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Abstract: The thermionic vacuum discharge method is very effective in that the films obtained
using this technology are characterised by a very high degree of adhesion, density and purity
because the deposition technique is carried out in high, very high or, if possible, in ultra-very
high vacuum conditions with no gas present. When the substrate is placed in vacuum, no heat
transfer particles are present, the substrate being heated only by the ion incident on the surface.
This advantage recommends the TVD method for deposits on plastics or other thermally sensitive
materials. Additionally, this slow heat transfer reduces energy loss, making the deposition method
industrially competitive. The paper aims to present theoretical aspects of this type of discharge,
compared to typical or more popular plasmas but also to present the achievements of this method
and its utility in the thin films production, layers that have specific imposed properties. The practical
depositions and applications presented are in the nuclear fusion-related material science and also for
obtaining materials for granular structures, used as magneto-resistive coatings.

Keywords: thermionic vacuum arc; thin films deposition techniques

1. Introduction

A tremendous endeavour in scientific and industrial activities is dedicated nowadays
to coatings, surface treatments, as well as to thin film production for a large domain of
applications.

The following opportunities are indicative of the high level of interest in surface
science phenomena:

The possibility to study the elementary particle interactions at the two-dimensional
level of the deposited film.

The ability to drastically change the physical-chemical properties of solid surfaces
such as:

- surface colour change;
- improvement of the surface tribological properties;
- surface passivation to environmental corrosion agents;
- surface mechanical hardening;
- surface electronic, luminous changes;
- development of new unique material structures, etc.

As a result, one can save and protect expensive materials, extend the life of various
device components, save energy, obtain new sources of energy, particularly through solar
energy conversion, obtain the most sophisticated layers for automation and IT components,
and push up new ways to obtain energy from thermonuclear devices, among other things.

Many deposition and surface treatment technologies are in use nowadays due to their
importance in both economic and research activity.

Among these, the following ones are worth being mentioned:

a. Sputtering of cathode material by ion bombardment during the electrical discharges
in noble gases, mostly argon;
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b. Chemical and plasma assisted chemical vapor deposition method where the electrical
discharges in chemical gases can produce active chemical reaction on the surfaces and
as a result, can cover them with different thin coatings, such as evaporations by mate-
rial heating and subsequent deposition, evaporation by laser surface bombardment
followed by material deposition, plasma jet deposition, anodic vacuum arc (AVA)
deposition and thermionic vacuum arc deposition (TVA).

Of course, there are additional deposition techniques, but we will only be focusing
on the last coating method within the scope of this review article because it has highly
fascinating qualities that are less well recognized in the scientific community. There
are some observations that must be made from the very beginning of this presentation
concerning even the denomination and these are the following: after this deposition process
was discovered in the eighth decade of the past century, it was given the current name,
the thermionic vacuum arc deposition method. However, this method can be used with
discharges ranging from modest currents of roughly a hundred mA to proper arc discharges
with currents of tens or even hundreds of amperes.

As will be demonstrated on the following pages of this work, it is possible to maintain
the vacuum discharge at low currents due to cathode heating by a special external source
that ensures sufficient thermo-electron emission from the cathode, capable of igniting
and maintaining the small current vacuum discharge, even in high vacuum conditions.
Therefore, a more proper denomination of this method would be the thermionic vacuum
discharge (TVD) method which includes both small current-high voltage discharges and
the high current, small voltage ones. These two modes of discharges, as it will be revealed
further, are able to be used when increasing the injected power into the plasma.

When treating the subject throughout this review article, the term “TVD” will be used
instead of “TVA” which, as will be seen, represents only a particular domain of the more
general one, namely TVD.

2. General Description of the TVD Method

The TVD method consists of a discharge that runs in an atmosphere of pure vapours
generated by the anode which in turn, is heated by the energetic action of the electrons
coming both from the heated cathode and from the plasma.

The thermo-electrons first emitted by the cathode are accelerated in high vacuum
conditions towards the anode on which a high positive potential is applied. This way,
the anode material, heated by energetic electron bombardment, is evaporated, and a pure
vapor atmosphere is created around the anode whose pressure increases and the necessary
conditions appear for plasma ignition by electron-vapor particle collisions. These space
particles, neutral or ionized, are expanding in the surrounding vacuum, and are deposited
on the probe substrates. Due to the thermo-electrons emitted by the externally heated
cathode, the plasma can be started, maintained and changed beginning with very low
discharge currents and high anode voltages (tens of milliamps-and kilovolts, respectively)
and continued up to hundreds of A and some volts.

In order to have a more detailed introspective view into the physical phenomena,
firstly, some general considerations over the cathode, anode and plasma events must be
considered further.

2.1. Cathode Phenomena

Imagine a tungsten filament intensely heated by a low voltage, high current electrical
source. The energy electron distribution function (Fermi distribution) within a solid at the
equilibrium can be simply obtained as follows [1,2]:

Let w1 and w2 be two discrete energy levels inside the solid which are occupied by
two electrons which are colliding with each other. After the collision, they are transferred
on the new energy levels, w′1 and w′2.

Let p(w) be the probability for an energy level, w, to be occupied by an electron. Then,
due to quantum effect, the probability for that energy level to be free is given by 1 − p(w)
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so that the probability for that energy level to be occupied or non-occupied is p(w) + 1 −
p(w) = 1 = certitude.

The probability to have a collision between two electrons having energies w1 and w2,
is proportional with the product p(w1). p(w2)[1 − p(w1′ )][1 − p(w2′ )] states that the levels
w1 and w2 must be occupied and the levels w1′ and w2′ must be free for such a collision to
appear. Similarly, the inverse collision can be produced proportionally with the probability
p(w1′ ) p(w2′ )[1 − p(w1)][1 − p(w2)]. At the equilibrium, the two expressions are equal, and
dividing both members of the obtained equation by the product p(w1) p(w2)p(w1′ )p(w2′ ),
one obtains:[

1
p(w1 − ∆w)

− 1
][

1
p(w2 + ∆w)

− 1
]
=

[
1

p(w1)
− 1
][

1
p(w2)

− 1
]

(1)

where the energy conservation w1 + w2 = w1′ + w2′ was considered, ∆w being given by
|w1 − w1′| = |w2′ − w2| = ∆w.

A solution of this equation, as directly seen, is [1/p(w) − 1] = a1exp(a2w). Finally, the
probability for the energy level w to be occupied is given by [2].

p(w) =
1

1 + a1 exp(a2w)

Now, the constant a1 can be written in a different, more convenient way as a1 = exp(−wF/kT),
and a2 as 1/kT. The Fermi—Dirac distribution that prescribes the number of electrons
having the energy w, within a unit space of the solid, is given by:

f (w) = n
1

1 + exp(w−wF
kT )

Here, n is the total number of electrons found within a unit space of solid and this
formula shows that the number of electrons with energy w is given by the product of total
number of electrons existent in the unit space volume multiplied by the probability to find
an electron with that energy [p(w)]. It must be underlined that the constant a2 was chosen
to obtain the usual Maxwell–Boltzmann distribution function for the high energy values
(w >> wF) when the discrete energy spectrum tends to be continuous and when

1 << exp
(

w− wF
kT

)
Now, the expression of the emission current from the unit surface of the emitter is

obtained from Jx =
∫

ef (w)g(w)vx(w)dw. Here, x denotes the perpendicular axis on the
emitter surface, and g(w) is the density (per unit energy interval) of the possible energetic
states for the electrons inside the solid [3].

To evaluate this energy state density, the simplest energetic scheme within the metal,
which is that of free electrons, will be considered further.

The corresponding single-dimensional (x) Schrodinger equation is −}
2

2m
∂2ψ

∂x2 = wψ with
Ψ as the wave function, } as the Plank constant, m as the electron mass and w as the total
electron energy. Its solution is a sum of sine and cosine functions and must be zero at
the solid boundaries. From these conditions, the arbitrary coefficient of the cosine part
of the solution disappears while from the sine part, one obtains that the wave number,
kx, must be given by kx = nx π/L with nx—an integer, and L—the maximum length of
the solid along the x direction. This relation says that kx can have only discrete values
separated from one another by the π/L value. Then the total number of levels existent for a
given k2 = kx

2 + ky
2 + kz

2 is obtained as N = 2.4/3πk3(1/8) (π/L)−3 where the volume of
only one eighth part of the k space, together with the levels splitting due to the electron
spin orientation, were considered [3]. This volume was divided by the k space volume
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corresponding to an energy state, namely (π/L)3 to obtain the total number of states for a
fixed k2 value.

The density of states on the unit energy interval is readily obtained by deriving this
expression with respect to the energy (that is dN/dw = (dN/dk)(dk/dw)). Considering that
w(k) = }2k2/2m, finally the energy state density is given by g(w) = 8π

√
2

h3 m
1
2
√

w.
Therefore, the expression of the Jx current can be obtained from:

jx =
2em
h3 exp(

wF
kT

)

∞∫
vx,min

vx exp(−mv2
x

2kT
)dvx

∞∫
0

exp(−
mv2

y

kT
)dvy

∞∫
0

exp(−mv2
z

kT
)dvz (2)

Here, the transition from the energy-space to velocity-space was made and the condi-
tion (w − wF) >> kT was considered. The vx,min is the minimum x component of electron
speed value, necessary to overcome the solid energy barrier, (Φ = work function) and
to escape into the free space. Performing the well-known integrals appearing here, one
obtains the expression for the electron emitted current from the unit solid surface as [4]:

jx =
2em3

h3
kT
m

exp(− eΦ
kT

)
2πkT

m
=

4πem(kT)2

h3 exp(− eΦ
kT

) (3)

where e is the elementary charge, m is the electron mass, k is the Boltzmann constant, h is
the Planck constant, T is the filament temperature and Φ is the barrier encountered by the
electron on his way out of metal, which is the minimum energy. A particle of unit electric
charge must have to be able to exit the solid and become a free particle. This energy is
usually denoted by a work function and is a characteristic value for an electron emitting
solid [5].

One can see the exponential increase of the emitted current with the filament tempera-
ture. To generate a considerable thermo-emission current, the filament must be heated to
a significant temperature, but this temperature must not exceed the melting point of the
electron emitting material under the obvious conditions.

The well-known materials that meet these requirements are tungsten, rhenium and
carbon, with the first being the most utilized. There are also other metals with high
enough melting points, but their high commercial prices forbid their industrial use for
thermo-emission purposes.

Here, it must be underlined that different particles of other material adsorbed on
the emitter surface contribute to emitter work function; (Φ) changes and it exponentially
influences the thermo-emitted current value, as seen from the relation (3).

Usually, a high intensity thermo-electron emission is desired.
A possible way to improve this parameter is to use a thorium-tungsten alloy; when

heated, the thorium metal migrates towards the tungsten filament surface and contributes
to a work function decrease (Φw = 4.5 eV, Φth = 3.71 eV) and consequently, to a thermo-
electron increase.

Assuming an “atmosphere” of vapours generated of other material is present near
the emitter surface, these vapours could appear when the anode material is evaporated
by electronic bombardment. To appreciate the phenomena taking place in this case, the
following considerations will be made.

The evaporated atoms are adsorbed on the solid emitter surface, where they remain
for a period before being incorporated by the adsorbing material or leaving the surface
by thermal desorption. The atom (molecule) desorption rate from the solid surface can be
described by the Equation (5):

dN
dt

= −Nads f exp(− H
kTf il

) (4)

where Nads is the total number of the adsorbed particles on a unit surface of the solid, f is a
special term closely related to the vibration frequency of the adsorbed particles [5], H is the



Coatings 2023, 13, 1500 5 of 83

desorption energy barrier that an adsorbed particle must surpass when leaving the solid
surface and Tfil is the filament (solid surface) temperature.

At equilibrium, this particle flux directed away from the surface must be balanced by
the oncoming chaotic particle flux from the adjacent space on a unit solid surface.

If the space particle density is Ng, in the condition of chaotic particle movement, half
of them have a speed component oriented towards the solid surface, the other half having
the speed oriented away from the solid. The space mean value of this unidirectional speed
component is also a half of the thermal mean particle velocity because it is comprised
between zero and the maximal value of the cosine function. Therefore, the oncoming flux
is 1

4 Ngνg.
However, the mean thermal speed value, νg, can be obtained when using the Maxwell

distribution function [6–8] and is given by the expression vg =
√

8kTg
πM , Tg being the space

vapour temperature.
At last, the following equation for the oncoming flux towards the unit surface of the

emitting metal is derived (which is equal with the flux leaving the unit metal surface at
thermal equilibrium (4)): νg.

1
4

Ngvg = Ng

√
kTg

2πM
(5)

where M is the mass of the adsorbed particle and k is the Planck constant. At thermal
equilibrium, this incoming particle flux is equal with the number of desorbed particles per
unit time and one can write for the adsorbed particle number on the unit surface of the
solid surface:

Nads =
Ng

f

√
kTg

2πM
exp(

H
kTf il

) (6)

Now, if Nw is the total adsorbing sites existing on the solid surface unity, the occupancy
degree of sites on the solid unit surface is given by:

θ =
Nads
Nw

=
Ng

Nw f

√
kTg

2πM
exp(

H
kTf il

) (7)

Normally, the energy barrier, H, depends on this coverage degree too, but at higher
temperatures of the emitter, it can be assumed that the coverage ratio is low enough and
does not influence the barrier value.

The weighted solid work function, ϕm, influenced by this coverage degree may be
written as [9]:

ϕm = (1 − θ)ϕw + θϕads = ϕw + θ(ϕads − ϕw)

ϕm = ϕw + (ϕads − ϕw)
Ng

f Nw

√
kTg

2πM
exp(

H
kTf il

) (8)

Here, ϕw is the work function of the solid clean surface (filament = tungsten in the
present case), ϕads—the work function of the adsorbed material.

This relation shows that the greater H, Tg and Ng values are, and the lower Tfil is,
the greater the change of the work function for a filament material—adsorbed metal
combination.

If ϕads > ϕw, then the adsorbed material increases the work function of the solid
(filament) and adsorbed material combination (and consequently decreases the thermo-
emission) while, when ϕads < ϕw, the combination work function decreases (as in the case
of a tungsten-thorium combination) and the thermo-emission current increases.

These considerations are useful to be aware of in TVD deposition processes [7].
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2.2. Anode Phenomena

When a high positive potential is applied to the emitter potential (which is assumed
to be zero), the electrons produced by the heated cathode move through the vacuum space
towards the anode and bombard it with high energy. The anode material is thus evaporated.
Now, certain considerations will be made in order to better understand the phenomena
that have emerged in this case. Suppose a thermal equilibrium existent between the two
phases of the evaporating anode material, one being the solid phase and the other one the
vapor phase.

