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The first report of a discharge in a hollow cathode was by F. Paschen in 1916. That study showed that such a sys-
tem was capable of producing a high electron flux and relatively low ion and neutral temperatures. About
40 years later, the work of Lidsky and others showed that hollow cathode arc discharges were one of the best
plasma sources available at that time. The term “hollow cathode discharges” has commonly been used in refer-
ence to almost any discharge in a cathodewith a cavity-like geometry, such that the plasmawas enclosed or par-
tially bound by the electrode walls that were at the cathode potential. Just as the magnetic field trapping of the
electrons in amagnetron cathode results in an increase in the plasma density, in the hollow cathode, the reduced
electron loss due to the geometry of the cathode also results in a higher plasma density. At least three types of
discharge can be established in a hollow cathode. At low power and/or at relatively low gas pressures, the plasma
is a “conventional” discharge characterized by low currents andmedium to high voltages (we will call this a dis-
charge in a hollow cathode or D-HC). Even this type of plasma has a higher density than a normal planar parallel-
plate or magnetron system because the hollow geometry strongly reduces the loss of electrons. Using an ade-
quate combination of gas pressure and applied power with a given hollow cathode diameter, or separation of
the cathode surface, the negative glow of the plasma can expand to occupy the majority of the interior volume
of the cathode. Under this condition the plasma current can, for the same voltage, be 100 to 1000 times the
value of the “simple” D-HC discharge, and the plasma density is correspondingly larger (we call this a hollow
cathode discharge or HCD). If the cathode is not cooled, the discharge can transform into a dispersed arc as the
electrode temperature increases and thermal-field electron emission becomes an important additional source
of electrons (we will call this a hollow cathode arc or HCA). The accepted explanation for the HCD phenomenon
involves the existence of high-energy “pendulum” electrons, which are reflected from the sheaths on either side
of the cathode; the long trajectory of this electron is understood to produce a large number of secondary
electrons, with this resulting in the high plasma density and plasma current. We describe the structure of a
parallel-plate discharge, particularly the gas phase and cathode surface excitation and ionization collision
processes. Using this description, we discuss some of the problems associated with the conventional hollow
cathode model and we propose a new explanation that has important implications for the physics and applica-
tions of hollow cathodes.
In the last section of this review,we describe howhollow cathodes have and can be used to deposit thinfilms and
nanostructured coatings. We provide an extensive and approximately chronological listing of how hollow
cathodes have been successfully used to deposit materials, mainly by sputtering and plasma enhanced chemical
vapour deposition based techniques.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The hollow cathode effect is generally understood to involve a lower
than normal resistance plasma state. The hollow cathode discharge de-
velops as the distance between opposing cathode surfaces, d, is reduced
while the applied potential, Vpl, and gas pressure, p, are kept constant, or
conversely for a given cathode geometry, as the gas pressure is in-
creased such that “d.p” product is 1–10 Torr cm depending on the gas
used. The schematic I–V characteristic shown in Fig. 1 demonstrates a
typical dependence of the plasma current on the applied voltage for a
given gas pressure and cathode geometry. However, as can be seen
from many reports of the experimental I–V data, the transition into
the hollow cathode state is often not so obvious, or does not occur [1–8].

Quite a number of hollow cathode systemshave beendeveloped and
one important difference is between the hot and cold cathode versions
[9]. We will see later in this study that a combined thermal-field emis-
sion process of electrons from the hot cathode surface in contact with
the plasma is a very important source of electrons and strongly influ-
ences the characteristics of the plasma [10]. However, many of the
basic phenomena involved in the plasma formation within the cathode
are similar in all the forms of the hollow cathode, although the relative
importance of each is different.

The first report of a hollow cathode was by F. Paschen in 1916 [11].
That study showed that the system was capable of producing a high
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Fig. 1. A schematic drawing of the I–V characteristic of a hollow cathode system.
electron flux together with a relatively low ion and neutral gas temper-
ature. About 40 years later, thework of Lidsky showed that hollow cath-
ode arc discharges were one of the best plasma sources available at that
time [12]. The term “hollow cathode discharges” has commonly been
applied to plasmas in a cathode with a cavity-like geometry, such that
the plasma is enclosed or partially bound by the walls that are at the
cathode potential [12–14]. Just as the magnetic field trapping of the
electrons in a magnetron cathode results in an increase in the plasma
density (108–1011 cm−3 for magnetron sputtering [15]), in the hollow
cathode, electron trapping by the geometry of the cathode also results
in a higher plasma density, 1011 to N1013 cm−3 [16–19]. However, it is
very important to distinguish between the three different types of
discharges that can be established in a hollow cathode [20]. In general,
at low powers and/or at relatively low gas pressures, the plasma is a
“conventional” discharge characterized by low currents and medium
to high voltages (in this work, we will call this a discharge in a
hollow cathode or D-HC). Even this simple plasma has a higher density,
1010–1011 cm−3, than that of a normal planar parallel electrode system
because the hollow geometry significantly reduces the loss of electrons
[19,21,22]. Aswe describe in detail later in this study, for an appropriate
combination of gas pressure and hollow cathode diameter, as the ap-
plied power is increased, the negative glow of the plasma formed in
front of the cylindrical surface of the cathode can expand to almost
completely occupy the interior volume of the cathode. Under this condi-
tion, the plasma current can, for the same applied voltage, be 100 to
1000 times the value seen for the “simple” D-HC discharge and the
plasma density can correspondingly be much larger (we will call this a
hollow cathode discharge or HCD) [13,21,23–25]. Finally, if the cathode
is not cooled, the discharge can transform into a dispersed arc as the
electrode temperature increases and thermal-field electron emission
becomes an important additional source of electrons (we will call this
a hollow cathode arc or HCA) [26–29].

The accepted explanation for the HCD phenomenon involves the
existence of high energy “pendulum” electrons which are reflected
from the sheaths on either side of the inside of the cathode; the long
trajectory of these electron is understood to produce a large number
of secondary electrons, with this producing the high plasma density
and plasma current [20,30,31].
2. Gas discharges

As a prelude to the description of themost important plasmaprocess
that occur in hollow cathode discharges, we first present the basic
definitions of the processes; interaction cross section, mean free path,
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collision frequency, etc., together with a brief description of the typical
structure of the gas discharge and the basic phenomenon that are
important. In this way, the quasi-resonant hollow effect can be more
clearly understood [32–38].

The particles that are involved in collisions in a plasmamay be any of
the following: electrons, neutral atoms or molecules, vibration and
rotationally excited particles, ionized atoms or molecules or negative
ions [15,39]. Each interaction between particle “a” and “b” can be de-
scribed by the mean free path λab, the average distance the particles
“a” travel between collisions within the group of particles “b”. The
mean free path is given by,

λab ¼ 1
.

σabnb

ð1Þ

where σab is the cross section of the interaction and nb is the density of
“b” particles. The collision or interaction cross section is given by [38],

σab ¼ π ra þ rbð Þ2: ð2Þ

Here, ra and rb are the real or effective radii of the particles for the
given type of interaction.

The collision frequency vab is the average rate in which two particles
collide for a given system and is used to express the average number of
collisions (interactions) per unit of time.

vab ¼ nanb σabVað Þ ¼ nanbπ ra þ rbð Þ2Va ð3Þ

Here, na and Va are the density and speed of movement of the “a”
particles, respectively. Frequently, the target “b” particles are consid-
ered to be at rest, but if the speed (energy) of the “b” particles is similar
to that of the “a” particles, then the relative speed of the “a” to “b”
particles must be used.

Obviously, the importance of any given interaction depends on the
relative concentrations of the particles (where this is often dependent
on the gas pressure), the collision cross-section (the size of the particles
and the minimum interaction distance between them) and the relative
speed (kinetic energy) of both types of particles.

Another important aspect of particle interactions iswhether they are
elastic or inelastic. In general, an elastic collision between particles of
the same mass is a very efficient way to transfer energy within a
group, but collisions between particles of very different masses are
much less efficient. This is why for elastic collisions the small-mass elec-
trons transfer little energy to the heavier particles, such as atoms and
ions [35]. Similarly, if the pressure and the concentration of high energy
ions are high, elastic collisions can rapidly increase the gas temperature
[39,40]. One of themost important aspects of the pressure is that it con-
trols whether the mean free path of the interaction is smaller, or larger,
than the dimensions of the discharge.

In this description,wewill not present the details of themechanisms
of thedifferent types of collisions since this has beenverywell described
in a variety of references such as [33,39]. What is of particular interest
for thepresentwork are theprincipal phenomena involved in thediffer-
ent types of processes that can occur in hollow cathode discharges and
the dependence of these on the energy of the particles. In order to some-
what simplify our description, we will restrict our attention to interac-
tions that involve gaseous atoms (Ar, He, vapours of cathode metal
atoms, etc.) rather than molecules. Therefore, we will not consider
vibrational, rotational or dissociation processes.

For hollow cathode discharges, the most important gas-phase parti-
cle interactions are relaxation, excitation, ionization, charge exchange,
electron and ion impact generation of secondary electrons, photoemis-
sion of electrons, thermal and field emission of electrons and the
combined thermal-field electron emission.

In the following, we will briefly describe the key points involved in
the different interaction phenomena and then use that information to
generate a clear phenomenological description of the hollow cathode
discharges [41–43].

2.1. Elastic collisions

We know that plasmas consist of electrons, ions and neutral atoms,
all of which are influenced, directly or indirectly, by the electric field.
As stated earlier, the energy transfer between similar mass particles is
very efficient, therefore the electrons quickly share their kinetic energy,
but because of the difference inmass, the electrons do not efficiently in-
crease the energy of the atoms and ions. The consequence of this is that
electrons can easily absorb energy from the electric field, but the atoms
and ions rapidly dissipate what energy they acquire to one another and
to the electrodes in contactwith the plasma. The gas temperature is nor-
mally similar to the temperature of the plasma container, but depends
on the gas pressure and flow rate [44]. This can be very important for
the hollow cathode since this is often effectively the gas container and
the ion flux can make the cathode temperature very high, ≤1000 °C
[45,46]. It should be noted that in elastic collisions between electrons
and ions or atoms, the change of electron momentum is often large.
Since for a hollow cathode there is only one direction for the electrons
to “escape” from the plasma; along the axis of the cathode, the electron
loss rate is less than for an equivalent parallel-plate discharge. This, in
part, explains why high plasma densities can form in a hollow cathode
discharge; we will discuss this in more detail later.

For typical average electron energies in these discharges (1–4 eV),
the electron–ion collision cross section is approximately an order of
magnitude larger than the electron-neutral cross section and therefore
once the degree of ionization is greater than about 10%, electron–ion in-
teractions can dominate the elastic energy electron collision processes
[29,47], see Fig. 2.

Following the ideas described by several authors [15,35,36,48], the
average fractional energy loss by an electron in an elastic collision
with an argon atom or ion is a factor of ~10−4. This is very different to
the case of inelastic collisions where the electrons lose a relatively
large amount of energy in each collision. It should be remembered
that “cross section” is a convenient way to express the probability of a
certain type of collision. Therefore, the importance of the various types
of collisions, in terms of the energy loss of an electron, can be estimated
from the product of the interaction cross section, the density of the
target species and the energy loss per collision.

The plasma density, assuming that charge neutrality is conserved, is
described as the number of electrons per unit volume, normally in cm−3
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or m−3. The degree of plasma ionization Ι is the ratio of the plasma
density to the gas density and can be calculated from Saha's equation,

I ¼ neni

n
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2πmk

p

h

 !3

T3=2 exp
−eVi

kT

� �� �
ð4Þ

in which ne, ni and n are respectively the densities of electrons, ions and
neutral atoms, T is the absolute temperature, Vi is the ionization energy
of the gas,m is atomic mass of the gas and the k is Boltzmann's constant
[35,49].

2.2. Inelastic collisions

We will now review the details of the most relevant gas phase
interactions that occur in hollow cathode discharges.

2.2.1. Atomic excitation
If the incident electron in a collision with a neutral atom has suffi-

cient energy, it can cause elevation of outer-shell electrons to a higher
energy, or excited state, see Eq. (5) [50]. The excited atom may return
to the ground state through the radiative emission of a photon corre-
sponding to the difference in the energy levels, and typically the life-
times of such states are very short (~10−9 s) [51]. If the radiative
transition to the ground sate is forbidden by quantum mechanics then
the excited state is referred to as a metastable state and, since they
can have long lifetimes (~10−3 s), they can carry their stored energy
over quite large distances. Quite a few gases, such as Ar, He, Ne and N2

have long-lived metastable states [34,35,52]. For argon the lifetime of
the first metastable state is about 70 s [53]. There is an excitation cross
section for each transition that is characteristic of a particular atom
and typically the cross section rapidly increases above the threshold,
for Ar 11.55 eV (see Table 1), corresponding to the metastable energy
level and after reaching a broad maximum at approximately three
times this energy, the probability then slowly decreases. Based on the
reported cross section, for argon plasmas, themaximum in the probabil-
ity of excitation is for electrons with energies of ~30 eV (cross section
~1.5 × 10−16 cm−2), see Fig. 2 [34,54].

e− þ Ar→Ar� þ e− ð5Þ

Table 1 shows the ionization and metastable energies of various
gases used in deposition processes [54,55].

The photons emitted during the de-excitation of the excited species
can cause photoemission of electrons from the cathodematerial or from
other gas species. Little information is available on the details of the for-
mation of excited ions but it has been noted that the secondary electron
emission coefficient of such excited ions can be considerably greater
than that of non-excited ions when they are incident at the cathode
[56,57].
Table 1
The first and second ionization energies andmetastable energy levels of Ar, He, Ne, Kr and
Xe [54,55].

First ionization energy (eV) Second ionization energy (eV)

Ar 15.76 Ar 27.63
He 24.59 He 54.42
Ne 21.59 Ne 40.96
Kr 14.0 Kr 24.36
Xe 12.13 Xe 20.97

Metastable energy levels (eV)/lifetime (s)

Ar 11.55/~70 11.72/~40
He 19.82/9 × 103 20.61/2 × 10−2

Ne 16.62/20 16.71/N.A.
Kr 9.91/2 9.99/1
Xe 8.31/~10 8.44/~10
2.2.2. Ionization
One of themost important gas-phase sources of electrons in plasmas

is the electron impact ionization of neutral gas atoms [15].

e− þ Ar→Arþ þ 2e− ð6Þ

The main difference between ionization and excitation by electron
impact arises from the electrostatic interaction of the three charges
after the collision process and this aspect has been addressed in detail
by D. Rapp and P. Englander-Golden [58]. The principal result is that
while the excitation maximum is close to the threshold, for ionization
the difference in energy between maximum and threshold is typically
a factor of four or five times that of the ionization energy. The cross-
section maximum for ionization is also wider than that for excitation,
see Fig. 2. Here it can be seen that for argon, the cross section for
ionization by electron impact rises sharply from zero, at the threshold,
by several orders of magnitude until it reaches a maximum of
~3 × 10−16 cm−2 at approximately 100 eV. For further increases of
the electron energy, the cross section gradually decreases and at
500 eV, it is typically a factor of about two lower than the maximum
value. However, the cross section is still large up to energies of several
keV [15].

Additionally, ionization can take place for electron energies below
the threshold for ionization if the target atom is in an excitedmetastable
state [43]. The sum of the electron and excited state energies can be
sufficient to cause ionization. However, there is little experimental
data available to indicate the importance of this process. Ionization
can also occur when two excited (metastable) atoms collide, but again
good interaction cross section data is not available [34].

Although the threshold energy is higher, double ionization of Ar can
be very important, as we will see later in this review. The maximum in
the cross section for the formation of doubly ionized argon occurs
at around 100 eV, but the value is slightly more than an order of magni-
tude smaller than for single ionization, see Fig. 2 [54].

