
Chapter 4. DC Glow 

So far we have been dealing with a rather idealize d homogeneous plasma with a 
well-defined potential and density, and with constituentparticles in equilibrium 
motion characterized by relevan t temperatures. The glow discharges which we' re 
using only approximate this condition, for va,rious reasons which we shall be dis­
cussing. Nevertheless, many of the plasma concepts are of great utility in helping 
us to derive some understanding and con trol of glow discharge processes, even 
on a semi-quantitative basis. Amongst sputtering and plasma etching folks, the 
words 'plasma' and 'glow discharge' tend to be used synonymously - to the 
horror ofplasma physicists, I'm sure! One can get into sernantic discussions and 
argue that some discharges are plasmas with two or three different groups of 
electrons each with a well-defined temperature. That argument could probably 
bé extended indefinitely. · So let's accept that our glow discharges are certainly 
not ideal plasmas, and keep this in mind when we lapse into glow discharge 
plasma synonyms. 

One of the complicating factors in trying to understand glow discharges is 
that most of the literature, particularly the 'classical' Jiterature of the 1920's and 
30's, deals with de discharges; whereas practical plasma processes are more 
usually rf excited. And, as we said above, none of our practical glow discharges 
are truly plasmas. This gives then, in a sense, a choice: we can either pursue some 
plasma physics rather exactly, and then find that it does not entirely apply to 
our systems; or we can follow some simpler, .if not always entirely accurate, 
models which convey the physical ideas rather well and, in the event, are prob­
ably justas accurate. ln the present book l have opted for the latter. 

Before commencing battle, 1 would recommend reading a delightful history of 
gaseous electronics by Brown (1974). Prof. Brown tells, for example, the story 
of the unfortunate pioneer Hittorf who laboured week after week, gradually 
extending the length of a thin glass discharge tube to try to discover the length 
of the positive column. Eventually the tube ran back and forth across Hittorf's 
laboratory. At this stage, a frightened cat pursued by a pack of dogs carne flying 
through the window ... "Until an unfortunate accident terminated my experi­
ment", Hittorf wrote, "the positive column appeared to extend without limit." 

71 



' 
: 1 

1: 

11,' 

'' 1 1'1' 

78 

ARCHITECTURE OF THE DISCHARGE 

We could make a de glow discharge by applying a potential between two elec­
trodes in a gas; Figure 4-1 shows the resulting current density j flowing dueto 
the application of a de voltage V between a chromium cathode and a stainless 
steel anode, in argon gas at two different pressures. Each e'lectrode was 12.5 cm 
diameter, and the electrodes were 6.4 cm apart. Most of the space between the 
two electrodes is filled by a bright glow known as the negative glow, the result 
of the excitation and subsequen t recombination processes we discussed in 
Chapter 2. Adjacent to the cathode is a comparatively dark region knowr:i as the 
dark space. This corresponds to the sheath formed in front of the cathode; there 
is a similar sheath at the ano de, bu t i t is too thin to clearly see. · 

In this chapter, we shall be looking at de discharges. These are somewhat 
to begin to analyze than rf discharges, although they are _still extremely complex 
and we certainly don't understand ali the details. Fortunately, much of what we 
leam can also be applied to rf systems. 
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Figure 4-1. 1-V characteristics for chromium sputtering in argon (Chapman 197 5) 
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Many textbooks show a whole series of glowing and dark spaces in de dis­
charges. Figure 4-2 is from Nasser (1971); virtually the sarne figure appears in 
Cobine (1958), von Engel (1965) and doubtless many other texts. The positive 
colYmrz is the region of the discharge which most nearly resembles a plasma, and 
m_o.st of the class1c probe studies have been made on positive columns. It is found 
that, when the two electrodes are brought together, the cathode dark space and 
negative glow are unaffected whilst the positive column shrinks. This process 
continues so that eventually the positive column, and then the Faraday dark 
space, are 'consumed', leaving only the negative glow and dark spaces adjacent 
to each electrode. This last situation is the usual case in glow discharge processes 
(Figure 4-3), where the inter-electrode separation is justa few times the cathode 
dark space thickness. The minimum separation is about twice the dark space 
thickness; at less than this, the dark space is distorted and then the discharge is 
êXtinguished. 
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Figure 4-2. The normal glow discharge in neon in a 50 cm tube at p = l torr. The Juminous 
reg10ns_ are shown shaded (Nasser 1971). The abnormal glow would be some­
what d1fferent, although the glowing and dark regions would look the sarne 
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Figure 4-3. DC glow discharge process 

Since current must be continuous in a system, it is ele ar that the currents at 
the two electrodes must be equal. ln this particular system, the only àther 
grounded electrode was remote from the discharge and had a small surface area; 
thus, the current densities at the chromium cathode and stainless steel anode 
were approximately equal. Take a typical datum point, which might be 2000V 
and 0.3 mA/cm2 at 50 mtorr. This represents an electron current density to the 
anode that is much smaller than the random current density 1;,íence and so there 
must be a net decelerating field for electrons approaching the anode, i.e. the 
plasma is more positive than the anode. But there is still some electron current 
flowing, so apparently the anode is more positive than floating potential. We. · 
earlier calculated a 'reasonable' floating potential 1 SV less than the plasma 
potential, and this is consistent with commonly found values of V p ~ + 1 OV 
(with respect to a grounded anode) in de sputtering systems. 

The plasma is virtually field-free, as we saw earlier, so the plasma has the sarne 
potential V p adjacent to the sheath at the cathode. But the cathode has a poten· 
tial of -2000V, so the sheath voltage is -(2000 + Vp), i.e. -2010V in our ex­
ample (Figure 4-4). 

Notice some peculiarities about this voltage distribution: · 

1. The plasma does not take a potential intermediate between those of the 
electrodes, as migh t first be expected. This is consistent with our earlier con­
tention that the plasma is the most positive body in the discharge. 

2. The electric fields in the system are restricted to sheaths at each of the 
electrodes. 

3. The sheath fields are such as to repel electrons trying to reach either 
electrode. 
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All of these peculiari ties follow from the mass of the electron being so much less 
than that of an ion. The third, in particular, is illustrative of the role played by 
electrons in a discharge. 
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Figure 4-4. Voltage distribution in a de glow discharge process 

MAINTENANCE OF THE DISCHARGE 

How is this glow discharge sustained? Electrons and ions are lost to each of the 
electrodes and to all other surfaces within the chamber. The loss processes in­
clude electron-ion recombination (which takes place primarily on the walls and 
anode due to energy and momentum conservation requirements, as we saw in 
Chapter 2), ion neutralization by Auger emission at the target, and an equivalent 
el.ectron loss into the extemal circuit at the anode, To maintain a steady state 
d1scharge, there must be a numerically equal ion-electron pair generation rate; 
i.e. there must be a good deal of ionization going on in the discharge. 
·. T~ere is also a considerable energy loss from the discharge. Energetic particles 
unpmge on the electrodes and walls of the system, resulting in heating there; this 
energy.los~ i~ then conducted away to the environment. So another requirement 
for maintammg the discharge is that there is a balancing energy input to the dis­
charge. 

How ~re these ionization and energy requirements satisfied? The simplest 
answer 1s that the applied electric field accelerates electrons, so that the elec­
trons _absorb energy from the field, and that the accelerated electrons acquire 

- suffic1ent energy to ionize gas atoms. So the process becomes continuous. But 
~hat's a very simple answer, and raises various other questions. Where does most 
IOnization take place, and what are the major processes involved? Can the model 



82 DC GLOW 

of the discharge that we've been developing account for the amoun t of ioniza­
tion required? To what extent is the de discharge like the plasma of Chapter 3? 

In trying to decide where most ionization occurs, the glow region must be an 
obvious candidate. ln chapter 2, we saw that ionization and excitation are rather 
similar processes. Their thresholds and cross-section energy dependences are not 
so different, so that for electrons with energies well above threshold, ionization 
and excitation will be achieved in a rather constant ratio; as the electron energy 
decreases towards threshold, then excitation will occur in an increasing propor­
tion since it has a lower threshold. So we would expect that excitation, and sub. 
sequent emission from de-excitation, will always accompany ionization - at 
least for the glow discharges we 're considering. Hence the choice of the glow 
region as the prime candidate for the main ionization region. But if we look in 
the literature, then we often find descriptions of glow maintenance that rely -
entirely on ionization in the cathode sheath region. So apparently there is some 
disagreement over this matter. 

ln the rest of this chapter, we shall be examining a practical de discharge in 
some more detail, and we shall do this by dividing the discharge into three 
regions: the cathode region, the glow itself, and the anode region. We shall be 
looking not only at the ionization question raised above, but also at practical 
matters such as charge exchange collisions in the sheath which have the impor­
tant effect of controlling the energy of bombarding ions at the cathode - im­
portant in practical applications. But before looking at these three regions, we 
shall discuss the phenomenon of secondary electron emission that takes place at 
cathode, anode, and walls. 

SECONDARY ELECTRON EMISSION 

When a particle strikes a surface, one of the possible results is that an electron is 
ejected. The number of electrons ejected per inciden t particle is called the 
secondary electron coefficient or yield. Secondary electron emission is observed 
for bombardment by ions, electrons, photons and neutrais (bóth ground state 
and metastable); each will have a different coefficient anda different energy de­
pendence. 

Electron Bombardment 

The emission of electrons due to electron impact has been cl'osely studied be­
cause of its importance in valves, cathode ray tubes, and electron multipliers. By 
looking at the energy dependence of the emitted electrons (Figure 4-5), it ap­
pears that some of the bombarding electrons are elastically or inelastically scat· 
tered, and that some 'true' secondaries are also emitted. The 'true' secondaries 

ElECTRON EMISSION 

are frequently, but not always, more numerous than the scattered primaries. 
Electron bombardment processes will be significant at the anode and at walls· 
there is no electron bombardment at the cathode. The yield due to electron i:n­
pact is usually given the symbol o, which depends on the energy of the bom­
barding e!ectron, and is typically unity for clean metais (Figure 4-6). However, 
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Figure 4-5. The e~ergy distribution of second_ary electrons emitted by silver (Rudberg 1930, 
1934), a - elast1cally reflected pnmanes, b ·- inelastically reflected primaries 
e - 'true' secondaries ' 
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Figure 4-6. Se~on_dary emission coefficient /5 of different metais as a function of the energy 
of mc1dent electrons (Hemenway et ai. 1967) 
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ô is also strongly dependent on the presence of contamination or surface ad­
sorbed layers, and is higher for insulating materials. Table 4-1 gives the maxi­
mum yield values Õm and corresponding bombardm.ent energies, and the unity 
points ( one electron out for one electron in, therefore no net charging) for a 
number of materials. ln glow discharge processes, we have to deal with electron 
bombardment at low energies of a few e V (and also some by high energy elec­
trons - see later) so we would really like some ô data at correspondingly low 
energies, but it doesn't seem to be too readíly available. 

lon Bombardment 

The corresponding secondary electron emission coefficient for ion bombard­
ment is given the symbol ')'j. Some values for 'Yi are shown in Tables 4-2 and 4-3. 
The energy dependence of 'Yi for noble gas ions on tungsten and molybdenum 
is shown in Figure 4-7, and for various other ion-metal combinations in Figure 
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Figure 4-7. Secondary electron yields 'Yi for noble gas ions on atomically clean tungsten and 
molybdenum (Hagstrum 1956b) 

Table 4-1 Secondary Electron Em ission Coefficients ô 

ô = 1 at 
Energy (eV) 

VeV V' eV 0 max for Ômax 

Ag 1.5 800 

AI 1.0 300 

Au 1.5 800 

e 160 ~ 1000 1.3 600 

Cu > 100 1.3 600 

Fe 1.3 350 

Ge 1. 1 400 

K 0.7 200 

Li 0.5 85 
Mo 140 1200 1.3 350 
Na 0.8 300 
Pt 1.6 800 
Pt 1.8 800 
Pt 150 >2000 1.8 800 
Si 1. 1 250 
w 1.5 500 
Zn 100 4,00 1.1 200 
NaCI 6 600 
NaCI ~20 1400 6-7 600 
MgO (vacuum cleavé'd) 21 1100 
MgO 2.4-4 400 
MgO < 100 >5000 7.2 1100 
Pyrex glass 30-50 2400 2.3 300-400 
Soda glass 30-50 900 ~3 300 
Oxide cathode BaOSrO 40-60 3500 5-12 1400 
ZnS 6000-9000 
Ca tu ngstate 3000-5000 