Considering the free enthalpy for the unit mass as given elsewhere [10]:

M = u + pv − Ts

where µ is the free enthalpy, u is the internal energy, p is pressure, v is volume, T is
temperature in K and s is entropy. From the free enthalpy expression, it immediately
results:

dµ = du + pdv + vdp − Tds − sdT = vdp − sdT (9)

Here, the principle of thermodynamics, dq = Tds = du + pdv, was considered.
If the two phases are in equilibrium, the free enthalpy variation when passing from

one phase to the other one is zero.
This means, when identifying the solid phase with index “2” and the gaseous phase

with index “1”, that one can write:
v1dp − s1dT = v2dp − s2dT and therefore (v1 − v2)dp = (s1 − s2)dT
However, from the second law of thermodynamics [11], s1 − s2 =

∫
dqrev/T, where qrev

is the reversibly transferred heat, when passing from a phase to another one.
In this particular case, the phase change is made by vaporization or condensation

and the heat change can be calculated by considering the heat of transformation, usually
denoted by λ which can be assumed constant in a first approximation (which really, is not
quite exact [12]). Then passing from a solid state to a gaseous one, s1 − s2 =

∫
dqrev/T = λ/T

and if λ is considered constant, one can write:

dp/dT = λ/(v1 − v2)T (10)

which is just the Clausius–Clapeyron Equation (10).
However, the solid volume (v2) subjected to transition is by far less than the corre-

sponding gaseous one (v1) which in turn is subjected to the universal low of gases, namely
pv1 = γNavkT, with γ denoting the number of molls per mass unity, and Nav denoting
Avogadro’s number [12].

In conclusion, the following relations could be derived:

dp/dT = λp/(γNavkT2)

which leads to the expression for the gaseous phase pressure value lnp = lnC− λ/γNavkT, or

p = C. exp(−w/kT). (11)

Here, w = λ/γNav is the heat involved when a particle passes from a phase to another
and C a constant appearing after integration.

This is the principal dependence form of vapor pressure against the temperature. The
true experimental dependence is given in the literature [10], and it is expressed as follows:

p = A exp (−B/T)

where A and B are two constants, characteristic to each substance as suggested by Equation (10).
Additionally, a lot of graphs are given elsewhere [13], representing the temperature depen-
dence of the vapor pressure.
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As known from statistical mechanics, p = nkT [6], with n being the particle space
density. One can conclude that nkT = C.exp(−w/kT).

Whence the vapor gas is formed, a particle flux appears, expanding from the anode to
the vacuum space. In this case, that flux continues to travel until it reaches a solid surface
where the particles are deposited and do not return to the anode.

Therefore, in stationary conditions, this flux must be sustained by the evaporation
rate. However, as presented above (Equation (5)), this flux for equilibrium condition can be
expressed as:

ϕ = 1/4 n [8kT/(πm)]1/2 = p/(4 kT).[8kT/(πm)]1/2

or after some arithmetic,
ϕ = p(2πmkT)1/2 (12)

This is in fact the evaporation rate of the solid phase to vapor phase measured in the
number of particles leaving a solid unit surface during a unit time.

For practical reasons, the above given relation must be transformed to a relation which
contains the mass quantity evaporated within a second from a square centimetre of anode
surface. This is necessary to evaluate the deposition rate which is usually measured by the
quartz balance gauges.

In addition, because the vapor pressure dependency on temperature is frequently
provided in the literature as measured in torr, a correction factor must be inserted in
Equation (11) to allow for this pressure unit translation. Suppose one wants to obtain a
formula which gives the evaporation rate in g× cm−2 s−1. Equation (11) gives the number
of particles evaporated from a square centimetre of evaporating material during a second
and in order to transform it in g× cm−2 s−1, one must multiply φ by M/NA because φNA
gives the evaporation rate in the number of moles and Mφ/NA gives the evaporation rate
given in g× cm−2 s−1 since M represents the molar mass which is given in grams.

Multiplying the right side of Equation (11) with this factor, one obtains:

V (in g × cm−2 s−1) = (2πκNA)−1/2 p (in dyn/cm−2) (M/T)1/2

Taking the value of the Boltzmann constant as 1.381 × 10−16 erg/K and the value of
NA = 6.022 × 1023, the (2πκNA)1/2 = 22.8 × 103 erg/K.

Now, if p is taken from the literature with its value in torr, it is necessary to multiply this
value with the correction factor to express p in dyn/cm2, as determined by the measuring
units considered in Equation (11).

This can be carried out by taking the mercury density as 13.53 g/cm3, the earth gravity
as 981 cm/s2 and the height of a mercury column of 0.1 cm; the pressure correction factor
is readily obtained as 1327.3 [dyn/cm2] per torr.

Introducing all these data in the above equation, one obtains for the evaporation rate
from a unit anode surface heated to a temperature T(K):

v = 1327/
(

22.75 × 103)p(M/T)1/2 = 5.83 × 10−2 (M/T)1/2 g × cm−2 s−1. (13)

In conclusion knowing the anode temperature, T, and the evaporated particle molar
mass, M, the vapor pressure together with evaporation rate can be obtained computa-
tionally or from the graphs plotted for a certain material [14]. Conversely, measuring the
evaporation rate, the anode temperature together with vapor pressure can be derived.

These values can then be used in the TVD deposition technology.
Indeed, knowing the evaporation rate and the vapor pressure, it is possible to derive

the deposition rate on a substrate mounted on a holder which is positioned just above the
anode evaporating material (specifically the anode).

The evaporate quantity indicated by Equation (12) expands isotopically in the sur-
rounding vacuum space, generating spheres of increasing radius through which the vapor
particles pass every second. This is due to flux conservation, as there are no additional
sources or sinks between the punctual anodic source and the chamber’s wall. As a result,
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the evaporated substance leaving the anode at the rate provided by Equation (12) passes
later via a sphere on which the substrate and source are positioned, as shown in Figure 1a.

As a comparison, all of this happens as when blowing the air through a tube with soap
and a sphere is formed at the tube tip, or as when inflating a spherical balloon.

The image of this sphere is given in the Figure 1, and it can also be seen in the discharge
photo given in the Figure 2, which is obtained when igniting TVD in copper vapours. (This
sphere seems to be a little bit elongated along the vertical direction due to the influence of
electric fields upon the charged particles but not upon the neutral ones).

In this case, one can write (considering the particle conservation in space):

S.v = 5.83 × 10−2S. p(M/T)1/2 g/s = 4πr0
2q (14)

Here, S is the anode-emitting surface and q is the weight of the evaporated material
which crosses during unit time, the unit surface of the sphere on which the substrate is
mounted having its normal pointing to the centre of the respective sphere (of uniform
coating, as found by Knudsen [15]).
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Figure 1. Geometry of the deposition from a schematic anode considered similar with Knudsen cell.
(a) the spherical surface expansion; (b) with a substrate placed within the sphere. Reprinted/adapted
with permission from Ref. [16]. © 2007, Wiley Online Library.

From Equation (13), the deposition rate can readily be found for the mentioned position
of the substrate, namely:

d = q/ρ = 1.85 × 10−2 S(M/T)1/2p/(4r0
2 ρ) = 1.85 × 10−2S(M/T)1/2p/(r2ρ) (m/s) (15)

Here, the deposition rate is given, d (in m/s), at a distance r = 2r0 from the anode (taken
along the vertical just above the anode in cm), function of the anode temperature, T (K),
molar weight of the anode material, M (g/mol), vapor pressure, p (torr), and density of the
depositing material, ρ (g/cm3). This deposition rate is the same all over a sphere which
passes through the source (anode) and substrate as proved experimentally by Knudsen and
has the radius r0 [16], as shown in the Figure 1. The Knudsen formula also contains the base
pressure (which is the minimum gas pressure allowed by the vacuum pump system) which
is subtracted from vapor pressure, but in this case, this pressure is negligible in comparison
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with the pressures of the vapours of the anode material used in deposition. In fact, the
Knudsen formula is:

Rm = 1.85× 10−2
(

M
T

)1/2

cos θ cos φ
1
r2 [p(T)− pb] (16)

Here, besides the above presented magnitudes and those shown on Figure 1b, the
base vacuum pressure pb appears too. From Figure 1a, one can see that r = 2r0 cosθ cosϕ
(θ = ϕ) so that for a substrate mounted perpendicularly on the sphere radius r0, no matter
its position on that sphere, Rm/ρ is given, as in Equation (14), with r being the distance from
the anode to any substrate position on the sphere. When the substrate is positioned nearer
to the source, what gains by the distance shortening loses due to the tilting angle.
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(a) the spherical surface expansion; (b) with a substrate placed within the sphere. Reprinted/adapted 
with permission from Ref. [16]. © 2007, Wiley Online Library. 
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Figure 2. Plasma image (a) and spatial distribution of plasma potentials for different discharge
voltages (b) [12].

In Figure 1 the deposition geometry together with the uniform deposition sphere
determined by the anode position and by the substrate position are shown.

For the case of other substrate orientations, the cosine rule must be considered as
shown in the given Knudsen Formula (15).

2.3. The Inter Electrode Phenomena

Now, if the anode material temperature is sufficiently high, the vapor pressure in-
creases to a value able to allow for plasma formation (above the anode) by electron-vapor
particle ionizing collisions.

The potential of just formed plasma, which is a conductive medium in intimate contact
with the anode, will follow the anode potential increase or decrease. However, the plasma
potential will always be smaller than the anode potential (at least for discharge currents
used in TVD technology), as it will be shown later in this review article.

That means that near the anode, a positive potential jump will appear, which ensures
the plasma electron acceleration to produce the continuous evaporation of the anode and
to maintain the stationary function of the discharge.

In Figure 2a, TVD plasma is shown together with the line along which the plasma
potentials were measured using an electron emission probe. In the right figure, the mea-
sured plasma potentials are given for different anode potentials, namely 850 V (red), 750 V
(green), 700 V(pink) and 600 V (black). The space origin was chosen as the anode position.

From the potential distribution curves experimentally measured, it is clearly seen
that a positive potential jump is formed near the anode in order to accelerate the plasma
electrons towards the anode, as mentioned above.
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When increasing the anode potential, the plasma density and conductivity will also
increase. This increases the plasma current and number of electrons flowing towards
the anode. In turn, it will decrease the anode potential fall necessary to maintain the
evaporation rate because in this case, the number of electrons is increased.

Furthermore, the plasma potential is seen to be of the order of hundreds of volts and
is practically constant along a vast discharge space in the inter electrode gap.

As will be presented further, a lot of interesting peculiarities of this kind of discharge
appear.

By this technology, one can see that a continuous deposition of the chosen anode
material is processed in high vacuum conditions, being assisted by a high energy ionic
bombardment of the just-forming layer.

It is worth noting that the nature of the ions is identical to that of the evaporated
particles, and that no gas is present in the deposition chamber. Furthermore, as previously
stated, the energy of these ions can be easily adjusted by adjusting the anode potential.
More details will be given later.

3. Different Arrangements of TVD Components
3.1. Electron Gun Arrangement for TVD

Figure 3 shows the standard experimental setup, where an electron gun is used as a
cathode which is mounted and tilted at an angle with respect to the vertical traced up from
the anode.
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Figure 3. Electron gun TVD arrangement with different cathode positions: (a) the cathode angle is
90◦ and (b) the cathode tilt angle is greater than 0◦.

The discharge parameters together with the deposition efficiency drastically depend
on this cathode tilt angle relative to the vertical line. The plasma burning conditions are
better at low tilt angles, but the open space available for deposition is limited. On the
contrary, high tilt angles result in harsher burning conditions (higher discharge voltages),
but more open space for deposition.

The substrates to be covered with deposited material are placed above the anode when
the cathode tilt angle, ά, is greater than 0◦ Figure 3b.

The possibility to tilt the cathode position allows the heated anode to be exposed to the
electron bombardment of the filament but also to have a geometry that allows the plasma
and the particles to expand towards the sample holder.

One can see a Whenelt cylinder around the filament dedicated to providing an easier
discharge breakdown in anode vapours due to its electron lens action on the anode surface.

Indeed, the role of this cylinder is to facilitate a good electron concentration on the
anode surface before the discharge ignition. This way, the electron heating is concentrated
on a small anode area and the evaporation becomes more effective, as in the case when the
Whenelt cylinder is not present and the electron beam spreads over the greater area.
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To understand the electron concentrating action of a hole as that of the Whenelt
cylinder, in Figure 4, an oversimplified action is schematically presented (on the electrons)
of a potential electric field combination determined by a metal hole, situated between two
electrodes, all being mounted in vacuum space.
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Figure 4. Schematic potential (a) and electric field distribution (b) around an aperture.

The constant potential lines are marked together with the electron paths, as determined
by the electric forces, when different potentials are applied on the cathode, aperture and
anode. A deeper look inside the study of the electron optics phenomena can be found
in [9,17,18].

As seen from the above presented scheme of the electron gun arrangement, the
Whenelt cylinder can be considered as being the focusing hole given in Figure 4, with the
filament as the grounded cathode, and anode as the positive electrode shown on the right
side of the same figure.

From Figure 4, one can see that, depending on the potential applied on the Whenelt,
when the filament is earthen and the anode is at a high positive voltage, the electrons can
be concentrated on the surface of the anode, or diverged, just before the discharge is started.
The concentration action acts only when it is necessary to concentrate the electrons on the
anode to decrease the breaking down potential. Following that point, plasma substantially
perturbs this potential distribution and its concentrating impact; however, this effect is no
longer required because the discharge burns at lower voltages.

From these considerations, when the Whenelt cylinder is mounted insulated from the
filament and a particular voltage is applied on it, the thermo-emitted electron beam can be
concentrated at different distances from the filament where the anode is fixed.

In this case, the ignition moment can be optimized for lower anode voltages, and
this can lessen the construction conditions imposed to the discharge source. This way, its
maximum voltage can be lowered.

In addition, the ignition voltages can be reduced by increasing the cathode heating
current, as discussed further in this review article.

Further considerations concerning the electron movement in the electrical fields in
vacuum can be found in [9].

3.2. Ring Cathode TVD Arrangement

Another TVD arrangement is presented in Figure 5 which is known as ring cathode
TVD. This arrangement was first described in [11].

Here the previously described electron gun arrangement was replaced by a tungsten
ring mounted just above the anode material.

The Whenelt cylinder was replaced by a complicated piece, described in Figure 5.
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Figure 5. Old ring cathode TVD (TVA) arrangement. Reprinted/adapted with permission from
Ref. [11]. © 1996, European Physical Society.

The subsequent versions of ring cathodes, as shown in Figure 6, utilized a simpler
Whenelt cylinder, allowing for a much more practical opening space in front of the probe
substrates.
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Figure 6. The new ring cathode structure.

This allowed for a higher deposition rate with this geometry.
The evaporated atoms and generated ions pass through the cathode ring and are

deposited on the above mounted substrates.
The deposition rates are greater this time, compared with those obtained by the

electron gun arrangement.
Here, the plasma flows through the cathode ring towards the substrates which is

different from plasma jets generated in a usual plasmatron type installation, where the
plasma flows through the hole drilled through the anode.

Two main technological differences appear directly when using these two structures:

1. In the case of the electron gun structure, the highly positive anode is openly “seen” by
the earthen probe substrate. As plasma potential is situated near the anode potential,
as mentioned above, the plasma ions coming to the probes are accelerated towards
and bombard them with energy of the order of eVp which frequently, can be situated
around one keV. This will contribute to building up a good, structured coating on the
substrates.

However, because plasma ions are mostly directed to the cathode, when the ionization
rate increases in comparison to the particle evaporation rate, some unusual behavior of the
deposition rate appears, as seen below.
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Indeed, the deposition rate can decrease when increasing the power introduced into
the plasma.