Gas phase electron-ion recombination requires that a third-body be
involved in the interaction. Modelling of the process,

e− þ Arþ þ e−→Arþ e− ð7Þ

for Te ≫ T (where Te is the electron temperature and T is either the gas
or ion temperature depending on which is the largest), has shown that
the rate constant of the process is proportional to the product Te−9/2 × ne,
where ne is the plasma density. Therefore, for discharges with Te ≥ 1 eV
and ne ≤ 1013 cm−3 such a three-body recombination is not significant.
The excessive energy of the recombination process is transferred to the
kinetic energy of the free electron— the “third body”. In this type of in-
teraction heavy particles, ions, and neutrals are too slow and are ineffec-
tive as third-body partners [35,54]. For example, for recombination
involving a noble gas atom, the coefficient of the three-body recombina-
tion process has been estimated to be 10−11 × p cm3 s−1, where p is
the gas pressure. Therefore, at a gas pressure of 1 Torr and a plasma
density of 1011 cm−3, the rate of the recombination process is about
1011 cm−3 s−1 which is approximately five orders of magnitude lower
than the electron-impact ionization rate [61,62]. Consequently, in this
study we assume that the recombination processes do not play a
determinant role [34,35,63].

An important detail to bear in mind is that the similarities between
the cross sections for electron induced excitation and ionization mean
that where and when ionization occurs, excitation (light emission)
also occurs. Conversely, in the parts of the plasma where there is little
light emission, few ionization events occur.

Other gas phase interactions that can be important are those that
occur between heavy particles; atomic excitation by ion impact,
electron production by ion–atom impact (β-ionization) and simple
charge transfer between ions and neutrals.



Fig. 3. The cross-section for electron production by ion–atom impact (β-ionization) for
ions of the parent gas [15].

Fig. 4. The ion impact secondary electron emission yields, γiee, for rare gas ions incident at
clean pure molybdenum and tungsten surfaces [66,67].
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Fig. 3 shows a plot of the β-ionization cross-section versus ion
energy for various combinations of gases and ions; basically, the cross
section depends on the sizes of the atom and ion [15]. For ion energies
of around 100 eV, the cross section for β-ionization is about an order
of magnitude smaller than for electron impact ionization, but at 1 keV
the ion cross section is slightly larger, see Figs. 2 and 3.

In high density plasmas where many excited metastable atoms/ions
are generated, collisions between such excited species can also result in
ionization and excitation [15,59],

Ar� þ Ar� →Arþ þ Arþ e− ð8Þ

e− þ Ar� →Arþ þ 2e− : ð9Þ

Here, the cross sections are similar to the atom–atom and electron–
atom interaction cross sections, but the density of excited species
determines the importance of this process.

Collisions between ions and neutral gas atoms can result in excita-
tion of the gas atoms in a manner very similar to the electron–atom
excitation process.

Arþ þ Ar→Arþ þ Ar�: ð10Þ

The energy threshold is the same for both types of impacting species,
but the cross section for the ion-interaction is approximately an order of
magnitude lower than for the electron process and the interaction
reaches a maximum for ions with energies greater than 1 keV, see Fig. 3.

For charge transfer, the almost complete exchange of momentum is
of importance. A collision between a rapidly moving ion and a slow
atom can result in a slowly moving ion and a rapid neutral, where the
components of velocity are conserved. If the colliding particles have
the same mass, this process is very efficient and the collision is called
symmetric or resonant charge transfer. The cross section for this process
is comparable with that for elastic collisions, see Fig. 2, but the
importance of the interaction obviously depends on the energy and
the density of the ions. As can be seen, the cross section for resonant
charge transfer is large at low collision energies, making this an impor-
tant process in weakly ionized plasmas.

2.3. Cathode surface-related processes

We will now consider the details of the most relevant interactions
that occur at the surface of the cathode. In this section, sputtering of
the cathode by ion bombardment will not be dealt with since this
mainly results in the emission of uncharged species [15,33,48,64].

2.3.1. Ion-impact-induced secondary-electron emission
Ions incident at the cathode surface can release electrons and this is

of particular importance for all types of discharges [64,65]. The energy
distribution of the emitted secondary electrons exhibits a broad maxi-
mum between 2 and 6 eV and is relatively independent of the kinetic
energy of the incident ions [66,67]. To be able to emit an electron, the
sumof the kinetic energy of the incident ion and the ionization potential
of the gas atom, related to the ion, must be greater than twice the value
of the work function of the material [15,33,35,68]. Furthermore, for
every electron emitted from the surface, another is required to neutral-
ize the incident ion. However, it has been observed that this is not
always correct for Ne ions for which other relaxation processes play
an important role [69].

Typical values of the ion-induced secondary electron yield, γiee, for
singly charged argon are between 0.05 and 0.15 and normally the
yield is considered to be almost independent of ion energy for energies
b1 keV, see Fig. 4. The value of this coefficient depends strongly on the
composition of the cathode, the crystal orientation of the material and
the cleanness of the surface [15,70,71]. Additionally, the secondary
electron yield for multiple charged ions is considerably larger; for
Ar4+ γiee ≥ 1 and for Ar2+ γiee ~0.5 and the energy of the emitted sec-
ondary electrons is higher; for Ar2+ from 2 to 12 eV [67,69,72–76].

In fact, it has been proposed that γiee is directly proportional to the
corresponding ionization energy of the incident ion, as shown in Fig. 5
[66–68,77]. Here we have included published values of γiee for singly
ionized Xe, Kr, Ar, Ne and He, together with doubly ionized Ar2+, inci-
dent at pure polycrystalline Au. It should be noted that γiee for Ar2+ is
approximately four times that of Ar+. Furthermore, assuming that the
linear relationship remains correct, it can be seen that γiee values for
doubly ionized Ne and He would be approximately 0.8 and 1.15,
respectively.

2.3.2. Ion reflection
The probability of ion reflection and the energy of the reflected

particles depend on many factors, such as the mass of the incident
ions and the target atoms, and the angle of incidence [78–80]. For typical
sputtering conditions using argon and a transition metal target,
between 40 and 50% of the ions accelerated by the sheath potential
can rebound from the cathode surface as high energy neutral atoms
[81]. If the conditions are such that atoms with high-energy are
scattered from the cathode, then these can collide with the gas atoms



Fig. 5. The typical values of the secondary electron emission coefficient, γiee, for rare gas
ions versus the ionization energy. The γiee values for doubly ionized neon and He have
been extrapolated from the graph [69,72–74].
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causing gas heating, atomic excitation and β ionization, or in the hollow
cathode case, they can strike the opposing cathode surface. The cross
section for atomic elastic interactions is similar to that of the argon ion
and therefore, heating of the gas is one of the most probable and
efficient energy-loss processes for the reflected atoms.

2.3.3. Electron emission mechanisms

2.3.3.1. Photoemission of electrons. If a photonwith an energy hc/λ strikes
a cathode surface and hc/λ N eWMat, whereWMat is the work function of
thematerial then an electronwill be emitted from the surface [82]. For a
given photon energy the emission rate of electrons is directly propor-
tional to the intensity of the light and, above a threshold level of photon
energy, the energy rather than the rate of emission of the electrons in-
creases with increased photon energy [83,84]. Most metals have work
functions in the range 2 to 6 eV and therefore de-excitation of the gas
atoms normally used in hollow cathode discharges can cause emission
of electrons [10].

2.3.3.2. Thermionic and field emission of electrons. As the temperature of
the cathode surface increases, a small fraction of electrons have energies
greater than thework function and can therefore be emitted. Moreover,
quantum mechanics shows that electrons in the metal that approach
the surface have a certain probability to “tunnel” through the surface
barrier represented by the work function. These two phenomena are
the basis of the thermal emission processes.

Field emission was first explained in the late 1920s as being quan-
tum tunneling of electrons due to the presence of a large electric field
and “Fowler–Nordheim equations” were developed to predict the field
emission current. In addition to several important approximations, the
Table 2
Relative values of the electron emission current for thermal, field and thermal-field
processes: the data is for a copper cathode (WCu = 4.5 eV).

Temp
[K]

Electric
field
[V/m]

Thermal emission
electron current,
ITE [A/m2]

Field emission
electron current,
IFE [A/m2]

Combined
emission electron
current,
IT-FE [A/m2]

Increase,
IT− FE

ITEð Þþ I FEð Þ

2000 0 22 2 × 106 46,000
0 2 × 109 3.9
5000 0 8.7 × 108 – 8 × 1011 175
0 5 × 109 – 3.7 × 109
equations require various assumptions in order to provide a reasonable
description of the field emission process [33,48,85].

The existence of both high temperatures and large electric fields
gives rise to a combined thermionic field-emission process which has
been found to be considerably more important than a simple sum of
the individual processes. The large enhancement due to the combined
thermal field-emission yield compared to the two individual processes
is demonstrated by the following examples from [29], see Table 2.

2.4. Plasma structure of a normal glow discharge

Apart from the interactions between particles present in a plasma,
the spatial variation of the concentration and energy of the different
species within the discharge is of great importance. In the following,
we will discuss the general structure of a simple parallel-plate DC
plasma and then consider how this is modified in the hollow cathode
geometry.

The distribution of electrical potential between the cathode and
anode depends on many parameters, but an important characteristic
is the Debye length, see Fig. 6. This is the distance overwhich significant
variations of the charge density can spontaneously exist. We will see
that, for example, low-voltage sheaths are typically a fewDebye lengths
wide [86]. The Debye length is [35]:

λD cm½ � ¼ 743

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Te eV½ �

ne cm−3� �
s

; ð11Þ

for which Te is the electron temperature in eV and ne is the plasma den-
sity in cm−3 [15,32,34,35,86]. Only the electron density and tempera-
ture are considered in the determination of the Debye length since it
is their significantly greater mobility that is responsible for screening.
It can be seen that λD decreaseswith increasing electron density and de-
creasing electron temperature and as such the Debye length describes
the balance between the thermal and electrostatic energies of the ions
and electrons. The electrostatic screening by the electron cloud that
forms around an ion, or an applied electric potential, decreases by 1/e,
37%, over a distance of λD and at 3λD the potential is reduced to ~1%.
For the plasmas considered in this study a typical value of λD =
2 × 10−2–4 × 10−4 cm for ne = 1 × 109–1 × 1013 cm−1 and Te = 1–
2.5 eV. For medium to low pressures 0.13 to ~1333 Pa (mTorr to
~10 Torr) discharges, λD is between 0.1 and 1% of the mean free path
of the electrons. It is important to note that the Debye equation given
above is only correct for Te ≫ Tion and ne ≈ nion; conditions which are
not always the case for the entire discharge in a hollow cathode.

Fig. 6 from ref. [15] shows Debye length values as a function of the
plasma density, n, versus the electron temperature, Te, for several
types of plasmas.

A schematic of the structure of a normal parallel-plate DC glow dis-
charge is shown in Fig. 7 [87,88]. It is particularly instructive to correlate
the luminosity of the different plasma regionswith the electrical charac-
teristics and the various particle collision events that occur in each
region.

The potential applied between the cathode and the anode does not
produce a uniform electric field between parallel-plate electrodes; the
difference in the mobility of the electrons and ions produces a large
electric field in front of the cathode, and to a lesser extent, close to the
anode. These regions of the plasma are commonly referred to as the
electrode sheaths. In spite of its importance, the cathode sheath is one
of themost complicated andpoorly understood parts of glowdischarges
[89]. As schematically shown in Fig. 7, the cathode sheath, which is the
region connecting the bulk plasma to the cathode, contains three differ-
ent regions [35], the ion sheath, the Debye sheath where the electron
density rises but remains lower than the ion density, and the presheath,
which consists of approximately equal densities of electrons and ions.
The electrical potential in this last part is small and accelerates the



Fig. 6. Debye length values, λD (dashed lines), as a function of the plasma density, n, and
electron temperature, Te, for several types of plasmas [15].
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ions present in the bulk plasma toward the sheath so that they achieve
the Bohm velocity at the boundary between the presheath and sheath
regions [15,34,35]. The Bohmvelocity balances the component of veloc-
ity of the electrons along the direction of the electric field at the
presheath/sheath boundary [37]. The thickness of the cathode sheath,
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ls, depends on the characteristics of the plasma; high or low applied
voltage, a collisionless sheath or with collisions (basically low or high
pressure), the electron and ion temperatures, etc. [90]. A commonly
used relation can be obtained by simultaneously solving the Child–
Langmuir and Bohm equations [15,35,91,92]:

ls ¼
ε
1=2
o V

3=4
c

ekn2
i Te

� �1=4

: ð12Þ

Here, εo is the permittivity of free space, Vc is the cathode fall poten-
tial, e is the electron charge, k is the Boltzmann constant, ni is the plasma
ion density, and Te is the electron temperature in eV. In general, the
sheath thickness decreases as the ion density and electron temperature
increase, and increases as the cathode-to-plasma potential increases.
Various experimental studies of parallel-plate DC plasmas have shown
that the sheath thickness decreases with increasing plasma current
and the reciprocal of increasing pressure. For pressures from 5.3 to
27 Pa (0.04 to 2.0 Torr) the sheath thickness in a nitrogen plasma was
seen to decrease as the reciprocal of the pressure and proportional to
the reciprocal of applied voltage squared [93]. For RF plasmas, the
sheath thickness varies approximately as p−1/2 for pressures from 4 to
8 Pa (30–60 mTorr) and as the reciprocal of the pressure for values
greater than 8–400 Pa (0.06–3.0 Torr) [15,35,94].

In general, it is recognized that the electric field (the ion and Debye
sheaths together with the presheath) extends from the surface of the
Anode

Positive 
column

Anode 
Dark

space
Anode
glow

f a normal DC parallel-plate glow discharge.



0 100 200 400 600 800 1000 1200 1400
10-17

10-16

3x10-16

25%

Electron energy (eV)

  Electron impact excitation of Ar
  Electron impact ionization of Ar

In
te

ra
ct

io
n

 c
ro

ss
 s

ec
ti

o
n

 (
cm

-2
)

50%

10%

70%

26%

(1.44 x 10-16cm-2/ 30 eV)

Fig. 8. Expanded view of Fig. 2 showing the electron impact excitation and ionization
cross-sections for argon, together with the energies at which the excitation cross-section
decreases to 50%, 25% and 10% of the maximum value [59,60].

181S. Muhl, A. Pérez / Thin Solid Films 579 (2015) 174–198
cathode into the negative glow region. The total sheath thickness is
often estimated to be five to eight times the Debye length.

The conventional description and explanation of the different
regions shown in Fig. 7 are as follows:

• TheAston dark space is thefirst thin region in front of the cathode. The
various electron emission processes which occur at the cathode
surface cause this region to have a negative space charge and it is of
low luminosity because the energy of the majority of the electrons is
less than the Ar excitation energy, and is therefore also less than the
ionization energy. This region is normally only observed for noble
gas discharges [38].

• The neighbouring region is the cathode glow and is deemed to exist
because here the electrons have gained enough energy (N11.55 eV)
from the electric field to excite the neutral gas through collisions
and, therefore, the region produces light of wavelengths that are char-
acteristic of the gas, and also of atoms sputtered from the cathode sur-
face [95–101].

• The subsequent cathode (Crooks or Hittorf) dark space is a darker re-
gion that has a strong electric field, a positive space charge, and a rel-
atively high ion density. The length of this region depends on the gas
pressure, the applied voltage, the plasma density, and the electron
temperature. It is “dark” because as the electron energy increases to
more than the 30 eV (the maximum of the excitation cross-section)
the cross-section decreases, and therefore the luminosity decreases.
The mobility of electrons is much higher than the mobility of ions;
therefore, the predominant species in the dark space are ions, as
shown in the schematic Fig. 7. For discharges operating at about
100 Pa (0.75 Torr), the length of the cathode dark space is typically
less than a centimetre, but as mentioned earlier varies inversely, in a
non-linear manner, with the gas pressure [23,33,35,36,102].

• The next region is the negative glow, which is often the brightest part
of the entire discharge; it has a relatively abrupt boundary with the
cathode dark space, but is more diffuse on the Faraday dark space
side. The luminosity is greatest near the middle of the region and is
caused by electrons that have energies close to 30 eV, such that the
probability for excitation interactions is large. The electrons primarily
lose energy by a series of both excitation and ionization interactions,
aswell as by elastic collisions, and this leads to dispersion in the distri-
bution of their energy and produces a more gradual decrease in lumi-
nosity at the back edge of this region. Since the cross section for
ionization is similar to that for excitation, the same high-energy elec-
trons produce significant ionization of the gas atomswithin the nega-
tive glow, as shown in Fig. 7. The collision processes that occur within
this region produce a relatively high density of both negatively and
positively charged particles and this is the first part of the plasma, in
the direction from the cathode, where the positive and negative
space charges are approximately equal. This means that the electric
field is small in much of the negative glow volume. The electrons,
due to their high mobility, primarily carry the electrical plasma cur-
rent. At the end of the negative glow, the majority of the electrons
have lost most of their energy. Therefore, the probability of excitation
and ionization processes is low and consequently this is the beginning
of the Faraday dark region [37].

