Chapter 2

The Glow Discharge

2.2 Introduction

The term “plasma” was first introduced by Irving rigmuir (1881-1957) in the
1920’s. The behavior of low pressure DC electrdiatharges in gases was studied
by many English and German physicists during th& déntury. They developed

various evacuated tubes to illustrate the strae@p@vior of the plasma.

Electrons and ions are charged particles, theybegoreferentially heated by applying
an electric or magnetic field to the plasma, kegpime neutral gas atoms at a low
temperature. Most notably, electrons with low m@eseasily accelerated to energies
for ionization of the gas atoms, with typical vaduef kinetic energy in the 1-10 eV
range (equivalent to ~tao K). Due to the low gas temperatures of electrical

discharge plasmas, they are sometimes also referrad cold plasmas. Obviously,

electrical discharge plasmas are not in thermalilibgum, since T, >>T, and

T.>T, >T, [6].
The two most common types of electrically inducéasmas are the direct-current
glow discharge, and the radio-frequency dischardesre a radio-frequency electric

field is coupled either capacitively or inductivetythe electrons of the discharge [6].



2.2. Brief History of Glow Discharge

The scientific examination of the glow dischargert&d during the latter half of the
19" century and was closely related to advances inwactechnology. When high
potentials were obtainable together with meanswhging air out of closed glass
vessels, it was observed that the high-voltagetredespark between two electrodes
produced a variety of colourful and silent ribbdeldischarges as the gas pressure
was progressively reduced. In 1944, Faraday desealvthat, as the gas pressure was
reduced, the luminosity receded towards the anbdedscharge tube, leaving a dark

space, demonstrating the existence of a dark digeldd electricity in gases.

Development of electrode material, and technicabades in electrode and glass- /
quartz-tube constructions have played an importaig in the investigation of

various forms of glow discharges [7]. In the midl6™ century, Geissler introduced
a mercury pump and developed a technique for amctgig glass discharge tubes
with metal electrodes inside (1858-60). Plucke85@) noticed the glass in the
vicinity began to phosphoresce, as the gas presgasereduced. Throughout the
following 25 years, investigations of the causethif effect were carried out by

Crookes, Hittorf, Glodstein and Hertz. In 1895nRen discovered X-rays, and the

work of J. J. Thomson using discharge tubes atdas/pressures(Ll0™mmHg) led

to the discovery of the electron, and the measunemithe ratio of the charge to
mass. Following that, J. J. Thomson and F.W. Astiaveloped the mass
spectroscopy of ions, after the discovery thatitpasrays’ could be passed from a
glow discharge through a hole in the cathode. Thesearch into understanding of

glow discharge played a vital role in the openipgp@imodern physics [7].



Today, glow discharges have been utilized in a watee of practical applications.
With much research and development, glow dischaegesnow not only being
operated at low pressures, but also at high pressup to atmospheric pressure

without needing a vacuum system.

2.3 Introduction to Glow Discharge and Applications

The glow discharge owes its nhame to the fact thatpglasma is luminous. This
luminosity is produced because the electron enamy number density are high

enough to generate visible light by recombinatind excitation collisions [8].

Glow discharges are used in a large number of egipins. The light emitting
character of glow discharge has several applicatsuch as in the light industry (the
classical electrical discharge tube used in flurase lamps, neon discharge tube for
advertisements, etc.), as the pump source for agerd, and as flat plasma display
panels for the new generation of flat, large aedevision screens. Besides, there are
other important applications such as those in tiwaslectronic industry and in the
material processing technology. These includeasartreatment, etching of surfaces
(for the fabrication of integrated circuits, etcplasma polymerisation, plasma
modification of polymers, and the deposition ohtprotective coatings. Other forms of
glow discharge for industrial applications are sastDC parallel plate plasma reactors,
electron bombardment plasma sources, etc. [8S8me of the common configurations

of the glow discharge used in industry are showFigare 2.1.
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Figure 2.1: Various forms of the DC Glow Dischargg8]