2. In the case of ring cathode structure, the probe substrates are directly “seen” by the
anode and the ions are guided this time towards the probes contributing aside with
atoms to a continuous increase in the deposition rate as the introduced power in the
plasma is increased.

On the other hand, because the earthen cathode ring is now positioned between the
anode and probe substrate (at zero voltage), a partial electrical screening between anode
and substrate develops. This in turn will decrease the energy of ions coming to the forming
deposition.

To summarize, the gun cathode configuration ensures a higher ion energy bombard-
ment of probes whereas the ring cathode geometry gives a higher deposition rate with
lower ion energy.

However, in the case of conducting substrates, the ion energy can be increased by
applying a negative bias on them.

4. TVD Considerations from the Electrical Point of View

In order to evaluate the temporal evolution of the discharge electrical parameters
during the TVD ignition for a silver plasma, keeping the cathode-anode distance constant
at 5 mm and the filament current at 48 A, we acquired the inter-electronic current and
voltage as it is plotted, along with the discharge power in Figure 7, previously published
in [12].
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cathode filament is similar but the filament, anode and Whenelt positions are changed in 
a way which will be shown later. 

Figure 7. Example of temporal evolution of current, voltage and power during TVD ignition.

Starting with cathode filament heating that ensures a thermos-electron current of the
order of 0.1 A. in high vacuum conditions, when applying high positive voltage on the
anode of the order of kilovolts, the current, voltage and power vary as time passes. Here,
one can see that the maximum power is obtained (at t = 43.8 s) after the plasma ignition
moment (t = 43 s) and becomes smaller after the stationary plasma conditions are attained
(t > 450 s).

A possible explanation of time variations of the voltage applied between the anode
and cathode, and of the discharge current, may be given as follows:

For the time, t, running in the domain interval, 42 s < t < 42.75 s. the applied voltage,
Udisc, together with electron current, Idisc, coming from the heated cathode (there is no
plasma yet) are practically constant. That means that the applied voltage can sweep all the
electrons thermo-emitted by the cathode. The electron bombardment of the anode creates
an atmosphere of vapours around the anode which can create a slowdown of electrons by
the newly appeared electron-atom collisions, and temporarily decrease the electron current
(no ions are yet produced). The discharge current decrease causes a voltage decrease on the
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load resistance mounted in series with the discharge and a voltage applied on the discharge
increases, as shown on the figure. In this circumstance, the vapor ionization can blow-up,
resulting in an increase in the discharge current. Therefore, the voltage applied on the load
resistance increases and the remaining voltage available from the source, which is applied
in series with burning plasma, decreases. During these transient phenomena, the applied
power attains maximum value at approximately 43.8 s, when the space atom density is
increasing. The discharge current continues to increase and consequently the applied
voltage continues to decrease, attaining its maximum (minimum) value at t = 44.7 s. when
the power on plasma becomes minimum. Here, the evaporation rate is expected to decrease,
and the ionization rate is expected to decrease too. Consequently, the discharge current
decreases and the discharge voltage increases, leading to a slight increase in discharge
power until t = 45 s when the stationary state of the discharge is obtained. For t > 45 s, the
plasma voltage, current and power are stationary, as seen on the curve.

The used electrical circuitry is presented in the Figure 8. The discharge chamber, as
well as the electron gun and anode setup, are sketched. The electrical circuitry for ring
cathode filament is similar but the filament, anode and Whenelt positions are changed in a
way which will be shown later.
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Figure 8. The electrical circuitry.

The voltage is measured between the anode and the cathode while the current cor-
responds to that flowing through the discharge, load resistance, R and the high voltage
source.

The temporal discharge evolution V-I characteristics presented in Figure 7, show that
the discharge current steadily increases with applied voltage up to the usual knee of the
curve, where the voltage begins to decline, accompanied by a rapid current increase. From
the knee further, the plasma is ignited in the evaporated atmosphere formed above the
anode. Visually, one can see firstly a bright spot just over the anode which extends out
around the anode in the neighbouring vacuum space. That means that the ionized or
excited anode particles formed by their collision with the electrons are expanding around
the anode.

There, a remark must be made, namely the plasma is formed in the anode-evaporated
particles, the rest gaze pressure being made low enough as to impede any stray gas
discharge in the discharge chamber.

Additionally, the possible cathode sputtering is very low since the discharge current is
still low and the filament tungsten material has a very low sputtering yield.

This regime of discharge can be labelled the glow discharge, sustained by a cathode
filament external heating.

For example, in an electrical discharge burning in copper evaporated atoms and having
currents lower that 4 A, when decreasing the cathode heating, the electrical discharge
extinguishes. That means that for these currents, the plasma burning is only feasible when
the filament cathode is externally heated.
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For discharge current values over 4 A, if one tries to decrease the cathode heating
current, firstly, a slight discharge current decreasing accompanied by a plasma voltage
increasing is observed, which is followed by a rapid discharge current self-increase.

Then, the cathode filament becomes white bright and even the Whenelt begins to
radiate a light which becomes whiter in time. The discharge current increases and plasma
voltage decreases. This behavior can be explained as follows:

Before plasma ignition, the thermo-electrons are produced only by external cathode
heating, no other charged particles being present between anode and cathode yet.

After the anode heating, the early formed vapours give the possibility for plasma
ignition and for the plasma ions to be accelerated towards the cathode. Their bombardment
contributes to an additional heating of the cathode.

For low discharge currents (under approximately 4 A), this contribution is not suffi-
cient to maintain the discharge when reducing the external heating of the cathode, and this
was also experimentally proved.

In the case of copper vapours, at discharge currents of 4 A, the contribution of plasma
ion bombardment to cathode heating (if the Whenelt is at zero potential, its temperature
increases even if it is not externally heated) becomes dominant, and the discharge is no
longer extinguished experimentally, even when the filament heating is removed. Initially,
for the discharge currents greater than 4A, when decreasing the external cathode heating
and maintaining a constant high voltage applied from the source, the discharge current
slightly decreases which leads to discharge voltage, Vpl, increasing as can be seen from
Equation (16):

Esour = IdRload + Vpl (17)

where Esour is the voltage applied from the high voltage source, Id is the discharge current,
Rload is the load resistance and Vpl is the positive potential applied on the anode.

That means that the number of incoming ions decreases but the energy of each singular
ion increases. As a result, the energy introduced into the cathode by the plasma ions
bombardment can overall increase. The filament temperature rises, as does the electron
emission. As a results, the discharge current increases, which continues even after the
external heating of the cathode is turned off.

Visually, the cathode filament’s light emission intensifies, with the radiated spectrum
shifting from a reddish to a bright white colour. Furthermore, if the Whenelt cylinder is
earthen and can receive ions from the plasma, it will glow until white, contributing to
an increase in total cathode electron emission and a quick plasma discharge explosion.
From now on, the discharge current would indefinitely increase if no load resistance were
provided.

This is the proper self-maintained arc discharge, that is the real TVA. These considera-
tions suggest using the thermionic vacuum discharge (TVD) terminology which, as can
be inferred from the above presented considerations, includes the old used thermionic
vacuum arc discharge (TVA) denomination.

In conclusion, two discharge distinct regimes appear within the TVD discharges:

- Glow-like (GL) regime for low current-high voltage discharge with the voltages of
hundreds of volts and with 0.1 to about 4 A discharge currents (for copper vapor
discharge), when the plasma burning decisively depends on the external cathode
heating. As will be presented below, this regime will allow for good enough deposition
rates but in the presence of high energy plasma ions that bombard the forming
deposition layers.

- Thermionic vacuum arc (TVA) regime when low voltages are applied on the dis-
charge and the plasma currents are higher. Depending on the geometry of the elec-
trode arrangement and the plasma parameters, the deposition rate can be greater in
the TVA regime than that obtained in the GL regime. The reason for this is that very
high-density plasma expands in the surrounding vacuum space, but the energy of
plasma ions is low due to the plasma potential, which is also low, with the anode
potential being in the order of ten volts and the discharge current varying from 5 A
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to hundreds of A, as also reported in [19]. A qualitative behaviour of the TVD is
presented in Figure 9 for different discharge currents [20].
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Figure 9. The two TVD regimes for different plasma parameters.

From the above so far presented description, one can derive the following characteris-
tics of the TVD technology:

- The film deposition must take place only in high vacuum conditions. If the rest gas
pressure is not low enough, a stray auxiliary discharge can be ignited in the rest gas,
and this will make the anode evaporation generation difficult and also it allows for
the deposition material poisoning.

- The cathode material must be tungsten, the material with the highest melting point
which allows for high electron emission when heated to temperatures below the
melting point. If one considers the low tungsten sputter yield and the low discharge
currents in the GL regime, the net advantage of using a tungsten thermally heated
cathode for high purity thin layers deposition becomes obvious.

- The discharge currents can be varied in a large domain from some tens of milliamps
to some hundreds of A as desired.

- The anode evaporation is induced by electron bombardment of its surface which
deliver their energies to the solid anode and induces its evaporation;

- The deposited layer is formed in the condition of genuine ion bombardment with
variable energy (of order of hundreds eV) as it will be shown later on;

- The deposition rates can be varied in a very large domain since one can use both GLD
and TVA regimes by discharge parameters variation;

In this case the anode voltage source must furnish both low current, high voltages and
high current, low voltages. A simple possible electrical scheme also used by the authors of
the present review article can be similar with that presented in Figure 10.
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Figure 10. S1 is a low current, high voltage source and S2 is a high current, low voltage source.

The above scheme can be expanded in a similar way with another source having
higher current, lower voltage capabilities for arc discharges generation and high-speed
deposition of layers for different industrial purposes.

The discharge variable parameters are the filament heating, the anode potential, the
anode-cathode distance, cathode tilt with respect to the anode vertical (in the electron gun
cathode case) and ballast resistance as well. All these parameters can be altered to monitor
the deposition processes in a manner dictated by the real necessities.

5. Deposition Rates Obtained with Different Geometries
5.1. Electron Gun Geometry

In this section, the deposition rate dependence on filament heating current, discharge
current, voltage and amount of electrical power introduced in plasma is highlighted as
presented in [21,22].

To better understand the deposition phenomena, firstly it is worthwhile to present
the general potential change along the anode-cathode distance as it resulted from many
measurements carried out with an emission electrical probe and given in Figure 11.
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Figure 11. Schematic dependence of electric potential in different points of anode-cathode gap.

As in other common gas discharge scenarios, a cathode potential jump forms in front of
the cathode, accelerating electrons and ions towards the cathode. Then follows the plasma
region which is a conducting medium, and the anode potential jump which accelerates
electrons towards the anode, this way ensuring the necessary anode heating which in turn
ensures maintaining a constant level of the anode evaporation because, otherwise, the
discharge would extinguish due to the lack of “of gas”.



Coatings 2023, 13, 1500 18 of 83

Indeed, the vapors present a special kind of gas since this “gas” condenses on the
walls of the discharge chamber and on any other cold solid surface present within the
deposition chamber (this way disappearing as a gas phase) and consequently, it must be
continuously replenished.

An extensive study of the deposition behavior in TVD technology was carried out in
copper vapor discharge [22].

Namely, the deposition rate, and the plasma ion energy dependences on discharge
parameters when using TVD technology are to be presented below, especially when the
electron gun cathode arrangement is used.

It is indeed very important to know how plasma parameters can influence the deposi-
tion rate to properly monitor and optimize the deposition process.

The main parameters that were changed during the deposition process are the cathode
heating current, the discharge current and the positive high voltage applied on the anode.
Another parameter influencing the deposition conditions is the anode-cathode distance
which also can be changed during the process, but it will not be presented here.

Figure 12 gives some V-I characteristics measured in copper vapors for different
cathode filament heating currents, namely 20 A, 22 A, 24 A and 26 A.
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Figure 12. V-I characteristics measured in copper vapors, for different filament heating currents
values, If, marked on the figure.

One can immediately see that the discharge current, Id, increases practically at a
constant discharge voltage, Vd, except for the curve for the lowest filament heating current,
say If = 20 A.

In Figure 13, previously published by the authors in [22], the deposition rates against
the power applied on the discharge, Pd, are plotted for different discharge currents, namely
Id = 1.9 A, 2.5 A, 3.2 A, 3.6 A and 4 A, and for different cathode heating currents with the
same values as in Figure 12.

When measuring these data, a certain filament heating current was first chosen and
by changing the anode potential, the discharge currents were measured together with the
deposition rate on the probes.

Multiplying the voltage with the discharge current, the applied power was obtained,
and the deposition rate was drawn as shown in Figure 13.

From these curves it is obvious that the deposition rate increases with the discharge
power for the same discharge current but decreases when the discharge current increases
(Figure 13a).
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Figure 13. (a) Deposition rate dependence on the discharge power for different discharge currents 
shown on the curves and (b) deposition rate dependence on the discharge power for different cath-
ode heating currents, marked on the curves. 
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(Figure 13a). 
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Figure 13. (a) Deposition rate dependence on the discharge power for different discharge currents
shown on the curves and (b) deposition rate dependence on the discharge power for different cathode
heating currents, marked on the curves.

In Figure 13b, one can see that the deposition rate decreases when the cathode heating
filament is increased, and for the same filament heating current, first the deposition rate
increases with applied power, attains an apex and then decreases.

This apex is displaced to higher power values when the cathode heating current value
is decreased.

Further on, a possible explanation of these special comportments will be presented.
Experimental measurements were taken for both deposition rates and plasma ion

energies and for different plasma parameters shown above.
The deposition rates were recorded by a Cresington quartz balance while the ion

energies were measured by a retarding field device mounted near the probes to be covered.
Let some general considerations be made concerning the behavior of the ion current

variation against the positive potential applied on the collector of the ion energy measuring
device.

It must be underlined here that the plasma electrons are impeded to arrive to the
device by the plasma device (earthen) retarding potential and by a grid negatively charged,
mounted in the face of the variable positive ion collector [23,24].

A typical recorded curve of the ion current coming from the plasma against the
retarding potential applied on the collector of the ion energy measuring device is given in
Figure 14.
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The ion current arriving to the device is practically constant until the retarding volt-
age begins to repel the lowest energy ions coming from the plasma. Here, some more
considerations must be made.

Each ion gains energy within the plasma zone and gains additional energy when it
escapes from that region on the direction to the grounded substrate, due to the potential
difference between positive plasma and substrate potential of substrates and of the measur-
ing on energy device. The last source of energy is the same for all the ions, while the first
one (therefore within plasma) depends on the energy distribution of ions in the plasma.

For this reason, the collector current remains practically constant until the common
energy gained by all the ions from the plasma-substrate potential difference is annihilated.
From that potential, the number of plasma ions decreases until the last most energetic
plasma ions can attain the positive ion collecting electrode, when the collected current
becomes zero. The graphic derivative of the descending curve can furnish some information
concerning the ion energy distribution in plasma.

According to Figure 14, one can see that the applied anode potential being 300 V, and
the middle point of the descending curve appearing around 225 V, an electron accelerating
anode fall of about 75 V is formed in front of the anode. This anode potential jump ensures
the electron energy needed to evaporate the anode and maintain the plasma together with
particle deposition during the discharge.