• The Faraday dark space joins the negative glow with the positive
column, the luminous region that connects to the anode.

• Typically, the positive column has a low net charge density and only a
small electric field. This field is however, large enough to maintain
sufficient excitation and ionization collisions with the gas atoms to
permit electrical contact between the previous parts of the discharge
and the anode and produce the observed luminosity. The high electric
field near the electrodes means that the electrical impedance of those
regions is larger than that of the positive column. Therefore, if at
constant pressure, the length of the discharge tube is increased, the
regions close to the cathode do not significantly change in size, but
the positive column lengthens to form a longer uniform glow region
[103]. Under certain conditions, the uniformity of the positive column
can be perturbed with the formation of standing waves or moving
luminous striations [33].

• The following region is the anode sheath region. The anode repels ions
but attracts electrons from the positive column, this forms a region of
negative space charge region and the acceleration of the electrons to-
ward the anode produces the anode glow which is slightly brighter
than the positive column. The visual appearance of the transition of
the positive column to the anode glow region depends on the exper-
imental conditions (the gas pressure and composition, the relative
electrode sizes and the applied voltage), but often a dark or relative
dark space can be seen [15,34,51]. This area is often referred to as
the anode dark space [104]. Under some conditions, a narrow dark
space may exist between the anode glow and the anode that is some-
what similar to the Aston's dark space at the cathode. Recent studies
have shown that very close to the anode the density of electrons is
strongly reduced and electron energy distribution becomes highly
distorted and that this produces the observed abrupt decrease in the
light emission [48,105–108].

In general, it is known that, for gas pressures from 0.001 to N10 Torr
and applied voltages of a few hundred to a couple of thousand volts, the
luminous and “dark” regions between the cathode and the Faraday dark
space vary in position and length and can change in intensity and spec-
tral content, but the changes as function of experimental parameters are
smooth and continuous, as long as filamentary, or arc, breakdown does
not occur. This continuitymeans that the same electron and ion interac-
tions with the gas atoms are responsible for the different regions over
this extensive parameter window. Additionally, it should be remem-
bered that the light intensity generated in any region depends on the
product of the density of gas atoms (this is constant for a given pressure
and gas temperature), the number of electrons or ions with energies
greater than the corresponding excitation threshold and the corre-
sponding excitation cross-section.

The group of A. Bogaerts and others [37,95,109–113] reported that,
based on an analysis of which Ar emission lines were emitted from
the cathode glow and negative glow regions, the cathode glow luminos-
ity was mainly caused by impact excitation collisions between the gas
atoms and high energy argon ions and atoms (with these being
produced by charge exchange), whereas the negative glow was gener-
ated by high energy electron-impact excitation.

Fig. 8 shows the Ar electron-impact excitation and ionization cross
sections versus the electron energy. Here, it can be seen that a 50%



Fig. 9. A schematic representation of a plasma in a DC hollow cathode before the
establishment of the quasi-resonant HCD state.
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decrease in the excitation cross section occurswhen the electron energy
is greater than about 110 eV (close to the maximum of the ionization
cross section), a 75% decrease corresponds to electron energies of
more than 340 eV and a 90% decrease to 1400 eV; the excitation maxi-
mumoccurs at 30 eV [114]. It should be remembered thatwhen an elec-
tron with an energy of, for example, 110 eV ionizes one or more gas
atoms, then the energy of this primary electron is strongly reduced
and the probability of excitation is therefore increased. Furthermore,
the generated secondary electron would also be accelerated by the
sheath and, on reaching ~25 eV would start to produce light. It is nor-
mally assumed that the maximum electron energy is proportional to
the voltage applied to the discharge and that the minimum voltage to
establish an inert gas parallel-plate discharge is 110–120 V [33,35]. The-
oretical work by the A. Bogaerts group, of a 600–1200 V, 50–100 Pa
(0.4–0.75 Torr) Ar DC discharge showed that, on average, the fraction
of the maximum energy, according to the applied voltage, achieved by
electrons and argon ions was 50% and 10–15%, respectively [109].
There is very little experimental data of the lack of luminosity of the
cathode dark space, but the luminosity does not strongly change as a
function of the applied voltage. Therefore:

There is evidence that the luminosity of the cathode glow is mainly
produced by high-energy ions and atoms.If the luminosity of the
cathode glow is assumed to be due to electron impact this implies
that the electron energy within the glow region is at least 30 eV.
For the luminosity of the cathode dark space to be less than 25% of
the cathode glow would require that the electrons have more than
340 eV, even though the applied voltage was 110–120 volts, which
might be expected to give electron energies of 55–60 eV.Electron
energies in excess of 340 eV would produce significant numbers of
secondary electrons (and ions) within the cathode dark space, and
thesewould (apart from perturb the sheath field) then be decelerat-
ed to energies where the probability of excitation interaction was
high: light emission.

In conclusion, the available information strongly supports the idea
that the cathode glow is produced primarily by collisions between
high-energy ions and atoms with thermal-energy gas atoms and that
the electron-impact excitation only starts to occur at the edge of the
negative glow. Since most of the high-energy electrons start life at, or
very close to, the cathode surface, the positionwhere excitation first ap-
pears is fairly well defined (only elastic collisions with corresponding
small energy losses occur below the excitation energy threshold) and
this explains the relatively sharp front boundary of the negative glow.
Therefore, from the cathode to the front edge of the negative glow, the
energy of the majority of the electrons is less than ~25 eV, and very
few ions are generated. Furthermore, over the distance from the edge
of the negative glow to the beginning of the Faraday dark space, a signif-
icant number of electrons have energies greater than ~25 eV and this is
where the majority of the gas-phase ionization events take place. This
distance can be taken as a good estimate of the maximum trajectory
for ionization and excitation of the electrons, emitted from the cathode
and accelerated by the cathode sheath.

Fig. 3 shows that the cross section for the ion-impact excitation is
large for ions with energies in excess of 100 eV. During such a collision,
the ions lose a large amount of energy (15.7 eV) and this may be impor-
tant for ion–cathode interactions. If most of the ions ended up with less
than the excitation energy, then this could explain the existence of the
Aston dark space, but of course, this does not agree with the fact that
the ions sputter the cathode. An additional mechanism could be that
the combination of all of the plasma–cathode interactions; ion bom-
bardment, UV light absorption, high energy neutral atom bombard-
ment, etc., results in the accumulation of a large amount of energy in
the cathode surface (it is known that without cooling, the hollow cath-
ode electrode can rapidly heat up to high temperatures, T ≫ 1000 °C)
[115–117]. This input of energy should cause a corresponding local
increase in the gas temperature and a localized reduction in the gas
density that would in turn, reduce the number of ion–atom excitation
collisions and, therefore, could explain the existence of the Aston dark
space. Certainly various reports indicate that under some conditions
this dark space is not observed; unfortunately insufficient details have
been published to clarify the phenomena [33,90].

3. The conventional hollow cathode model

Although hollow cathode discharges have been used in applications
such as spectroscopy for many years, it was not until the 1940s that an
accepted theory for the hollow cathode effect was developed [13,30,33].

For experimental conditions of low power, or p.d less than the
threshold value (approximately 0.1 Torr cm depending upon the gas
being used), a normal non-resonant discharge in the hollow cathode
(D-HC) is formed. For a planar, or linear, configuration the discharge
in front of each facing cathode basically acts as independent discharges;
each has a thin Aston dark space, a cathode glow layer, a cathode dark
space and a negative glow region. For the cylindrical hollow cathode,
the situation is equivalent in that there is a sheath and negative glow re-
gion in front of each part of the cathode. The centre core region between
the cathodes, or at the centre of the cylinder, and the exit volume of the
hollow space is occupied by the Faraday dark space and the rest of
the discharge structure, the positive column, anode glow, etc. exists
between the outlet of the cathode system and the anode, see Fig. 9.

As we have seen earlier, the high electric field region, or cathode
sheath, extends from close to the cathode surface into the negative
glow [48]. Additionally, for the particular case of the hollow cathode,
the description of the sheath is complicated by the fact that many of
the theoretical models assume a Maxwellian or Druyvesteyn electron
energy distribution and, aswewill see later, this is not correct for typical
operating conditions [23,118].

The fact that electrons can only escape from the plasma, or travel to
the anode, by moving along the axis of the hollow cathode means that
even though the electron generation processes are the same as for a pla-
nar discharge (mainly, gas phase ionization in the negative glow and ion
impact induced secondary electron emission from the cathode), the loss
rate of electrons is low and, therefore the plasma density is high [48].
Most plasma studies have shown that the electron temperature of
hollow cathode discharges is similar to that obtained in a common
planar system; however, the increased plasma density means that the
cathode sheath is thinner than for planar electrodes [33].

As the experimental conditions are changed (larger applied voltage
or a change in p.d so that it is between the minimum and maximum
values for the establishment of the quasi-resonant hollow cathode
discharge, HCD), the negative glow region expands until the central Far-
aday dark space region disappears. Coincidentally with this expansion,
there is an increase in the brightness of the discharge, a significant
increase in the plasma density and often an exponential increase in
the plasma current to values that can be several orders of magnitude
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greater than that found for the D-HC [13,119,120]. This discharge is the
true quasi-resonant HCD. The change from D-HC to HCDwith increased
applied voltage (power) is due to the increase in the cathode sheath
that in turn produces an increase in the average electron energy and
therefore an expansion of the width of the negative glow region.
Similarly, for a given pressure, a reduction in the separation of the cath-
ode surfaces can also produce the overlap of the opposing negative glow
regions. For a given voltage and cathode separation, the thickness of
the various discharge layers is dependent on the gas pressure and
type [37,121]. If the pressure is increased, the cathode dark space and
sheath become thinner and the resulting increase in the number of
gas phase collisions means that the negative glow region also becomes
thinner. Conversely, if the gas pressure is strongly decreased, the cath-
odedark space and sheath become larger and even though the thickness
of the negative glow does increase slightly, the majority of the space
between the sides of the cathode becomes occupied by the cathode
dark space. Unfortunately, the conventional HCD models do not clearly
explain why the low gas pressure condition does not produce the HCD
state [122–124].

The configuration of a thin sheath in front of each part of the cathode
surface and a bright combined negative glow region which fills the ma-
jority of the volume of the hollow cathode results in the formation of a
potential well in the central regionwhich is close to the anode potential
[15,125]. This plasma structure is thought to promote an oscillatory
motion of electrons between the opposing cathode sheath regions,
the Pendel effect or pendulum trapping of the electrons [13,30,31,124,
126,127]. The resulting increase in the electron trajectory is deemed to
cause a large increase in the number of ionization events.

Most models of the hollow cathode effect conclude that there are
two groups of electrons, a low-energy population whose velocity distri-
bution is Maxwellian and uniform throughout most of the negative
glow, and a high-energy group generated from the bombardment of,
and photoemission from, the cathode surface, as well as gas-phase ion-
ization events caused by ion-impact collisions close to the cathode sur-
face [37,50,121,128,129]. The low-energy group is a combination of the
elastic-collision thermalized high-energy electrons and those electrons
produced by gas-phase ionization of the neutral gas atoms by high-
energy electrons within the central negative glow region. Therefore,
the density of low-energy electrons is several orders of magnitude
greater than that of high-energy ones; moreover, the energy of the
low-energy electrons is such that they do not cause ionization and pro-
duce more plasma electrons. Additionally, the low field in the negative
glow region means that this group of electrons is not accelerated to
higher energies. However, the group of high-energy electrons is acceler-
ated by the cathode sheath potential (see ref. [99]) and penetrates the
negative glow region with high energy.

The conventional models consider that the mean free path of
the high-energy electrons is sufficiently large that they are able to
pass through the negative glow region, while causing a few ionization
events, reach the opposing cathode sheath and be reflected back
through the central region, causing additional ionization events during
each pass (the pendulum effect) [30,118,130]. Several authors have es-
timated the number of oscillations of the high-energy electrons and
values from 1 tomore than 3 have been reported [31,118,130]. The pen-
dulum motion of the electrons means that their kinetic energy, and
therefore their velocity and interaction cross section, oscillates between
a maximum in the centre of the discharge to minimum values close to
each opposing surface of the cathode. As we have seen, elastic collisions
of the electrons with other particles produce only small reductions in
the electron energy; the elastic interaction cross-section is larger than
the ionization or excitation cross-sections. Elastic collisions can cause
a large change in the momentum of the electron with approximately
a sixth (depending on the geometry of the cathode) of the electrons
leaving the discharge through the hollow cathode end aperture.

Many conventional models of hollow cathode discharges consider
that; (a) the pendulum electrons participate in ionization reactions in
the sheath close to the cathode and in this way generate secondary
electrons which can be accelerated to high energy [131], and (b) there
is enhanced electron emission from the cathode due to bombardment
by photons and metastable atoms [23,31,118,132–134].

Studies by Sturges and Oskam concluded that the role of metastable
species was not important for the hollow cathode effect in hydrogen
and noble gases [135,136]. However, in contrast to various other papers,
the same study concluded that there was little difference between the
hollow cathode discharge in hydrogen and argon. The details of the
cathode geometry, the gas type and gas pressures used in the two pa-
pers show that the majority of the plasmas studied were probably the
D-HC rather than a true hollow cathode discharge, HCD, and therefore
the importance of metastable atoms for the formation of the quasi-
resonant hollow cathode condition has not been clearly determined.

In general, the conventional models in use today affirm that the
hollow cathode discharge condition exists because the “pendulum”

oscillatory trajectory of the high-energy electrons produces increased
ionization of the neutral gas that, in turn, results in the formation of a
high plasmadensity, high luminosity, and large discharge current. Addi-
tionally, the enhanced electron emission due to the increased number of
photons and metastable neutrals can provide, under some conditions,
an important contribution to the plasma density.

One of the major problems for any phenomenological model of the
high density HCD is the explanation of how small increases in the
applied voltage can provide a super-linear increase in the discharge
current and light production.

As we have seen, electrons can be generated in the gas phase by an
electron colliding with either a neutral, an excited atom or an ion, and
since all the cross sections are large for electron energies between ~20
and 1000 eV, the ionization probability is greatest in the central region
of the discharge where the electrons have the highest kinetic energy.
The similarity of the excitation and ionization cross sections means
that the central region also produces most of the light [119,120,137].
For the ionization of neutral argon atoms, each collision reduces the
electron energy by at least 15.67 eV [35]. The generated secondary elec-
trons have energies of only a few eV and therefore do not contribute to
the production of additional electrons or ions, or to the excitation of
atoms; furthermore, they remain within the central region of the cath-
ode since they are repelled by the electric fields of the pre-sheath and
sheath. A number of authors [23,138–141] have proposed that the
high-energy pendulum electrons cause ionization within the sheath
such that the generated secondary electrons are accelerated by the cath-
ode sheath to sufficiently high energies to cause additional ionization
events. This idea has often been the basis of the superlinear relation be-
tween the production of electrons and the applied voltage, which is re-
quired to explain the very large currents observed for the HCD state.
Unfortunately, there are several problems with this proposal. Firstly,
the energy of electrons bouncing from one sheath to the opposing one
changes as a pendulum, from having the highest kinetic energy in the
central region to having the highest potential energy and zero velocity
at the extreme of the trajectory within the sheath. In electron collisions,
potential energy is not useful for producing ionization. Secondly, as we
have seen, wherever there is ionization, light emission due to excitation
also occurs. However, changes in the luminosity of the sheaths of hollow
cathode discharges have not been reported for the transition from the
D-HC to the HCD state [21,33,36,137,142–144].

Other electron production processes involve the impingement
of ions, high-energy neutrals, and excited atoms on the cathode. As
noted earlier, the number of secondary electrons produced by photo-
emission, thermionic and field emission, and impact with high-energy
species only increases slightly with increasing energy of the
bombarding species, provided that the energy is greater than the
threshold value for the process. The electrons generated by these pro-
cesses appear within the strong sheath electric field and therefore are
rapidly accelerated toward the centre of the discharge and can cause
additional gas-phase ionization. Obviously, the number of secondary
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Fig. 10. Current/voltage characteristic, and plasma images as a function of current in an Ar
hollow cathode discharge operating, at p.d= 1.5 Torr cm.
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Fig. 11. Radial profiles of the light intensity as a function of the discharge current in an Ar
hollow cathode operated at p.d= 1.5 Torr cm.
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electrons does depend on the number of collisions and therefore the
plasma density, but the relations are linear, not super-linear.