Two and three different sets of data (independent sources) are shown for Pt 
NaCI, and MgO with considerable disagreement in the case of MgO ( Lye 1965 
Von Engel 1965, and Johnson and McKay 1953, respectively) ' 

Data From: Von Engel 1965 
McKay 1948 Dekker 1963 
Bruining 1954 Lye 1955 
Woods 1954 Johnson and McKay 1953, 1954 
Hachenberg & Brauer 1959 Copeland 1931 
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Table 4-2 Secondarv Electron Coeficients 'Y 1 for Argon lon lmpact 

lon 

10 eV 100 eV 1000 eV 

Mo 0.122 0.115 0.118 

w 0.096 0.095 0.099 

Si (100) 0.024 0.027 0.039 

Ni (111) 0.034 0.036 0.07 

Ge (111) 0.032 0.037 0.047 

Data From: 
Hagstrum 1956a, 1956b, 1960 
Takeishi & Hagstrum 1965 
Carlston et ai 1965 

! 'i Table 4-3 Values of 'Yi From Metais for Slaw (Sic) Ians 

!! Metal Ar H2 Air N2 Ne 

AI 0.12 0.095 0.021 0.10 0.053 

Ba 0.14 0.100 ..... 0.14 . . . . . 
e •• o •• 0.014 

Cu 0.058 0.050 0.025 0.066 ..... 
Fe 0.058 0.061 0.015 0.020 0.059 

Hg ..... 0.008 0.020 

K 0.22 0.22 0.17 0.077 0.12 

0.125 0.031 0.038 0.089 
Mg 0.077 

0.053 0.019 0.036 0.077 
Ni 0.058 

0.020 0.010 0.017 0.059 
Pt 0.058 

il 
1 ! 

w . . . . . ..... ..... ..... . . . . . 
!.1, 

From Knall et ai. (1935); reparted in Cabine (1958) 
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ElECTRON EMISSION 

. The yield is again very dependent on the condition of the surface: Figure 
shows how 'Yi depends on the crystal face exposed and Figure 4-1 O shows 

ho w the yield of polycrystalline tungsten decreases from the clean metal value 
exposure to nitrogen, reaching a new quasi-steady state after about 10 on 
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rni 
nitr 

nutes, coinciding with the completion of the first monolayer coverage of the 
ogen. (Note also in Figure 4-10 that the ion bombardment energy is only 10 
so that 'Yi is still quite high in this case, even at such low ion energies). The 

ect of surface contamination is again shown in Figure 4-11, this time for 
e V, 
ef~ 

arg on ion bombardment of tungsten. Figure 4-12 shows similar effects dueto 
ergas adsorptions on tantalum and platinum. oth 

spu 
Tuese variations of yield 'Yi with surface condition are quite important in de 

ttering where the magnitude of the yield plays a role in detertnining the V-I 
racteristics of the discharge. A sputtering target is immediately contaminated 
exposure to the atmosphere, commonly with the formation of an oxide sur­
e layer on metal targets. When the target is subsequently sputtered, there is a 
iod when the V-I characteristic is continuously changing as the surface layer 
emoved. 
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ure 4-8. Secondary emission coefficient 'Yi for ions of energy K falling on the surface of 
various substances, from von Engel (1965). References: Rostagni (1938), Healea 
and Houtermans (1940), Hill et ai. (1939) 
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Figure 4-1 O. Secondary electron yields 'Yi for Hé arid Ne+ ians, as a monolayer of nitrogen 
forms on tungsten. The break in the plot represents the completion of the first 
monolayer (from Hagstrum 1956c) 
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Figure 4-11. Secondary yield 'Yi for argon ions on clean tungsten and on tungsten covered 
with a monolayer of nitrogen (from Hagstrum 1956c) 
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Figure 4-12. Secondary electron yields for Ar+ ions on outgassed tantalum and platinum, 
and on these metais after treatment with hydrogen, nitrogen and oxygen 
(Parker 1954 ); n.b. logarithmic vertical axis. (From McDaníel 1964) 

We have so far been dealing with pure metals having 'Yi much less than unity. 
Insulators generally have much larger values, but there is a problem in obtaining 
accurate yield values due to the charging of the insulator. Some alloys also have 
large yields (Figure 4-13) which make them suitable for use as electron multi­
pliers in dynode arrays. 

We saw earlier that many ofthe secondary electrons emitted dueto electron 
impact had rather low energies of a few e V. The sarne is true when the impact­
ing particles are ions. Figure 4-14 shows the yields for various 40 e V noble gas 
ions. The dependence of the secondary electron energy distribution on the 
energy ofthe incident ion is rather weak (Figure 4-15), so that all emitted elec· 
trons have ini tial energies ~ 5 - 1 O e V. 

The interested readeris referred to McDaniel (1964), from which much of the 
data shown here has been taken, for a more thorough review of secondary elec· 
tron emission due to ion impact. 
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In glow discharges, ion energies on targets and substrates range from a few e v 
up to a few hundred e V, and so the secondary electron yield data over the cor­
responding range are the most useful for the present investigation. 
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Figure 4-13. Electron yields for Ar+ ions on Ag-Mg, Cu-Be and Nichrome V alloys (from 
Hlgatsberger et ai. 1954) 
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Figure 4-14. Energy distributions of secondary electrons ejected from Mo by 40 e V ions of 
the noble gases (Hagstrum 1956b) 
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Figure 4-15. Energy distribu tions of secondary electrons ejected from Mo by He+ ions of 
various energies (Hagstrum 1956b) 

Neutral Bombardment 

ln the sheath at an electrode, energetic ions frequently collide with neutrals 
either elastically or with charge exchange (see Chapter 2) in either case giving 
rise to energetic neutrals. If sufficiently energetic, these neutrals can cause 
secondary electron emission. Figure 4-16 shows the yields for argon ions and 
argon neutrals on molybdenum. It appears that there is a potential energy com­
ponent for the ions only. Unfortunately, there is rather little of this data avail­
able; Figure 4-16, if typical, suggests that electron emission due to neutrals is 
rather unimportant in glow discharge processes where neutral energies are a few 

hundred e V at most. 
In Chapter 2, we saw that there are likely to be long-lived metastable neutrals, 

particularly in noble gas discharges. Although these metastables cannot be accel· 
erated by electric fields, being neutral, they will receive energy by collision with 
energetic ions, the energy transfer function making this an efficient process. 
Since the metastables have some potential energy, they will presumably be some· 
what more effective in producing secondary electrons than their corresponding 
ground state parents. There seems, however, to be rather little quantitative in-

formation available. 

ELECTRON EMISSION 
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Figure 4-16. Secondary electron emission as a function of energy for argon ion and neutral 
a tom bombardment of molybdenum (from Medved et ai. 1963) 

Photon Bombardment 

The ejection of electrons dueto photon bombardment is well-known, and is 
usually referred to as photoemission. For pure metais, the photoelectric yield 
'Yp depends on the work function </> of the metal, with a threshold for emission 
ofhc/i\ = e<f>. The photoelectric yields for most pure metals are only 10-4 to 
10-3 electrons per photon in the visible to near ultraviolet frequencies, largely 
because the photon is usually efficiently reflected, except at very short wave­
lengths where a corresponding increase in photoelectric yield is seen as in 
Figure 4-17. There doesn't seem to have been much consideration of the effect 
of photons in sputtering and plasma etching glow discharges. It does seem that 
under th~ right circumstances, photoelectric yields can be as large as ion yields'. 
and certamly there are believed to be strong photon effects in rather specific 
c~ses ~uch as hollow cathode sources. Holmes and Cozens (1974) propose a con­
tnbut10n from photoelectric emission in their rather high current density mer­
cury discharge (in which they also make the rather intéresting observation of a 
pressure gradien t near the target, believed to be due to the strong ion flux there ). 
But on the whole, the effects of photoelectric emission and photoionization in 
glow discharges are not well understood. 

Summary 

Electrons can be emitted from solid surfaces due to the impact of ions, electrons, 
neutrals, and photons. Some of the processes are well understood, at least for 
clean metals. The situation for insulators and contaminated surfaces is much Jess 
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Figure 4-17. Photoelectric yield 'Yp as a function of the wavelength À of lhe incident light 
(energy E of quantum) for various substances (von Engel and Steenbeck 1932, 
Kenty 1933, Stebbins 1957, Wainfan et al. 1953). 2537 A light yields 'Yp -
10-4 for borosilicate glass, 6 10-4 for soda glass; light of ~ 1250 A gives 'Yp -
10-3 for borosilicate glass (Rohatgi 195 7). From von Engel (1965) 

clear; experiments are complicated by the resultant charging of the surface. 
Harold Winters has pointed out to me that some of the literature on secondary 
electron emission, particularly the earlier literature and including some shown 
here, is likely to be erroneous, often because of the experimental difficulties 
encountered. For a discussion of modem measurement techniques, and an 
illustration of the importance of surface condition, see Sickafus (1977). Similar 
problems exist in measurements of both o and 'Y· Theoretical considerations 
lead one to expect that 'Y will be independent of ion energy below 500 e V; the 
incoming ion is neutralized by an electron from the target, which then may 
Auger-emit another electron, so that the potential energy of the ion is important 
rather than its kinetic energy. This explanation is consistent with some of the 
data shown. The data of Hagstrum and colleagues is well regarded. 
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These processes are important in glow discharge processes because each of 
them can contribute electrons to the discharge and help to counter electron loss 
processes. Since the plasma is more positive than the potential of any surface in 
the discharge, the action of the sheath is to accelerate electrons from the surface 
into the glow, giving both electrons and energy to the discharge. 

Our practical processes result in surface bombardment energies from a few e V 
up to severa! hundred e V or even a few thousand e V and we need, therefore, to 
consider secondary electron data over this range. Ion bombardment will clearly 
be of importance at the cathode of a de discharge, and both electron and ion 
bombardment at the anode. The importance of metastable and ground state neu­
trais, and of photons, has to be further assessed. 

The detail of the loss processes for electrons and ions at electrodes and walls is 
complicated by secondary electron emission from those surfaces. When we have 
previously looked at currents to surfaces, e.g. in "Sheath F ormation at a F!oating 
Substrate" in Chapter 3, we have tacitly ignore d the effects of secondary emis­
sion, which would change the net curren t to a surfaçe or modify its floating 
potential, for example. 

THE CATHODE REGION 

The type of de discharge used in glow discharge processes is known as an abnor­
mal glow discharge. At lower applied voltages and consequent lower currents, a 
discharge can result which is characterized by constant voltage and constant cur­
rent density. This is a normal glow discharge. More power applied to the system 
is manifested by an increase in the size of the region of the cathode carrying 
current (j and V remaining constant) until the whole cathode is utilised, at which 
stage the discharge becomes abnormal. We shall not consider nonnal discharges 
further in this book. 

The cathode plays an important part in de sputtering systems because the 
sputtering target actually becomes the cathode of the sputtering discharge. The 
cathode is also the source of secondary electrons, as we have seen, and these 
secondary electrons have a significant role both in maintaining the discharge and 
in influencing the growth ofsputtered films. 

When the formation of sheaths was being considere d in Chapter 3, we made 
the assumption that there were no collisions in the sheath. Many books and 
papers on plasma physics are concerned specifically with collisionless plasmas, 
but this is because most current interest is in plasmas which have very high 
temperatures of many ke V, and these are essentially collisionless; such plasmas 
are of interest in fusion. 'Our' plasmas are very different and do have lots of 
collisions, both in the sheaths and in the glow. ln a moment we shall look at 
some of these collision processes. 
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As already pointed out, in trying to understand the mechanisms by which a 
discharge is sustained, it is clearly necessary to account for all the recombination 
and energy loss processes which occur (Figure 4-18). We could simplify the 
situation for analysis purposes by considering a discharge between very large 
electrodes dose together, which is usually the case in high pressure planar diode 
plasma etchers (see Chapter 7) and some sputter deposition systems (see C-h:ap­
ter 6). Unfortunately I don't have any quantitative data for this de situation, but 
the data in Figure 4-1 should be reasonably representative. 