In the recorded curve, one can see that the plasma ion energy bombarding an earthen
substrate is of the order of some hundreds of eV in the presented case (Figure 15).
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Figure 15. The measured plasma ion energy dependence against the anode potential Vd.

If decreasing the cathode heating current, and trying to maintain the same discharge
current, one must increase the anode potential to higher values. This draws up the plasma
potential too and increases the ion energy available for a more efficient ion bombardment
of the forming deposition.

It is now obvious how the energy of plasma ions which bombard the substrate could be
changed, namely by simply changing the cathode heating current combined with positive
anode potential changing when maintaining the same discharge current.

These curves could be considered as proof of the potential variation from the cath-
ode (zero potential) to the anode where an electron accelerating anode fall is formed, as
previously stated.

The dependence of plasma ions energy, Ei = eVp, on the anode potential, Vd, as
experimentally inferred, is given in Figure 15.

The measurement of this dependence can be considered as being near a linear one.
The fact that the points are slightly scattered apart can be explained by the highly

different conditions of plasma potential generation, which will be discussed further.
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These measurements show that, when increasing the anode potential, the plasma
potential increases too as if these two values were coupled with each other.

Therefore, it is to be supposed that when a more energetic ion flux is desired to come
from the plasma region towards the substrate, one must increase the anode potential.

As mentioned above, a rapid potential variation jump is formed near the anode in
order to maintain the anode material evaporation. The plasma is generated by electron-
anode particle (toms or molecules) ionizing collisions.

Let Vp be the plasma potential near the anode and Vd the anode potential. Because
the discharge current is exclusively carried by electrons, the energy introduced into the
evaporating material can be written as:

Eev = Id(Vd − Vp) = IdVa (18)

where Id is the discharge current and Va = Vd − Vp.
Here, it must be added that the electrons possess a thermal energy within the plasma

which is of the order of an electron volt that is too low to generate the anode evaporation
and to be considered.

This electric energy is balanced by anode thermal radiation, anode support thermal
conduction and the anode particle evaporation (atoms or molecules of the solid material).

From these three energy loss mechanisms, the second one can be reduced to a negligible
value by choosing the support of the anode as a thin tungsten wire (of order of one mm
diameter) introduced in a hole drilled into the anode. In fact, there is a justified interest in
lessening this kind of thermal loss as much as possible.

Therefore, one can write for energy balance in front of the anode:

IdVa = Nλ + BT4 (19)

where Id is the discharge current considered to be formed by the electron hitting the anode
(the ions are repelled there), Va is the anode potential jump which accelerates the electrons
towards the anode, N is the number of the particles evaporated from the anode per second,
λ is the necessary energy to evaporate a particle from the anode material, β is constant
containing the thermal emissivity of the composed anode material, anode radiating surface,
S, and the Stefan–Boltzmann constant σ, and T is the absolute anode temperature [10].

Among the evaporated particles, the electron–particle collisions generate a certain
number of ions.

Unlike the neutral particles (atoms or molecules depending on the nature of the
evaporating material) which are uniformly spread around the anode (as in the case of usual
thermal evaporation), the ions are supposed to be under the influence of the electric field
present between the positive anode and earthen cathode.

When the discharge vacuum chamber has earthen metallic walls, these can attract the
ions from the positive plasma too.

However, the distance from the anode to the metallic walls is by far longer than
the distance to the cathode. Therefore, the ionized particles are expected to be directed
preponderantly towards the cathode positioned nearby.

Near the cathode, the discharge current can be considered as given especially by the
ions, the thermally emitted electrons being directed towards the plasma, where they are
drastically multiplied and where their density approaches the ion one. The experimental
evaluations show that the saturated thermal electron emission of the cathode is of the order
of 0.1 A while the discharge currents used in this experiment are of the order of some
amperes.

Considering that a DC discharge current, as in the TVD case, is constant along the
discharge [16,25], the conclusion is that near the cathode the main component of the
discharge current is ionic. Consequently, one can write for the number of the ions entering
the cathode during a second:

ni = Id/e (20)
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Here, “e” is the elementary charge (the ions are preponderantly once ionized), Id is the
discharge current and ni is the number of ions entering the cathode per second.

As mentioned above, the neutral evaporated particles might be considered uniformly
distributed around the anode tip as they are not being influenced by the electrical fields.

There are no particle sources or sinks between the anode and the surface on which
the Cresington gauge, which measures the deposition rate, is attached, hence the particle
current is conserved, allowing us to write:

nev =
aR2ρD

M
NA (21)

Here, a is a constant depending on deposition geometry (see also the Equation (14)
together with the Figure 1), R is the distance from the anode to the deposition rate measuring
gauge, ρ is the density of the depositing material, D is the deposition rate given by the
gauge which represents the rate of film thickness growth per second, NA is Avogadro’s
number, M is the atom gram weight of the deposited material and nev is the total number
of the particles arriving within a second at the spherical surface on which the deposition
rate measuring device is mounted.

Besides these particles, the discharge ions entering the cathode must be added to
obtain the total number of particles evaporated per second from the anode. In other words,
the evaporation particle was considered as follows: the neutral ones together with a small
number of ions coming there are preponderantly measured by the quartz balance while
the ionized particles are considered to arrive mostly towards the cathode where they are
registered as the discharge current.

In this case, the total number of the particle leaving the anode per second, N, is given
by adding Equation (7) with Equation (8), that is,

N = ni + nev =
aR2ρD

M
NA + Id/e (22)

On the other hand, for a given anode temperature, the evaporation rate is given by
Equation (12).

A more usual formula for the evaporation rate which uses the data given in the
literature for different materials is [14]:

lg(N/(Nav S) = lg p + 22.546 − 0.5lg(MT) (23)

Here, S is the anode surface, Nav is Avogadro’s number, p is vapor pressure in torr, T
is temperature in K and M is molecular weight of the evaporating material.

It must be underlined that this formula is the same as the one described in Equation (12),
having different measuring units.

The Equations (21) and (22) combine to give:

lg[N/(NAS)] = lg( aR2ρD
M NA + Id/e)− lg(NAS) =

= A− B
T + 22.546− 0.5lg(MT)

(24)

Here, the relation log p = log(NkT) = A − B/T was used in order to use the experi-
mental data given for pressure in the literature with A and B being characteristic for every
material [13].

From the Equations (18), (21) and (22), the following relation can be found out:

IdVa =
λSNav√

MT
exp[(A + 22.546− B

T
) ln(10)] + βT4. (25)
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The measured values of D, R, a and Id together with universal constants contained in
the second term of Equation (22) can provide the anode temperature, T, and therefore the
term βT4 once the constant value, β, is known.

The β value is difficult to quantify in the experimental scenario since the anodic
materials are very different and have complicated geometry; however, it can be evaluated
for current purposes as follows.

Let a Va particular value be determined from the plasma potential Vp value, as given
by the ion energy measuring device (by an electrical retarding field, as announced above).
This one can be written as: Va = Vd − Vp.

Once this value is determined, using the corresponding N given by the first Equation (21)
(which is furnished by the experimental measurements of the total particle number arrived
within a unit time at the surface where the deposition rate device is posted, together with a
discharge current that arrived at the cathode of the discharge), and the corresponding anode
temperature T, given by the second Equation (24) (which is theoretically derived from
thermo-dynamical equilibrium considerations via the Clausius–Clapeyron Equation (10)),
the β constant can be deduced from the Equation (11) with that particular measured Va
value.

Further, this value can be used in Equation (23) for determining all Va values corre-
sponding to other plasma currents, deposition rates and anode temperatures. The plasma
potential Vp values can be determined from these Va values simply by writing Vp = Vd − Va
and plotted against the anode potential (discharge voltages).

Taking all this into account, we can use Formula (17) and calculate the plasma ion
energy as a function of Vd. The newly obtained values are plotted on Figure 16, along with
the experimentally measured values of the energy, versus the plasma potential measured
by the electric field retarding device previously presented in Figure 15 and corresponds to
the retarding potential that annihilates the maximum value of the plasma ion current.
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squares represent theoretical values while crosses represent the experimental ones.

This figure shows a good correlation between theoretical and experimental values, as
well as the fact that both dependencies are linear.

Therefore, the plasma potential increases linearly with anode potential.
From the obtained data, it is interesting to plot the dependencies Va = f (Vd) and

Vp = f (Vd) which can give an important inside look concerning the behavior of the TVD.
In Figure 17, one can see that the anode potential jump, Va, decreases for the same

anode potential, Vd, when increasing the discharge current, Id. This seems to be logical
because the greater the discharge current, the greater the electron number bombarding the
anode and consequently the potential jump is allowed to decrease for a comparable anode
heating energy to be obtained.
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This anodic voltage jump, Va, seems to be almost constant against the discharge
voltage, Vd, for the same discharge current value, especially for the higher discharge
currents, while decreasing when Id increases.

On the other hand, taking a mean Va value for each curve and performing the cor-
responding IdVa products, one can see that all these are situated around the same power
value, namely 200 W for all plots.

Considering that this power is responsible for anode heating, it is readily concluded
that the anode temperature and therefore the corresponding evaporating rate is practically
the same no matter what the discharge currents are.

This can suggest that the discharge current increases somehow similar to usual gas
discharge cases when the gas pressure remains practically the same while increasing the
glow discharge current.

Further on, one can conclude that when increasing the discharge current, that is, the
evaporated particle ionization, a greater part of these evaporated particles are directed
towards the cathode, forbidding them to travel towards the probes and to contribute to the
deposition rate.

This explains the fact that the deposition rate decreases when the discharge current
increases, as shown in the experimental data given in Figure 13a.

As for Figure 18, the Vp = f (Vd) dependencies, they are linear for the same discharge
current, the higher current lines being situated above the lower ones.

Here, it must be underlined that in the TVD case, there is the possibility to vary three
parameters during the measurements, namely the anode potential (Vd), the discharge
currents (Id) and the filament heating current, (If).

Accordingly, Figure 18 shows for a given anode potential, Vd, the plasma potential,
Vp, increases when the discharge current increases. This creates a greater cathode potential
jump which ensures greater electron acceleration across this jump and consequently an
increased particle ionization rate necessary for a higher discharge current.

A particularly strange behavior revealed the deposition rate dependence as plotted
against the electrical power introduced into the plasma, for a fixed filament heating current,
shown in Figure 13b.

First, the deposition rate increases when the filament heating current decreases. This
can be explained by the fact that when If is higher, a lower power is necessary to be
introduced into the plasma for the same Id currents and consequently, the deposition rate is
lower too.

However, the curiosity appears when choosing a certain If, and plotting the deposition
rate against the plasma power (as given by the product Vd Id). Firstly, the deposition
rate increases with plasma power, attains a maximum and then decreases with increasing
plasma power. That means that the deposition efficiency decreases.
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Next, a tentative explanation for this strange dependence will be presented, consider-
ing that in case of these special discharges, the « gas » generation (the evaporated atoms)
and its ionization are simultaneously produced by the same agent, while the electrons are
both emitted from the heated cathode and generated by electron-atom collision.

From Equation (18), the partial power spent for atom evaporation within a second is
given by:

λN = IdVa − βT4

From the above presented data, this value can be calculated and plotted against the
corresponding discharge power, Pd = IdVd.

This graph is drawn in Figure 19.
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Figure 19 shows a rapid increase in the atom generation rate for lower discharge
power, which decreases for higher discharge power.

On the other hand, from Equation (21) one can derive:
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Here, in the second equation, the term Id = Pd/Vd, Vd was considered to be constant
for a fixed filament heating current, as seen from the measured V-I characteristics.

The second Equation (24) represents the derivative of the deposition rate against the
discharge power. The term dN/dPd can be inferred by graphically derivation on Figure 19.
Plotting the dN/DPd = f (Pd) dependence together with (1/eVd) values taken for different
filament heating currents, the discharge powers corresponding to the points of intersection
of these curves gives the maximum positions of the deposition rate dependence against the
discharge power for a fixed cathode heating current, If.

Indeed, one can readily see that for different cathode heating currents, the maximum
value of the deposition rate, D, is obtained from the condition dN/dPd = 1/(eVd) which
annihilates the derivative of D with respect to discharge power, Pd, as described in Figure 20.
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It is readily seen that the maximum deposition rate is obtained at higher discharge
power values for lower filament heating current values. That justifies the experimental
dependencies shown in Figure 13b obtained for different filament heating currents.

All these highlight that there exists a competition between evaporation rate and
ionization rate increase when increasing the discharge power:

For low discharge power, the evaporation rate increases faster with Pd, as compared
with the ionization rate increasing and hence the deposition rate increases.

When Pd increases further, the evaporation rate increase diminishes while the ion-
ization rate increases. This produces an increase in the discharge current and therefore a
greater part of evaporated particles is evacuated through the electrodes and fails to arrive
at the probes, mounted above the discharge gap. Finally, the net deposition rate decreases
with increasing Pd, with the deposition efficiency decreasing.

Another important conclusion of the above given data can be the following one:
After heating the cathode filament and applying a high positive voltage to the anode,

the thermo-emitted electrons are propelled towards the anode, they are heated, evaporation
occurs and the discharge breaks down suddenly. Until the plasma occurrence, the ioniza-
tions are negligible, and all the electron energy is spent for evaporating anode material.
After the breakdown, the evaporation is taken over by the plasma electrons accelerated
across the anode fall Va. As suggested above, it seems that after the plasma breaking down,
the evaporation rate of the anode material experiences a low increase, and the discharge
behavior can be similar to that appearing in a usual gas. That means that the power spent
on evaporation can be consider as being almost the same as that existent at the plasma ini-
tialization moment, at least for no very high discharge currents. In this case, the discharge
power is spent mainly for electron vapor particles collisions of a different nature.
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Now, let Vb be the breakdown voltage and Ib the corresponding initial discharge
current which is mainly formed by the thermo-electrons elaborated by the cathode. If, after
the breakdown, the evaporation rate remains the same, one can write:

VbIb ≈ VaId

where Va is the anode fall above mentioned which corresponds to the Id discharge current
used during the deposition process.

Measuring the VbIb value just before the discharge ignition and the discharge current
used during the deposition, the above relation can give the Va value. Knowing the anode
potential, Vd, measured during the deposition process (for not very high discharge currents),
the plasma potential is Vp = Vd − Va (see Figure 11), and the energy of the ions arriving to
the earthen probe, eVp, can be deduced.

Experimental verification of these suppositions proved to be real and that gives the
possibility to evaluate the ion energy, even when no such device is available due to different
practical unfavorable situations.

As a conclusion of the above presented phenomena, one can say that this deposition
method has three major independent parameters which can influence both the deposition
rates and the genuine ion bombarding energy during the deposition process. These are the
filament heating current, If, the anode potential, Vd, and the discharge current, Id.

The TVD technology possesses all the advantages of the thermal deposition as a
possibility to localize the evaporation source and to use materials shaped as small pieces
(even debris) but benefits the genuine ion energetic bombardment (of variable energies of
the order of hundreds of eV) of the just-forming layers. When this energy is insufficient,
the presence of ionized plasma allows the ions to be accelerated towards the substrate
by applying a bias on it [26]. It is obvious that for thermal evaporation this facility is not
applicable.

Moreover, while the thermal evaporation warms all quantity of evaporating material,
the TVD method uses the electron bombardment of the material surface only, and sometimes
it can allow for an energy saving or even can avoid the use of a crucible which can pollute
the deposition purity, as will further be presented.