It was proposed that if the mean free path of the electrons is greater
than the diameter of the cathode, the electrons might collide with the
opposing side of the cathode. However, it should be noted that the larg-
est interaction cross section for electrons is for elastic collisions between
electrons and neutral atoms, and although the electron loses only a
small amount of its energy, this is more than sufficient to prevent the
electron reaching the opposing cathode, even without the extreme
electrostatic repulsion involved in such an impact. Additionally, an
excessively large electron mean free path (a large number of pendulum
oscillations) would mean that there must be few ionization events
during each pass through the central region. Conversely, a very
small mean free path would not allow the pendulum motion to occur
[24,145–151].

The other gas-phase ionization processes are the ion-impact ioniza-
tion of a neutral or excited atom and since these cross sections increase
with energy, theywould be expected to occurmainly in the sheath close
to the cathode. Electrons generated in this zone are accelerated by the
sheath and can participate in additional ionization processes. However,
the ion-impact cross section is about an order of magnitude lower
than electron-impact interactions except for ions close to 1 keV. The
ion–atom excitation cross section is also similar to that for ionization.
Therefore, if ion-impact processes were very significant for the hollow
cathode condition, then a distinctively bright area in the sheath close
to the cathode should observed. Few suchmeasurements have been re-
ported. The photographs shown in [120], for high pressure discharges,
where the probability of ion–atom collisions is high, do appear to
show such a bright zone. Other articles also show luminosity in this re-
gion and indicate that gas phase ion impact ionization is a process that
can contribute to the production of electrons [137,144]. However, the
sum of the above processes, including any oscillatory trajectory of the
electrons, cannot explain the observed very large increase in current
for small increases in voltage when the discharge is in the HCD state.
All of the processes only describe linear or sub-linear increases in the
plasma density as the sheath field is increased. Therefore, we conclude
that none of the above schemes are sufficient to fully explain the
existence of the HCD state.

3.1. New considerations

A large number of authors have published descriptions of the hollow
cathode effect and theoretical models of the HCD, but very few have
considered what happens as a normal discharge, established at a low
voltage, changes into the much denser HCD state [137,144]. Several
groups have published descriptions of the radial distribution of the
metastable atoms, ions, electric field, and light intensity across the hol-
low cathode [1,65,137,143,144,146,152]. In some of these references
[144], for example, the radial variation of the luminosity of the plasma
was recorded as a function of the plasma current and the gas pressure
for conditions corresponding to a normal discharge (labelled as AGD
mode in the reference and Fig. 10 below) and the HCD condition
(labelled as the HCE mode). We use these results to help describe our
new model of the HCD effect.

In Fig. 11, it can be seen that for the D-HC condition – that is, for volt-
ages and currents less than 340 and 25mA, respectively – there are two
negative glow regions producing light approximately 1–2 mm from the
surface of the hollow cathode. For currents between 30 to 70mA, values
that correspond to the quasi-resonant HCD condition, the intensity of
the emitted light increases and the light distribution is almost uniform
across the central region of the hollow cathode beginning at ~1 mm
from the surface. At the highest voltages, there is a small broad peak
at the centre of the discharge. It should be noted that the distance
from the cathode to the edge of the bright area advances very little
once the HCD condition has been established, demonstrating that the
width of the cathode sheath changes very little even though the current
increases from 30 to 80mA. Narrow peaks of light emission can be seen
very close to each side of the cathode surface and these are probably
from ion-impact excitation of the gas (cathode glow). These peaks
exist for the lowest currents, 6 mA, up to the highest values studied
and their form and position is relatively constant. The total light
emission intensity of the discharge increases as the current increases.
The following conclusions can be obtained from these results:

• Since the ion-impact excitation peak changes little from the D-HC to
the HCD state, then this ionization process is probably not one of the
fundamental causes of the quasi-resonant HCD condition.

• From thephotographs in Figs. 10 and 11,we see that for theD-HC con-
dition, the discharge negative glow region extends from about 1 to
2.5 mm in front of the hollow cathode surface. This means that from
0 to 1 mm and 2.5 to 5 mm (the centre of the cathode), the majority
of the electrons have less than ~25 eV (an energy for which the exci-
tation cross section is sufficiently large to result in a notable emission
of light).

• As the voltage is increased, the front edge of the negative glowmoves
closer to the cathode, ~0.8mm, and the far edge of this region expands
toward the centre of the cathode.
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• At the voltage corresponding to the transition from D-HC to HCD, the
edge of the negative glow region slightly passes the centre of the
cathode and this produces the broad luminescent peak because of
the overlapping “negative glow” regions.

• Once the HCD state has been established, the voltage need only be
increased from 360 to 380 V (5.5%) to cause the current to increase
from 30 to 70 mA (230%). This implies that a 5.5% increase in the
energy of the electrons more than doubles the number of electrons.

Fig. 12 shows schematically what happens during the transition from
the D-HC state to the HCD state. The space between the front-edge and
Fig. 12. A schematic representation of the plasma structure during the transition from the D-H
geometry.
back-edges of the negative glow corresponds to the distances from the
cathode over which a significant number of the electrons have energies
greater than the excitation threshold; we refer to this as the excitation/
ionization trajectory. Closer to the cathode surface and the centre of
the cylinder, less light is produced; therefore, the energy of the majority
of the electrons is less than the excitation threshold. As the applied volt-
age Vappl is increased, the excitation/ionization trajectory increases until
the trajectories from different parts of the cathode surface overlap. The
centre region of the cathode then has a somewhat greater luminosity
and, as seen in ref. [144], this condition corresponds to the start of the
HCD state [33].
C to HCD condition, i.e. as the voltage is increased for a constant gas pressure and system
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Here, we consider the D-HC to HCD transition as a consequence of
the increase in the applied voltage. However, it is clear that a similar
process occurs if the distance across the hollow cathode is decreased.
Obviously, if the applied voltage is not changed, the excitation/ioniza-
tion trajectory is constant, but when the critical cathode diameter is
reached, the back-edges of the two negative glow regions overlap in a
manner similar to that described above. If the pressure, cathode diame-
ter, and applied voltage are such that the HCD condition has been
established, then an increase in the gas pressure will cause a reduction
in the excitation/ionization trajectory because of an increased number
of collisions and this would cause a change from HCD to D-HC. It has
been reported that for larger cathode diameters, a higher voltage is re-
quired to establish the HCD condition and that with a constant applied
voltage, the current density decreases as the pressure is increased
[153,154].

As mentioned in point 5 above and as reported by many groups, in
the HCD state only a relatively small increase in voltage is needed to
produce a very large increase in current and a corresponding increase
in the luminosity [1,140,143,155,156]. The problem is that such a
small voltage increase can only cause a small increase in the excita-
tion/ionization trajectory and therefore only a very small proportion
of additional electrons can reach the opposite cathode sheath and this,
together with the points described above, imply that the oscillating
pendulum motion of the electrons does not occur. An increase of the
electron energy by approximately 20 eV (see above applied voltage
change of 360 to 380 V), in the HCD state, corresponds to only one
additional ionization event and obviously this is not enough to explain
the large increase in the discharge current.

3.2. A proposed explanation

The plasma density, and therefore the discharge current, depends on
the establishment of a balance between the generation and loss of
electrons (we assume that there is a general net balance between the
number of electrons and ions). It is reasonable to assume that the
disappearance rate of electrons (loss to earth, recombination, and arriv-
al at the anode) is approximately proportional to the plasma density.
Therefore, during the transition from the D-HC to the HCD state, an
additional efficient electron generationmechanism begins to dominate.
As we have discussed earlier, the principal electron production mecha-
nisms are as follows:

In the negative glow:

e− þ Ar→Arþ þ 2e− ð13Þ

e− þ Ar� →Arþ þ 2e− ð14Þ

e− þ Arþ→Ar2þ þ 2e−: ð15Þ

At, or close to, the cathode surface:

Arþ þ Cathode→Arþ e− ð16Þ

Ar2þ þ Cathode→Arþ e− ð17Þ

Ar� þ Ar� →Arþ þ Arþ e− ð18Þ

Arþ þ Ar→2Arþ þ e− ð19Þ

Arþ þ Ar� →2Arþ þ e− : ð20Þ

The secondary electron emission coefficients for Ar+ and Ar2+ ions
with energies less than 1 keV are, depending on the target material,
typically in the range of 0.12 and 0.45, respectively [69,72–76].

Obviously, the importance of each of these mechanisms depends
on a combination of the interaction cross section, the density of the
energetic species (electrons or ions) and the density of the target
species. The plasma density of the HCD state depends on the experi-
mental parameters but, as mentioned in the introduction, typical
values are from 1011 to more than 1013 cm−3 [18,19], and this is often
two orders of magnitude more than the D-HC condition [3,22]. Neutral
Ar is the most numerous species and there will be much smaller quan-
tities of Ar* and Ar+. As explained earlier, reactions described by
Eqs. (18)–(20) occur close to the cathode surface and ions are rapidly
lost to the cathode. The first three gas-phase reactions, Eqs. (13)–(15),
produce ionswithin the negative glowwhere there is little or no electric
field. Under the HCD condition, the negative glow region of the
discharge is also the collection point for electrons produced on, or
close to, the cathode surface. This combination of relatively high ion
concentration and large flux of high-energy electrons provides the
correct conditions for the production of doubly-ionized argon ions
[157,158].

Having a high density of electronswith sufficient energy to cause the
second ionization process is not sufficient; the singly-charged ionsmust
be confined within the plasma region where the second ionization can
take place (see page 24 in [159]). The most important parameter is
neτi, the product of the plasma electron density ne and the ion confine-
ment time τi. This product is largest in the central region of the hollow
cathode discharge [159].

Several groups have reported thepresence of Ar2+ and the increased
generation of such ions in the HCD state [160–166]. The importance of
these ions is, firstly, that they are accelerated to higher energies by
the cathode sheath, and secondly, when they strike the cathode, they
generate approximately four times the number of electrons than
singly-charged ions [67,72]. These additional electrons, in turn, generate
more ions, including more doubly-charged ions, in a quasi-resonant
manner that greatly increases the plasma density and explains the
observed large increase in the plasma current.

Therefore, we conclude that the “hollow cathode effect” is not
dominated by pendulum electrons, but depends on the quasi-resonant
generation of doubly-charged gas ions within the central negative
glow region of the discharge.

An obvious implication of the present model is that the HCD state is
not possible in a hydrogen discharge since no doubly-charged hydrogen
ion exists. An extensive review of the published work on hydrogen
discharges in a hollow cathode [167–171] shows that many studies
have involved high-density discharges in a D-HC hollow cathode, but
we have not found any report that unmistakably demonstrates the
existence of a quasi-resonant HCD state using pure hydrogen.

3.3. Experimental tests

As an additional verificationwe performed a series of experiments in
our 0.8 cm diameter, 4.5 cm long, water-cooled cylindrical hollow
cathode [172,173]. We measured the I–V characteristics of a DC
discharge as a function of gas pressure and gas flow using 99.99%
pure argon, helium and hydrogen. The vacuum chamber was stainless
steel evacuated using a turbomolecular pump with a two-stage me-
chanical pumping system which provided a background pressure of
b1.33 × 10−4 Pa (b10−6 Torr). Fig. 13a, b and c shows the I–V curves
for argon, helium and hydrogen plasmas, respectively, using gas pres-
sures from 40 to 347 Pa (0.3 to 2.6 Torr) and for gas flows of 10,
50 and 100 sccm. The same scales have been used for all graphs to facil-
itate data comparison. For argon, pressures below 53 Pa (0.4 Torr, p.d=
0.32 Torr cm) did not produce the quasi-resonant HCD state. However,
the HCD condition was clearly established at pressures N53 Pa
(N0.4 Torr), but there was no noteworthy dependence of the I–V char-
acteristics on the gas flows from 10 to 100 sccm. The HCD state was
established at all helium gas pressures, 40 to 347 Pa (0.3 to 2.6 Torr),
and gasflows, 10 to 100 sccm.However, usinghydrogen, therewas little
difference in the I–V characteristics from 67 to 312 Pa (0.5 to 2.34 Torr)
and the HCD state was not obtained. Higher gas pressures and higher
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Fig. 13.Measured I–V characteristics for a 0.8 cm-diameter, 4.5 cm long, water-cooled hol-
low cathode operated at pressures and gas flow rates shown in the insets, a) argon,
b) helium and c) hydrogen.
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voltages resulted in filamentary arcing between the hollow cathode and
the vacuumchamber, but even at 400 Pa (3.0 Torr) and 450V, therewas
no evidence of the existence of the high-current HCD condition.

Fig. 14 shows the I–V data for argon, helium and hydrogen dis-
charges using a gas flow of 50 sccm and gas pressures close to 173 Pa
(1.3 Torr). The HCD state was observed for argon and helium, but not
for hydrogen. The I–V characteristics for argon and helium show that
for a plasma current of 0.5 A, the average plasma voltage is ~210 and
~310 V, respectively. The difference is related to the fact that the second
ionization energy of helium is considerably higher than that for argon
and therefore fewer doubly-charged helium ions are formed.

4. Hollow cathode arc

If excessive electrical power is applied to a hollow cathode system,
the energy deposited in the cathode causes it to reach high tempera-
tures [115,116,119,174,175]. Obviously, the plasma power versus cath-
ode temperature increase depends very much on the degree of cooling,
the electrode geometry, gas type, and pressure. If the temperature
reaches more than 1000 °C, thermal-field emission of electrons from
the cathode starts to become an important additional source of elec-
trons [176]. Under such conditions, the plasma density can become
greater than 1013 cm−3 and, as shown in Fig. 1, the plasma current
can increase to values considerably larger than those found in the HCD
condition.

The HCA mode is typically characterized by voltages less than 100 V
and currents of several amperes, depending on the cathode surface area.
Obviously, such high cathode temperatures also increase the gas tem-
perature and this can enhance rarefaction near the cathode and produce
important modifications to the plasma properties, gas-phase chemical
reactions can cause significant heating of the substrates during thin
film deposition [27,29]. The transition from HCD to HCA occurs rapidly
when a threshold current density is reached and the new electron
emission process become operative. The additional electrons can attain
relatively high energies since they are accelerated by the complete
sheath before they reach the negative glow region. However, the
decrease in the applied voltage caused by the change in the plasma
impedance considerably reduces the sheath field and therefore the
maximum electron energy. This in turn can be expected to reduce the
generation of the doubly-charged ions in the negative glow.

5. Geometric aspects

As mentioned earlier in this review, studies have shown that
there are conditions under which the HCD state can and cannot be
established. In general, research groups have observed that for values
of the product of the pressure p and the diameter of the cathode d
between approximately 0.1 and 37 Torr cm, the HCD mode can be



Table 3
The darker shaded area (13.56MHz RF) and the lighter shaded area (a 200 ns negative DC pulse) correspond to times for which the electron energy (electron velocity) is sufficiently large
for an electron to perform three oscillations across the diameter of a hollow cathode discharge; as required for the pendulum theory.