In the simplest case, glow discharge is formedplying a potential difference (of a
few 100 V to a few kV) between two electrodes #uat inserted in a cell or chamber
filled with gas (an inert gas or a reactive gas) ptessure ranging from a few mTorr to
atmospheric pressure [9]. Due to the potentidéddihce, the electrons are accelerated
away from the cathode, and increase the collisiitis the gas atoms and molecules.
The collisions may produce processes such as &owitéonization, dissociation, etc..
The excitation collisions create excited specidgclwcan decay to lower levels by the
emission of light, and this is responsible for titearacteristic name of the “glow”
discharge. The ions are accelerated toward theodat and they release secondary
electrons when bombarding at the cathode surfdteese secondary electrons are
accelerated away from the cathode and they canrigizgdo more ionization collisions.
lonization collisions create ion-electron pairs,dathis ion-electron multiplication

process makes glow discharge a self-sustained algm



2.4 Different Types of Glow Discharge

There are various types of glow discharge plasnide basic version described above
is thedirect current (dc) glow dischargeA continuous potential difference is applied
between the cathode and anode, producing a comstaaht. This setup may give rise
to problems when one of the electrodes is non-adimdy as due to the constant current,

the electrodes will be charged up and leading to-but of the glow discharge [9].

The problem in DC glow discharge is overcome byhapg an alternating voltage
between the two electrodes, such as inctgacitively coupled radio-frequency (cc rf)
glow discharge In this case, the charge accumulated duringhaifeof the cycle, will

be neutralized by the opposite charge accumulatedgithe next half-cycle [9].

An alternating current applied across the elecsodél give rise to amalternating
current (ac) glow discharge This can be considered as a consecution of short
discharges, where the role of cathode and anodbasged alternately. One of the
important ac glow discharge, operating at atmosplpeessure, is thdielectric barrier

discharge (DBD)in which the electrodes are typically coveredalmielectric barrier [9].

The glow discharge may also be operated by uspgsed current source. This is the
pulsed glow dischargewhich consists of short glow discharges (withetitengths
typically in the milli- or microsecond range), folled by an afterglow, which is
generally characterized by a longer time-periode @&dvantage of this type of discharge
is that for a low average power, high peak elemitpower can be reached, resulting in

high peak efficiencies for various applications [9]
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A magnetic field can also be applied to a glow liisge besides applying a potential
difference (or an electric field). Theagnetron discharges a well-known discharge

type with crossed magnetic and electric fieldsthtamagnetron discharge, the electrons
circulate in helices around the magnetic fielddiaad creating more ionisation. Hence,
they are typically operated at lower pressurestagder currents as compared to the

conventional glow discharges.

Several new discharge types characterized by l@sspre and high plasma densities
have also been developed. Their major differerara the conventional glow discharge
is that the electrical power is applied by electgmetic induction, not by application of
a potential difference between the two electrodas ¢he conventional type. This is the
inductively coupled dischargashere the RF power is inductively coupled toglesma.
Another type of glow discharge is produced by usmgrowave power. The
combination of the microwave discharge and a magfietd gives rise to thelectron

cyclotron resonance (ECR) react®.

2.5 DC (Direct Current) Glow Discharge

The DC glow discharge has been historically impdrtaoth in applications and in
studying the properties of the plasma medium. dtedying the glow discharge, the
usual configuration is a long glass cylinder withode electrode at one end and
cathode electrode at the other end. The usuatymesange of operation is 10 mTorr
to 10 Torr, and the typical voltage is a few hundreolts between cathode and anode
to maintain the discharge [10]. The parameter @angf glow discharges are

summarized in Table 2.1.
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Table 2.1: Characteristic parameter ranges of DC Glw Discharge [8]

Parameter Low Value Characteristic High Value
Value
Neutral gas pressure (Torr) 90 0.5 760
Electrode voltage (V) 100 1000 50 000
Electrode current (A) 1H 0.5 20
Number density (electronsfin 10" 5x10% 6x 10"
Electron kinetic temperature (eV) 1 2 5
Power level (W) 18 200 250 000
Plasma volume (liters) 10 0.1 100

As the voltage across the classical DC low pressleetrical discharge tube is
increased through the dark discharge region showthe Figure 2.2, the current
increases exponentially in the Townsend dischagg®n. When one approaches the
breakdown voltage at the point E, and if the iniéresistance of the power supply is
relatively low, the gas will break down at the agé \6. Then the discharge will

move from the dark region into the normal glow dege region [8].