To return to our example in "Architecture of the Discharge", a current density 
of 0.3 mA/cm2 means that net currents of 1.9 101 5 ions/cm2 and 1.9 101 5 elec­
trons/cm2 are flowing each second to the cathode and anode respectively. The 
ion flux at the anode should also be about 1.9 101 5 /cm2 sec, as we discussed in 
Chapter 3. So if we ignore the small electron current at the cathode due to 
secondary electron emission, and ion-electron recombination at the walls and in 
the gas volume, then we need an ion-electron pair production rate of at least 
3 .8 101 5 ions per second for each cylinder of discharge emanating perpendicu­
larly from the cathode and having 1 cm2 cross-sectional area. 

/' \ 
E> ® 

lons 
®'V/E> <f) 

Anode 

Heat ~Ugh> 
Figure 4-18. Discharge loss processes 

lonization ln The Sheath 

Electron lmpact lonization 

Some descriptions of the glow discharge process rely on ionization caused by 
secondary electrons from the target as they are accelerated across the dark space 
(Figure 4-19). This can be modelled by considering the amount ofionization 

CATHODE REGION 

caused by a flux Ne(x) electrons passing through a thin slab of thickness .6.x 
Iocated x from the cathode (Figure 4-20). The density of neu trals is n and the 
ionization cross-section (assumed energy-independent for simplicity) is q. 

Target Boir------ L 
.J Negative 

-------;llBol_ I Glow 

Figure 4-19. Ion pair production in the dark space 

Figure 4-20. Analysis of ion pair production in the dark space 
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Number of ionizing collisions = Ne (x)nq .6x 

· dNe (x) 6.x = N (x)nq .6x 
·· dx e · 

:.J~~e = f nq dx 

:. Ne(x) = Ne (O) exp nqx 

So eac.h electron that leaves the target is multiplied by exp nqL by the time it 
reaches the ictgeL of the dark space. The electric field in thi~ region is. strong 
enough that t!ie major part of the electron travel will be ~h~ight í2ross the dark 
space áíong the field lines. 

Let's obtain an idea of the magnitude of this electron multiplication for the 
practical conditions ufi'a;r consideration. In Chapter 2, "lonization", we found 
that the maximum ionization cross-section for electrpns in argon is 2.9 10-1 6 

cm2 for 100 e V. Davis and Vanderslice (1963), who~e work on collisions in the 
(' / ,- ,': ,· "•' .<: ' ,; -: '. 1 ' 

sheath we shall be considering1shortly, found a sheath tfücknéss of 1.3 cm for a 

dischar9~}"'?:i~~~ge of 600V in _argon,N, ~O ~t.?;r, f?r ~hich n = 2.1 10
1 5

_, ~sin? a 
Kovar alloy 'cathode. These figures put an upper hm1t on electron multlphcat10n 
of exp (2.1 10 1 5 x 2.9 10-16 x 1.3) = 2.2. 

For each ionization, a new ion is formed as well as a new electron. For each 
electron that leaves the target, (exp nqL - 1) ions will be formed. For each ion 
that strikes the target, 'Y secondary electrons will be emitted, where 'Y is the sum 

\yiyld for all of the various processes (see "~econdary Electron Emission"). 
i<)/. nr\ 1·'· •/ 1 

Hence, each ion that strikes the target will lead.to the generatior]. of 'Y(exp nqL -
1) ions i/ithin °the dark space. The yield 'Y is Únlikely to exceéd O. i for most 
metals, and this suggests an ion production rate of 0.24 ions per ion; remember 
that this is an upper limit based on the use of the maximum cross-section for 
ionization in argon. 

Ion Impact Ionization 

There may be other ionization mechanisms in the sheath. ln Chapter 2, we saw 
that photoionization and ion impact on neutrals werv b.oth possible ionization 
mechanisms. 1 don 't know the photon fluxes to be able to assess photoioniza­
tion, although these could presumably be obtained with optical emission spec­
troscopy. Bu t we can make an estima te of ion impact ioniza tion. ln the sarne 
way that we estimated electron impact ionization earlier, we can use the exp 
nqL expression to estimate ion impact ionization. psing the sarne example, n 

will be 2.1)0,1 .~, cP1,~ ~pd L will b1J.3 cm~,~s _before. Fro_m Fig~re 2-25 (~h~K­
ter 2), we find a cross-section q of about 5 1 O 17 cm 2 for tons w1th mea:n ener­
gies of a hundred e V or so. So the ion multiplication factor will be about exp 
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(2.1 10 1 5 x 5 10-1 7 x 1 .3) = 1.15. Since secondary electron effects were ignore d 
in Figure 2-25, this will pe an overestimate (as was our earlier value for electron 
impact ionization). We therefore have an ion production rate by this process of 
0.15 ions per ion compar~d with an equivalent of 0.24 ions per ion for electron 
impact ionization ; 1~Ítlí.'ough the electron cross-section is larger, there are fewer 
electrons. Both are maximum possible values, not actual; in reality, the contribu­
tions may be much smaller, particularly from the ions. 

Sheath lonization - Conclusion 

An .ion production rate of 1 ion per ion in the sheath would be adequa te to 
rti~fnt~iri the ion flux to the cathode. But according to our analysis, this would 

11' ,// ''' ,, {j /\/ 1 (/,.) 

be ~chieved by electron impact ionization cínly if _L = 2,9 cm (for 'Y = 0.2) or L = 
3.9 cm (for 'Y = 0.1), and there would not be s{fch0~Jrdrs in t~e meas~;.~ment of 
L. A production rate of 1 ion per ion would also be achieved, for the given value 
ofnqL, if'Y = 0.8. This also is unlikely, although it is true that our working fig­
ure of 'Y = 0.1 is based largely on ion impact secondary electron values, and we 
should"idd the effects of bombardment by fast neutrals, metastable and pho­
tons, so 'Y = 0.8 isn't out of the question. On the other hand, the q value we used 
was the maximum possible, and so values for ion production would be consider­
able overestimates. 

Our 
1fi~di~g of a certain afuou~t of ionization by ion impact does not really 

change the situation 'since the maximum possible ion multiplication by this 
rfí~ans was only 1.14. , 

Our general conclusion is therefore that there is some ionization in the sheath, 
\utv~ry~robably not #nough to maintain the ion flux to the target. ln the next 
two sections on "Charge Exchange in the Sheath" and "Generation, .oJ, Fa~t Ele.e-

( ',' "- _, 1"' ('' .f - ·~·";:, \ 

trons", we shall present some further experimental evidence to ãctd credence to 
this conclusion, so that altho\lgh ridn~' qf the evidence presçnted is really con-

70, -~/ :f;;'fY-·:· .':'1'_1: • )',/-, r'·- ,.J_1_,_ 

clusive by itself, the overall we1ght of ev1dence 1s qmte convmcmg. 
The inadequacy of sheath ionization becomes 1éven'f~rther_ a~parent when we 

remember that a similar áÍfiount of ionization is réqíifred to acéount for the ion 
current to the anode. Ions produced in the cathode sheath certainly cannot travei 
to the anode because of the golarity of the cathode sheath field. So we need a 
large source of ionization in either the negative glow or in the an9de .sheath. But 
the latter isso fuuch thinner than the cathode, sheath that aTI'/significant amount 
of ionization there is immediately ruled out. Which leaves the glow. 

Charge Exchange in the Sheath 

An ion arriving at the interface between the glow and a sheath has a kinetic 
energy that is negligible compared with most sheath voltages (see Chapter 3, 
"Sheath Formation and the Bohm Criterion"). ln the absence of collisions, the 
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1 

ion would accelerate across the sheath, losing potential energy as it does so, and 
would ºhit the electrode wi.th an ene!gy equivalent to the sheath voltage. But the 
ion usually does collide, with or without the exchange of charge (Figure 4-21) 
(see Chapter 2, "Ion-Neutral Collisions"). This effect is important in glow dis­
charge processes because it modifies the energy distributions of particles striking 

1 

the electrodes and substrate. 

Electrode 

Sheath Glow 
Region 

lon enters dark space 
and accelerates 

Figure 4-21. Charge exchange ín an electrode sheath 

Studies of the energy distributions of ions striking an electrode have been 
made by a number of authors; the work most relevant to glow discharge 
processes is by Davis and Vanderslice (1963). The apparatus they used is shown 

•' . - .: ~ 

in Figure 4-22. Sorp.e of the ions striking the cathode pass through a tiny h0le 1 

into a much lüwer p~essure region where they are energy analyzed and then mass 
analyzed. The energy distribution of ions striking the cathode would be influ­
enced not only by charge exchange but also by ionizing collisions in the sheath, 
and so could give us information about the latter. The results obtained by Davis 
and Vanderslice for Ar+ ions in an argon discharge are shown in Figure 4-23; 
these results are consistent with their model which is based on the following 

' .• 1 

assumptions: 

1. All ions origina te in the negative glow or very dose to it. The model assumes 
little orno ionization in the sheath, and then uses the predictions of the 
model to test this assumption. 

2. The dominant collision process is of symmetrical charge transfer (Ar++ Ar 
-+Ar + Ar+) with the new ion formed starting at rest, and then accelerating 

REGION 

in the sheath field. There is no net change in ion flux, which th~refore re­
mains constant across the sheath. 

3. The charge exchange cross-section is independent of energy, which is an 
approximation over the range used. 

4. The electric field across the sheath de_creases linearly to zero at the dark 
space - negative glow interface. ; 
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Figure 4-22. Experimental apparatus for the energy and mass analysís of íons bombardíng 
the cathode ín a de discharge (Davis and Vanderslice 1963) 
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L()\= 15 or q = 5.3 x 10-15 cm 2 

0.2 0.4 

V/Vc 

Theoretical Distribution 

Experimental Points 

0.6 0.8 

Figure 4-23. Energy distribution for Ar+ from an argon discharge (Davis and Vanderslice 
1963) 

Using these assumptions and the parameters shown in Figure 4-24, Davis and 

Vanderslice obtained the theoretical distribution [ J 
~~ :~ " 2~ (1 -:J" exp - ~ 1 -(1 -~r 

where Vc is the target voltage, and dN is the number 1ofio~s ~~riving with ener­
gies between e V ande V+ edV; L is the dark space thicknéss and À is the charge 
exchange mean free path. When À<{ this distribution function reduces to 

Vc dN L ( L V) 
N

0 
dV = 2Ã exp - 2Ã Vc 

The result for argon shows reasonable agreement with this model; in
1
Fig11re 4-23, 

the open circles are experimental results and the solid line is a best "fiÚr~m the 
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Negative 
Glow 

x=L 
V= Vc 

X= X 

V= Vx 

dx Cathode 

X=O 
V=O 

Figure 4-24. Model used to derive ene~gy distributions (Davis and Vanderslice 1963) 

theoretical expression, giving a cross-section of 5 .3 10-1 5 cm2 in reasonable 
agreement with other published values. Note that: 
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111 The effect of gas pressure on the energy distribution is found to be small, if 
the discharge voltage isrh~ld const~nt. ,This is a result of the pressure - dark 

-'(/ ' 1 'J' ' 1 

space thickness product beillg fairly constant for a de discharge, so that the 
average number of collisions per ion in traversing this distance is reasonably 
constant. 

111 Increasing the target voltage (at constant pressure) causes the dark space to 
decrease in Jfac191ess, so that a relatively larger proportion of high energy 
ions will ~~ach the cathode. , 

/•' ' 

111 Reduction of the collision cross-section also causes a larger proportion of 
high energy ions. Figure 4-25 is for A++ ions in argon, where a significant 
number of A++ ions ( cross-section 7 10- 1 6 cm2

) apparently tf~vé~se' the 
sheath i:hfiout collision. 