 

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

1 5.1E–08 1.0E–07 1.5E–07 2.0E–07 2.5E–07 3.0E–07 3.5E–07 4.0E–07 4.6E–07 5.1E–07 7.6E–07 1.0E–06 1.3E–06 1.5E–06 1.8E–06 2.0E–06 2.3E–06 2.5E–06

2 3.6E–08 7.2E–08 1.1E–07 1.4E–07 1.8E–07 2.1E–07 2.5E–07 2.9E–07 3.2E–07 3.6E–07 5.4E–07 7.2E–07 8.9E–07 1.1E–06 1.3E–06 1.4E–06 1.6E–06 1.8E–06

3 2.9E–08 5.8E–08 8.8E–08 1.2E–07 1.5E–07 1.8E–07 2.0E–07 2.3E–07 2.6E–07 2.9E–07 4.4E–07 5.8E–07 7.3E–07 8.8E–07 1.0E–06 1.2E–06 1.3E–06 1.5E–06

4 2.5E–08 5.1E–08 7.6E–08 1.0E–07 1.3E–07 1.5E–07 1.8E–07 2.0E–07 2.3E–07 2.5E–07 3.8E–07 5.1E–07 6.3E–07 7.6E–07 8.9E–07 1.0E–06 1.1E–06 1.3E–06

5 2.3E–08 4.5E–08 6.8E–08 9.1E–08 1.1E–07 1.4E–07 1.6E–07 1.8E–07 2.0E–07 2.3E–07 3.4E–07 4.5E–07 5.7E–07 6.8E–07 7.9E–07 9.1E–07 1.0E–06 1.1E–06

6 2.1E–08 4.1E–08 6.2E–08 8.3E–08 1.0E–07 1.2E–07 1.4E–07 1.7E–07 1.9E–07 2.1E–07 3.1E–07 4.1E–07 5.2E–07 6.2E–07 7.2E–07 8.3E–07 9.3E–07 1.0E–06

7 1.9E–08 3.8E–08 5.7E–08 7.7E–08 9.6E–08 1.1E–07 1.3E–07 1.5E–07 1.7E–07 1.9E–07 2.9E–07 3.8E–07 4.8E–07 5.7E–07 6.7E–07 7.7E–07 8.6E–07 9.6E–07

8 1.8E–08 3.6E–08 5.4E–08 7.2E–08 8.9E–08 1.1E–07 1.3E–07 1.4E–07 1.6E–07 1.8E–07 2.7E–07 3.6E–07 4.5E–07 5.4E–07 6.3E–07 7.2E–07 8.1E–07 8.9E–07

9 1.7E–08 3.4E–08 5.1E–08 6.7E–08 8.4E–08 1.0E–07 1.2E–07 1.3E–07 1.5E–07 1.7E–07 2.5E–07 3.4E–07 4.2E–07 5.1E–07 5.9E–07 6.7E–07 7.6E–07 8.4E–07

10 1.6E–08 3.2E–08 4.8E–08 6.4E–08 8.0E–08 9.6E–08 1.1E–07 1.3E–07 1.4E–07 1.6E–07 2.4E–07 3.2E–07 4.0E–07 4.8E–07 5.6E–07 6.4E–07 7.2E–07 8.0E–07

20 1.1E–08 2.3E–08 3.4E–08 4.5E–08 5.7E–08 6.8E–08 7.9E–08 9.1E–08 1.0E–07 1.1E–07 1.7E–07 2.3E–07 2.8E–07 3.4E–07 4.0E–07 4.5E–07 5.1E–07 5.7E–07

30 9.2E–09 1.8E–08 2.8E–08 3.7E–08 4.6E–08 5.5E–08 6.5E–08 7.4E–08 8.3E–08 9.2E–08 1.4E–07 1.8E–07 2.3E–07 2.8E–07 3.2E–07 3.7E–07 4.2E–07 4.6E–07

40 8.0E–09 1.6E–08 2.4E–08 3.2E–08 4.0E–08 4.8E–08 5.6E–08 6.4E–08 7.2E–08 8.0E–08 1.2E–07 1.6E–07 2.0E–07 2.4E–07 2.8E–07 3.2E–07 3.6E–07 4.0E–07

50 7.2E–09 1.4E–08 2.1E–08 2.9E–08 3.6E–08 4.3E–08 5.0E–08 5.7E–08 6.4E–08 7.2E–08 1.1E–07 1.4E–07 1.8E–07 2.1E–07 2.5E–07 2.9E–07 3.2E–07 3.6E–07

60 6.5E–09 1.3E–08 2.0E–08 2.6E–08 3.3E–08 3.9E–08 4.6E–08 5.2E–08 5.9E–08 6.5E–08 9.8E–08 1.3E–07 1.6E–07 2.0E–07 2.3E–07 2.6E–07 2.9E–07 3.3E–07

70 6.1E–09 1.2E–08 1.8E–08 2.4E–08 3.0E–08 3.6E–08 4.2E–08 4.8E–08 5.4E–08 6.1E–08 9.1E–08 1.2E–07 1.5E–07 1.8E–07 2.1E–07 2.4E–07 2.7E–07 3.0E–07

80 5.7E–09 1.1E–08 1.7E–08 2.3E–08 2.8E–08 3.4E–08 4.0E–08 4.5E–08 5.1E–08 5.7E–08 8.5E–08 1.1E–07 1.4E–07 1.7E–07 2.0E–07 2.3E–07 2.5E–07 2.8E–07

90 5.3E–09 1.1E–08 1.6E–08 2.1E–08 2.7E–08 3.2E–08 3.7E–08 4.3E–08 4.8E–08 5.3E–08 8.0E–08 1.1E–07 1.3E–07 1.6E–07 1.9E–07 2.1E–07 2.4E–07 2.7E–07

100 5.1E–09 1.0E–08 1.5E–08 2.0E–08 2.5E–08 3.0E–08 3.5E–08 4.0E–08 4.6E–08 5.1E–08 7.6E–08 1.0E–07 1.3E–07 1.5E–07 1.8E–07 2.0E–07 2.3E–07 2.5E–07

200 3.6E–09 7.2E–09 1.1E–08 1.4E–08 1.8E–08 2.1E–08 2.5E–08 2.9E–08 3.2E–08 3.6E–08 5.4E–08 7.2E–08 8.9E–08 1.1E–07 1.3E–07 1.4E–07 1.6E–07 1.8E–07

300 2.9E–09 5.8E–09 8.8E–09 1.2E–08 1.5E–08 1.8E–08 2.0E–08 2.3E–08 2.6E–08 2.9E–08 4.4E–08 5.8E–08 7.3E–08 8.8E–08 1.0E–07 1.2E–07 1.3E–07 1.5E–07

400 2.5E–09 5.1E–09 7.6E–09 1.0E–08 1.3E–08 1.5E–08 1.8E–08 2.0E–08 2.3E–08 2.5E–08 3.8E–08 5.1E–08 6.3E–08 7.6E–08 8.9E–08 1.0E–07 1.1E–07 1.3E–07

500 2.3E–09 4.5E–09 6.8E–09 9.1E–09 1.1E–08 1.4E–08 1.6E–08 1.8E–08 2.0E–08 2.3E–08 3.4E–08 4.5E–08 5.7E–08 6.8E–08 7.9E–08 9.1E–08 1.0E–07 1.1E–07

600 2.1E–09 4.1E–09 6.2E–09 8.3E–09 1.0E–08 1.2E–08 1.4E–08 1.7E–08 1.9E–08 2.1E–08 3.1E–08 4.1E–08 5.2E–08 6.2E–08 7.2E–08 8.3E–08 9.3E–08 1.0E–07

700 1.9E–09 3.8E–09 5.7E–09 7.7E–09 9.6E–09 1.1E–08 1.3E–08 1.5E–08 1.7E–08 1.9E–08 2.9E–08 3.8E–08 4.8E–08 5.7E–08 6.7E–08 7.7E–08 8.6E–08 9.6E–08

800 1.8E–09 3.6E–09 5.4E–09 7.2E–09 8.9E–09 1.1E–08 1.3E–08 1.4E–08 1.6E–08 1.8E–08 2.7E–08 3.6E–08 4.5E–08 5.4E–08 6.3E–08 7.2E–08 8.1E–08 8.9E–08

900 1.7E–09 3.4E–09 5.1E–09 6.7E–09 8.4E–09 1.0E–08 1.2E–08 1.3E–08 1.5E–08 1.7E–08 2.5E–08 3.4E–08 4.2E–08 5.1E–08 5.9E–08 6.7E–08 7.6E–08 8.4E–08

1000 1.6E–09 3.2E–09 4.8E–09 6.4E–09 8.0E–09 9.6E–09 1.1E–08 1.3E–08 1.4E–08 1.6E–08 2.4E–08 3.2E–08 4.0E–08 4.8E–08 5.6E–08 6.4E–08 7.2E–08 8.0E–08

Electron 

energy 

(eV)

Time [s] for three sheath–to–sheath electron oscillations

Cathode diameter (m)
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established fairly easily [12,14,122,177]. The conventional idea is that
the sum of twice the thickness of the sheath plus the thickness of the
negative glow as a function of the pressure defines the minimum and
maximum conditions for HCD. However, the thickness of the sheath de-
pends on the gas pressure in a very complicated way and the thickness
of the negative glow depends on the density of atoms (the gas pressure)
and the interaction (ionization and excitation) cross section and this
strongly depends on the electron energy [178].

Studies of atmospheric microplasmas and other high-pressure hol-
low cathode devices have reported that the maximum value of p.d for
HCD is approximately 5–6 Torr cm, implying that the high-pressure
limit is inversely proportional to the actual operating gas pressure. The
upper p.d limit is also dependent on the type of gas used [134]. Further-
more, for a given value of p.d and discharge current, the operating volt-
age has been shown to be lower for smaller values of d [18,140,179].
However, this cannot be explained in terms of a constant current densi-
ty, since when the area of the cathode was decreased by a factor of four
the operating voltage decreased by between 20 and 30%, depending on
the length of the hollow cathode. Additionally, a study [180] showed
that the discharge voltage decreased with increasing gas flow [181]. In
contrast, A.S. Metel (1984) showed that the minimum pressure for the
HCD state is proportional to the ratio of the area of the output aperture
of the cathode to the internal cathode surface area [182]. The minimum
operating pressure was seen to decrease to 10−2 Pa (0.075 mTorr) as
the ratio decreased to 10−3. This ratio was considered to describe the
ease with which high-energy electrons could escape from the cathode.
A review of hollow cathode spectral lamps [183] reported that the
minimum pressure p for the HCD state increased as the cathode
diameter d decreased, such that: d [mm]= cp [mTorr], inwhich c varied
from 0.5 to 10 depending on the cathode material.
Earlier models and explanations [12–14,30,123,124] of the hollow
cathode effect proposed that the upper limit of the p.d product
corresponded to the point at which the electron energy loss was such
that the electronswere no longer reflected back to the negative glow re-
gion from the opposing cathode sheath (no pendulum oscillation) and
therefore, additional ionization events did not occur. The explanation
of the lower limit has been less precise, it is known [126,127,184] that
the sheath–presheath distance increases as the pressure decreases,
and the ionization probability also decreases, but no clear model of
why the hollow cathode stops as the pressure or cathode diameter de-
creases below the threshold value has been proposed. The situation is
somewhat clearer for the present model involving the generation
of doubly-charged ions. The interval between upper and lower p.d
limits corresponds to the conditions when there exists a significant
population of electrons with sufficient energy to produce secondary
ionization of the inert gas atoms (~25 eV for Ar), together with a suf-
ficient density of singly-charged Ar+ ions in the negative glow re-
gion. If the pressure is too high, or the diameter too large, then the
concentration, or flux, of “high” energy electrons into the negative
glow is too small to generate the HCD state. If the pressure is too
low, then the concentration of Ar+ ions in the negative glow is insuf-
ficient to allow the formation of a significant population of Ar2+ ions,
and therefore HCD cannot exist. If the diameter is too small, then the
thin negative glow region can have an appreciable electric field
that accelerates the singly-ionized ions toward the cathode fall
(presheath) and reduces their concentration such that the secondary
ionization process is no longer possible. If the diameter is large, a
higher voltage is required to produce a sufficient number of high-
energy electrons in the centre of the negative glow region to gener-
ate the Ar2+ ions.



Table 4
The darker shaded area (13.56MHz RF) and the lighter shaded area (a 200 ns negative DC pulse) correspond to times for which the electron energy (electron velocity) is sufficiently large
for passage of an electron from the cathode surface to the centre of the cathode; as required for the doubly ionized theory.

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

1 8.4E–09 1.7E–08 2.5E–08 3.4E–08 4.2E–08 5.1E–08 5.9E–08 6.7E–08 7.6E–08 8.4E–08 1.3E–07 1.7E–07 2.1E–07 2.5E–07 3.0E–07 3.4E–07 3.8E–07 4.2E–07

2 6.0E–09 1.2E–08 1.8E–08 2.4E–08 3.0E–08 3.6E–08 4.2E–08 4.8E–08 5.4E–08 6.0E–08 8.9E–08 1.2E–07 1.5E–07 1.8E–07 2.1E–07 2.4E–07 2.7E–07 3.0E–07

3 4.9E–09 9.7E–09 1.5E–08 1.9E–08 2.4E–08 2.9E–08 3.4E–08 3.9E–08 4.4E–08 4.9E–08 7.3E–08 9.7E–08 1.2E–07 1.5E–07 1.7E–07 1.9E–07 2.2E–07 2.4E–07

4 4.2E–09 8.4E–09 1.3E–08 1.7E–08 2.1E–08 2.5E–08 3.0E–08 3.4E–08 3.8E–08 4.2E–08 6.3E–08 8.4E–08 1.1E–07 1.3E–07 1.5E–07 1.7E–07 1.9E–07 2.1E–07

5 3.8E–09 7.5E–09 1.1E–08 1.5E–08 1.9E–08 2.3E–08 2.6E–08 3.0E–08 3.4E–08 3.8E–08 5.7E–08 7.5E–08 9.4E–08 1.1E–07 1.3E–07 1.5E–07 1.7E–07 1.9E–07

6 3.4E–09 6.9E–09 1.0E–08 1.4E–08 1.7E–08 2.1E–08 2.4E–08 2.8E–08 3.1E–08 3.4E–08 5.2E–08 6.9E–08 8.6E–08 1.0E–07 1.2E–07 1.4E–07 1.5E–07 1.7E–07

7 3.2E–09 6.4E–09 9.6E–09 1.3E–08 1.6E–08 1.9E–08 2.2E–08 2.6E–08 2.9E–08 3.2E–08 4.8E–08 6.4E–08 8.0E–08 9.6E–08 1.1E–07 1.3E–07 1.4E–07 1.6E–07

8 3.0E–09 6.0E–09 8.9E–09 1.2E–08 1.5E–08 1.8E–08 2.1E–08 2.4E–08 2.7E–08 3.0E–08 4.5E–08 6.0E–08 7.5E–08 8.9E–08 1.0E–07 1.2E–07 1.3E–07 1.5E–07

9 2.8E–09 5.6E–09 8.4E–09 1.1E–08 1.4E–08 1.7E–08 2.0E–08 2.2E–08 2.5E–08 2.8E–08 4.2E–08 5.6E–08 7.0E–08 8.4E–08 9.8E–08 1.1E–07 1.3E–07 1.4E–07

10 2.7E–09 5.3E–09 8.0E–09 1.1E–08 1.3E–08 1.6E–08 1.9E–08 2.1E–08 2.4E–08 2.7E–08 4.0E–08 5.3E–08 6.7E–08 8.0E–08 9.3E–08 1.1E–07 1.2E–07 1.3E–07

20 1.9E–09 3.8E–09 5.7E–09 7.5E–09 9.4E–09 1.1E–08 1.3E–08 1.5E–08 1.7E–08 1.9E–08 2.8E–08 3.8E–08 4.7E–08 5.7E–08 6.6E–08 7.5E–08 8.5E–08 9.4E–08

30 1.5E–09 3.1E–09 4.6E–09 6.2E–09 7.7E–09 9.2E–09 1.1E–08 1.2E–08 1.4E–08 1.5E–08 2.3E–08 3.1E–08 3.9E–08 4.6E–08 5.4E–08 6.2E–08 6.9E–08 7.7E–08

40 1.3E–09 2.7E–09 4.0E–09 5.3E–09 6.7E–09 8.0E–09 9.3E–09 1.1E–08 1.2E–08 1.3E–08 2.0E–08 2.7E–08 3.3E–08 4.0E–08 4.7E–08 5.3E–08 6.0E–08 6.7E–08

50 1.2E–09 2.4E–09 3.6E–09 4.8E–09 6.0E–09 7.2E–09 8.4E–09 9.5E–09 1.1E–08 1.2E–08 1.8E–08 2.4E–08 3.0E–08 3.6E–08 4.2E–08 4.8E–08 5.4E–08 6.0E–08

60 1.1E–09 2.2E–09 3.3E–09 4.4E–09 5.4E–09 6.5E–09 7.6E–09 8.7E–09 9.8E–09 1.1E–08 1.6E–08 2.2E–08 2.7E–08 3.3E–08 3.8E–08 4.4E–08 4.9E–08 5.4E–08