The glow discharge region is shown in greater tetaiFigure 2.3. The region from
F to G is called the normal glow discharge. Irstlggion, the voltage is relatively
independent of the total current flowing in thectiigrge tube, and the current density
reaching the electrode is also relatively indepandé the total current. This means
that the plasma is in contact with only a smallt pdrthe cathode surface at low
current in the normal glow discharge region. Tbetact surface fills more and more
of the total cross section of the cathode as thectincreases, until at the point G,
the boundary of the abnormal glow, the plasma covke entire surface of the

cathode, in order to deliver the required totatenir at a constant current density. In
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the abnormal glow discharge region, the voltagereimses significantly with

increasing total current, in order to force thehode current density above its natural
value and provide the desired current. The eldesdecome sufficiently hot that the
cathode emits electrons thermionically at point Fhen the discharge will undergo a

glow-to-arc transition, if the DC power supply fasufficient low internal resistance

[8].
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Figure 2.2: Voltage-Current characteristic of the BC low pressure electrical
discharge [8].
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Figure 2.3: The variation of voltage and current desity with current of a
normal glow discharge [8].

2.6 The Qualitative Characteristics of Normal GlowDischarge

A classical electrical discharge in the normal glorgion has the characteristics
shown in Figure 2.4. The structures of Figure @) were first observed in the

1830’s by Michael Faraday. The characteristichefiormal glow discharge received
individual names, often in honor of the”fL@entury investigators who were among
the first to observe or investigate them [8]. Hppearance of the glow discharge can

be identified into various regions as describedwel
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2.6.1 The Cathode

The secondary electron emission at the cathodeciflays a significant role in a

self-sustaining glow discharge. The Townsendrthebgas discharge considers the
ion bombardment at the cathode surface as a segosdarce of electrons and

defines the secondary electron emission coefficesitthe number of electrons
emitted from the cathode per ion bombardment. h\Wié inclusion of this secondary
source of electrons, the current density is desdrliy [8]

Joead

= 0 AT o (21
e ) (A/nt) (2.1)

J

This leads to the condition of electrical breakdoamd subsequently the self-

sustained glow discharge.
2.6.2 Aston dark space

A thin region immediately in front of the cathodetlwa strong electric field and
negative space charge is called the Aston darkespdt contains slow electrons
which are in the process of being accelerated fitwencathode. The electrons are of
too low in density and energy to excite the gasijtsappears dark [8]. As it has
negative space charge, which means that the isitiay electrons plus the secondary

electrons, outcome the ions in this region [11].
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2.6.3 Cathode glow

The next region is the cathode glow, which haslatively high ion density. In this
region, the electrons are energetic enough to exb# neutral atoms they collide
with. It is often reddish or orange in colour doethe emission by excited atoms or
incoming positive ions which are moving toward tbathode, sputtered off the
cathode surface. The axial length of cathode gkgion depends on the type of gas
and the pressure. The cathode glow sometimessctmghe cathode and masks the

Aston dark space [8].

2.6.4 Crookes (or Hittorf) dark space / Cathode fal

The region after the cathode glow is the Crookek dpace. It is the region over
which most of the voltage drop occurs and has naddezlectric field. This region

has a positive space charge and relatively highdemsity [8, 10].

2.6.5 Negative glow

This region has the brightest intensity in therendiischarge. It is the most intense on
the cathode side and has relatively low electetdfi The negative glow is usually
longer than the cathode glow, and the electrony edmost the entire current in this
region. Here the electrons that have been actetethrough the cathode region
produce ionization and intense excitation, hencee ihght light output observed.

Energy for excitation is no longer available assthelectrons slow down, and the
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Faraday dark space begins. The electron numbeitdeém the negative glow region

is about 1€ electrons/m[8].

2.6.6 Faraday dark space

The electron energy is low, and the electron numbensity decreases by
recombination and diffusion to the walls in thigim. The net space charge is very

low and the axial electric field is relatively sif&].

2.6.7 Positive Column

This region is quasi-neutral as what Irving Langmhad in mind when he defined
plasma. The electric field is small in this regigypically 1 V/cm, and it is just large
enough to maintain the required degree of ionipadibits cathode end. The length of
the positive column region can be varied by chamtjre distance between electrodes
at a constant pressure and constant voltage drbite the other regions maintain
their lengths. The electron number density inpbsitive column is typically 78 to
10'® electrons/iy with electron kinetic temperature of 1 to 2 eVhe positive
column is a long, uniform glow, except when stagdor moving striations are
triggered spontaneously, or ionization waves aggéred by a disturbance. For a

glow discharge in air, the positive column plassginkish to blue [8, 10].
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2.6.8 Anode glow

The anode glow is a bright region which is slightiypre intense than the positive
column. It is at the right end of positive colurand is not always present. This is

the boundary of the anode sheath [8].