The results of Davis and Vanderslice, which are confirmed by the !ater e~peri­
ments of Houston and Uhl (1971), are use d to illustrate the effect of cl\~~g'ê 
ex(hange in limiting the energy of ion bombardment at the cathode. The good 
agréement between the theoretical and experimental results is also taken as con­
firmation that there is little m no ionizàtion in the sheath. 
Ud\\'e~~r, I wonder how much of this agreemen t is fortuitous. Certainly there 

should be some ionization in the sheath, as we showed in the previous section, 
and this should have an effect on the energy distribution by generating ions in 

,'l,,! 

the sheath. Another questionable assumption in the Davis and Vanderslice model 
is that of a linear field variation in the sheath. From Poisson's equation, we 
know that such a variation is synonymous with uniform net positive space 
charge in the sheath; if d&/dx is proportional to x, then p/Eo = d2 &/dx2 = 
constant. Severa! authors refor to findings of linear field variations in the sheath. 

171: "I '"" 
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Apparently the original findings are due to Aston (1911) who observe d the de­
flection of a beam of electrons fired across the shea.th. Tbere are also some com. 
ments of findings of depariures from linearity tow~rds both interfaces of the 
sheath. If all ionization was in the glow, and ions entering the sheath were then 
accelerated freely, the ion density would decrease towards·the cathode. The 
effect would be greatest in a collisionless sheath, and would be reduced by 
charge exchange collisions. If a linear field existe d in the sheath, the potential 
would vary as x2

. Ingold (1978) has pointed 01.ü that, in practice, the potential 
variations of x413 and x312 given by the free-fall and high pressure versions, 
respectively, of the Child-Langmuir space charge equation (see "Space Charge 
Limited Current") are similar enough that they might be interpreted as a linear 
field variation. So it may be that the experimental evidence for the linear field 
is not accurate ~11dii'ghto differentiate between the various possibilities; alterna­
tively the results obtained may not apply to our discharges. 

Figure 4-25. 
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A++ in A 
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Energy distribu tion for Ar++ from an argon discharge. Dashed line and circles 
are experimental values while full line is the calculated distribution for L/?.. = 
2.3. The area of the peak represents those ians with the full cathode fall po­
tential (Davis and Vanderslice 1963) 
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Generation Of Fast Electrons 

If the secondary c~le~trons e~itted from. t~e cath?dewere accele5at~d across the 
cathode sheath without makmg any collis10ns,-then they would reach the edge 
of the sheath and enter the ~J~S~tiv~ &lo~ with an energy equivalent to the volt­
ag,y,4rop across the sheath (give or ta~e the o/1e~gX.?f emiss~~n, a~d the sheath 
ºúfge potential due to the Bohm critenon). Conversely, colhs10ns 1~ the sheath, 
including ionizing collisions, would attenuate this energy and also mtroduce a 
distribution of electron energies. 

Brewer and Westhaver (1937) examined the energy distribution of electrons 
g~s,~if\g through a perforation in an aluminium electrode. The electrons :-rere 
lli'.ért deflected by a magnetic field and observed by fluorescence on a smtable 
/Jt~~n. When thi:.anpde was at the sheath-glow interface,,~h~r.e was no change in 
the 1~1po{size or ~h~pe indicating that the electrons were 'still monoenergetic. 
When the anode was moved back into the glow region, the spot on the screen 

' started to l~ngthen, impJYÚ1g ele~tron energy inhomogeneity. ,·, ' ' ' ' 

Voltages of 400 V to 30 000 V were used in these experiments. For 1000 V 
electrons, it was estimated that a change of 100 V could be readily detected. 
The conclusion was that less than 2 ions per electron were formed in the sheath. 
Although not specifically stated, it was implied that nitrogen was used for this 
work at pressures between about 0.1 - 4 torr. 

It is not clear in Brewer and Westhaver's paper whether they used their tech­
nique to, n:ieasure the actual energies of the electrons or only to measure the 
energy ~pread. It is also 1Jncl.ear how they moved their anode to the sheath-glow 
interface without,gros.sly perturbing the discharge. Finally, I wçmder how the 
motion of electrons~as affected by the travel from the anode 'slit to the fluor­
escent screen 9 cm away' sincé there is no indication that differential pu111ping 
was used to reduce the pressure and elimina te collisions in this region. -

ln anothe~ group of experiments described in the sarne paper, Brewer and 
Westhaver measured the lGngth of the negative glow (their discharge could be up 
to 40 cm long, unlike our applied discharges) for discharges in helium, hydrogen, 
argon and nitrogen. They obtained very good agreement with a theory of 
Lehmann (1927) for the range of fast electrons from the sheath, with the imppca­
tion that the glow resulted from these fast electrons. Brewer and Westhaver again 
concluded that a large number, if not most, of the electrons entering the glow 
had an energy corresponding to the voltage across the sheath. 

These experiments are further evidence that there is not a great deal of ioníza­
tion in the sheath. However, they have a further and more practical significance: 
the fast electrons entering the glow have quite a small cross-section due to their 
velocity (as was seen in Chapter 2, and is rationalized in "The Glow Region") 
andas a resulta significant number of these electrons hit the anode with sub-
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stantial energies. ln Chapter 6, "Life on the Substrate", we shall present experi­
mental evidence for this phenomenon, which applies to rf as well as de discharges 
and see how it can influence thin film growth in a sputtering system. ' 

Space Charge limited C1.ment 
/ ,- ·; '-, ' ' -

We still have some incons!stencies to eliminate. One of these is that the cathode 
sheath length in the examples earlier in this chapter was about l cm, which is 
typical of the values found, whereas earlier we had calculated sheath thicknesses 
characterized by a De bye length of the arder of l 00 µm. 

Before we can remove this inconsistency, we need to understand the phenom­
enon of space charge limited cu"ent. We shall see that this does apply to the 
sheath regions of glow discharges, but we shall initially introduce the idea in 
relation to the emission of electrons from a heated filament in high vacuum, for 
simplicity. 

Coflisionless Motion 
( •) 

Figure 4~26 shows a heated wire filament emitting electrons to a positively 
'"biásed 'àn~de distance d away. ln Chapter 6, "Some Other Sputtering Configura.­

tions", we shall see how such hot filament systems are used for both sputtering 
and plaeyma etching applications. But in the present illustration, high vacuum is 
used toa~8iChonization and thus restrict the system to a single charge carrier -
the electron. The electron emission from a heated filament is given by the 
Richardson-Dushman equation: 

e<j; 
J = AT2 exp - -

kT 

i---r -d-1 

~2:~ 
V(x) 
p(x) 
&(x) 
n(x) 
v(x) 

+ 

Figure 4-26. Space charge limited current from a heated filament 
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where <P is the work function of the filament material and A is a constant. ln 
practice this value is not usually attained beca use an electron leaving the fila­
rnent meets the strong Coulomb repulsion of the electrons which left previously, 
í.e. the actual emission current is limite d by the space charge of the electrons. 
The limitation is overcome to some extent by applying an electric field to move 
the electrons away from the filament and reduce the space charge there. 

At x (Figure 4-26), let the potential, electric field, electron density, electron 
velocity be V, &, ne and v respectively, where each is a function of x. Assuming 
a constant cross-section of the electron flux, j will be constant across the gap; 
rn is the mass of the charge carrier, in this case the electron. For a single carrier: 

j = nev 

To find v, then by energy conservation 

Yz mv2 e V 

To find n, then by Poisson's equation 

p ne 

Eo 

(1) 

(2) 

This cannot be integrated directly because n is a function of x. But using equa­
tions (1) and (2) to express n in terms of V, 

d2 V = j_ 
( ;e)Yz 

y-Yz 

dx2 
Eo 

d V d2 V j_ (2: )Yzy-Yz 
d V 

dx dx2 Eo dx 

Integrating, 

_!_ (dv)2 = j_ ( ~) Yz2vYz 
2 dx Eo 2e 

The integration constant is removed since, if more electrons are being emitted 
than manage to reach the electrode, then the field is about zero at x = O (de­
pending on the emission velocity of the electrons). Rearranging this and inte­
grating once more, 
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(:~)Yz (:)% dx 

= (:~)Yz(~))4 X· 

Again the integration constant is eliminated since V= O at x =O. This equation 
is put into its more usual form by squaring and rearranging: 

j = 4eo (2e)Yz V
312 

9 m x 2 

Note also that V o:: x413
, so that & = dV/dx o:: x 113 . This is the high vacuum 

version of the Child-Langmuir space charge limited current equation. It applies 
for all values of x, including d, the full extent of the voltage sheath. Note that it 
applies to a single charge carrier under collisionless conditions, so that the energy 
conservation equation can be used. It can clearly be used for any charge carrier 
by suitable choice of m. 

ln our example of thermionic emission, by increasing the voltage V we would 
eventually reach the saturation current limitation imposed by the Richardson­
Dushman equation. Current could be increased further only by raising the filament 
temperature, as shown in Figure 4-27. So space charge limitation applies only in 
the absence of a more stringent limitation such as the supply of charge carriers. 

T2 

1 T1 

o ---1>- V 

Figure 4-27. Space charge Jimited electron emission current, versus voltage for two filament 
temperatures T z > T 1 
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MobílitV Umíted Motion 

An electron travelling through a metal makes so many collisions that its drift 
velocity is quite small compared with its thermal velocity. We say that it is 
mobility limited. The drift velocity is proportional to the electric field; the con­
stant of proportionality is the mobility µ, which we have already encountered 
in Chapter 3, "Ambipolar Diffusion". 

To some extent, the sarne concept can be applied to gases, particularly in situ­
ations where the motion of the charge carriers is dominated by collisions. We 
can derive a space charge limited current equation for this case too, by substi­
tuting the drift velocity V= µ& for the carriers instead of the velocity acquired 
bY free fall. We would expect the resulting current to be smaller than for 
collisionless trave! since it is now more difficult for the charge carriers to accel­
erate. Using a similar derivation, 

nev neµ& 

d2V d& ne 

dx2 dx Eo 

1 
-

µeº & 

Yz &2 = A 
µeo 

& ( 2jx )Yz d V 
-

µeo dx 

~ (-2L)Yz x3;2 V 
3 Eoµ 

9e0 
y2 

and 
8 x3 

This is the mobility limite d version of the Child-Langmuir equation, sometimes 
known as the high pressure version, though somewhat misleadingly. Note that 
V o: x312

, so that & o:: xYz. 

Application to Glow Discharge Sheaths 

Which one of these space charge limited current equations apply to the sheaths 
in our discharges, if either? 
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The first problem is that the equations were derived for single charge carriers, 
and we have two - electrons and ions (and even more ifmultiple ions are in­
cluded). Actually this isn't much of a problem because the electrons accelerate 

' 'away from the sheath so rapidly that they produce a very small space charge 
density. However, this assumption of negligible electron density would not be 
true if there ;r,,ere bopious ionization in the sheath. 

Let's see what order of current densities are predicted by the two space charge 
equations. We'll use again the example from the data of Davis and Vanderslice -
a 600 V sheath of thickness 1.3 cm, in argon so that m is 6.6 10-2 6 kg. Substi­
tuting these values into the collisionless Child~Langmuir equation, we obtain a 
value of 75 µA/cm 2

• This seems quite low, at the bottom end ofthe values 
obtained in sputtering systems. But 600 V is quite a low cathode voltage for a de 
sputtering system. Unfortunately Davis and Vanderslice do not report the cur­
rent they obtained for this condition, but they do for another situation - 30 
mA current from a 500 V sheath ofthickness 0.18 cm at 500 mtorr. For these 
conditions the high vacuum current would be 2.9 mA/cm2

; since their target 
was 4.5 cm diameter, their actual current density was 1.9 mA/cm2

. The differ­
ence could well have been due to the charge exchange collisions in the sheath. 

To use another example, Güntherschulze (1930) reports values for a helium 
discharge with an iron cathode, equivalent to a dark space thickness of 0.64 cm 
at 1 torr for a voltage of 1000 V. The high vacuum space charge density should. 
then be equal to 2.1 mA/cm2

, which compares very well with the measured 
value of 2 mA/cm2

• The good agreement may be fortuitous, although the charge 
exchange cross-section for He+ in Heis several times lower than the equivalent 
figure for argon. And returning to argon, we should note that a 1 OOOV sheath of 
thickness 1 cm would give a current density of 0.27 mA/cm2

; all of these values 
are consistent with observed sputtering values. We cannot expect to achieve very 
precise values of thç: space charge limited cµrrent because of the difficulties in­
volved in ~sSessfog L, as will become more apparent in the next section. However, 
it does seem that the observed cathode currents are almost as large as the values 
predicted by the collisionless Child-Langmuir equation. This implies either that 
the saturation value of ion current from the glow has not been reached, or that 
the sheath thickness adjusts itself to extract precisely the saturation current. It 
would be difficult to test this in a diode discharge because increasing the cathode 
voltage would increase the power input to the discharge. The high voltage probe 
characteristics might be more illuminating. Tisone and Cruzan (1975) have mea­
sured the target voltage and sheath thickness for a target immersed in a hot fila­
ment discharge (see Chapter 6). They obtained rather good agreement with a 
V ex: x413 relationship. It,seems as though the sheath thickness is determined by 

~ 
the ion production rate in 'the glow and by the space charge limitation, at least 
. h. ' m t is case. \ .. 