70 1.0E–09 2.0E–09 3.0E–09 4.0E–09 5.0E–09 6.1E–09 7.1E–09 8.1E–09 9.1E–09 1.0E–08 1.5E–08 2.0E–08 2.5E–08 3.0E–08 3.5E–08 4.0E–08 4.5E–08 5.0E–08

80 9.4E–10 1.9E–09 2.8E–09 3.8E–09 4.7E–09 5.7E–09 6.6E–09 7.5E–09 8.5E–09 9.4E–09 1.4E–08 1.9E–08 2.4E–08 2.8E–08 3.3E–08 3.8E–08 4.2E–08 4.7E–08

90 8.9E–10 1.8E–09 2.7E–09 3.6E–09 4.4E–09 5.3E–09 6.2E–09 7.1E–09 8.0E–09 8.9E–09 1.3E–08 1.8E–08 2.2E–08 2.7E–08 3.1E–08 3.6E–08 4.0E–08 4.4E–08

100 8.4E–10 1.7E–09 2.5E–09 3.4E–09 4.2E–09 5.1E–09 5.9E–09 6.7E–09 7.6E–09 8.4E–09 1.3E–08 1.7E–08 2.1E–08 2.5E–08 3.0E–08 3.4E–08 3.8E–08 4.2E–08

200 6.0E–10 1.2E–09 1.8E–09 2.4E–09 3.0E–09 3.6E–09 4.2E–09 4.8E–09 5.4E–09 6.0E–09 8.9E–09 1.2E–08 1.5E–08 1.8E–08 2.1E–08 2.4E–08 2.7E–08 3.0E–08

300 4.9E–10 9.7E–10 1.5E–09 1.9E–09 2.4E–09 2.9E–09 3.4E–09 3.9E–09 4.4E–09 4.9E–09 7.3E–09 9.7E–09 1.2E–08 1.5E–08 1.7E–08 1.9E–08 2.2E–08 2.4E–08

400 4.2E–10 8.4E–10 1.3E–09 1.7E–09 2.1E–09 2.5E–09 3.0E–09 3.4E–09 3.8E–09 4.2E–09 6.3E–09 8.4E–09 1.1E–08 1.3E–08 1.5E–08 1.7E–08 1.9E–08 2.1E–08

500 3.8E–10 7.5E–10 1.1E–09 1.5E–09 1.9E–09 2.3E–09 2.6E–09 3.0E–09 3.4E–09 3.8E–09 5.7E–09 7.5E–09 9.4E–09 1.1E–08 1.3E–08 1.5E–08 1.7E–08 1.9E–08

600 3.4E–10 6.9E–10 1.0E–09 1.4E–09 1.7E–09 2.1E–09 2.4E–09 2.8E–09 3.1E–09 3.4E–09 5.2E–09 6.9E–09 8.6E–09 1.0E–08 1.2E–08 1.4E–08 1.5E–08 1.7E–08

700 3.2E–10 6.4E–10 9.6E–10 1.3E–09 1.6E–09 1.9E–09 2.2E–09 2.6E–09 2.9E–09 3.2E–09 4.8E–09 6.4E–09 8.0E–09 9.6E–09 1.1E–08 1.3E–08 1.4E–08 1.6E–08

800 3.0E–10 6.0E–10 8.9E–10 1.2E–09 1.5E–09 1.8E–09 2.1E–09 2.4E–09 2.7E–09 3.0E–09 4.5E–09 6.0E–09 7.5E–09 8.9E–09 1.0E–08 1.2E–08 1.3E–08 1.5E–08

900 2.8E–10 5.6E–10 8.4E–10 1.1E–09 1.4E–09 1.7E–09 2.0E–09 2.2E–09 2.5E–09 2.8E–09 4.2E–09 5.6E–09 7.0E–09 8.4E–09 9.8E–09 1.1E–08 1.3E–08 1.4E–08

1000 2.7E–10 5.3E–10 8.0E–10 1.1E–09 1.3E–09 1.6E–09 1.9E–09 2.1E–09 2.4E–09 2.7E–09 4.0E–09 5.3E–09 6.7E–09 8.0E–09 9.3E–09 1.1E–08 1.2E–08 1.3E–08

Electron 

energy 

(eV)

Time [s] for an electron to travel from the cathode surface to the cathode centre

Cathode diameter (m)
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Several groups have shown that the length of the cathode also plays
an important role in discharge characteristics [48,140,152,185–189].
One study [190] showed that for a 4-mm-diameter cathode operated
at 2.3 kPa (17 Torr, p.d ~6.9 Torr cm) the optimum length of the cathode
for a uniform axially-excited atom density (plasma density) was
20mm. For longer cathodes, a strong axial non-uniformity in the plasma
density was found with two maxima near the exit of each end of the
cathode and a minimum in the central region. The I–V characteristics
of the discharge showed little change as the length was increased
from 20 to 50 mm implying that only the two regions of maximum
plasma density were active and the increased central area between
the twomaximadid not contribute to the plasma current. The discharge
in a 10-mm-long cathode was stable but significantly higher voltages
were needed to generate the same current that was obtained with the
20 mm version, again showing that the active area of the cathode was
very important for the production of electrons and ions.

Reference [152] reported that the ratio of the length to the radius of
the cathode should not exceed 14, while reference [36] suggested 7–10
for this ratio. The study [185] reported that the relative loss of fast elec-
trons through the aperture of the cathode increased as the cathode
length was reduced and that this increased loss raised the minimum
pressure limit atwhich the HCD state could be established. The addition
of an electron reflector or an appropriate magnetic field was found to
again lower the minimum operating pressure of the hollow cathode.
The HCD state could be easily sustained for ratios of the aperture area
to the internal area of the cathode of less than 0.2. For smaller values
of the ratio, the I–V characteristics of the discharge were almost
independent of the ratio. However, for ratio values greater than 0.2,
the applied voltage had to be increased considerably to maintain the
current; the plasma changed into the D-HC state. Other studies have
indicated that the loss of ions, from the low-field negative glow region,
through the ends of the hollow cathode can also be important in
quenching the HCD state [128].

6. Dependence on electrical supply: DC, RF or P-DC

As discussed earlier, the conventional theory of the hollow cathode
effect involvesmultiple sheath-to-sheath electron oscillations. Obvious-
ly, for the HCD condition to exist, such a process must take place in a
time less than half the period of the RF cycle, 37 ns, when the electrode
is negative. This means that for a hollow cathode of a given diameter,
there is a minimum electron velocity (energy) for the hollow cathode
effect to occur. Similarly, if pulsed DC, P-DC, is used, then only energies
and diameters that result in times shorter than the duration of the
negative pulse are allowable. Table 3 shows the time required for an
electron to perform three sheath-to-sheath oscillations as a function of
the electron energy and the cathode diameter; the darker shaded back-
ground highlights the allowable times for RF excitation of electrons and
the lighter shaded regions correspond to times shorter than 200 ns; a
commonly used value of the pulse length in P-DC experiments. This is,
of course, a simplification of the real situation since the electron velocity
would oscillate between zero at each extreme to an almost constant
maximum value within the central negative glow region. Table 4
shows similar data, but in agreement with the present model that the
hollow cathode effect involves electrons travelling from the surface of
the cathode to the centre of the cylinder.

If we assume that the electron energy is proportional to the applied
voltage and if we therefore concentrate our attention on the energy
range 200–400 eV, it can be seen that for the conventional pendulum
model there is quite a notable limitation on the cathode diameters
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that can be used, independent of the gas pressure. For RF, the quasi-
resonant hollow-cathode discharge should not exist for cathode diame-
ters of 20 cm, or larger. However, using the present model based on the
formation of doubly ionized ions, the HCD effect should be possible for
50 cm diameter cathodes, or larger. Unfortunately, there are very few
experimental studies of the formation of the true HCD state using RF.
Many reports involving the use of RF and cold cathodes do not present
clear evidence that the discharge is in the HCD, rather than D-HC
mode. Furthermore, most RF hollow cathode articles use cathode diam-
eters less than 10 cm [139,191–193]. The cathode diameter limitation
for P-DC is much less and if pulse lengths longer than 200 ns are used,
the discharge appears to be very similar to a DC discharge [122,194].

Pulsed DC has been extensively studied for hollow cathode gas-flow
sputtering systems and it has been reported that the rate of current in-
crease versus voltagewas similar for bothDC and P-DC. However, under
the same conditions, the voltage required to create the high-density
plasma was significantly lower for the P-DC excitation [22,180].

7. Magnetic field effect

In general terms, the application of a magnetic field along the axis of
the hollow cathode has an effect similar to that of a magnetron cathode.
The idea is that if themagnetic field is applied perpendicular to the elec-
tric field, then the electrons adopt a helical trajectory and this extended
path length increases the probability of ionization events. In the case of
the planar magnetron, it is clear how the trapping of the electrons in a
helical trajectory can be beneficial. The field intensity needs to be such
that the electrons are trapped near the presheath, i.e. close to the edge
of the negative glow, so that the additional ions produced are accelerat-
ed by the full sheath potential. Since in the hollow cathode, electrons are
not as easily lost to ground as in the case of the planar magnetron, it is
not completely clear how the magnetic field increases ionization. How-
ever, the use ofmagneticfields has been reported to increase the plasma
density and, correspondingly, the plasma current [195–204].

Additionally, it has been found that above a certain threshold
value, the effect of the magnetic field saturates and it was proposed
that the magnetic field could be beneficial only while the Larmor
radius of the electrons was less than the sheath thickness. Under these
conditions, the electrons are confined close to the cathode surface
and fundamentally alter the structure and parameters of the sheath
[3,195,196,199,205,206].

8. Use of hollow cathodes in the synthesis of thin films

Hollow cathodes are used in a wide variety of applications: as effi-
cient light sources [23], as sources of electrons [207–213] to generate
excited species for elemental analysis [1,152,183,214], as ion sources
[3,199,215–219], for nitriding [220–223], space propulsion [224–226],
vacuum welding [227], basic plasma research [228,229], cluster forma-
tion [230] and plasma-activated pre-treatment and coating processes
[231–233] among others.

8.1. Review publications

Several review articles have been published on hollow cathodes.

The hollow-cathode effect and the theory of glow discharges, 1954 [13].
This is a study of the electric field between parallel plate cathodes
with a good summary of earlier work. The article concludes that
UV emission from the plasma was an “essential factor in secondary
electron emission”. The article includes 53 references.
Hollow cathode arcs, 1974 [26]. The paper clearly describes the
operation andworking regimes of hollow-cathode arcs, the variation
of the discharge properties along the cathode, the interdependence
between the cathode sheath voltage and the gas flow, the use of
magnetic fields and the rotation and oscillation of the arc. Various
applications of the HCA are listed. The paper incorporates 119
references.
Magnetron sputtering: basic physics and application to cylindrical
magnetrons, 1978 [234]. This is a concise presentation of the basic
principles underlying the operation of DC magnetron sputtering
sources, with emphasis on cylindrical magnetrons including hollow
cathodes. The paper includes 90 references.
Theory of the hollow cathode arc, 1978 [27]. A fairly complete descrip-
tion of the physical processes involved in HCA, including the radial
and axial variation of the plasma parameters and the axial variation
of the gas pressure and wall temperature. The study demonstrates
the importance of the field-enhanced thermionic effect for electron
emission from the cathode and that the cathode wall is mainly
heated by ion bombardment. The study includes 27 references.
A critical review of spectral and related physical properties of the hollow
cathode discharge, 1981 [24]. This paper summarizes the previous
50 years of work on the electrical characteristics of the DC hollow
cathode discharge. The densities and energies of the electrons and
positive ions found in hollow cathode cavities are discussed in
relation to the spectral line intensities of the carrier gas and atoms
sputtered from the cathode. The review includes reports the exis-
tence of significant amounts of high-energy doubly-charged argon
ions and the radial distribution of the different charge particles. This
work contains 68 references.
Hollow Cathode Discharges, 1984 [21]. The article covers both hollow
cathode and Grimm type discharges [235] used for glow discharge
optical emission spectroscopy. The paper includes a good descrip-
tion of the fundamental properties of the glow discharge and
sputtering phenomena, together with a description of the impor-
tance of the geometry of the cathode and many applications. The
article has 690 references.
Hot hollow cathode and its applications in vacuum coating: A concise
review, 1986 [236]. A clear description of the conventional hollow
cathode effect is given. Both cold and hot discharges are described
and the characteristics of two examples of thin films deposited using
hollow cathode discharges are presented. The paper includes 69
references.
Hollow cathode etching and deposition, 1988 [237]. The main theme
of this paper is the good selectivity and etching characteristics
provided by the HC discharge. However, deposition of polymers,
SiO2 and Si is also described. The study contains 41 references.
The study of the physics of hollow cathode discharges, 1993 [25]. The
study concludes that photoelectron emission from the cathode
cannot explain the I–V characteristics of the hollow cathode effect.
The paper includes 31 references.
Radio frequency hollow cathodes for plasma processing technology,
1996, [139] and Thin film processing by radio frequency hollow
cathodes, 1997 [192]. These two reports contain very similar infor-
mation. They summarize the principal features of RF hollow cathode
discharges; bothHCD andHCA. The studies consider thatmetastable
excited atoms act as an additional heat source enhancing thermionic
electron emission and ionization of the gas. In the case of the HCA,
it was reported that the discharge could be sustained with the
sputtered metal ions and no additional gas. Examples are included
of PECVD and PVD processes, andmagnetic focussing in a linear hol-
low cathode system. 52 and 32 references are included, respectively.
High-pressure hollow cathode discharges, 1997 [120]. This paper
includes a good description of the p.d relation for hollow cathode
operation leading to the explanation of the operation of micro-HCs
at high pressures. The article contains 23 references.
Review: Gas discharge plasmas and their applications, 2002 [238]. This
work provides a concise overview of DC, pulsed DC, RF, and micro-
wave glow discharges, various types of atmospheric plasmas and
low-pressure high-density plasmas in different forms, including
electron cyclotron resonators (ECRs), helicon sources, inductively-
coupled plasmas (ICPs) and expanding jets. An extensive list of



Table 5
Publications of thin film synthesis by gas-flow sputtering in a hollow cathode. The target material and sputtering gases are given in the left column. In cases for which reactive gas was
remotely added to the discharge, this is also listed.

Deposited material
[Solid material/source gas]

Deposition rate Substrate (ND) = not
defined

Comments Refs. (year)

Fe
[Fe/Ar]

13,000 nm/min Glass DC probably arc, 666 Pa, 370 V/0.5 A, Tsubs N500 °C. [268] (1987)

Fe, Ti, Cu
[Metal/Ar]

130 nm/min (Fe), 420 nm/min (Cu),
74 nm/min (Ti)

Glass, Si (ND) Cathode/anode/……./cathode/anode construction.
Not cooled → probably arc. 666 Pa, b160 W (DC),
Tsubs ~380 °C from plasma heating. Good film adhesion.

[268,270]
(1987, 1988)

Cu, Fe, Ti
[Metal/Ar]

420 nm/min (Cu), 160 nm/min
(Fe, 74 nm/min) (Ti) depending
on the gas flow & plasma power

Glass DC HC water-cooled, 133 Pa, 1.5 A, 350 V (Cu), 320 V
(Fe), 250 V (Ti), Tsubs 250 °C (Cu & Ti), 190 °C (Fe).

[270,271]
(1989)

YBaCuO
[YBaCu/Ar with O2]

1.1–2.3 nm/min Cu coated Si, MgO (100) Linear water-cooled HC, DC 260 V/0.3 A, pressure
300–400 Pa, Tsubs 710–800 °C. Good superconductors.

[156,272]
(1991, 1996)

Cu, YBa2Cu3O7 − x

[Cu or YBaCu/Ar]
50 nm/min (Cu),
2.3 nm/min (YBCO)

YSZ (001), SrTiO3 (100) DC HC water cooled. For Cu 0.6 A/380 V. For YBCO
0.6 A/160 V, Tsubs 500 °C

[156,272]
(1991, 1996)

A12O3

[Al/Ar + remote O2]
150 nm/min Glass Linear 10 cm HC, 1.4 kW DC, probably arc, 40 Pa. [139,267]

(1996)
Al2O3, ZrO2, TiO2

[Metal/Ar + remote O2]
~330 nm/min Not given Linear HC 10–47 cm, probably arc, 3–10 kW DC,

40–80 Pa.
[267] (1996)

Ni80Fe20 NPs
[NiFe/Ar]
Ag film
[Ag/Ar]

NPs 4–6 nm Glass Two HC sources, NiFe & Ag. Pressure 200 Pa, DC 470 &
110 W, respectively. Gas phase formation of NPs then
covered with Ag film.