Indeed, when depositing tungsten, carbon, rhenium or other refractory materials, as
further described when presenting the TVD technology for these materials, one can use the
electronic bombardment of their surface only, to obtain a (superficial) suitable temperature
for both evaporation and deposition with sufficient deposition rates, while the rest of the
material is kept below its melting point.

In this case, the evaporation rate is not high, but this is in the benefit of deposition
purity. Indeed, evaporation without a crucible avoids the possible contamination with the
crucible material.

5.2. Ring Cathode Geometry

The new TVD arrangement uses a ring-like cathode filament, also made of tungsten
and mounted just over the anode. The Whenelt type electric screen surrounds the filament
this time, as shown in Figure 6.

As shown in Figure 6, the grounded filament allows the evaporated particles, no
matter ions or neutrals, to travel towards the substrates intended to be covered. This time,
the probes are mounted on the anode cathode direction and not at a tilt angle, as in the
electron gun geometry assembly.

Therefore, the formed plasma and neutrals flow through the cathode and not through
the anode, as in classical plasma jets devices (plasmatron, etc.).

When compared to the electron gun set-up, there is both a benefit and a disadvantage.
The advantage is that the ions are mostly directed towards the probes mounted above

and which in turn helps in increasing the deposition rates with the power introduced into
the plasma more efficiently because this time most of ions are directed towards the probe.
Due to this fact, the deposition rate increases even when the discharge current increases.
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In the electron gun arrangement, the deposition rate can decrease when the discharge
currents increase, as presented above.

The drawback is that the position of grounded filament has a screening action with
respect to the anode which can lower the energy of the ions bombarding the just-forming
layer on the probes.

Opposite, in the electron gun geometry, the anode is completely open to the probes,
the grounded cathode having a side position and this position introduces no screening
between the anode and the probes.

Therefore, the amount of ions energy introduced into the bombarded probes is smaller
in ring cathode configuration as compared with the case of the gun cathode.

Nevertheless, the ions can be independently accelerated or decelerated by applying
a correspondent potential on the probes. These potentials proved out during different
coating experiments carried out by the TVD technology to have a great importance, both
for adherence and deposition structure.

The influence of ion bombardment on just forming deposition can be described broadly
by the fact that ion energy leads to a local temperature increase, resulting in an increase in
depositing particle mobility, which can improve particle arrangement in the new developing
structure.

Additionally, when a deposited particle is loosely linked to the layer structure, it can
be rapidly removed from that layer when hit by an energetic ion coming from the plasma.

This way, only the layer particles which are strongly connected with the neighboring
ones will remain in the deposited structure after the action of plasma ion bombardment.

With other words, simultaneously with particle deposition, a slight sputtering effect
takes place, and the layer structure is compacted and leveled at the same time.

6. Multiple Depositions by TVD Method
6.1. Simultaneous Depositions

As mentioned above, one of the advantages offered by TVD deposition technology is
the possibility to easily obtain complex structured coatings due to its punctual character as
an evaporation source.

Indeed, it is possible to obtain binary or ternary composed layers by igniting two or
three simultaneous discharges with different discharge parameters, allowing for a large
variety of previously programmed compositional depositions.

In Figure 21, an experimental arrangement used for a binary composite layer deposi-
tion is presented.
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Each separate discharge uses its own high voltage source and cathode electron gun as
well. To remove the mutual electrical influence between the two discharges, an electrical
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grounded screen is mounted between the two discharges. The screen height must be
sufficient as to exclude the charges from one of the discharges to arrive in the space of the
other one but not so high as to impede the evaporated particles (ionized or not) to arrive at
the probes to be covered.

Here, it must be underlined that in the case of cathode ring geometry, the Whenelt
cylinder mounted around each filament ensures the electrical screening between the dis-
charges too and makes the presence of an additional screen superfluous, as with the above
presented one.

The best position for the probes is just above the two discharges aligned between
them so that each probe can “see” both discharges as there would be no screen present
in-between. An example is presented in Figure 21.

As previously described, the deposition rates depend on filament heating current,
anode potential, discharge current or anode-cathode distance. Choosing these parameters
for a discharge, the parameters for another discharge could be properly chosen to obtain a
certain composition of the deposited layer.

Just as an example, in the following, a method to monitor the process aimed to obtain
a certain binary composite deposition by using two independent simultaneous discharges
will be described.

Let it be a binary composite material having one element labeled with “1” and the
other one labeled with “2”.

Let the number of atoms of element “1” be ν1 and that of element “2” be ν2 in the
deposited layer. The total number of atoms is given by ν = ν1 + ν2. Suppose the required
atomic concentration of element ”1” be α = ν1/(ν2 + ν1) = ν1/ν.

Let the molecular weight and density of element ”1” be m1 and ρ1, respectively, while
the corresponding values for element “2” be m2 and ρ2. Let us suppose that the volume
occupied by a particle in the mixture is the same as that in the pure condition.

In pure conditions, the number of the particles “1” in a unit volume is n1 = ρ1/m1
while the same number for the element “2” is n2 = ρ2/m2. The corresponding volume
occupied by a particle “1” is v1 = 1/n1 = m1/ρ1 and that occupied by the particle “2” is
v2 = 1/n2 = m2/ρ2. If these volumes are conserved in the mixture too, then the partial
volumes occupied within a unit volume of a given mixture by the particles “1” and “2” are:

ανm1/ρ1 and (1 − α) νm2/ρ2

Adding the two volumes, one obtains the unit volume, that is,

ανm1/ρ1 + (1 − α) νm2/ρ2 = 1

Therefore, the total number of particles (“1” and “2”) present in a unit volume when
the particle concentration of element “1” must be α, and that of element “2”, 1 − α, is
given by:

ν =
1

α m1
ρ1

+ (1− α)m2
ρ2

ρam = [αm1 + (1− α)m2]ν =
αm1 + (1− α)m2

α m1
ρ1

+ (1− α)m2
ρ2

=
ρ1ρ2[αm1 + (1− α)m2]

αm1ρ2 + (1− α)m2ρ1
(27)

To verify the obtained expression, one can observe that when α = 1, only element “1”
is present, ρam = ρ1, and when α = 0, when only the element “2” is present, ρam = ρ2, as it
would be.

However, usually the quartz gauge measures the layer thickness and growth rate in
length/s. There is a direct connection of this thickness growth and the rate of particle flux
coming to the substrate which will be analyzed below.

Within a unit time, the quantity of substance “1” coming to the probes is given by
(ν1/τ)m1 = Sρ1w1, where τ is the deposition time, ν1-the total number of kind “1” coming
during this time to the receiving surface of area S, (quartz surface), w1 is the deposition rate
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of substance “1” (in length/s). Similarly for substance “2”, (ν2/τ)m2 = Sρ2 w2. However, in
the desired mixture, one must have ν1/ν2 = α(1 − α). Finally, dividing these relations, one
arrives at ν1/ν2 = [ρ1w1/(ρ2w2)] (m2/m1) = α/(1 − α).

Suppose one chooses to fix the parameters of the first discharge to ensure a deposition
rate of the corresponding element “1”, say w1. In this case, to obtain the desired mixture in
the deposited layer, the deposition rate of the second element must be given by the relation:

w2 =
ρ1w1(1− α)m2

ρ2αm1
(28)

According to the data shown above, when a certain mixture compound having
α/(1 − α) as the relative particle concentration must be deposited, the following steps
ought to be followed:

One begins with the first element evaporation by introducing its density, ρ1, into the
thickness measuring device and with adjusting the plasma parameters until the deposition
rate, say w1, is obtained.

Maintaining the deposition parameters of the first discharge and replacing the density
ρ1 with ρam, the second discharge is started-up, and its parameters are adjusted until the
total deposition rate is given by

w1 + w2 = w1[1 +
ρ1(1− α)m2

ρ2αm1
] (29)

is obtained.
During the adjustment time of the two discharge parameters, the probe substrates

are covered by a shutter. Finally, removing the shutter, the simultaneous deposition is
continued with a rate given by (27), until the desired deposition thickness is attained.

The above considerations can be extended for three simultaneous depositions, consid-
ering the two-component mixture as a component, and taking the third component as a
second one.

Usually, a more common and easier procedure can be carried out by mounting different
separate probes along a line, as in Figure 22, and due to geometrical effects, a large and
almost continuous compositional variation of deposition can be obtained from one probe
to another one, at once. From all these probes, one can choose the desired one and use it for
special applications.
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This might also be interesting when studying the concentration influence on a certain
property of the binary structure.

6.2. Alternate Layers Deposition by TVD Technology

The TVD technology can be used to obtain multi-layered alternate depositions too.
The best geometry recommended to obtain the phenomena described below is the

electron gun one. Considering Figure 21, let the central electrical screen be partially
removed. In case of simultaneous depositions, this screen is used to ensure a complete
separation of the two discharges and to allow each discharge to proceed independently
from each other and to create a mixture on the substrates mounted above them.

The appropriate design which allows for alternate depositions to be obtained on the
substrates is schematically presented in Figure 23. Here, a partial electrical screen is present
and preferably, the reciprocal anodes positions are sufficiently near to one another as to
facilitate the mutual influence of the two discharges. It is important to mention here that
this distance, as a deposition parameter, can be chosen depending on the materials to be
evaporated and deposited too.
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In principle, their vicinity is essential in order to facilitate the mutual influence of
the two discharges which, as it will be shown below, will produce an automatic alternate
burning of the two discharges which in turn, will ensure an alternate deposition of the two
evaporated materials.

Let Equation (16) be written for each discharge with the corresponding distinguishing
indexes, as follows:

E1 = Id,1Rl,1 + Vpl,1 for the first discharge, and (30)

E2 = Id,2 Rl,2 +Vpl,2 for the second one (31)

When considering the different V-I characteristics of a vacuum discharge for differ-
ent cathode heating current and inter-electrode gaps, one can see a breakdown voltage
dependence on these two parameters similar with those down TVD burning in silver vapor.
Similar curves were obtained when, for the same cathode heating current, different V-I
characteristics were plotted against the anode cathode distance.

It is seen that when the filament heating current is decreased and the cathode-anode
distance is increased, the breakdown voltage increases (see also Section 7 below).

Additionally, the voltages E1, and E2 applied from the high voltage sources can
influence the time elapsed from the starting moment of anode heating to the breakdown
initiation. When these voltages are greater, the corresponding time intervals decrease and
reverse.

Suppose the conditions are so that the first discharge is ignited, this depending on
the evaporation rate of the corresponding material, on the anode-cathode distance, on the
applied anode potential, on the cathode heating current and on the load resistance too.
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From Equation (28), the plasma potential and therefore the anode potential, Vpl,1,
given by,

Vpl,1 = E1 − Id,1Rl,1

is lowered due to the discharge current, Id,1 increases rapidly with the plasma ignition
(usually from 50 mA up to 2 A). Meanwhile the second discharge being extinguished, its
discharge current Id,2 is very low (50 mA) together with the load voltage, Rl,2Id,2. This
maintains the second anode potential at the high values near the voltage applied from the
second high voltage source, E2.

The electrons from the first discharge migrate towards the more positive second anode.
As a result, the first discharge is partially depleted of electrons, its anode heating together
with its evaporation rate diminishes and finally the first discharge stops.

On the contrary, the second anode, due to the first discharge electron contribution
which is added to its proper electrons emitted by the second cathode and accelerated
towards the higher positive potential still applied on the second anode (the discharge
current is still low and therefore the voltage applied on the second discharge load is small),
begins to evaporate with a greater intensity and the second discharge breaks down while
the first one extinguishes.

The above-described phenomena are repeated with reversed roles.
This time, the first anode is at a high positive potential due to the fact that its discharge

current is low, and the second anode potential is smaller due to the high voltage applied on
the second load resistance (Rl,2Id,2).

Consequently, the first anode bombarded by the combined flux of electrons coming
both from the first cathode and the second discharge still burning is intensely heated and
the first discharge is again ignited while the second is extinguished due to the lack of
electrons.

This way, the two discharges burn alternatively and so does the material deposition
on the above mounted probes (substrates).

Many times, it is necessary to obtain a sandwich, having at least one layer with
previously fixed thickness, as it will be described below.

That imposes that the burning time of the discharges needs to be monitored. This
can be carried out by changing the two filament heating currents, If,1 and If,2, the anode
potentials, E1 and E2, the load resistances, Rl,1 and Rl,2 and the anode-cathode distance
(which can be performed from outside the reaction chamber even during the deposition).
Finally, an electrical screen installed between the two discharges would have a significant
influence on the time length of an ignited discharge by blocking electron transport to a
lesser or greater extent. Indeed, when a good screening is present (as we used for mixture
deposition) the two discharges can be maintained independently for as much time as
the deposition is required. When using a grounded metal punched plate between the
discharges, it will permit a partial transition of electrons and consequently, the plasma
ignition will take place within different time intervals, that is, by this way one can influence
the monolayer thickness deposited in a sandwich-type structure. This feature is critically
important for the case of magneto-resistive multilayer structures deposited for magnetic
memories.

Maybe some reactive components mounted in the external electrical circuitry would
contribute to this monitoring and consequently to a more precise layer thickness variation.

For example, we must mention that for the alternate evaporation of copper and
chromium, only one high voltage source was necessary with its positive potential simul-
taneously applied on the two anodes (E1 = E2) but having the other parameters different
from each other.

Indeed, when using two separate high voltage sources (E1 6= E2), the possibility to
obtain supplementary facilities for the alternate deposition of other thermally more different
materials improves.

On a longer-term time, the two discharges will alternatively burn out by themselves
with no external intervention.
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This way, the deposition time for the alternate layers will be seriously shortened,
considering that the electron cathode emission and anode heating do not completely cease
during the extinguished periods of any of the two discharges.

The layer thicknesses can be adjusted by changing the above-mentioned deposition
parameters until the quartz balance mounted near the probes shows the desired thickness
value.

Moreover, when the burning frequency of the two discharges is sufficiently high
and the deposition times are shorter, the layer thicknesses are small. In this case, a post
deposition heating of the layers can contribute to a layer intermixing and to a binary mixture
formation as an alternative method to the simultaneous mixture deposition previously
described.

An additional advantage of the alternate deposition technique is that the anode is not
continuously heated so that the bulk temperature of the anode can be maintained below
the melting temperature while its surface may go over that temperature during the active
deposition time.

This makes it possible to avoid the otherwise necessary crucible which can introduce
contamination inside the depositions.

Finally, it should be noted that the electron gun configuration is more appropriate for
TVD deposition since the two anodes can be conveniently put close to each other so their
mutual influence may be preferable. The expected thicknesses of the deposited layers are
in the range of a few nanometers which are very convenient for magneto-resistive layer
deposition, as will be presented further on in this work.

With the ring cathode structure, this anode mutual influence is more difficult to
realize due to natural screening introduced by Whenelt cylinders mounted around the ring
cathodes.

However, if one removes the Whenelt, this ring arrangement can be used for mul-
tilayer deposition, too. It must be mentioned that TVD can be ignited even without the
surrounding Whenelt, so it is possible to use this ring cathode structure for multilayer
depositions.