\ 
,\ 
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A second implication of the small differences between the free fali current 
and the measured values is that there are not many collisional processes in 

sheath involving ians. This is further evidence that there is not much ioniza­
in the sheath. 

By definition, any motion in the sheath that is not free-fall is mobility limited, 
not generally with the simple field-independent mobility µ assumed in 

derivation of the mobility limite d space charge equation. In Appendix 4, 
are severa! sets of data relating to the drift velocity and mobility of ions 

electrons in argon. Y ou can see that these are plotted against &/p. This is 
practice when looking at conduction in gases at lower fields and higher 
even then µis very dependent on &, as can be seen from the data pre­

Note that &/p is typically around a few volts/cm torr in these examples 
'""'V''"" up to 100 and 240 volts/cm torr in two untypical cases). By compari­

our earlier example of a 500 V sheath of thickness 0.18 cm at 500 millitorr 
to &/p values increasing from about O at the sheath-glow interface 

to 11 100 V /cm torr at the cathode, if we follow the assumptions of Davis 
and Vanderslice. Obviously we can 'predict' the observed values by suitably 
choosing µ, which in this example would need to be 446 cm 2 /volt sec. If we 
guess, from Figure 4-23, at an average argon ion arrival energy at the cathode of 
!00 e V, then this is equivalent to a velocity of 2.1 106 cm/sec. The field at the 
cathode in this example is predicted to be 5.6 10 3 V/cm, so this gives a crude 
estimate of µ equal to 375 cm2 /volt sec. Mobility figures obtained in these two 
ways are virtually forced to agree, but the consistency is encouraging. The main 
point, however, is that these mobility figures are more than two orders of mag­
nitude higher than equivalent figures obtained for conventional mobility limited 
situations. We can therefore conclude that ion motion in the sheaths of our de 
discharges is much closer to free fall than conventional mobility limitation. 

Finally, we should note that since the product of sheath thickness and pressure 
in de systems is observed to be constant, then reducing the operating pressure 
will not significantly change the number of collisions in the sheath. By the sarne 
token, neither will increasing the pressure, and ion motion will remain closer to 
free-fall that mobility limited. Hence the earlier comment that the title of 'high 
pressure space charge equation' for the mobility limited situation was rather mis­
leading. We can change the situation in rf systems which retain sheath thick­
nesses of about 1 cm even when the pressure is reduced down to 1 millitorr. At 
such a low pressure, collisions in the sheath become very unlikely and motion 
becomes essentially free-fall, albeit modulated by the applied rf. 

Structure of the Cathode Sheath 

We are now ready to account for the large difference between the Debye length 
and typical cathode sheath dimensions. 
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The Debye length was introduced in Chapter 3 by considering the space c~arge 
sheath formed around a perturbation in the discharge. ln the subsequent denva. 
tion of the potential distribution around the perturbation, we assumed ~hat the 
ion density remained constant at its unperturbed value. But_as we have ~~st seen, 
a large semi-permanent negative potential causes the format10n of a positive 
space charge sheath of varying density. This sheath may be as r:iuc~ as a few cm 
thick. Our final sheath model (Figure 4-28) therefore has 3 reg10ns. 

e a quasi-neutral 'pre-sheath' in which ions are accelerated to satisfy the Bohm 

criterion, as discussed in Chapter 3. 

• a region of the extent of a few Debye lengths in which the electron density 

rapidly becomes negligible. 

• a region of space charge limited current flow, which would be of zero elec­
tron density in the absence of secondary electron emission from the target, 
and in practice is not so different because of the rapid acceleratlon of the 

electrons. 

Quasi-neutral 
pre-sheath 
or transition 
region 

current 
region 

Figure 4-28. Regions of a cathode sheath 

Cathode 

Of course, these divisions are in our minds only. A difficulty in experi~ents 0~ 
sheath thicknesses is of trying to decide where the edge of the sheath is. Practl­
cally, people generally look for the change of luminous _in~ensity due to de- . 

1 excitation, either with a travelling microscope or an em1ss10n ~pectr.o~eter ~itl, 
spatial resolution. But a change in intensity need not necessanly comc1de with 

REGION 113 

the boundary ofthe sheath as we have defined it. Fortunately, since the average 
thermal velocity of excite d atoms will be about 5 104 cm/sec, at least we don 't 
generally have to worry about atoms moving appreciably between excitation and 
reiaxation, which might not be the case for excited ions in .the sheath or excited 
sputtered atoms, which have greater than thermal energies. 

THE ANODE REGION 

Structure of the Anode Sheath 

ln Chapter 3, we saw how a small sheath must be set up in front of the ano de, of 
sufficient magnitude to repel some of the random flux ~ lle ce of electrons and 
reduce the current density at the anode to a more practical value. Our model of 
the sheath was essentially the sarne as that in front of a floating substrate (Chap­
ter 3, "Sheath Formation at a Floating Substrate") except that the sheath volt­
age isn't as large at the anode. Later in Chapter 3, we needed to involve apre­
sheath or transition region to satisfy the Rohm criterion, and we expect this to 
apply to the anode too. The anode sheath is found to be so thin, usually about 
an order of magnitude less thàn the cathode sheath, that it should be essentially 
r,ollisionless - and in particular nota source ofionization, which was tenuous 
even in the much thicker cathode sheath. 

The anode sheath won't be very different from that in our derivation ofDebye 
shielding. The Bohm criterion requires the ions to enter the sheath with an 
energy of about kTe/e, and they then accelerate through the ano de sheath to 
reach energies of 10 - 15 e V. The energy increase of a factor of 3 - 10 is equiva­
lent to a velocity increase of -)3 - .JIO, and an inverse change in ion density. 
The main point is that the ion density is not far from the uniform density 
assumed in the Debye sheath derivation, and does not vary anywhere near as 
much as in the cathode sheath. At the sarne time, the sheath voltage is small 
enough that the electron density does not go to zero as in the cathode sheath. 
The net result is that the anode sheath consists primarily of a pre-sheath and a 
Debye-like region. 

Seconclary Electron Emission 

Unlike our simple model, in reality there is secondary electron emission from the 
anode. With the usual polarity of the anode sheath, these electrons are accel­
erated back into the glow, agmg as a source of both electrons and energy to the 
glow. The anode is bombarded by ions, photons and electrons. Most ofthese 
éôtne from the glow, except for the fast electrons which are generated in the / 
tathode sheath; many of these travel through the glow without making many 
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.. collisions and strike the anode with considerable energy. These fast electrons 
'are responsible for a significant power input to the anode. 

As well as the fast electrons, there are slower electrons from the glow. The 
coefficient o for electron bombardment tends to be larger than the coefficient 
'Yi for ion bombardment, so there are a significant number of electrons emitted 
and injected back into the glow, where we expect them to have an effect on the 
generation of the glow. Gillery (1978) has observe d a considerable change in the 
V - I characteristics of his glow as substrates pass in front of his sputtering 
target. There is the implication in his work that it is the fast secondaries from 
the target which are having the greatest effect. 

Note that another effect of secondary electron emission is to invalida te our 
earlier calculations of floating potentials and anode sheath potentials, which are 
therefore only approximately correct. 

Space Charge limited Anode Current 

ln our earlier attempts to consider the effect of space charge in limiting current 
flow, we were able to assume that there was a single charge carrier, or at least 
reasonably so. But in the anode sheath, the electron density is not necessarily 
insignificant, particularly if secondary electron emission from the anode is in­
cluded. Therefore our existing collisionless form of the Child-Langmuir equation 
appears to be inadequate for the anode sheath, anda two carrier model is re­
quired. Testing of a model would be difficult since sheath voltage and thickness 
would both be small and subject to measurement error. 

f Polarity of the Anode Sheath . 

" I have so far argued that the polarity ofthe anode sheath is such that the plasma 
potential will always be more positive tlian the anode. This is not always the 
case. Two reasons for the polarity would be 

• high secondary electron coefficient at the anode 

• physically small anode. 

To treat the first of these, suppose that the electron and ion fluxes to an anode 
are fo and ji respectively. If the secondary electron coefficient for electron bom· 
bardment is o, and if we add together the effects of ions and photons so that t 
secondary electron flux due to these bombardments is '}'ji, then the net electron 
flux to the surface will be je - (ofo + ji + 'Y:ii} Clearly this expression would be 
negative for values of o > 1. Of course the actual net current must be an electr 
current. The discharge achieves this by reducing the anode sheath voltage so th 
fo (and also ofo) increases. By continuing this process, the sheath voltage reduc 
and then changes polarity. At this stage fo has reache d its random value and no 
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longer increases, ':hilst the ions encounter a retarding field at the anode 
80 

that 
Íi decreases; the e1ec_ted secondary electrons now encounter a repulsive force 

80 
tha_t the less energetJc of the oje and 'Yji electrons return to the anode. It would 
be in~erestmg to run a d1scharge using an anode with a large 0 to assess the 
practical extent of th1s sheath field reversai. 

A second reason for polarity change at the anode sheath · d · p . . is ano e s1ze. or a 
given d1~charge of g1ven total current, the current density at the anode would 
have .to mcrease as the anode size is decreased. This would be achieved by de­
creasmg the voltage of ~he anode sheath so that fewer electrons are repelled. The 
electro~ current could mcrease in this way until it reaches saturation when the 
anode is at plasma potential. Further increases in net electron curre t th 

h. d b d · h n are en 
ac 1eve Y re ucmg t e ion current, i.e. the sheath polarity reverses. 

i\llain Effects in the Anode Region. 

The polarity of the anode sheath is usually such as to accelerate secondary elec­
trons from the anode back into the glow, and also to accelerate ions from the 
gl~w onto th~ anode and onto any substrate there. Although the sheath is too 
thin to be a hkely source of ionization, the accelerated secondary electrons act 
as both an electron source and an energy source to the glow. The sheath has to 
rely ~n the glow as an ion source. Since there appears to be rather little ioniza­
!1on m the cathode sheath and even less in the anode she th th · fl . . a , e 10n uxes at 
each electrode are of s1m1lar magnitude. 

THE GLOW REGION 

And so.we come to the glo"." re~ion. Although the glow is an ionized gas of 
appr~x1m~te charge neutrahty, 1t certainly isn't the uniform isotropic plasma 
descr~bed m Chapter 3. The main reason for this is the beam of fast electrons 
entenng the glow region from the cathode sheath; these penetrate into and 
through t~e sheath and make it very anisotropic. People refer to three groups of 
electrons m the glow: . . ' 
pnma~y e~ectrons which enter from the cathode sheath with high energy; the 
name is s_hghtly confusing because these sarne electrons were secondary elec­
trons em1tted from the target. 

11 
seconda? e~e~trons ~~ considerably lower energy; these are the product elec-

t tro~s of wmzmg colhs10ns or primaries which have lost much of their energy. 

ultt":ate elect~ons which have become thermalized to the plasma tempera­
!ure, t~ese ultimate electrons have the highest density. In a Iow current density 

eon d1scharge at 1 torr, Francis (1956) reports densities of 5 106 5 107 d 
4 109 fo th . d , , an 

r e pnmary, secon ary, and ultimate electrons, respectively. 
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One might at first think that the primary electrons would soon lose their direc. 
tionality and energy. However, as we saw in Chapter 2, there is a tendency for 
cross-sections to decrease with increasing energy at high energies. The rationale 
for this is illustrated in Appendix 4 for electron interactions; all interactions in 
plasmas are fundamentally electronic in nature. Another consequence of the 
weak interaction is that of forward scatten·ng, i.e. the incident particles are not 
deflected much from their initial path. 