[273] (1996)

Al, Ti, Zr, Al2O3, ZrO2, TiO2, TiN
YBaCuO
[Metal or YBaCu/Ar]

For metals several nm/min (Mo)
to μm/min (Pt).
570 nm/min (Ti)
100 nm/min (TiN)

Glass, Si (ND) Linear & cylindrical HC RF, 280 W, pressure 100 Pa.
Adherence of more than 20 N/mm2.

[139,274]
(1996)

Al, Ti, Cr & oxides, nitrides, carbides
[Metal/Ar + O2, N2, C2H2 or CH4

remote]

60 nm/min (Al),
47 nm/min (Ti),
250–500 nm/min (oxides)

Polyamide, poly-
etherether-ketone, epoxy
resin, phenol formaldehyde

DC HC arc, −880 V, 2–4 kW, 10–104 Pa. Good wear
resistance and film adhesion.

[275] (1998)

Co
[Co/Ar]

6 nm/min Glass Cylindrical water-cooled HC, DC 470 W, pressure 133
Pa, Tsubs 75–650 °C. Good quality polycrystalline films.

[276] (1998)

a-C:H(Ti)
[Ti/Ar + remote C2H2 or CH4]
Ti-C:H (methane)

200 nm/min (C2H2)
50 nm/min (CH4)

Polymers with a metal
interlayer

Linear water-cooled HC, DC 700 W, Tsubs 200 °C, 80 Pa.
Films with good wear resistance and hardness. Is a
combination of PVD + PECVD.

[277] (1998)

Al, Ti
[Al or Ti/Ar or N2], AlN, Al2O3

[Al/Ar + N2 or O2]

5 nm/min (Ti)
40 nm/min (Al)
150 nm/min (AlN)
15 nm/min (Al2O3)

Si (ND), soda–lime glass RF cylindrical HC, HCD (medium power) & HC arc
(high power). D-HC → HCD transition at a higher
power for N2 & Ti, than for Ar & Al.

[278] (1999)

CNSix
[Graphite + Si/Ar + CH4]

High roughness ~2 nm/min, C/N =
0.75 (C3N4) for Si b6 at.%

Mo foil Water-cooled cylindrical HC, RF 400–600 kW, 666 Pa,
Tsubs 600–1100 °C.

[172] (2000)

TiOxNy

[Ti/Ar + N2 + O2]
54 nm/min Corning glass HC arc, DC V/A, pressure 6.7 Pa. [8] (2000)

Al2O3, TiO2, ITO
[Metal/Ar + O2]

400–1000 nm/min (Al2O3),
150–1500 nm/min (TiO2),
500 nm/min (ITO)

Glass, Si(ND) Linear HC, 40 kW, pressure 50 Pa. Probably HC arc. [279] (2000)

YBa2Cu307 − x, [YBCO/Ar + O2] 1.1 nm/min with thickness
uniformity over 2 in. substrate of 5%

MgO (100) A 9 cm diam. cylindrical water-cooled HC with a
magnetic field. Tsubs 760 °C at 27 Pa.

[267,280]
(2001)

a-Si:H
[Si(nozzle)/Ar + H2]

8–35 nm/min
DC films better quality than RF films

Si (ND), quartz DC & RF HC both cooled & uncooled with magnetic field
(200G), −500 to −557 V, 0.5–0.7 A, Tnozzle 1000 °C,
267 Pa, Tsubs 230 °C.

[281,282]
(2001, 2002)

AlOx

[Al/Ar × O2]
10–15 nm/min Glass placed inside the

2.5 cm diam. HC
Water-cooled HC DC, 600–900 V/0.1–0.15 A, 8.67 Pa. [283] (2002)

ZnO:Al, ZnO:B,
IN2O3:(Mo,Zr,W,Nb,Ta,Ti)
[Metal/Ar + O2 remote]

400 nm/min Soda–lime glass, Si(ND) Linear water-cooled HC pulsed DC (100 kHz), 180–900
W, pressure 20 Pa, Tsubs 120–300 °C.

[284,181,285]
(2003, 2004,
2005)

TiN
[Ti + Ar/N2]
TiOx

[Ti + Ar/O2]
ZnO:Al
[Zn:Al + Ar/O2]

2000 nm/min
–

100 nm/min

Si(111), glass RF linear HC with rotating magnets both arc & HCD,
1.1 kW, 0.67 Pa.

[177,286]
(2003, 2009)

Cu, Al, Zn
[Metal/Ar]

180–1200 nm/min Soda–lime glass, Si(ND) Linear water-cooled HC DC, 300–450 V/0.66–1.5 A,
40 Pa.

[181] (2004)

TiN
[Ti/Ar + N2]

150 nm/min Si(ND), high-speed steel RF + microwave hybrid HC arc with magnets,
3 kW (RF) + 1 kW (μW), 0.8 Pa.

[287] (2004)

Ti, Al, Cu & W
[Metal/Ar + O2 remote]

Nanocomposite films with 18.7 nm
Ø particles. Rate not given.

Si(100), 100Cr6 steel
coated with Al or Ti to
improve adhesion.

DC HC probably arc, 650–700 V, 2–4 kW, 20–90 Pa,
Tsubs 200 °C. Good tribological properties.

[288,289]
(2004)

a-Si:H,
a-Ge:H,
a-SiGe:H
[2 nozzles Si, Ge + Ar/H2]
GeC
[2 nozzles Ge + Ar/H2 &
graphite + Ar]

33–50 nm/min
100 nm/min
25–35 nm/min
Not given

Si(100), glass DC HC water-cooled with a variable magnetic field,
500 V/0.6 A, 0.5 Pa (Si), 500 V/0.45 A, 0.27 Pa (Ge),
650 V/0.75 A, 0.5–2.0 Pa (SiGe), Tsubs 230–350 °C.

[290–292,241]
(2004– 2007)

(continued on next page)
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Table 5 (continued)

Deposited material
[Solid material/source gas]

Deposition rate Substrate (ND) = not
defined

Comments Refs. (year)

Pb(ZrxTI1 − x)2O3

[Rings of Pb, Zr, Ti/Ar + O2

remote]

200–250 nm/min Si(ND) + barrier layers
(Si3N4 + SiO2)

Cylindrical HC DC 400–600 V, 40–70 Pa, Tsubs
230–550–650 °C. Piezoelectric films.

[293–295]
(2006, 2007)

NiFe & SmCo
[Metals/Ar]

460–1420 nm/min Glass DC HC probably arc, 650–700 V, 1.2–2.5 kW, 20–90 Pa,
Tsubs 300–600 °C plasma heating. Hard & soft magnetic
film.

[296,297]
(2006, 2007)

Fe
[Fe/Ar]

15–170 nm diam. by varying
conditions. Nanoparticles grow
larger with larger HC-to-subs
distance.

Glass DC HC possible arc, Tgas ~100 °C, 300 V, 0.2–1.2 A,
130–1300 Pa, HC-to-subs 1.7–7.0 cm.

[298,299]
(2006, 2009)

Hydrogen free DLC
[Graphite/Ar]

10 nm/min. Not given DC HC arc, 110 A, 30–40 V, 0.13 Pa, low gas flow
(30 sccm), Tsubs 400 °C with pulsed DC bias 250–400 V.

[300] (2006)

TiO2

[Ti + Ar/O2]
60 nm/min Si(100) DC HC no cooling, 310 V/0.3 A, 0.3–0.8 Pa, Tsubs 100 °C [301] (2006)

CoxPty
[Co tube + Pt chips/Ar]
Fe nanoparticles
[Fe/Ar]
Fe3O4 films & nanopillars
[Fe + Ar/He + O2 remote]

Not given
NPs 5–150 nm diam.

MgO(ND), GaAs HC DC no cooling probably arc, 1–1.5 A, Tsubs 300–400
°C, 130–650 Pa.

[302] (2009)

Permalloy 80%Ni/20%Fe
[Fe + Ni/Ar]

150–360 nm/min Glass & Si(100) Water-cooled cylindrical HC, pulsed DC (250 kHz,
656 ns) 100–250 W, 2.7–8 Pa, Tsubs b60 °C plasma
heating.

[173] (2009)

Ti
[Ti/Ar]

22–330 nm/min depending on
incident angle & substrate shape

1.4016 (flat) & 1.4301
(pipe, cylinder, etc.) steels

Linear DC HC, 4.5 kW, Tsubs 320–380 °C, 47 Pa. [286] (2009)

ZnO:Al
[Al–Zn/Ar + remote O2]

200–300 nm/min decreased with
gas pressure, increase with gas flow.

Glass Water-cooled linear HC, 1.5 kW DC, pressure 50–80 Pa,
Tsubs 50–200 °C.

[303] (2009)

ZnO:Co
[Zn + Co/Ar + remote Ar + O2]

Not given
%Co in film depends on how much
Co was added inside the HC.

Glass Cylindrical HC DC 200W, 130 Pa, Tsubs 50–100 °C due to
plasma heating.

[304,305]
(2010)

Cr, CrN
[Cr/Ar or AR + N2]

(P-DC), 2000 nm/min Cr & CrN (RF)
600 nm/min Cr & 2400 nm/min CrN.
P-DC Cr less hard than RF Cr films

Si(ND) Hot cylindrical HC arc, P-DC (250 W) compared to RF,
67 Pa, Tsubs 350 °C (P-DC) −300 °C (RF) due to plasma
heating.

[193] (2011)

Fe nanoparticles
[Fe/Ar]

The NP size and shape (truncated
dodecahedron/spherical/cubical)
depended on a combination of the
deposition time, S–T & gas flow.

Glass or TEM grid. Cylindrical HC, 1 A/300 V, 1300 Pa. Tgas at HC 500 °C.
Subs–target separation (S–T) 170–700 mm

[306] (2012)

WO3

[W/Ar + remote O2]
268 nm/min 100 times larger than
magnetron sputtering

Sn-doped In2O3 Water-cooled linear HC, 1 kW DC, pressure 70–90 Pa,
Tsubs b50 °C.

[307] (2013)

Fe & Fe2O3

[Fe/Ar + O2 remote]
10–16 nm/min Fused silica Water-cooled cylindrical HC, pulsed DC (100 μs, 600

mA) with RF (15 W). Larger grains & deposition rate
than Fe2O3 by HIPIMS.

[308] (2013)

Cu nanoparticles
[Cu/Ar]

28,200 nm/min 10–40 nm diam. Not given Cylindrical HC, pressure 107 Pa, 3 A/30 μs pulses. [309] (2013)

TiO2 nanoparticles
[Ti/Ar + remote O2]

NPs b100 nm. Growth depends on
temp. gradient target-subs, partial
pressure O2, gas flow & HC current.

Si(111) Water-cooled cylindrical HC, 0.3 A/320–330 V, 0.3 Pa. [310] (2013)

Bi nanoparticles
[Bi/Ar]
Bi/a-C:H nanocomposites
[Bi/Ar + CH4 or C2H2 remote]

NPs 10–150 nm diameter,
0.4–4 nm/min
Nanocomposites 30–85 nm/min

Glass & Si(100) Toroidal planar hollow cathode, DC 40–120W, pressure
6.7–267 Pa, Tsubs b60 °C plasma heating.

[311] (2013)

C clusters
[Graphite/Ar]

Maximum C2 emission at 2.5 mbar. Not given Cylindrical HC, DC 0.5–1.2 kV, pressure 100–350 Pa. [312] (2014)
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applications of gas discharges is given: surfacemodification, deposi-
tion of thin films, etching and substrate cleaning, plasma-immersion
ion implantation, surface activation and functionalization, polymer-
ization of polymers, oxidation, nitriding, etc. Finally, light sources
including discharge lamps and lasers are described, together with
some environmental and biomedical applications. The paper has
196 references.
Plasma and ion sources in large-area coating: A review, 2005 [239].
Using the crucial idea that film properties can be controlled by ma-
nipulation of excited and ionized particles incident at the growing
film surface, this work explains and describes, with examples,
large-area deposition systems based on an extensive number of
plasma and ion or electron sources (microwave, RF, DC and pulsed
DC) including hollow cathodes. The review includes 130 references.
Review: Ionized physical vapor deposition (IPVD): A review of technol-
ogy and applications, 2006 [240]. This work concisely describes the
development and application of magnetron sputtering systems for
ionized physical vapour deposition (IPVD), together with the use
of supplementary discharges such as in inductively-coupled plasma
magnetron sputtering (ICP-MS), microwave amplified magnetron
sputtering, high power impulse magnetron sputtering (HIPIMS),
self-sustained sputtering (SSS) and hollow cathode magnetron
(HCM) systems. Examples are given to show how IPVD can lead to
improved film adhesion, coverage of complex shapes, densification,
and control of the plasma chemistry. The article contains 207
references.
Review: Analysis of semiconductor thin films deposited using a hollow
cathode plasma torch, 2007 [241]. This review is specific to the
use of the hollow cathode discharge to produce hydrogenated amor-
phous and polycrystalline films of semiconductors by reactive gas
flow sputtering. The paper includes 17 references.
Plasma processes at atmospheric and low pressures, 2009 [242]
and Cold atmospheric plasma: Sources, processes, and applications,
2010 [243]. These similar publications briefly review the primary



Table 6
Publications of thin film synthesis by cathode plasma enhanced chemical vapour deposition using a hollow cathode. The depositedmaterial, solid and gaseous precursors are given in the
left column.

Deposited material
[Precursors]

Deposition rate Substrate Comments Refs.

Si3N4

[SiH4 + N2 + Ar]
6 nm/min Si(ND), glass, Fe, Mo, Cu,

Al, W, Ge, GaAs
Microwave hollow cathode excitation of N2, 20–300 Pa,
10–800 W, Tsubs 50–400 °C

[313]
(1985)

Diamond
[CH4 + H2]

17–54 nm/min Si(100), Mo Cylindrical HC DC arc, 75–115 V/8 A, 267–3333 Pa,
Tsubs 800–1000 °C

[314]
(1988)

a-Si:H
[SiH4]
Si3N4

[SiH4 + Ar + N2] in coaxial system

30 μ/min a-Si:H,
1.7 nm/min Si3N4

Si(ND), glass + ITO HC arc cathode inside a quartz tube or coaxial
cathode-anode tubes, DC 100 W, 67 Pa, Tsubs 230 °C.

[315]
(1989)

SiOx:F
[O2 + SiH4 + CF4]

200 nm/min Multilayers SiOx/SiOx:F/Si RF, b1 Pa, Tsubs 250–300 °C. [316]
(1995)

SiOx:Ge(16–5 mol%)
[SiH4 + GeH4 + O2]

Not given Si(ND) with buffer layers RF 300–600 W, Tsubs 300–400 °C (plasma heating), 2 Pa. [317,318]
(1996, 1998)

a-Si:H
[Ar + SiH4 + H2],
SiN
[Ar + SiH4 + N2],
SixOyNz SiCx

[Ar + SiH4 + C2H2],
DLC, C
[N10%CH4 + H2],
Diamond
[b1%CH4 + H2]

0.5–103 μm/min,
1–103 μm/min,
Not given,
1–10 μm/min,
b20 μm/min,
10–30 nm/min

Si(ND), glass
Si(ND), glass
Al, stainless steel
Al, stainless steel
Si(ND), Mo, W

50–100 Pa, Tsubs 200 °C
50–100 Pa, Tsubs 100–500 °C
Not given
100 Pa, Tsubs b300 °C
500–104 Pa, Tsubs b900 °C
500–104 Pa, Tsubs b900 °C
RF HC arc, N100W, small cathode used to coat the inside of
tubes.

[192] &
refs. therein
(1997)

Surface modification
[O2]

Not applicable Polypropylene foil and
cellulose membrane

RF linear HC, 600W, 0.1 Pa (with hollow anode), 1–600 Pa. [191]
(1997)

PTFE-like
[C4F8 + Ar]

15–100 nm/min Steel, plastic, paper, textiles Coaxial cathode–anode Ar + remote C4F8, RF 50–200 W,
5–100 Pa.