2.6.9 Anode dark space

The anode dark space is the space between anotlegtbthe anode itself. It is the
anode sheath which has a negative space charg diliectrons traveling from the
positive column to the anode. The electric fieldnie anode dark space is higher than
the positive column. The anode pulls electronsobdihe positive column, acts like a

Langmuir probe in electron saturation [8].

The characteristic axial profiles of the light insity, potential distribution, field
strength, net space charge, negative charges,aitiVp charges are shown in Figure

2.4 (b) with the visible structures to which theyrespond indicated by Figure 2.4 (a)

[8].
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Figure 2.4: Typical characteristics of a normal glev discharge [10].
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2.7 RF (Radio Frequency) Discharges

RF glow discharge and DC glow discharge plasmasiangar in many ways. The
main difference is that RF glow discharge can bedus treat both conductors and

non-conductors while DC glow discharge cannot [12].

The superiority RF glow discharge over DC glow Hage in their applications to
material processing is due to several advantageelgawider range of operating
parameters; more stable plasma; less affected ffigcsuoxidation; greater sputtering

depth [12].

In current practice, glow discharge processes tisedhe treatment of insulating
materials are often driven by high frequency pos@urce, usually in the megahertz
(MHz) range. For an AC discharge, conventionalmiequency (50 Hz) was found
to be not very effective for the treatment of irgat. It is because if the time during
which the insulator charge up is much less thahthalperiod of the AC supply, then
most of the time the discharge will be off. Thadow frequency, there will be series
of short-lived discharges with the electrodes sssiwely taking opposite polarities

[13].

When estimating the time to charge up the insulbyoconsidering the voltage rise
across the capacitor, although the curietot the target will actually decrease as the
target charges up, it will be sufficient to regérds constant. Therefore, the charge

accumulated in seconds will b& = it [13].
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For example, the capacitance of a piece of qua@z thick is about 1 pF/cfy the
applied voltage/ is 1000 volts, the current densiyis 1 mA/cnf, and assumed the
RF ion currents are similar to DC sputtering cutser 1 mA/cm [13].

Therefore,

. CV _1x10"(1009

i X1 ZAX107C S L e, (2.4)

This means a discharge can be produced continuatishequencies above about 1
MHz (where frequencyf :%). In actual case, the insulator will not chargeso

rapidly, because the current will not be sustaiaed constant value. In practice, a

discharge can be maintained quasi-continuousljréguencies above 100 kHz [13].

Many RF glow discharge processes operate at thhedrey of 13.56 MHz. It is just
because it is the frequency allocated by internaticommunications authorities at
which one can radiate a certain amount of energsthowt interferring with
communications. However, RF glow discharge hasmany nonlinear effects that it
generates harmonic frequencies. Some of the hacméalls in the VHF broadcast
band and aircraft communication bands, etc. [1Bherefore, operating frequencies

are basically chosen at which it can optimize penénce.
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Typical values for the operating regime of capselyi coupled RF parallel plate

reactors used for plasma processing are shownlle a2 [8].

Table 2.2: Operating regime of capacitive plasma rctors used for plasma
processing of insulating materials [8].

Parameter Low value Typical value High value
Frequency 1 kHz 13.56 MHz 100 MHz
Gas pressure 3 mTorr 300 mTorr 5 Torr
Power level 50 W = 200 W 500 W

rms electrode voltage 100 V = 300 V 1000 V
Current density 0.1 mA/chm =~ 3 mAlcnf 10 mA/cnf
Electron temperaturd, 3eV =5eV 8eV
Electron densityne 10"/m? =~ 5x10"/m° 3x10"/m°
lon energy,&, 5eV 50 eV 500 eV
Electrode separation, 0.5cm 4cm 30 cm