So there is a good chance of fast electrons passing through the glow and collid. 
ing with the anode. We shall see experimental evidence for this in Chapter 6, in 
a sputtering application. Since the electron collision cross-section continues to 
decrease with increasing energy, there comes a point where increasing the voltage 
across a diode system has little effect - the electrons pass right through. This is 
the phenomenon of the runaway electron, and is encountered in very high tem. 
perature plasmas as an obstacle to heating (i.e. putting energy into) the plasma. 
This is not really a problem in our cold plasmas, although the seeds of the prob. 
lem are evident. 

ln a long glow discharge, where there is room for a positive column to develop, 
then the.energy of the primary electrons can be attenuated before they reach 
the positive column. As a result the positive column is much more like an 
idealized plasma, which has made it a popular testing ground'for probe theories. 
The negative glow, with its three groups of electrons and anisotropic nature, is 
obviously a more difficult region to deal with. Some folks have used directional 
probes to try to distinguish between the various groups of electrons (Fataliev et 
al. 1939, Polin and Gvozdover 1938, Pringle and Farvis 1954), but there seem 
to be problems of interpretation. There are two-temperature models of the 
glow, pertaining to the secondary and ultimate groups of electrons, and probe 
measurements to substantiate a Maxwell-Boltzmann energy distribution for 
each of these groups. Ball (1972) has observed such two-temperature distribu­
tions in a de sputtering discharge. 

lonization in the Negative Glow 

ln the next few sections we shall be considering the contributions of the various 
ionization mechanisms that can exist in the glow region. Remember that, using 
the example in "Architecture of the Discharge", we need an ionization rate of 
at least 3.8 1015 ions/second for each cm2 of cathode to maintain an argon dis· 
charge of0.3 mA/cm 2 at 2000V. 

By Fast Electrons 

The fast electrons entering the glow will obviously cause some ionization. Figu 
2-8 shows the energy dependence of the ionization cross-section in argon. The 
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ionization rate will be nq per cm per electron. Although we should really con-
síder the energy dependence of q, let's use an average value of 1.3 10-1 6 2 

which is h~lf of the maximum value and should be reasonable over the en~~gy' 
range cons1dered. In contrast to the situation in the cathode sheath h !d 

th 1 t" r . ( , we s ou 
not use e mu 1P icatJve exponential) version of the ionization rate here be-
cause the electron produced by the ionization will have an energy of only a few 
e V. In t~e abse~ce of the large field of the cathode sheath, this slow electron 
will not 1mmed1ately produce further ionization 

Assuming ~ value ofO.l for/', the electron cur~ent at the edge ofthe glow will 
be 0.03 n;A m our exa.tnple, equivalent to an electron flux' of 1.9 1014 elec­
trons/cm sec. Ata pressure of 50 mtorr, the ionization rate per cm3 
will be per sec 

1.9 1014 (3.5410 16 
X 50lQ-3)1.3 lQ-1 6 , 

which _is 4.3 10
13 

ions/cm
3 

sec. Even allowing for a glow length of 5 cm, this 
figure is too low, by a factor of at least 20, to sustain the discharge. This large 
difference co~ld_ no~ be _sensibly accounted for by underestimation of 1' or of 
electron multI~hcat10n m the cathode sheath. So we conclude that the fast elec­
trons do not duectly cause enough ivnization to sustain the glow. 

By Thermal Electrons 

E!ectrons just above threshold have a smaller ionization cross-section than the 
fast electrons from the cathode, so how can the slow elect h 
ionization? rons cause muc 

_Figure 4-29 is an electron energy diagram of the discharge, redrawn from 
F~gu~e 4~4. Assume that the electrons are thermalized with a Maxwell-Boltzmann 
d1stnbution around the electron temperature T p1·gure 4 29 t 11 h 1 · e- - e s us t at an 
eectron m the plasma needs an energy of eVp to reach the anode and e(2000 + 
:P! to reach the cathode." The probability of the former is exp(- e V /kTe), 
which has a small but fim te value of 7 l 0-3 for V = l O V and kT ~ 2 y Th · 
pr~~~bilit~ of_the electron returning to the cathoà'e is virtually zer~ - l=ss .tha: 
10 'which ~s as far as my calculator goes! The net result is that electrons be­
come trapped m the glow region, generally being reflected at the interfaces with 
th~ electrode sheaths, including the sheath. at the wall, before eventually man­
aging to overcome t~e anode barrier. So the effective path length is increased as 
~ecessary to mamtam the ion and electron densities by electron impact ioniza­
t1on. 

~ Let us see if the amount of ionization in the glow is adequate to maintain the 
& ~w. The te~perature of the electrons in the glow is typically around 2 e v _ is ~hich is not adequat~ to ionize argon, which has a first ionization potential 

· e V. But of course, In a Maxwell-Boltzmann distribution, some particles 
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e(2000 + VP) 

Figure 4-29. Electron energy diagram for the de glow discharge 

have energies far in excess of the mean. ln Chapter 1, we saw that the speed dfa. 

tribution of such a gas is given by: 

- = 4n -- e exp -- de dn ( m )
312 

2 -mc
2 

n 2nkT 2kT 

Since the kinetic energy E can be written in terms of speed e as 

E Yz mc2 

then e (~)Yz 
and so de = (2E}Yz 

2dE 
Yz -

m m 

Hence we can derive an energy distribution: 

dn = 2 __ l _ EYz exp - E dE 
n n Yz (kT)312 kT 

perhaps more conveniently written as 

dn = 2-_ (~)Yz exp - (~) d(~\ 
n n112 kT kT kT j 

This version of the Maxwell-Boltzmann distribution function tells us how the 
number of particles is distributed as a function of their energy E with respect to 
the tem per ature T of the distribution. The expression can be use d in various 
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ways, for example to calcula te the fraction f (E> E ) of electrons i M _ 
11

. d. t ·b · f o na ax 
we ian 18 n utJon o temperature Te, that have an energy greater than E0 . 

f(E > E0 ) 
2 );kT, (k~J' oxr(~:J d(k~J 

Some values _obtained for this integral are shown in Table 4-4. The fraction of 
~le~trons wh1ch are energetic enough to excite argon (threshold 11.56 e V) or 
10mze argon (threshold 15. 76 e V) are also calcula te d for a number of elect 
temperatures. ron 

Table 4-4 

The table shows_the fraction f (E> E0 ) of particles having an energy 
greater than Eo in a Maxwellian distribution of temperature Te 

Eo kTe E0 /kTe f (E> E0 ) 

o 1.0 
0.5 8.2 10-1 

1 5.9 10-1 

2 2.7 10-1 

3 1.2 10-1 

4 4.8 10-2 

5 1.9 10-2 

7 3.0 10-3 

10 1.8 10-4 

11.56 eV 0.25 eV 46.2 7.0 10-20 

argon 0.5 23.1 5.4 10-1 o 
excitation 1.0 11.6 4.0 10-s 
threshold 2.0 5.78 9.5 10-3 

4.0 2.89 1.3 10-1 

8.0 1.45 4.2 10-1 

15.76 0.25 63.0 4.1 10-2 7 

argon 0.5 31.5 1.410-13 

ionization 1.0 15.8 6.9 10-7 

threshold 2.0 7.88 1.3 10-3 

4.0 3.94 5. 1 10--2 

8.0 1.97 2.8 10-1 
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But this tells us only the proportion of electrons capable of ionization. We can 
calculate the rate of creation of ion-electron pairs by using the cross-section data 
referred to in Chapter 2. We saw that the cross-section q(E) was a function of 
energy. This cross-section, as defined earlier, gives an 1on pair production rate 
nq(E) per electron per centimetre path length of the electron. For our present 
purposes, it is more useful to know the rate per unit time, i.e. in e centimetres at 
an electron speed of e. We can therefore write the rate of ion pair production 
per unit volume of the plasma per unit time as: 

00 

Ion production rate = n q(E) e dne(E) 

o 

since dne(E) is the number of electrons having energies between E and E+ dE, 
with corresponding speeds varying between e ande + de, and n q(E) is the prob­
ability per unit length of forming an ion from a volume density n of gas atoms. 

Examining the function within the integral, we know that q(E) is zero for all 
energies up to the ionization threshold e Vi. The integrand then begins to take 
nonzero values with q(e) monotonically increasing and dne(E) monotonically de­
creasing. The cross-section q(E) can be written as a (E - eVi)b n a0

2 for all 
values of E greater than the ionization threshold e Vi, by making a power curve 
fit to the data of Rapp and Englander-Golden (1965) discussed in Chapter 2. 
The speed term can be written as (2E/m)1h, and dne(E) is just the Maxwell­
Boltzmann distribution function. Since there is no ionization below the thresh­
old, the integral becomes 

00 

n a(E - eVi) n a0 - ne -~ -- exp - - dE b 2 (2E)1h 2 ( E )1h (-E ) 1 
m n112 kTe kTe kTe 

e Vi 

where n number/cc = p (torr) x 3.54 1016 

a O .125 for argon 

b 1.077 for argon 

E is in e V 

e Vi 15.7 eV for argon 

nao2 8.82 10-17 cm2 

(~)1h is in cm/sec 

E1h 5.93 107 cm/sec, E in eV 
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ne plasma density/cc 

2 
1.13 

The integral is thus 

00 

2.09 108 
pane (E_ eVi)b E1h (_É__)1h exp (l-E) d~~) 

kTe kTe kT 
e Vi e 

kTe 

This can be evaluated numerically for example with 1 
d s al h ' ª programmab e calculator 

an orne v ues t us obtained are shown in Table 4-5 For the s k f ·11 ' 
f th b · a e o 1 ustra-10n, ese are ase d on a plasma density of 1o1 o/ · 

t th t th . . . cc m argon at 50 mtorr, but 
no e a e l~n pau production rate is proportional to both p and n so th t 
~he correspondmg. rates under other conditions can readily be assesse;' Intere~t­
m.gly' the proport10n of electrons having a specific energy seems t d 
w1th energy t b t th o ecrease 
. . . . a a ou e sarne rate as the cross-section increases As a result 
10~1hztatltonf. is not confined to the group of electrons just above threshold as ~ne 
m1g a 1rst guess. ' 

Table 4-5 lon Pair Production Rates in Argon 

P = 50 mtorr, ne = 101 0 /cc. 

kTe 
Production Rate 
(per cc per sec). 

0.25 eV 5.2 10-11 
0.5 

3.5 103 

1.0 
3.7 101 o 

1.5 
9.2 1012 

2.0 1.6 1014 
2.5 

9.0 1014 
3.0 

3.0 1015 
4.0 

1.4 101 6 * 
8.0 

2.01017 * 

*These values are based on an integration up to 

1,00 eV using the sarne power curve fit to the ioniza­
t1on cross-section data. The resu lting values are too 
large, but by less than a factor of 2. 
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Remembering that the minimum ionization rate required to sustain our dis­
charge is 3.8 10 1 5 ions per sec per cm2 of the target, then if the length of the 
glow in the example is 5 cm, this corresponds to an ionization rate of 7 .6 101 4 

/ 

sec cm 3 . From Table 4-5, this can apparen tly be achieved by a Maxwellian dis­
tribution of 10 10 electrons/cm 3 with a temperature of2.5 êV, which is a real­
istic figure for our discharges. And a small increase in electron temperature 
would provide enough ionization to account for wall losses, too. These calcula­
tions therefore suggest that the negative glow could provi de enough ionization 
to sustain the discharge. 

By Ians 

One of the ionization mechanisms in the cathode sheath that we considered was 
of ionization by ion impact on neutrais, and it seemed as though there could be 
a small contribution. By contrast, the energy of ions in the glow will be very 
low, with an average ion temperature of less than 1000 K. And even for the very 
few ions with energies above the ionization threshold, the relevant cross-section 
will be much less than 10-18 cm2

, as can be seen in Figure 2-25. So ion impact 
can be completely ignored as an ionization source in the glow. 

Of Metastables 

A metastable argon atom has an excitation energy of 11.56 e V (or more) which 
is only 4. 2 e V below the ionization energy. So the metastable can be ionize d by 
a much larger proportion of the electrons in the glow than can a ground state 
at.om. Since the metastable has already been excited by some energy input, this 
is known as a two step ionization process. Although there are many fewer 
metastables than ground state atoms, perhaps this is offset by the larger number 
of electrons which could ionize the metastables. 