However, as a general conclusion, one can say that the electron gun structure is more
suited for the alternate layer structures (sandwich-type) deposition while the ring cathode
structure is more suited for mixture deposition from the two or more vacuum discharges.

At the end of this section, it is worthwhile to contrast the TVD deposition technique
with alternative deposition processes such as sputtering or arc discharge. Let the term of
comparison be the structural quality of the deposited material.

As presented above, the inter-electrode space of thermionic vacuum discharge is
mainly composed of three regions: the cathode fall region, plasma region and anode fall
region. The anode fall is smaller than the cathode one and it is necessary to transfer enough
energy to the electrons to maintain the anode material evaporation.

Let m be the electron mass, M the ion mass and ve-the electron speed after its accelera-
tion in a certain ∆V voltage jump in one direction, and vi the corresponding ion speed after
passing through the same voltage jump in the opposite direction. They both gain the same
energy from the same voltage jump, namely e∆V. Consequently, mve2 = Mvi2 = e∆V, and
the corresponding momentum ratio of the two particles is pe/pi = (m/M)1/2 which shows
that the electron momentum gain is much smaller than the ion one.

Now, in case of the sputtering deposition procedure, the cathode particles are forced
out from the cathode by the ion impact, which is mostly carried out by the argon ions
generated in electrical discharges. The argon ion mass being 39.948 a.u. and the electron
mass 5.5 × 10−4 a.u, one can see that the ion momentum is 7.3 × 104 times greater than the
electron one and consequently the above-mentioned momentum ratio (m/M)1/2 becomes
3.7 × 10−3. Moreover, the argon ion dimensions are much greater than those of the electron.

As a conclusion from all of this, it is obvious that an argon ion can extract both single
particles and groups of many particles from the cathode material by ion-neutral momentum
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transferring collisions. These extracted particles of different dimensions are deposited on
the substrates and have a bad influence on the deposited layer structure and purity.

In TVD technology the vapors are generated by electrons which are not able to transmit
such a high momentum to the anode particles, but they transmit the same energy as the ions
for the same potential difference. The energy transmitted by the electrons heats the anode
material which evaporates atom by atom (as in the case of usual thermal evaporation) and
so they condense on the substrate. However, in the TVD case, the as-deposited layer is
continuously bombarded by energetic ions coming from the high potential of generated
plasma near the high voltage anode. This way, one obtains in the TVD case a well-structured
dense deposit with a good adhesion to the substrate [27,28].

On the other side, the TVD cathode is made of tungsten material which has one of the
smallest sputtering yields of the known materials, as shown in the Figure 24 for the argon
ion bombardment case. One can already see that the sputtering yield for tungsten is on
the minimum of the right curve together with tantalum for all presented energy values of
the ions.
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Additionally, the carbon sputtering yield is on the minimum of the left curve.
This ensures that very few tungsten atoms are extracted from the cathode by the

plasma ion bombardment and, additionally, the Whenelt cylinder mounted around the
tungsten filament impedes the sputtered tungsten atoms to arrive at the substrate position
and to poison the deposition in the electron gun arrangement.

As was already said, the energetic ions coming from the positively charged plasma
bombard the forming layer and have a remarkable influence on the deposited structure.

This effect, which is intense in TVD deposition, can be improved by a negative bias
applied on the substrate. As an example of the bias applied on probes, Figure 25 presents
the beryllium layer structure for different applied voltages on the substrate [26].

The improved structure of the beryllium deposit obtained in the event of a negative
bias applied on the substrates (which accelerates the beryllium positive ions towards the
probe) is easily apparent in Figure 25 when compared to the positive bias condition (which
decreases the energy of ions and reduces their energy).
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7. Magneto-Resistance
7.1. General Treatment

The phenomenon of magneto resistance analyzed here is that one of a pure quantum
nature and consists in the variation of electrical resistance of a thin layer structure containing
a magnetic material together with nonmagnetic materials, under the influence of an external
magnetic field.

The magnetic material contains in its bulk structure, the magnetic domains charac-
terized by the electron magnetic momentum oriented along a common line, due to the
exchange forces (AUSTAUSCH) [29–32] of pure quantum nature. These forces, present
in the ferromagnetic metals, makes it possible that the electrons with the energy near the
Fermi level have the same spin orientation due to the complete unbalanced energy level
density available for spin up and spin down electrons.

That means that in the following presentation, there is no connection between classical
Larmor precession influence on electron movement into the deposited thin layer structure.

One of the most suitable deposition methods which can be used to obtain such magneto
resistive layers is the TVD method, both for depositions of sandwich-type of structures
or of mixtures of magnetic material with nonmagnetic materials, which have magneto
resistive characteristics.

Further, the quantum effects contributing to magneto resistance will be treated as
simple as the phenomena that occur when diatomic molecules are formed [33]. This is
appreciated to be sufficient from the point of view of a plasma specialist which conducts
the deposition process by thermionic vacuum discharge into a vapor atmosphere.

Indeed, for a solid-state physicist, it will not be sufficient, but the following works are
recommended on the subject [6,34–37].

The following thin layer structures will be presented:

a. Alternate magnetic-nonmagnetic metallic (sandwich-like) multi-layered structures—
so called GMR (giant magneto resistance) structures [38–43]:

b. Multi-layered combined structures similar with the previous one but for this instance,
the nonmagnetic metal is replaced by an insulator, the so named TMR (tunnel magneto
resistance) structures [40].

Both these structures can be obtained by separate ignited discharges or by alternately
self-ignited discharges, as described above.

c. Granular, GMR structures where the magnetic metal is uniformly distributed through-
out the non-magnetic metal crystal net [44,45];

d. Granular, TMR structures where the nonmagnetic crystal net of the previous structure
is replaced by an insulator [46,47];

e. Combined ternary multi-layered structures having a nonmagnetic metal or an insula-
tor used as intermediate layers between two magnetic metal layers;

f. Combined ternary uniform mixtures with magnetic material uniformly distributed in
a non-magnetic metal and insulator binary mixture;

g. Different combinations between e and f structures.
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The c, d, e, f and g structures can be obtained by temporarily separated vacuum
discharges, or by two or three simultaneously ignited discharges.

7.2. GMR Type Depositions
7.2.1. Multi-Layered

Schematically, this type of structure is given in Figure 26, where only the basic structure
is represented, the real structures being made of multiple repetitions of this base.
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For the following theoretical presentation, Figure 27 is taken, which presents a basic
structure for GMR layer depositions.
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In this figure, two situations are presented together with the magnetic domains opti-
mally oriented in the absence and in the presence of an external magnetic field.

Between the two magnetic layers, two non-magnetic conductor mono layers are
represented by two atomic strings designated as black dots.

The magnetic reciprocal domain orientations are indicated by arrows and the most
favorable orientation, from the point of view of magneto resistance, is that when it is anti-
parallel, in the absence of the magnetic field, and which becomes parallel in the presence of
an external magnetic field.

To obtain an enhanced magneto-resistive effect, this structure is multiplied by several
tens in the final magneto-resistive structure. In this case, each group of magnetic-non-
magnetic layers builds up its contribution to the electrical resistance changes in the presence
of the magnetic field [32,48,49].

Another condition imposed to be fulfilled for a good magneto-resistive effect, is that
the anti-parallel domain orientation must be recovered, once the magnetic field is removed.
Otherwise, regardless of the external magnetic field, the domains remain parallel oriented,
and no variation will appear as in a pure magnetized ferro-magnet.

That means that the magnetic coupling of the domains from the two magnetic layers
must not be too strong so as to allow for the exchange of magnetic forces to bring back the
anti-parallel orientation in the absence of the external magnetic field. That means that the
thickness of the intermediary nonmagnetic layer must be sufficiently high. On the other
hand, this thickness must not be too high because, in this case, any interaction between the
ferromagnetic layers will disappear.
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Intuitively, the greater the non-magnetic layer thickness is, the less the mutual mag-
netic coupling between the two magnetic layers is.

Certainly, the thermal effects contribute to the regular magnetic alignment distur-
bance. Therefore, the magneto-resistive effect will be smaller at higher temperatures and
conversely at lower temperatures.

The magnetic coupling of domains from the two magnetic layers is made through
the conduction electrons present in the nonmagnetic metal [26,50]. When two magnetic
layers separated by a nonmagnetic metal are deposited, it is of interest that the majority
of magnetic domains present in one of the magnetic layers will be antiparallel oriented
with domains present in the other magnetic layer. This arrangement can be facilitated or
impeded by the nonmagnetic layer; hence, thickness will be playing a decisive role. A
possible explanation of this phenomenon will be presented now.

Let two ions be considered which are chemically linked by two common outer electrons
(covalent or metallic-type bond).

The two electrons will be labelled “1” and “2”. If the quantum state for the electron “1”
is described by the assemble of quantum numbers labelled q1, and its position is designated
by r1, the characteristic quantum wave function will be written as Ψq1 (r1). In this case, the
characteristic quantum wave function for the electron “2” situated in the position r2 and
occupying the quantum state q2, will be denoted by Ψq2(r2).

The quantum probability to find the electron “1” in position r1 with quantum numbers,
q1, and the electron “2” in position r2 with quantum numbers, q2, is described by the square
of the product.

Ψq1 (r1). Ψq2(r2) (because the total probability is composed by “and”) [47]).
However, the two space identical electrons can be interchanged, and the corresponding

wave function would be given in this case by the following product Ψq2 (r1). Ψq1(r2), this
function representing a solution with the same system of quantum numbers (proper values).

Finally, the wave function for the two electrons may be written as a linear combination
of these two (which is also a solution of the linear Schrodinger equation):

Ψ(r1,r2) = Ψq1 (r1).Ψq2(r2) + αΨq2 (r1).Ψq1(r2) (32)

Here, α is an adjustable parameter that will be chosen as to minimize the energy of the
considered system [29,33].

Let H be the total Hamiltonian of the system and:

H11 =
s
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→
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Here, H11 and H22 are the quantum energies corresponding to the case when the
electrons are situated near their ions, while H12 = H21 are the exchange energies, that
considers the case when the two electrons mutually interchange with each other, and γ is
the normalization factor.

The total energy of the system is given by:

E = Min α [(1 + α2)H11 + 2 α H12]/[1 + α 2 + 2 α γ)

Let

f (α) ≡ (1 + α2)H11 + 2αH12

1 + α2 + 2αγ
(33)
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As mentioned above, the value of the α parameter is found from the condition of
minimal energy which is obtained by taking the derivative of the relation (31) with respect
to α and by equaling the obtained expression with zero.

As a result, one obtains:

(1 − α 2)(H12 − γH11) = 0→ α = ±1 (34)

As it will be shown below, the qualitative dependence E = f (α) as presented in Figure 28,
can be deemed to be as that presented in the Figure 24 for two cases (vis. when exchange
energy, H12 < 0 and when H12 > 0):
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In order to find out the minimum and maximum of the function E = f(α), one can
study the sign of the function d2f (α)/dα2 in the points where the first derivative is zero.
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Alternatively, one can observe that f (−∞) = f (0) = f (+∞) = H11, f (−1) = (H11 − H12)/(1 − γ)
and f (+1) = (H11 + H12)/(1 + γ).

Here, two cases appear:

(a). H12 < 0

In this case, the energy value (E) starts from H11, for α at −∞, becomes (H11 − H12)/
(1 − γ) > H11 at α = −1, then becomes H11 at α = 0 again, decreases to value (H11 + H12)/
(1 + γ) < H11 for α = +1 and finally increases to H11 for α tending to +∞. The corresponding
graph is shown in Figure 28a.

In conclusion, when H12 < 0, the favored energy value is obtained when α = +1. As a
result, the wave function in this case will be given by:

Ψ(r1,r2)= Ψq1 (r1).Ψq2(r2) + Ψq2 (r1).Ψq1(r2)

Additionally, this represents a symmetric wave function with respect to electron
permutation.

(b). H12 > 0

In this case, the energy value starts again from H11 at −∞, passes through the same
formally expressed values as before, but with absolute values inversed relative to H11. That
means that in point −1, the function will present a minimum while in point +1, it will
present a maximum, as shown in the Figure 28b.

The favored energy in this case is obtained for α = −1 and the corresponding wave
function will be:

Ψ(r1,r2) = Ψq1 (r1).Ψq2(r2)−Ψq2 (r1).Ψq1(r2)

which represents an anti-symmetric wave function relative to electron permutation.
Since the electron spin value is known to be 1

2 [51], the total quantum function builds
up from the product of wave function with the spin function and it must be anti-symmetric.

However, in the first case, the wave function being a symmetrical one, it determines the
spin function to be anti-symmetric and therefore the spin orientation to be anti-parallel (↑↓).

For the case (b), similar considerations lead to the conclusion that the two spins are
parallel oriented (↑↑).

Assuming a first ferromagnetic layer is deposited. As presented in case (b), the
exchange forces build-up in the layer and the magnetic domains are with parallel orienta-
tion. The parallel orientation of the magnetic domains can be enhanced when applying a
magnetic field during the deposition process.

Let the next deposited monolayer be made of a nonmagnetic conductor metal. Con-
sider an atom from this second layer which is bonded to an atom of the magnetic layer. To
form a covalent bond, the two electrons put together in this manner must be predominately
located between the two atoms (one from the magnetic layer, the other from the conducting
layer). The wave space function that describes a higher electron density between the atoms
and therefore, a stronger electric force between the two adjacent ions, is the symmetric one.
If the space function describing the two electrons is symmetric, then the spin function must
be anti-symmetric, that is, the spins of the two electrons are anti-parallel oriented.

Continuing with such reasoning, an atom from the next (second) nonmagnetic mono-
layer deposited over the previously (first) considered nonmagnetic one, will have the
electron with a spin anti-parallel oriented relative to the precedent electron from the first
nonmagnetic monolayer, and parallel oriented relative to the spin of the electron from the
magnetic layer.

If the next layer will be a ferromagnetic one, the spin of its bounding electron will
be anti-parallel with the spin of the electron from the second non-magnetic monolayer
(situated beneath him) parallel with the corresponding spin of the first nonmagnetic layer
and anti-parallel with respective to the spin from the base ferromagnetic layer.



Coatings 2023, 13, 1500 40 of 83

Therefore, the preferred relative domain orientation in the two ferromagnetic layers
is anti-parallel, as presented in the first layer arrangement presented schematically in
Figure 27.

Applying an external magnetic field produces an alignment of all domains along its
direction, while removing the external magnetic field will rearrange the domains in the
anti-parallel orientation due to minimum energy above the presented condition.

It is easily seen that if one more nonmagnetic monolayer is additionally deposited
between the ferromagnetic layers, the reciprocal orientation of the domains from the two
magnetic layers will be a parallel one. In this case a possible applied magnetic field will
produce no changes in the parallel orientation of the domains and no magneto-resistive
effect would appear.

Now, if another nonmagnetic monolayer is added (fourth in this case), the anti-parallel
orientation of the magnetic domains in the two ferro-magnetic ones is build up in the
absence of the external magnetic field.

An even number of the nonmagnetic monolayers will favor an anti-parallel domain
orientation within the two ferromagnetic layers (for no external magnetic field) while an
odd number of the nonmagnetic monolayers will favor a parallel mutual orientation of the
magnetic domains from the two ferromagnetic layers.