[319,320]
(1997,
1998)

a-C:H
[CH4 or C2H2 + Ar or He]

Not given Not given HC arc + magnetic field 100 G, DC 40 V (Ar)–100 V
(He)/20–60 A, 0.3–0.5 Pa. Good plasma studies.

[231]
(1999)

CNx:Si
[CH4 + N2/(Si + graphite)]

b10 nm/min Mo RF 400–600 W, 667 Pa, Tsubs 600–1100 °C. C/N = 3/4 for Si
N5 at.%.

[172]
(2000)

TiOx

[Titanium tetra-isopropoxide + He + Ar
+ O2]

50 nm/min Si(100), quartz RF multi-jet HC, 1 kW, Tsubs 70 °C, 20 Pa. [321]
(2001)

DLC
[He thru' HC + CH4 remote]

70–80 nm/min Si(111) RF multi-jet HC, 1 kW, substrate with RF bias (−370 V
best hardness), 50–100 Pa.

[322]
(2002)

DLC
[He + Ar thru' HC + C2H2 remote]

100 nm/min Si(100), stainless steel RF multi-jet HC water-cooled, 400 W, modulated RF
substrate bias (240 W 100 Hz), 20 Pa, Tsubs 150 °C.

[323]
(2002)

DLC, SiC, Si
[CH4 + C2H2 + SiH4]

83 nm/min Steel tubing, Si(ND) Tubular HC, pulsed DC (2 kHz, 20 μs) 4 kV, coating the
inside of tubes. PECVD + external cusp magnetic field, 2 Pa.

[324]
(2004)

a-C:H
[CH4]

1–100 nm/min function
of Vself-bias

Si(100) mounted on one
water cooled cathode

RF planar HC, 20–140 W, 1.3–6.7 Pa, Vself-bias −100 to
−500 V.

[325]
(2007)

DLC
[Ar + C2H2]

20–40 nm/min function
of Vbias

Ti buffer/stainless steel RF HC 300 W, 2 Pa, Vbias −200 V. [326]
(2008)

Si:Ox:Cy:Hz

[Hexamethyl-disoloxane + He + Ar]
1.3–17 nm/min Si(111), quartz Remote RF HC coaxial cathode–anode 100–300 W, 3 Pa. [327]

(2008)
SiC/DLC
[Si precursor + C2H2]

0.1–1 μm/min 304 stainless steel Bipolar pulsed (b30 μs) DC deposit on the inside of tubes,
0.1–1 kV, 13.3 Pa, Tsub 200 °C. Good hardness & corrosion
resistance.

[328]
(2008)

CNx

[CH4 + NH3]
Thickness 1 μm, no
deposition rate given

Si(ND) Cylindrical HC, DC 350 V, pressure 1 × 102 Pa, N/C ~0.39. [329,330]
(2008,
2012)

Not defined
[Ar + tetramethylsilane]

Rate not given
(deposition inside tube)

Stainless steel Supersonic expansion thru' a HC arc in a tube, N10 Pa,
200 kHz P-DC, D-HC at 50 W/HCD at 150 W. Good study of
the importance of the pressure variation.

[331]
(2009)

a-CNx:H
[CH4 + NH3 + H2]

Not given Si(ND), quartz DC HC −350 V, 100 Pa. XPS, UV–Vis & FTIR analysis. [332]
(2009)

DLC
[Ar + C2H2 + tetramethylsilane]

500 nm/min (deposition
inside tube)

1020 carbon steel DC HC 0.1–10 kV, Tsubs b200 °C, 9.3–16 Pa. [333]
(2009)

SiOxCy

[Hexamethyl-disiloxane + Ar + N2O]
Not given Glass + ITO RF 50 W PECVD 9.3 Pa. Film hardness increased with

increasing N2O in gas.
[334]
(2010)

μC-Si:H
[SiH4 + H2]

40 nm/min @ 200 Pa Not given Multi HC RF 5–50 W, 80–330 Pa, Tsubs 200 °C [335]
(2011)

Si (28 at.%) + C (37 at.%) + O2 (22 at.%) +
H2 (13 at.%)
[Ar + tetramethyl-silane]

1.6 μm/min Zinc alloy coated steel as
cathodes

P-DC, 0.4 Pa, 1.2 kW, corrosion resistant coatings. [336]
(2011)

a-C:H
[Ar thru' HC + C2H2 + Ar remote]

0.2–1 μm/min (a
function of C2H2 flow)

Stainless steel, glass,
Si(ND) with Ti buffer layer.

DC HC arc with magnetic field (8 Pa), 100 A/20–100 V,
DLC @ Vbias 200 V + Tsubs 290 °C, graphite-like @
Vbias 200 V+Tsubs 500 °C, polymer-like @ no Vbias+ Tsubs 150 °C.

[160]
(2012)

SixOyFz
[O2 + SiH4 + CF4]

190 nm/min Si(100) RF b200W, 1.3 Pa, Tsubs 380 °C. Thick low stress, crack-free
graded index films.

[337]
(2012)

a-C:H
[Ar + C2H2]

1 μm/min Stainless steel, glass,
Si(ND) with Ti.

Arc PECVD + magnetic field of 8 Pa. 100 A/30–100 V,
0.3 Pa. Ta tube. Polymer-like, diamond-like, graphite-like
as a function of substrate bias & Tsubs.

[160]
(2012)

(continued on next page)
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Table 6 (continued)

Deposited material
[Precursors]

Deposition rate Substrate Comments Refs.

a-C + 30–50 at.% Cu + 4–5 at.% H
[Ar + C2H2]

500 nm/min Si(100) Pulsed DC, 450 V/12 A, 60–73 Pa. [338]
(2012)

a-C(N):H
[CH4/H2 + N2 or NH3]

17 nm/min Si(111), W, Mo Deposition or erosion in the hollow cathode as a function
of N2 or NH3 concentration. 8.7–107 Pa.

[339]
(2013)

SiOx

[Hexamethyl-disoloxane]
500–3000 nm/min Polymers, glass Multiple DC arc PECVD. Pressure 0.5–5 Pa. [340]

(2013)
a-C:H + Cu
[C2H2 + Ar]

500 nm/min Not given Review of high pressure P-DC PECVD, 70–170 Pa. [341]
(2013)

DLC
[C2H2 + Ar]

17–45 nm/min Si(100) Cylindrical or linear HC RF 20–100 W, pressure 0.75–4 Pa,
Tsubs not given.

[342]
(2013)

GaN, AlN & AlxGa1 − xN [Ar +
trimethylaluminum, trimethylgallium]

Dep rate depends on the
ALD cycling.

Si(100) & C-plane sapphire HC assisted atomic layer deposition, RF 300 W, 20 Pa,
Tsubs 200 °C.

[343,344]
(2014)

DLC
[C3H8 + CH4 + Si(CH3)2Cl2 + H2]

Not given Si(100) Water-cooled cylindrical HC with magnetic field
(~80 mT), DC 350–400 V/60–80 mA, 0.8–3.4 Pa.
Tsubs b250 °C plasma heating.

[345]
(2014)

DLC
[CH4 + Ar]

29 nm/min Stainless steel tube DC HC of stainless steel, 380–420 V/5–8 mA, 20–30 Pa,
Tsubs not given.

[6] (2014)
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principles, advantages, and drawbacks of non-equilibrium (cold)
atmospheric plasma systems, together with the capabilities and
limitations of the atmospheric plasma processing compared with
conventional low-pressure plasma processing. An extensive list of
cold atmospheric plasma sources is presented, including various sys-
tems based on hollow cathodes. 45 and 110 references are included,
respectively.
Hollow Cathode Effect in Cold Cathode Fluorescent Lamps: A Review,
2010 [23]. The paper contains a good assessment of the literature
on the hollow cathode effect and the conventional models involving
the pendulum electrons. The study concluded that the value of the
product of gas pressure and cathode diameter used in standard cold
cathode fluorescent lamps (CCFL) means that they do not operate
using the quasi-resonant hollow cathode effect. The review contains
17 references.
8.2. Applications

High-density hollow-cathode plasmas have been employed in sev-
eral ways for the preparation of thin films and all three variants of the
hollow cathode discharge, D-HC, HCD and HCA, have been used. Unfor-
tunately, quite frequently the authors of the reports and publications do
not clearly describe which hollow-cathode version is being used.

The high density of electrons and the resulting gas phase collisions
can be used as an effective energy source to produce chemical reactions
in the precursor gas mixture; as in basic plasma-enhanced chemical va-
pour deposition (PECVD) type processes. Such processes have been
studied when they occur inside the hollow cathode or remotely with
the hollow cathode acting as a high flux source of electrons [244,245].

Both electron and ion source variants of the hollow cathode have
been used for etching [237,246,247], nitriding [220–223], surface
cleaning [177,248] and modification [249–251]. Additionally, hollow
cathode discharge and arc systems have been employed as electron
sources to enhance the performance of magnetron sputtering in
the same way as earlier filament triode sources were used. The use of
hollow cathodes in this way was quite popular from the mid 1980s to
the mid 1990s [252–255] and a number of patents were awarded
[US#4588490 hollow cathode enhanced magnetron sputter device,
US#4824544 large area cathode lift-off sputter deposition device,
US#4588490 an etching-deposition system, high plasma density]. How-
ever, more recently there have been few new publications. Along simi-
lar lines, there have been several papers [156,256,257] about the use of
holes in a magnetron sputtering target, or the use of a cylindrical exten-
sion surrounding the target, that act as a hollow cathode. In the first
case, the idea is that a hollow cathode discharge can be established
in the holes and supply electrons and thus enhance the magnetron dis-
charge and therefore the sputtering rate [156,256,258]. In the second
version, the magnetron discharge is confined by the extension tube
and this increases the plasma density and therefore the sputtering effi-
ciency [257,259–261].

Large-diameter systems have been used to coat electrically-floating
substrates placed inside the cylindrical cathodes. An advantage of this
arrangement is that sputtering of the interior of the cylindrical target
causes the depositing species to arrive at the substrate from all angles
and therefore complex shapes can be easily coated very uniformly
[234,262–266].

Another sputtering process in a hollow cathode first reported in
1962 [45] has now been developed into the gas-flow sputtering (GFS)
technique [267]. Full details were first reported by K. Ishii in 1987
[268], and since then more than 200 articles and approximately 12
patents have been awarded. In fact, there are several forms of the GFS
system independent of whether they use DC, RF or P-DC [269];

If the cathode is not cooled, then the discharge is normally a high-
density high temperature arc.Some studies have involved systems
with axial magnetic fields.
Reactive sputtering has been carried out in which the reactive gas is
passed through the hollow cathode or, to reduce reaction with the
cathode surface, the reactive gas is added in the remote afterglow
area at the outlet of the cathode.
Linear planar cathodes have been developed to coat large areas, with
or without stationary or varying magnetic fields.

The common principal is that atoms sputtered from one area of the
cathodewall, rather than just depositing on the opposingwall segment,
are entrained by the high gas flow toward the exit of the cathode. In this
way the gas flow, as well as the plasma power, can be used to control
the deposition rate. For the cold cathode versions, the useable pressure
range for high efficiency use is limited by the p.d restrictions discussed
earlier. However, several articles [21,23,234] have reported the use of
hollow cathodes under conditions where the quasi-resonant HCD
state does not occur, but the increased plasma density found for the
D-HC status is nevertheless sufficient to give beneficial results.

Tables 5 and 6 provide an extensive and approximately chronologi-
cal selection of the reports of thin film synthesis, the conditions used
and the range of deposition rates found for GFS and PECVD processes
in hollow cathode systems. The left column includes the target or pre-
cursor material and sputtering or source gas used.
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9. Conclusions

In this review, we described the three types of discharges that are
observed in a hollow cathode: 1) the high-voltage, low-current low-
density plasma that we refer to as a discharge in a hollow cathode D-
HC, 2) the quasi-resonant high-current discharge, whichwe have called
thehollow cathodedischargeHCD, and 3) the low-voltage, high-current
hollow cathode arc HCA. We used the basic concepts of plasma physics,
particularly the gas phase and cathode surface excitation and ionization
collision processes, to describe the structure of a typical parallel-plate
DC discharge. Here we explained how published data have shown that
the luminosity of the cathode glow is primarily due to ion-impact rather
than electron-impact excitation. This idea implies that the energy of the
majority of the electrons in the cathode sheath is less than about 25 eV
between the cathode and the edge of the negative glow, greater than
this value inside the negative glow region and is again less than
~25 eV from the border of the negative glow region to throughout
most of the Faraday dark space.

The conventional theory of operation of the hollow cathode dis-
charge, based on the existence of “pendulum” electrons, was presented
and some inconsistencies of the model were discussed. In addition, the
importance of combined thermionic-field electron emission process
fromhot cathodeswas described as an explanation of the characteristics
of cathode arcs.

Using data from a description of the structure of a DC discharge to-
gether with published values of secondary electron emission coeffi-
cients for singly- and doubly-charged noble gas ions, we presented a
new model of the quasi-resonant hollow cathode discharge based on
the formation of doubly-charged ions within the negative glow region.
The basic hypothesis is that inside the negative glow the concentrated
flux of relatively high-energy electrons, together with the accumulation
of singly-charged ions, gives rise to the formation of doubly-charged
ions. Since the secondary electron emission coefficient of these ions is
approximately 4 times greater than that of singly-charged ions, the gen-
eration of doubly-charged ions strongly enhances the production of
electrons from the cathode and this, in turn, producesmore ions includ-
ing additional doubly-charged ions. This quasi-resonant process ex-
plains the super-linear increase in the plasma density, plasma current
and light emission of the discharge as the hollow cathode discharge
condition is established. The effect of: the cathode geometry, the gas
pressure/cathode-diameter product, the use of a pulsed-DC or RF
power supplies and a magnetic field was discussed in light of the new
discharge model.

An important implication of the newmodel is that a hydrogen quasi-
resonant hollow cathode discharge should not be possible. To study this,
we performed hollow cathode discharge experiments in argon, helium
and hydrogen, using the same conditions of plasma power, gas pressure
and flow. A quasi-resonant discharge was observed for argon and
helium but only a low-density, low-current plasma could be formed in
hydrogen.

A collection and brief description of most of the previous hollow
cathode review papers has been included and an extensive chronologi-
cal catalogue of reports describing the deposition of thinfilms using gas-
flow sputtering and plasma-enhanced chemical vapour deposition in
hollow cathode systems is presented.

Finally, the foremost characteristics of hollow cathode dis-
charges that make them of particular interest for coating applica-
tions are;

1) Plasma densities in excess of 1010 cm−3:
• This can provide high optical emission intensities.
• An intense flux of either electrons or ions can be extracted.
• Plasma chemical reactions for deposition, surface modification, or
etching can be strongly enhanced.

• Compared to magnetron sputtering, a larger fraction of sputtered
atoms is ionized; for magnetron sputtering M+/M ≤ 0.01 [78,346]
and for sputtering with a hollow cathode M+/M ≤ 0.2 [250,259,
260,269].

2) Since relatively high gas pressures are often used, the average elec-
tron temperature is typically a few eV [347], but compared to planar
sputtering discharges the ion energies can be significantly higher
[51], leading to relatively high gas temperatures.
• Plasma/gas heating of the substrate is important and, therefore, the
film properties often depend on the cathode-to-substrate distance,
as well as the plasma power used.

• The above, together with the high plasma density, further enhances
the rate of reactive chemical reactions.

3) Both the electrons and ions are accelerated by the intense sheath,
but velocities of both species are, in general, perpendicular to the
cathode surface and not toward the exit of the hollow cathode.

• This, together with the high gas pressure, means that, without
applying a negative substrate bias, there is little intrinsic bombard-
ment of the substrate [294].

4) The sputtered atoms travel from wall to wall within the hollow
cathode.

• A high gas flow can be used to entrain the atoms out of the cathode
to the substrate, as in gas-flow sputtering, and therefore provides a
way to control the deposition rate that is independent of the plasma
parameters.

5) Under the quasi-resonant condition of HCD, an appreciable concen-
tration of doubly-charged ions will be present in the discharge.
• For the same electric field, doubly-charged ions have twice the en-
ergy of a singly-charged ion, can sputter the target at amuch higher
rate and give rise to much larger (super-linear) secondary electron
emission yields [348,349].
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