To make this calculation, we need to know the density of metastables and 
their ionization cross-section. Neither of these is well-known, so some guesswork 
is required. Eckstein et al. (197 5) have measured the density of metastable neon 
atoms (16.62 e V and 16.72 e V) in a neon rf sputtering discharge at 20 mtorr, 
and found values of 10 10 - 10 11 cm-3

. We won't be wildly wrong ifwe guess 
at 10 11 cm- 3 for the argon metastables in our de sputtering example. There is 
even less information about the ionization cross-section of the metastables, so 
let's assume that it has the sarne value as the maximum cross-section of 2.6 
10-1 6 cm2 for the ground state atom, but is energy independent above the 
threshold of 4.2 e V. 

The rate of ionization by this process can be calculated in a similar way to 
that used for the ionization of ground state atoms. The technique that is shown 
in Appendix 4 can be used for any process with a constant cross-section 
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above a given threshold. Some rates of electron impact ionization of argon 
metastables'. for the assumed values of n * and q and various conditions typical 
ofthe p~act1cal glow d1scharge, are shown in Table 4-6. Ifwe then compare these 
values w1th the rates of ground state ionization at equivalent e!ectron tempera­
tures, we find that around 2 - 4 e V the ionization rate of metastables is smaller 
but ~ot much smaller. The apparent reversai of roles at low temperatures is pri-' 
m~nly dueto the assumption of constant metastable density. John Coburn has 
po1~ted out to me that the metastable atom might well have a much larger cross­
sect10n than 1ts ground state partner; this could make the ionization of meta­
stables comparable to that of ground states for electron temperatures of 2 _ 4 
eV, ~lthough it would still appear to be inadequate above 4 e V. We would be 
unw1se, therefore, to ignore the ionization of metastables in the glow as a p _ 
sible source of ion-electron pairs. os 

Table 4-6 

Electron impact ionization of metastable argon atoms, assuming: 
metastable density n* 1011 cm-3 

electron density ne 1 o1 0 cm -3 

ionization cross-section q 2.6 1o-l6 cm2 
ionization threshold 4.2 eV 

Electron Temperature 

Summary 

1.0 
2.0 
2.5 
3.0 
3.5 
4.0 
5.0 
6.0 
8.0 

lonization Rate 
per cm 3 per second 

1.30 1012 

8.97 1012 

1.32 1013 

1.71 1013 

2.07 1013 

2.40 1013 

2.97 1013 

3.45 1013 

4.26 1013 

F CL ! r 1) i_) !)_)('. .~ i, 1 1 i í ' .· .. • ' : (/ 

s rom the _cal~ula.tio~s in the_last few _sep.tions, it ~ppears as though the main 
ource of 10mzat1~n m the d1s~harge 1s by electron impact ionization of ground 

state argon atoms m the negative glow' with possible additional co~t'dbutions 
from electron impact ionization and ion impact ionization in the cathode sheath, 
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and from ionization of metastables in the glow. But these calculations were 
based on certain assumptions involving the electron distribution and the electron 
temperature, so let's examine those assumptions further. 

The Electrnn Energy Distribution 

We have been using the Maxwell-Boltzmann distribution to represent the energy 
distribution of electrons in the glow, or rather of those electrons that are not 
primary electrons from the cathode. The Maxwell-Boltzmann distribution ap­
plies to an assembly of particles in complete thermal equilibrium, for example 
the atoms in an ideal gas. By contrast, the electrons in the glow are in a non­
equilibrium situation. The slower electrons make elastic collisions only, whe.reas 
electrons with energies above the excitation and ionization thresholds are liable 
to lose a large fraction of their energy by the corresponding inelastic processes. 
Fast electrons are also lost rapidly by diffusion to the walls, and recombination 
there. As a result, there is a transfer process of electrons from high energy to low 
energy states. So we might expect to have fewer electrons with high energies 
than the Maxwellian distribution predicts. 

Druvestyn and Penning (1940) have tried to be more realistic by considering 
the motion of electrons in a weak electric field, such as that existing in the glow. 
The distribution which isso obtained, known as the Drnvestyn distribution, 
when compared with a Maxwellian distribution predicts more electrons with 
energies around the average energy but many fewer electrons with energies 
greater than a few times average. However, their derivation still ignores inelastic 
collisions. Thornton (1967) has discussed how this model has been developed. 
Druvestyn and Penning (1940) and a later more detailed analysis by Holstein 
(1946), introduce a constant inelastic cross-section above threshold and this 
serves to further reduce the number of electrons with energies above threshold. 
Barbiere (19 51) has included the velocity dependence of the elastic collision 
cross-section into his analysis. He shows that this has a very significant effect 
also in reducing the number of high energy electrons in argon because the ,, 
Ramsauer effect causes the argon elastic collision cross-section to increase with 
increasing electron energy, in contrast to heliurrrwhere it decreases. 

The analyses above lead one to expect almost no energetic electrons at all. 
But experimentally the glow discharge electron distribution is found to be much 
more Maxwellian than it should be, based on these analyses. This is known as 
Langmuir's Paradox, and it was 30 years after Langmuir's original work that the 
resolution of the paradox began to be clarified, and I believe that the clarifica"' 
tion is incomplete even now. 

The analyses which produced this dilemma were based on the assumptions 
that the glow electrons gain their energy from the weak electric field across the 
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glow, and that there is·no energy interchange amongst the electrons. To treat the 
latte'. assumption, Thornton (1967) quotes the work of Dreicer (1960), who 
cons1de~ed the effect of electron-electron and electron-ion interactions (see 
Append1x 4) on t~e elect~on distribution (actually in hydrogen gas ). Dreicer con­
cludes that _these mteract10ns can have a major effect in restoring the distribution 
to Maxwelha~, but only at higher degrees of ionization (> 10-2 ) than are 
'e~countered m our glow discharges ( ~ .10-4 

), so it still leaves us with a deficit of 
' h1gh energy electrons. 

. Any ~igni~cant departure from a Maxwellian electron energy distribution will 
render mval1d ali the calculations we have made based on that distri·b t· I · 

1 
u 10n. n 

p~rtlcu ar, i~ wi_ll e~orn:ously reduce the amount of ionization produced by the 
tail 0~ the d1~tnbut10n m the glo'Y and raise once again the question of how the 
glow 1s sustamed. 

In the rest of this chapter, I shall attempt to show that the main energy input 
to the electrons in the glow is from the fast electrons from the cathode iather 
~han from the weak el~ctric field across the ~low, and that there are more energy 
mte'.cha~ge processe~ m the glow to be considered. An understanding of these 
sect10ns 1s not essential before reading about the practical processes in Chapters 
6 and 7, anda cursory reading may be adequa te first time through. 

Energy Dissipaticm in the Discharge 

1 
ln ord~r.to clarify a couple of terms that I shall use, consider one of the 'water 
splash ~ides that one sees at fairgrounds (Figure 4-30a). Having been mechani­
cally ra1se~, the boat accelerates rapidly down a ramp so that it acquires kinetic 
energy as 1.t loses potential energy; let 's say that a lot of kinetic energy is 

. ge~erated m the ramp. The boat theri hits the water and is quickly slowed down 
as 1ts e~ergy is dissipated by transfer to the water. Note that no energy is gen­
erated m the water trough since it is level. 

~t's see ifw: can apply some of these ideas to the discharge. There are three 
regions to cons1der: the sheaths at cathode and anode and the glow itself u · 
th 1 . , . smg 
se~ va ues m o~r exam?le .aga~n, we need at least 3.8 101 s ions produced per 

ond per cm . Each 10mzat10n step requires a minimum energy of 15.7 e V, 
~hether by one-st~~ or two-step processes. The minimum energy consumption 
is therefore 3.8 10 x 15.7 eV/sec cm2

, which is equal to 3.8 101 s x I5 7 1 6 10-19 . 1 j 2 • X 
· . . J_ou ~s sec cm , or 9.6 mW/cm2

• ln practice, the electron energy loss 
p.er 1~mzat10n is more than 30 e V smce the collision products also have some 
kin;tic energy, and there will be ;nany more ionizing collisions than 3 .8 1o1 s / 
cm se.e to a~count. ~or wall losses. There will also be further energy losses due 
to the melastic colhs1ons producing excitation. If as seems likely mo t · · e . , , s 10mza-
10n occurs m the glow, then the power consumption there (requiring an equiva-
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lent amount of dissipation) will be at least 9.6 mW/cm2, and probably several 
times this value. The glow region is rather like the water trough in the analogy, 
except that the glow does have some electric field ac.ross it. We have already 
seen that the glow should be equipotential within a few kT e/e, and this appears 
to be consistent with measurement; Brewer and Westhaver (1937) found values 
of justa few volts. Let's assume 10 V across the glow. The current through the 
glow in our example is 0.3 mA per cm2 of the target. These values give a power 
generation in the glow of 3 mW/cm2, considerably less than even the very mini­
mum value of9.6 mW/cm2 which must be dissipated there. 

Where does this energy come from? The main power generation in the dis­
charge is in the cathode sheath, and amounts to 2010 x 0.3 mW/cm2, i.e. 603 
mW/cm2

• Most of this goes into kinetic energy of ions and subsequently into 
heating of the cathode. We won't be far wrong by assuming a collisionless sheath 
and a secondary electron coefficient of 'Y = O· l, so that 10% of the current is 
carried by electrons. ln the absence of collisions, these electrons enter the glow 
with a kinetic energy equivalent to the cathode sheath voltage, and so inject 60 
mW/cm2 of power into the glow, notably adequate to account for the ionization 
required with power to spare. The excess power is consistent with the observa­
tion that some fast electrons lose very little or no energy in the glow and hit the 
anode at high velocity. We shall see some evidence of this in Chapter 6, when we 
look at sputtering. It's as though the water trough in our analogy was not com­
pletely efficient in arresting the motion of the boats, so that some boats hit the 
end wall with considerable velocity even in the presence of a 'braking' hill (Fig­
ure 4-30b ). 1 now understand my fear of such amusements ! Notice the similarity 
between Figures 4-29 and 4-30b. 

Energy Trnnsfer Amongst the Discharge Electrons 

The calculations and experimental evidence we have presented so far could be 
made consistent if the electrons from the sheath act as an energy source to the 
glow region. But how is this energy transferred? 

lnelastic Col/isions of Fast Electrons 

Some of the fast electrons make ionizing collisions. As a result, they produce a 
second electron with a few e V of energy and also slow down dueto the energy 
loss. Because of the energy dependence of the ionization cross-section, their 
propensity for f~rther ionization increases. The deceleration of these electrons is 
increased because they also excite atoms, sometimes simultaneously with ioniza­
tion. Of these processes, {)nly the production of second electrons by ionization 
directly ~dds to the energy of the glow electrons. The photons resulting from ~X-
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Figure 4-30. The water splash 

citation probably don 't do much in the gas phase beca use the cross-sections are 
too low, but they may cause secondary electron emission from the chamber 
walls. 
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In an earlier section on "Ionization in the Negative G!ow'', we calculated a rate 
of 4.~ 10

1 3 
ionizing events per sec per cm travei of 0.03 mA of fast electrons 

e~t~nn~ th~ glow. Allowing a loss of 30 e V for each of these collisions, power 
~1ss1pat10n m the glow will be 0.21 mW/cm2 per cm length, or 1 mW/cm2 ifwe 
mclude a glow length of 5 cm. This value is a significant addition to the com-
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parable figure of 3 m W /cm2 generated in the glow, but is still far short of re-

quirements. h fi fO 2 mW/cm2 per cm is in good accord with the results 
Note that t e iguhre o Ci937) and Lehmann (1927). According to the latter, 

of Brewer and West aver . · · · · erse de end-
the ran e of 700 V electrons in argon at l iorr is 5 cm, w1th an mv p 
ence o; pressure that would imply a tange of 100 cm at 1 mtorr. A ~un:~:e~~-
0.03 mA at 700 V would have an initial energy of 21 mW, and if th1s is 

d t te Of·o 2 mW/cm the resulting range would be dose to 100 cm .. ~n 
ate a a ra · ' · · · ll1s10n 

gh h . · b bly where the value of 30 e V per 10mzmg co 
further thou t, t is is pro a , 

ca~~ :~~;~to the problem of transferring energy to the glow, the values we have 

1 f by the fast electrons due to melast1c processes 
obtained suggest the oss o energy . . gl 
also~e is inadequate to develop the power dissipation reqmred m the ow. . 