On the other hand, the more nonmagnetic layers are present between the two ferro-
magnetic layers, the less the magnetic coupling between the magnetic domains is.

These considerations will be used below for further interpretations on the magneto-
resistance behavior. As a necessary result, a damped oscillation of GMR effect will appear
as a function of the nonmagnetic thickness [52].

Now imagine these three layers discussed earlier and an electric current flowing
through them. The electrons of this current will suffer collisions with electrons present
in the magnetic domains. The spin orientation of two such electrons will be parallel or
antiparallel. As is known, the differential cross section is given by the squared absolute
value of quantum collision amplitude, |f (θ)|2 [7,51,53]. However, due to the quantum
symmetry conditions one must consider two different wave functions, namely [25]:

f (θ,ϕ)s-a = C[f (θ,ϕ) ± f (π−θ,φ+π)]

where the plus sign denotes a symmetrical wave function (anti-parallel spins) while the
minus sign signifies an anti-symmetric wave function (parallel spins).

The differential collision cross section being given by the expression σ = |f (θ,ϕ)|2
so that the following expressions of the collision cross section for the anti-symmetric and
symmetric case will be obtained:

σa = |f (θ,ϕ) − f (π − θ, ϕ + π)|2 and σs = |f (θ,ϕ) + f (π − θ, ϕ + π)|2

From these expressions, one can see that when the two electrons have parallel spins
and consequently an anti-symmetric space wave function, their collision cross section is
different from that when an encounter of two electrons with anti-parallel spins (symmetric
wave function) takes place. Two situations could appear:

a. Both functions have the same sign, in which case σs > σa. Then the spin anti-parallel
case will have a greater collision cross section and a greater electrical resistance will
appear;

b. The two functions have different signs when σs < σa and the spin parallel case will
have a greater collision cross section and a greater electrical resistance.

The electric current flowing through the structure can be considered as being composed
of two parallel currents, one with the “spin-up” electrons and the other with the “spin-
down” electrons. The conduction electrons collide with the electrons ‘localized’ in the
magnetic domains of the ferro magnets.

Let the case when the ‘localized’ spins from the two ferromagnetic layers (one above
the conducting nonmagnetic layer and other beneath it) are mutually anti-parallel oriented
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be considered, in the case of a zero external magnetic field. These two magnetic layers
can be of the same material or from different magnetic materials. That implies that in the
first case, the quantum collision amplitude of the localized electrons is the same for both
magnetic materials or it may have different signs in the second case. We will only consider
the case when the magnetic material is the same in both magnetic layers and combined
with the case (a) mentioned above. A complete analysis of different combinations can
reveal the possibility of inverse GMR existence when the structure resistance is less in the
case of antiparallel magnetic domains orientation.

In order to fix the ideas, let the first magnetic layer have “up” ‘localized’ spins and the
second one “down” ‘localized’ spins.

Flowing through the first ferromagnetic layer, one half part of conduction current hav-
ing a “down” spin orientation (that is an anti-symmetric spin function), its corresponding
wave function is forced to be symmetric and the case (a) is met and will suffer an electrical
resistance increased by an amount, δr, while in the second ferro-magnet with another spin
orientation will suffer a decreased electrical resistance by the same amount δr, the wave
function being anti-symmetric. Therefore, the resistance opposed by the first layer will be
R0 + δr, while the second ferro magnet will have the resistance R0 − δr.

For another component of the conducting current, having “up” spin orientations of
the conducting electrons, the situation is opposite and the resistance of the first layer will
be R0 − δr, while that of the second one will be R0+ δr.

As a result, the total resistance sensed by one half of conducting electron current is
2R0 and the same value will be sensed by other components of the conduction current, that
is, 2R0.

As they flow in parallel, the equivalent total resistance R↑↓ results from 1/R↑↓ = 1/2R0
+ 1/2R0 = 1/R0→ R↑↓ = R0. This is the equivalent resistance opposed by the anti-parallel
orientation of the ferromagnetic domains-zero magnetic field case of the structure.

When the structure is subjected to an external magnetic field whose orientation coin-
cides with that of the first magnetic layer, the magnetic domains of the second magnetic
layer will be parallel aligned along this direction and all the magnetic domains become
parallel.

In this case, that half of conduction electron current with the same spin orientation
will face a decreased electric resistance in both of the magnetic layers. The corresponding
resistance will be R0 − δr + R0 − δr = 2R0 − 2 δr.

However, another half of the electron conduction current (with the opposite spin
orientation) will flow against the resistance R0 + δr + R0 + δr = 2R0 + 2 δr.

The equivalent electrical resistance in this case (in the presence of an external magnetic
field) will be given by

1/R↑↑ = 1/(2R0 − 2δr) + 1/(2R0 + 2δr)→ R↑↑= R0 − (δr)2/R0

The so-named magneto resistive effect is usually described by different authors, by
one of the following relations:

(R↑↑ − R↑↓)/R↑↑ = −(δr)2/(R02 − δr2) or (R↑↑ − R↑↓)/R↑↓ = −(δr)2/R02

From the two definitions, the first one has the advantage of being more optimistic but
without any real consequence. Therefore, the oversimplified behavior of the current flow
through the GMR structure was described, but a more exact treatment of the problem could
be found elsewhere [36,54].

In the case of two different magnetic materials with wave functions of different signs,
one can find an inverse GMR effect by similar considerations. Indeed, changing the sign of
one wave function implies a change of the corresponding spin orientation too in order to
maintain the electric effect. Or that implies that a decreased electric resistance will appear
in the antiparallel magnetic domain case (zero magnetic field) and an increased resistance
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will appear in the parallel magnetic domain orientation (magnetic field difference of zero)
that is an inversed GMR effect.

Another way to describe the electron flow through GMR is to consider the band
structure of deposited layers [52].

The electron conductivity σ = 1/ρ (ρ is the resistivity) of a metal is proportional with
the number of electrons having the energy equal with the Fermi level, Ef [3]. This number
is determined by the density of allowed states existing there, Df. Therefore, the metal
conductivity could be considered as proportional to the energy level density near its Fermi
level.

In a nonmagnetic metal, the energy densities, D, for both spin directions can be repre-
sented by the central graph of Figure 29, where the densities for the two spin orientations
are completely balanced. Instead, for a magnetic metal at the Fermi level, a completely
unbalance density appears for the two spin orientations, due to the exchange energy that
lifts up the spin ‘up’ density, as shown on the graphs posted on the left and right side of
the nonmagnetic graph.
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In Figure 29, the first graph from the first line at the Fermi level, it can be seen that
the spin up electrons are more numerous while the spin down ones are absent. The same
situation is present on the right graph of the same line, corresponding to the case of parallel
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magnetizations of the magnetic layers present in the GMR structure. The central graph
shows the situation for the nonmagnetic layer.

The ‘up’ electrons from the Fermi level of the left magnet can jump from this level to
the corresponding ‘up’ nonmagnetic level and from there to the ‘up’ level of the second
magnet where they find sufficient levels to fall on.

However, there are none (or few) “down” electrons in the left magnet and this annihi-
lates the “down” current from the start.

In this case a high current flowing through the structure is present, ensured by the “up
electrons.

On the second line, the anti-parallel magnetization case is presented (no external
magnetic field).

Here, the ‘down’ electrons near the Fermi level on the left graph are scarce, as before,
so they could not contribute to the current. Instead, the ‘up’ electrons from the same
graph can jump to the ‘up’ nonmagnetic levels of the central non magnet but they could
not go any further because they will not find levels near the Fermi energy in the second
anti-parallel magnet, due to the anti-parallel magnetization. Therefore, in the case of anti-
parallel domain orientation, both current components are impeded from flowing through
the structure.

Once more, the parallel magnetization ensures a low resistivity due the ‘up’ short,
and the anti-parallel magnetization cannot allow a significant current flowing through the
structure.

All these considerations are valid if the so named spin flip mean distance is greater
than the thickness of the nonmagnetic layer because only then does a spin ‘up’ (or ‘down’)
electron starting from the left magnet come with the same spin orientation at the right
magnet.

But what would happen if this spin flip-flop distance is less that the nonmagnetic
spacer thickness? Then, a spin ‘up’ electron will start from the first ferromagnetic layer
and will arrive to the second ferromagnetic as a spin ‘down’ electron and will find a great
number of levels for an anti-parallel magnet orientation (when the magnetic field is zero)
and few numbers of levels for a parallel magnet orientation (when the magnetic field is
present). That means that the conduction is greater for a zero magnetic field and smaller in
the presence of the external magnetic field, that is, a negative GMR effect will appear.

To obtain the best magneto-resistive effect, the zero magnetic field domain orientation
in the two ferromagnetic layers must be as anti-parallel oriented as possible while in
the presence of a magnetic field, it must be as parallel oriented along the magnetic field
direction as possible.

If the zero-field orientation is parallel, then a non-magneto-resistive effect will appear,
as seen from Equation (32) too.

The temperature influence is of course detrimental, and the temperature decrease will
improve the magneto-resistive effect.

Multi-ferromagnetic-nonmagnetic layer combinations additionally increase the magneto-
resistive effect.

As mentioned above, the thickness of the nonmagnetic conducting metal contributes to
the transition from the anti-parallel zero magnetic field coupling to parallel magnetic field
coupling of the domains from the ferromagnetic layers. This also influences the magnitude
of the magneto-resistive effect. In the case of parallel zero field orientation, the effect is zero
while in the case of anti-parallel zero field orientation, the effect is maxim.

The multilayer (sandwich-type) structured depositions can be easily obtained when
using TVD technology, by alternate plasma ignition in the desired material vapors [12,42].
However, the necessary time for deposition is long enough since a lot of time is lost during
the off-deposition periods when the material needs to be reheated, re-evaporated and re-
deposited from the burning discharge. Usually, the off-deposition time is greater than the
deposition one. Therefore, the waste time is large, considering that many layers (habitually
some tens of layers) must be deposited in order to obtain a greater magneto-resistive effect.
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Instead, alternate self-adjusting discharges with electron gun geometry, as described
previously, can allow for a lot of time shortages.

Indeed, in this case, the anodes are maintained at a higher temperature since the
filament heating together with anode potentials are all the time maintained on from the
sources, the plasma being ignited and extinguished by self-regulating alternate anode
potentials.

It is interesting to mention here that the GMR effect of multilayer type structure has
different values if the electric current is forced to travel along the deposition (CIP = current
in plan) or perpendicular to it (CPP = current perpendicular on plan).

The GMR effect value is greater in CPP geometry as in the CIP one because the current
is forced to travel all the layers but the practical realization of CPP structure is more difficult,
and the resistance is lower than that for CIP.

7.2.2. Granular GMR

The composite layer is made now of a mixture of magnetic metal (Fe or Ni or Co, etc.)
uniformly distributed within the network of a conducting non-magnetic metal (Cu or Ag
or Au, etc.).

The TVD technology is very suitable for such depositions too. The coating process is
carried out in a high vacuum, from two independent simultaneously burning vacuum dis-
charges, having an electrical screen mounted between the anodes, as previously presented
in Section 5 when discussing the simultaneous discharges [48,49].

For scientific studies concerning the influence of the mutual metal composition over
the magneto-resistance effect, this technology is warmly recommended due to the fact that
the sources are punctual, and the deposition rate depends on the source-substrate probe
distance and substrate orientation, as in case of thermal evaporation.

By mounting the probes between the sources, a high variety of deposition concentra-
tions is obtained at once.

Both the electron gun and the cathode ring arrangements can be used for the same
purposes. In the cathode ring arrangement, considering that the surrounding earthen
Whenelt cylinders ensure the necessary electrical screening between the discharges, there,
the presence of any electrical screen between the discharges becomes futile.

The magnetic metal, having a granulate form, must be distributed as uniformly as
possible throughout the nonmagnetic material. The TVD technology, which uses electron
bombardment (and not ions as in the sputtering case) as a source of anode heating and
plasma generation, ensures a very fine (almost atomic) uniform distribution of the magnetic
atoms within the non-magnetic metallic network, as previously mentioned.

This facility will contribute to obtaining certain desired qualities of the magneto-
resistive structure, as will be discussed further.

It is worthwhile to make a comparison between the multilayer structured depositions
and those with granular structure to derive some general data concerning the behavior of
them under the action of external magnetic field.

The function of a non-magnetic conducting layer from the sandwich-like structure
is now overtaken by the distance between two adjacent magnetic domains filled by the
nonmagnetic material.

Indeed, if the magnetic particle density is too high, then this distance is too small, the
mutual interaction between them is too high and the external magnetic field fails to change
the domain orientation in its presence, as in the case when the non-magnetic conducting
layer thickness is too thin.

On the contrary, when the magnetic material concentration is too low, the distance
between two adjacent domains is too high and the exchange forces are ineffective. Moreover,
when the magnetic material concentration is too low, the magnetic domain presence is too
scarce, their total GMR effect is too weak and consequently the magneto resistive effect is
too low.
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As a result, there exists an optimum magnetic material concentration for a maximum
magnetic magneto resistive effect, and this concentration is around 30%.

The dimensions of the magnetic domains have a great importance too. The best
situation for some applications is when the magnetic particle dimensions are of the order of
one atom and are uniformly distributed in the bulk structure of the magneto resistive layer.

During the deposition process carried out by the TVD technology, the substrates are
heated up to some hundred Celsius degrees (due to anode radiation combined with the
plasma particle action) which is an advantage in comparison with other deposition method.
When this heating action is not sufficient, a post deposition thermal treatment is crucial to
coagulate the magnetic particles to form magnetic domains having optimum dimensions.

It is of special interest to obtain a very narrow distribution of the domain dimensions.
As given in the literature, the domain diameters distribution when they are considered

spheres, is given by [55].

f (D) = A
1√
2πβ

exp

{
− [ln(D/D0)]

2

2β2

}

where β is the mean deviation of a diameter, D, with respect to the mean magnetic grain di-

ameter, D0, and A is given by the relation
∞∫
c

f (D)dD = 1, corresponding to the distribution

normalization, c being the diameter of a singular magnetic atom (the minimum particulate
dimension of a domain).

From the above given considerations, one can infer that, if the deposition can be made
of magnetic atoms uniformly distributed in space all over the network of the nonmagnetic
metal and with a proper concentration, a proper post-deposition thermal treatment can pro-
duce magnetic domains with a very thin diameter distribution around the mean diameter,
D0 value.

As a result, the orientation for the great majority of magnetic domains, under the
influence of an external magnetic field, will be produced for a unique value of the external
field and the GMR effect plotted against the magnetic field will have steep slopes on the
wings, as it will be presented below.

If these dimensions are largely spread around D0, (great β, value) their orientation
along the external field will be produced for different magnetic field intensities and the plot
of the GMR effect against the magnetic field will have slowly decreasing slopes.

The width of these dependencies will be broader or thinner depending on the softness
of the magnetic material embedded in the non-magnetic conducting material.

Examples of such dependencies will be presented in the section dedicated to applica-
tions of the TVD technology.

7.3. TMR Type Depositions

In TMR (tunnel magneto resistance) depositions, the nonmagnetic conducting metal is
replaced by an insulator and the electric current is forced to penetrate the insulator by the
quantum tunnelling effect [40,46,47].

