the 
average energy at those conditions. 
c. How will the values calculated in (a) and (b) change in an oxygen plasma 
at identical conditions? 

5. a. Calculate the Debye length in a helium plasma having a density of 5.iO9 
cm 一 3and an average electron energy of 4 eV. 
b. How will the Debye length change if the plasma density increases to 10" 
cm 一 3 and the electron temperature remains the same? 
c. What is the number of particles in a Debye sphere in each of the previous 
cases? 

6. a. Calculate the sheath potential at a planar surface in contact with an argon 
plasma sustained at a pressure of 1 torr and having an electron temperature of 
1 eV. 
b. What is the thickness of the plasma sheath if the plasma potential is 20 V? 
c. Calculate the thickness of the plasma sheath in a plasma sustained at 10 ∼ 4 
ton, assuming the same electron temperature and plasma potential as before 

7. What are the ion current densities in argon plasmas sustained at the conditions 
corresponding to questions 6 (b) and (c)? 
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8. What is the lowest density of a plasma that could be sustained in a reactor 
whose smallest dimension is 5 cm, at an electron temperature of 1 eV? How 
would that density change for an electron temperature of 10 eV? 

9. In terms of thermodynamic equilibrium, what type of plasma exists 
a. inside the sun? 
b. in a controlled nuclear fusion device? 

c. in a low-pressure plasma for processing of solids? 
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