E/ectron-Electron Collisions . 
:Y"j d t. d in "The Electron Energy Distribution", the subJeCt 

We have alrea Y men 10ne , f h e 
of electron-electron collisions. These are a potential source o fener~y exc ~~~e 
since the equal masses involved maximize the energy transfe~ unctl~n, an ff -
Coulomb interaction between them is quite long-range, lea.dmg.to ª. arg~e ec 
tive cross-section. ln principle, the cross-section would be m~mte t111ce t~ 
Coulomb interaction is, too. But we have to remember. that m a p asma, e 
collective behaviour of electrons and ions causes electnc fields to b~reene~, 
as discussed in Chapter 3 in connectio~ wit~ the Debye .lengt~ À.D .. en~~x :e we 
examine the electron-electron interact10ns 111 more detail, as 111 App h ~ 
find a collision frequency of 1.3 1 os per second, ve_ry comparab'.e to .t e v ue 

f 4 10s per second for atom-atom collisions in an ideal gas, denved1~ Chapter 

~ "Collision Frequency". However, the individual co~li~ions ~re so we~k ~ht~-t:e 
e~ergy transferis insignificant for a 100 e V electron, amountmg to on y . 
eV/cm. The energy transferis inversely proportional to the ~nergy (see Append1x 
4) but 6ven for a 1 e V electron, the loss dueto collisions with º.ther electrons . 
. ' 

1 1 4 10-2 e V/cm On the other hand, the energy transfer 1s almost propor-
1s on y . . d ·1 1014 cm-3 the 
tional to the electron density, so if the electron ens1 y were . , . 
t f would be about 20 V/ cm for a 1 O e V electron, i.e. strong mteraction, 
c~~:is~:nt with the results of Dreicer (1960) discussed in "The Electron Energy 

Distribution". 

/nteractions With Plasma Waves 
. d. d b e was based on the summa" 

The electron-electron collision analys1s iscusse a ov 11 . b . 
al · · d any co ective e-

tion of individual pair interactions, and the an ys1s ignore 

haviour. Is this reasonable? 
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We have already briefly referred to some experiments by Langmuir (1925); 
he made some probe measurements on a hot ft.lament discharge, in which elec­
trons are thermionically emitted from a heated cathode and enable a discharge 
to be sustained with a few tens of volts. Using the probe technique discussed in 
Chapter 3, Langmuir identified three groups of electrons in the discharge: 

111 primary electrons from the cathode, which retain practically all the momen­
tum acquired by acceleration across the cathode sheath, and hence are 
directional. 

• secondary electrons, moving in random directions with a Maxwellian distribu­
tion about a temperature proportional to the primary beam energy (200 000 
K for 100 e V primaries ). This group includes primaries which have lost most 
of their energy and electrons emitted from ionizing collisions. 

111 ultimate electrons, which were the most numerous, ~ 103 times the density 
of the primaries and secondaries, with a Maxwellian distribution of energies 
around 1 - 3 e V. These were assumed to be secondary electrons which had 
lost most of their energy to join the ultimate group. 

We have previously mentioned these three groups of electrons. What is more 
relevant in the present context is the energy spread of the primary electrons that 
Langmuir observed. At low discharge currents the electrons were quite mono­
energetic with a spread of about 2 volts for a 50 V beam. However, when the 
current was raised, there were electrons with energies both greater and less than 
the interelectrode potential; for example, for a beam current of 10 mA, the 
primary beam energy was about 47 volts, with a spread of± 10 V. Langmuir 
referred to this as the phenomenon of high scattering; Tonks and Langmuir 
(1929) subsequently found high frequency oscillations in the discharge - the 
plasma oscillations discussed in Chapter 3. 
. Langmuir's approach was refined, and the connection between high scattering 
and the oscillations established, by the experiments of Merrill and Webb (1939). 
They used an indirectly heated cathode to avoid magnetic field effects, and a 

yrobe which could be moved by very small increments. This enabled them to 
discover that, although oscillations existed everywhere, they had a sharp peak 
in the glow, in a very localized regiona few tenths of a millimetre deep. The 
'high scattering', observed as a velocity modulation about the initial primary 
electron energy, appeared in a distinctly separate region about 0.5 mm nearer to 
the cathode. The reason for these separate locations can now be understood in 
terms of the operation of a klystron. The modulation of the electron velocity in 
the region ofhigh scattering introduces many different electron velocities, but 
does not change the current in that region. However, the faster electrons now 

'2egin to catch slower electrons so that the phenomenon of electron bunching 
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appears _for the sarne reason that/publicüanspmt b~ses come in threes. The 
bunching observed as oscillations in C)lr,r<cnt (wh1ch 1s what the probe was 
looking for) and wilJ tea~~ a maximum: sóm'e distance 'downstream' from the 
region of velocity'±nodulation, as observed by Mernll and Webb. ~In the klyst~on, 
velocity modulation of a beam of electrons is produced by applymg a small h1gh 
frequency voltage modulation via a resonant cavity. A~,9: result, electron bunch­
ing occurs, and the current oscillations produced further down the be~m a_re 
use d, with a suitably placed seco~~ ~av~ty, to induce a po~er modulat10n 1~~~ 
externai impedance. The power delivered to the externa! impedance com~s pr~­
marily from the kinetic energy of the electron beam, so that power ~mphficatlon 
from the input modulation to the output modulation has occurred, 1.e. the 

klystron is a high frequency amplifier). j!, 1,1r1! in 

In the klystron, and in the plasma too, the fast electrons do not overtake the 
slower electrons. This is because the bunching causes ~l1 .. i,J1cre>~~;0~9~tive space 
charge which repels and decelerates the fast electron~ as they try t_o overtake the 
slower electrons. The net result is that the electrons m the beam v1brate about 
the positions they would have occupied in the unmodulated beam, at the plasma 
frequency, as discussed in Chapter 3; at the sarne time, the whole electron beam 
moves at the original velocity. So we have space charge waves movmg through 

space. . 
Wehner (1950) turned Merrill and Webb's findings, in a some~hat ~1ffere~t 

arrangement, into a practical <levice - the plasma oscillator. Th1s oscillator is 
very much like a klystron, except that it uses the plasma itself to generate the 

oscillations rather than an external source. 
An objection to the Merrill and Webb experiments was that the probe per­

turbed the plasma - the standard objection to probes. Can~ara and Cr.awford 
(1965) carried out similar experiments on a hot filament d1scharge, us~ng an 
electron beam rather than a probe. The thin beam is fired across the d1scharge, 
and the resulting deflection is used to determine the electric fields in the dis­
charge. Their results essentially confirm the earlier work, and Cannara and 
Crawford conclude that the beam of electrons interacts with the plasma so 
strongly that the rf oscillations generated disperse the beam, in.their experim~nts 
within about 1 cm for a beam of tens of electron volts energy, ma mercury dts-

charge at 0.2 - 1.0 millitorr. . . 
But we have still not explained how the primary electrons g1ve up thetr energy 

to the glow electrons. The plasma waves have to be formed in the first place, 
and then they have to be persuaded to give up their energy. Bohm.and Gross 
(1949, 1950) laid the foundations for solving these proble~s. Th.eu papers show 
that if beams of sharply defined velocity or gtoups of part1cles w1th far above 
mean thermal speeds are present in a glow, such as the beam of electron.s fro~. 
the cathode sheath entering the glow, then there is a tendency towards mstab1hty 
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50 that small oscillations grow. They then go on to show how electrons in the 
gJow can be trapped by a plasma wave, so that the trapped electron is forced to 
run with the wave, oscillating back and forth in the potential trough of the wave, 
with an average velocity equal to the wave velocity. This is the phenomenon of 
etectron trapping. 

Chen (1974) compares this situation with that of a surfer trying to catch an 
ocean wave. At first the surfboard merely bobs up and down and does not gain 
energy. The surfer then 'catches' the wave, is accelerated and gains energy, whilst 
the wave Iases energy and is damped. ln the sarne way, the plasma wave can trap 
electrons until it is completely damped. 

An initial requirement for the surfer, and for the glow electrons, is that their 
velocity is dose enough to the wave velocity for them to become trapped, and 
so only a fraction of the electrons will be affected. But there are many waves in 
the plasma other than those due to the primary electrons, and these propagating 
plasma oscillations can have a whole range of velocities, so that the entire dis­
tribution of glow electrons can be affected by waves. If the surfboarder in the 
anàlogy were moving faster than the wave, he could give energy to it; so electrons 
moving faster than the wave can become trapped and give energy to the wave. 

The analysis of Bohm and Gross has been well substantiated subsequently. 
Chen describes some experiments which demonstra te the existence of both 
standing and travelling electron waves, again using probes. 

There are many other wave phenomena to consider, such as Landau damping, 
wave-wave interactions, and ion waves, but such considerations are beyond the 
scope ofthis book and, quite frankly, beyond me at the moment. However, it 
does appear that the wave-electron interaction may be capable of explaining 
both the attenuation of the primary electrons when they enter the glow, in 
order to slow the primary electrons as observed and to 'heat' the plasma, and to 
account for the energy interchanges tending to push the plasma back towards a 
Maxwellian distribution. I wonder also how far one can extend the comparison 
with the klystron and argue that the plasma is like a distributed detector and 
externa! impedance, so that the power of the oscillations is amplified by the 
primary beam energy and then dissipated in the glow impedance. 

The energies of the primary electrons in our cold cathode discharges are very 
much higher than in the hot filament discharges used by Langmuir, by Merrill 
and Webb, and by Cannara and Crawford, and so the attenuation of the energy 
of the primaries will take correspondingly longer. Apparently this process is not 
superefficient, because fast electrons are observed at the anode. Probably the 
reasou is that it is much more difficult for a glow electron to become trapped in 
a higher energy electron beam because of the velocity mismatch. There are many 
other questions to be answered, such as why there isn't a uniform reduction of 
the energy of the primaries instead of some primaries apparently passing through 
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the glow unchecked (or have they been retarded and then accelerated again?), 
and we still don't know the detail of the distribution of electron energies in the 
glow. Although there seems to be sufficient evidence that the glow is the main 
source of ionization, the reassuring numbers that we calculat_ed for ion-electron 
pair generation by Maxwellian electrons in the glow would be worthless, and 
agreement with required rates fortuitous and illusory, if the distribution isn't 
Maxwellian. Other apparent agreement is also questioned. As we discussed 
earlier in the chapter, Brewer and Westhaver (193 7) obtained excellent agree­
ment between their measured values of negative glow lengths and the ranges of 
fast electrons obtained by Lehmann (1927), implying a dose connection be­
tween the two. More recently, Woolsey et al. (196 7) have use d a magnetic lens 
arrangement to measure the energies of primary electrons in a helium glow and 
conclude that the range appears to be less than the length of the glow, con trary 
to Brewer and Westhaver's conclusion, being as little as two-thirds of the glow 
length in some cases. 1 have not been able to obtain a copy of Lehmann's paper 
yet, but I understand his results for range were obtained in an ionization cham­
ber. ln his case there would have been no plasma interaction, and the ranges 
obtained should therefore be longer than in a plasma using the sarne initial 
electron energy. 

As a final dampening note, we should consider the probe measurements of 
Hirsch (1965). Pursuing some earlier observations by Gabor et al. (1955) of 
electron interactions with oscillations in electrode sheaths, Hirsch concludes that 
the apparent Maxwellian distribution of electrons, as measured by probes, is 
more a function of rf interactions in the probe sheath than of the electron 
energy distribution in the plasma, i.e. that Langmuir's Paradox is not based on 
reality! 

The preceding discussion was intended to give some idea of the difficulties 
involved in plasma and discharge physics. We should heed the warning given by 
Cobine (19S8) in his introduction, that no sources are infallible, that all proofs 
should be questione d, and that no discharge phenomena are so well understood 
that data can be applied precisely. The situation is not significantly different in 
1979, at least not in sputtering and plasma etching discharges. 
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