2.8 Plasma Sheath

The plasma sheath is the most important regioninvahglow discharge. It is a thin
positively charged layer formed in front of the fage of object placed inside the
plasma. Consider a plasma with= n; initially confined between two grounded
(® =0) absorbing walls (Figure 2.5a). As the net chatgsasity,p = gn, —n,) is
zero, the electric potentiadp is constant (or zero) and the electric fididis zero in
the entire plasma. Therefore, the fast-movingtedes are not confined, and will be
lost rapidly to the walls. In a very short timbetlost of the electrons near the walls

leads to the situation shown in Figure 2.5b. A thositive ion sheath is formed near
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the wall in whichn; s> n.. The net positive charge density within the shedtads to
a potential profile that is positive within the gitaa and falls sharply to zero near the
walls [10]. The voltage across the sheath hasmiemite on the energy of the ion
striking the substrate. The ion enters the shewth very low energy, then
accelerated by the sheath voltage, and in the absaihcollisions in the sheath, the
ion would strike the substrate with a kinetic eyeegjuivalent to the sheath voltage

[13].
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Figure 2.5: The formation of plasma sheaths: (a) itial ion and electron densities
and potential; (b) densities, electric field, and ptential after formation of the
sheath [10].

In principle, the sheath thickness,can be determined by solving the Poisson
equation in the sheath region, using the sheatlmgehdensity,ns. Assuming a

uniform ion density in the sheatim, =n, = constant, and choose = 0 at the

grounded wall, we get [6]
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Set®d(x = s) =V, the matrix sheath thickness is

1
s:(%y. e (26)
en

2.9 Energy Distribution Function

The velocities of particles in a plasma at theragilibrium are expected to follow

the Maxwell distribution. The one-dimensional Maetidistribution is given by

f,)= Aex;{— ;“k:;j ............................................................ 2.7)

where fdu, is the number of particles per tmvith velocity betweenu, and

1 : I :
v, +du,, Emux2 is the kinetic energy, ang is Boltzmann’s constant.

The densityn (number of particles per @Dn is given by

n= f FUDAU, e, (2.8)

and the constat is related to the density,by

A:n[ m JZ TSSOSO (2.9)
27k,T
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Therefore,

f(u,) =40 :n( m Jzex;{- m“XZJ. ..................................... (2.10)
du, |27k T 2k,T

In three dimensions, the relation between the thiedecity componentsy,, v, ,0,)
and the speed; is given by

VP SUZHUTHUZ . i (2.11)

The distribution function in 3-D is given by

_dn, _4n( m 2, | mu
f() = W #’Z[ZKBTJ v ex;{ 2kBT} PP (2.12)

The distribution functions for three kinetic temgerres,T, <T, <T, are shown in

Figure 2.6. The distribution function spreads tuhigher velocities as the kinetic

temperature of the plasma is increased. The ardaruhe curves remains constant

as long as the plasma is confined to a fixed volume

When expressed in terms of kinetic energw%muz, the Maxwellian energy

distribution function is given by

f(€) = Aex;{— é} ) (2.13)
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[8].
In the actual situation, the electrons in the gltischarge may not have achieved a
total thermal equilibrium. The slower electrons kmaelastic collisions while
electrons with energies above the excitation amizasion thresholds are making
inelastic collisions, and lose a large fractionttedir energy. Besides, fast electrons
are also lost rapidly by diffusion to the walls aedombination. Therefore, there is a
shift of electrons from high energy to low energgtas, and it might be expected to

have fewer electrons with high energies than ptediby Maxwell distribution [10].

Although the Maxwell statistics describes the tharmquilibrium state, where the
motion of the particles of the system is perfectlgdom, the distribution function is
also often used in near thermal equilibrium situai The reasons for this are: (1)
the system may only be slightly deviated from tharrequilibrium, and (2) the
actually distribution function of the system may\my difficult to determine. The
Maxwell distribution function may be used as a ddlrst approximation and it can

be mathematically manipulated with relative ea<@.[1
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The Druyvesteyn distribution is supposed to be mmewadistic as in this case the
motion of electrons in a weak electric field is rimpiconsidered. It predicts more
electrons with energies around the average enerdyeaver high energy electrons in
a system as compare to the Maxwell distributiorowklver, the inelastic collisions
are still ignored. Druyvesteyn distribution furwti falls off more rapidly at high
electron kinetic energies, and it is characterizg@ considerably steeper decrease of
the number of electrons in the high energy taihttieat of the Maxwell distribution,

as shown in Figure 2.7 [10, 13].

The Druyvesteyn distribution function is given B3]

where

m = electron mass
M = ion mass

e = electron charge

E = electric field

=Y =free path length of electrong (= effective collision frequency)
Vm

&, = energy gained by an electron from the field av&ee path length
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Figure 2.7: Maxwellian (ny) and Druyvesteyn () distribution function in
energy, ne) [13].
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