In this case, the electrical resistance of the structure is much greater than in the GMR
cases and consequently this structure works with much lower currents.

This behavior makes it possible to use TMR in non-volatile magnetic memories.
There are many insulating materials which can be deposited by the TVD method, even

if it uses dc electrical discharges for deposition. The possible insulating materials to be
deposited by this technology are those which become conductive at high temperature used
for their evaporation.

When this will not be the case, as for example the aluminum oxide (alumina) depo-
sition, a thin aluminum layer is first deposited by TVD technology which can be further
oxidized by a glow discharge in an oxygen atmosphere. The advantage is that the thick-
nesses for TMR structures are of the order of nanometers.
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7.3.1. Multilayer TMR

A simple quantum description of the phenomenon will be further presented to obtain
some basic explanation of its behavior in an external magnetic field.

To begin with, let it be considered the simplest potential barrier built up by an insulator
deposited between two magnetic metal layers. The form of this barrier is sketched in
Figure 30.
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The interesting case is when the electron energy, E, is much smaller than the potential 
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In this case, sh(k2l) ≈ exp(k2l). In this approximation, the barrier transparency becomes: 

0
02

0

16 ( ) 2exp[ ( ) ]E U E mT U E l
U

−≈ − −
  (38)

From this expression one can see that the barrier transparency exponentially de-
creases with the barrier height (U0) and barrier extension (l) and increases with the elec-
tron energy. 

For this reason, the insulator layer thickness must be thin enough to obtain a suffi-
cient electron current, but not too thin because it will produce a strong magnetic coupling 

Figure 30. Potential barrier in a TMR layer.

The corresponding Schrodinger equation for this simple barrier is:

}2

2m
d2ψ

dx2 + (E−U0)ψ = 0 (35)

The solutions of this equation for the three regions are [51]:

ψ1(x) = Aeik1x + Be−ik1x , x ≤ 0
ψ2(x) = Cek2x + De−k2x , 0 ≤ x ≤ l
ψ3(x) = Feik1x , x ≥ l

(36)

k1
2 = k3

2 = 2mE/}2; k2
2 = 2m(U0-E)/}2, E = electron energy.

The A, B, C, D and F constants are obtained when equalizing the functions and their
derivatives at the points 0 and l.

The probability for an electron to pass through the electrical barrier, that is the quantum
barrier transparency, is given by:

T =
ψ∗3 ψ3

ψ∗1 ψ1
=

∣∣∣∣ F
A

∣∣∣∣2 =

∣∣∣∣∣1 + U2
0 sh2k2l

4E(U0 − E)

∣∣∣∣∣
−1

(37)

The interesting case is when the electron energy, E, is much smaller than the potential
height, U0.

In this case, sh(k2l) ≈ exp(k2l). In this approximation, the barrier transparency becomes:

T ≈ 16E(U0 − E)
U2

0
exp[−2m

} (U0 − E)l] (38)

From this expression one can see that the barrier transparency exponentially decreases
with the barrier height (U0) and barrier extension (l) and increases with the electron energy.

For this reason, the insulator layer thickness must be thin enough to obtain a sufficient
electron current, but not too thin because it will produce a strong magnetic coupling of
the two adjacent magnetic metal layers. This would diminish the influence of the external
magnetic field.

The external magnetic field efficiency is appreciated after the magnitude of the so
denoted TMR effect, ηtmr, described by the relation:

ηtmr =
R0 − Rh

Rh
(39)

where R0 is the resistance for the zero magnetic field and Rh is the resistance in the presence
of the external magnetic field, as in the GMR case.
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The electric current passing through the barrier is proportional with this transparency,
with the energy states densities around the Fermi level existent at the magnetic metal-
insulator contact surfaces, and with the electron distribution function on these energetic
levels (Fermi-like distribution).

The energy-space transparency makes no difference between spin “up” electrons and
spin “down” electrons, this being determined by the space quantum wave component of
electron quantum function.

As is well known within the ferromagnetic metals, the density of the energetic level
near the Fermi level, due to exchange forces, is strongly unbalanced in the favor of “up”
(majority) spin electrons, as presented above for the GMR case.

Suppose an insulator layer deposited over the first ferromagnetic layer and over this
insulator, the second ferromagnetic layer is condensed.

To fix the ideas, suppose the mutual magnetic domain orientation in the two ferro-
magnetic layers is anti-parallel. In this case, the majority (“up”) electrons from one layer
passing through the insulator, find the energy levels corresponding to minority (“down”)
in another layer, while the minority electrons (“down”) from the first magnetic layer find
the majority levels (“up”) in the second magnetic layer. This discrepancy impedes a high
current to tunnel through the barrier.

Now, in the presence of an external magnetic field, all the domains from both ferro-
magnetic layers are aligned along its direction. The majority of electrons pass through the
insulator from the first magnetic layer and fall over the majority levels in the second ferro-
magnetic layer, while the corresponding minority electrons find the minority levels after
their passage through the insulating barrier (see the Figure 30 and replace the nonmagnetic
with the insulator).

This situation facilitates a high electron current to flow across the insulating layer (see
Figure 31).
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Consequently, one can write for respective currents [46]:

Ia ∝ Du
1 Dd

2 + Dd
1 Du

2
Ip ∝ Du

1 Du
2 + Dd

1 Dd
2

Here, Ia defines the electron current for the anti-parallel orientation of magnetic
domains, while Ip defines the electron current for the parallel orientation.

D, as in the GMR case, signifies the energy level densities with indices (u,d), used to
indicate the levels for “up” spin orientation and for “down” spin orientation, and indices
(1,2) are used to indicate the first and second ferromagnetic layer, respectively.

In the literature, the following function (so-named ferromagnetic bias) is defined in
order to characterize the density asymmetry near the Fermi level:

Pi =
Du

i (EF)− Dd
i (EF)

Du
i (EF) + Dd

i (EF)
(40)

EF denotes the Fermi level again. For a nonmagnetic material where the densities are
equal, this function is zero.

The effect of tunnel magneto-resistance (Equation (37)) can be transformed as follows:

ηtmr = (Rap − Rp)/Rp = (1/Rp − 1/Rap)/(1/Rap) = (V/Rp − V/Rap)/(V/Rap) = (Ip − Iap)/Iap = 2(Ip − Iap)/[Iap + Ip − (Ip − Iap)

Here V represents the applied voltage across the layer structure.
Using the above-given expressions for Ia and for Ib, the following usual expression for

the TMR effect description is obtained:

ηtmr =
2P1P2

1− P1P2
(41)

If the ferromagnetic materials were strongly unbalanced, that is if Diu >> Di
d, then

Pi ≈ 1 and η had a great value.
The anti-parallel spin orientation of the two ferromagnetic layers could be obtained by

two methods:

1. One of the ferromagnetic layers, say layer “1”, has a high coercive force (the magnetic
field value which annihilates the magnetization [37]) or its thickness is high [56]. This
is a hard magnet.

This could change the magnetic domain orientation only in the presence of a highly
intense external magnetic field. Then, the second ferromagnetic layer, say “2”, separated
from the first one by an insulator, must have a low coercive force (a soft magnet, such as
perm alloy).

This constitutes a so-named spin-valve structure characterized by the fact that in
the low intensity magnetic fields, only layer “2” changes its orientation while layer “1”
maintains its orientation [57,58]. That means that the two layers will have a parallel or
an anti-parallel mutual orientation of their magnetic domains depending on the external
field orientation which is changed. Accordingly, the structure resistance will be changed
from a high value (anti-parallel mutual orientation) to a low one (parallel mutual domain
orientation) in function of the external magnetic field orientation. These structures can be
realized both in GMR [59,60], and TMR cases.

The action of this structure is, for an electrical current, similar to the action of a usual
valve on a gas flow.

2. One of the ferromagnetic layers is deposited over an anti-ferromagnetic layer and a
strong mutual magnetic coupling appears between them, which gives the magnetic
layer the property of a hard magnet with high coercive force [57].
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Then the deposition of the structure is continued with the insulator and then with the
soft ferromagnetic layer. This way the spin valve structure is obtained too.

Sometimes, the deposition process of the high coercive force ferromagnetic layer is
made in the presence of an external magnetic field in order to improve the domain’s strong
alignment.

Some of the obtained data using TVD will be presented further when experimental
results are given [54].

Here, also as in the GMR case, the negative TMR effect can appear too, at least from
the above-mentioned relation between the flip-flop spin relaxation distance and insulator
thickness. If this distance could be smoothly changed by the applied fields within a decent
variation domain of these, then one can change the electrical resistance of the structure no
matter how the magnetic domain orientation in the two magnetic metals is.

The negative TMR structure was analyzed even from the very beginning of the GMR-
TMR discovery [39].

7.3.2. Granular TMR

These depositions are made using two independently burning plasmas, one in the
ferromagnetic atoms and the other in the evaporated molecules of the insulator. The
main limitation comes from the insulator because TVD works with dc voltages. If the
insulator material is heated indirectly in a conducting (usually tungsten made) crucible, it
can generate a necessary atmosphere around the anode to ignite the plasma and to deposit
the insulator simultaneously with the ferromagnetic material. Additionally, the insulating
anode material can become a conductor at a high enough temperature.

Thereby, for certain insulators, such as SiO, MgO or MgF2, the authors of the present
treatise proved that it was possible to ignite the plasma in their molecular vapors and to
co-deposit them with magnetic material to build up a TMR granular structure [61], having
the ferromagnetic atoms uniformly embedded into the insulator structure.

Therefore, it is possible to co-deposit Cobalt, or Nickel, or Iron with SiO, MgO or MgF2
and to obtain a TMR granular compound, by TVD technology. As an example, Figure 32
presents TMR curves for as deposited layers (black curves) and after a post-deposition
thermal treatment.
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To build up the optimal magnetic domain dimension in a just-deposited layer, it is
usually necessary to subdue the deposited layers to a post-deposition thermal treatment in
order to coagulate the magnetic atoms in optimal sized magnetic domains [62].

From Figures 32 and 33, one can see the beneficial influence of post-deposition thermal
treatment on the TMR effect. Namely, both the TMR absolute value and the steep side wings
are substantially improved. This appearance can suggest that TVA deposition ensures a



Coatings 2023, 13, 1500 50 of 83

uniform atomic deposition (similar to thermal evaporation cases) and uniform domain
coagulation. Indeed, in this case, all the magnetic domains are oriented for the same value
of the applied external magnetic field, which is very useful for the devices that use such an
active component.
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Here, as in a granular GMR case, the magnetic metal concentration must be optimal
for an efficient TMR effect. The considerations made in the case of granular GMR and
multi-layered TMR can be extended here.

7.4. Combined GMR-TMR, Ternary Depositions

As was above mentioned, the electrical resistance of the GMR structure compared
with the TMR structure is very small. Sometimes it is necessary to have an intermediary
resistance between these two.

In this case, one can try to obtain a combination between these two magnetic struc-
tures as to obtain a convenient resistance structure which can be of interest for special
applications.

These special layers can be easily obtained by TVD technology [40], and this, at least,
is due to the following considerations:

- The evaporation sources in the TVD technology are punctual as in the thermal evapo-
ration method;

- The evaporations are processed in high vacuum conditions, and this gives the oppor-
tunity to ignite two or three separate discharges in an alternative or simultaneous
mode, to obtain the desired composition of the deposited structure;

- The depositions are obtained from plasmas generated in the genuine particles which
are deposited to form the structure.

- The added potentials applied on the substrates can contribute to improving the
deposition characteristics by genuine ion bombardment;

- By distributing the probe substrates on a given area above the three discharges, one
can obtain suddenly (at once), a lot of material compositions on the probes due to their
different geometry positions relative to the plasma sources. This gives the opportunity
to perform a detailed analysis of the composition influence on the magneto-resistive
effect, or in other cases on any other desired magnetic effect.

- Additionally, it must be emphasized that there are no special conditions imposed to
the forms or dimensions of the anode material to be evaporated.
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- Sometimes the depositions can be made without a crucible presence at the anode, as
above mentioned.

The following structures can be obtained, proceeding as below:

1. Deposit a simple, double or even triple ferromagnetic material or alloy;
2. Deposit a nonmagnetic metal, alone or in combination with an insulator;
3. Deposit a ferromagnetic combination over it:
4. Repeat this structure as much as desired;

Another combination can be obtained as bellow:

5. Deposit a ferromagnetic layer;
6. Deposit a nonmagnetic conducting layer;
7. Deposit a ferromagnetic layer;
8. Deposit an insulator;
9. Deposit a ferro-magnet again;

Repeat the structure as much as desired.
Finally, a ternary mixture composed of ferro-magnet, nonmagnetic conducting metal

and insulator forms a ternary granular mixture having different magneto-resistive effects.
Indeed, a lot of other possible combinations can be imagined and realized with TVD

technology to study the material composition influence on the magneto-resistive effect.
All these last composites are nothing but a combination of GMR-TMR, multi-layered

or granular structures deposited in order to obtain an optimum magneto-resistive effect,
combined with a convenient electrical resistance of the structure.

The necessary conditions for a successful TVD application are:

- A very good high vacuum (in the range of below 1 × 10−6 Torr);
- An adequately sized deposition chamber;
- Three high voltage electrical sources (some kV and some A);
- Three low voltage sources for filament alimentation (some tens of volts, and some

hundreds of A);
- A high voltage (kV) low current source (microns), for probe biasing.

In the next section, dedicated to the experimental obtained structures in laboratory
conditions, the different composite structures together with their TVD deposition charac-
teristics will be presented.

They were carried out by the authors of this review article and are given as practical
examples of deposition capabilities of TVD technology.

8. Single Conducting Material Deposition by TVD

As was mentioned above, it is possible to deposit a single material from an evaporating
anode, or many component layers evaporated from different anodic sources. In this section,
the different materials, as deposited by the TVD method, will be considered.

Both cases of different material deposition will be presented further: firstly single
material depositions, and then different combined depositions, carried out by the TVD
method.

8.1. Tungsten Deposition by TVD

Tungsten is the most known refractory metal having a melting point fixed at 3422 ◦C.
This metal is recommended for high thermal resistance coverage of various tools, devices
and installations.

However, because of the high melting point, tungsten cannot be evaporated from
crucibles because there is no material to sustain the tungsten heated to a high enough
temperature (above the melting point) to achieve a significant evaporation rate. The
only possibility to produce a tungsten coating is by sputtering method, by arc, or TVD
discharges. The TVD method appears to be the most advantageous, based on the following
considerations:
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1. The TVD tungsten evaporation is proceeded especially through local electron bom-
bardment of its surface.

Therefore, there is no need to increase all the tungsten body to very high temperatures.

2. The tungsten heat conductance is not very high (173 W·m−1 K−1) [56] and it allows to
heat the tungsten anode surface up to a temperature situated just below its melting
point (or even partially melted), maintaining at the same time the not bombarded sur-
face of the anode in the solid self-sustaining state, when the evaporating temperature
and deposition rates needed are not too high.

This way, the tungsten anode can be evaporated, with different evaporation rates from
its proper “crucible”, as shown in Figure 33.

As seen from Figure 33, a tungsten rod is mounted on a thin tungsten wire which is
fixed in the anode support. The use of this thin wire (of 1 mm diameter) can be possible
because the discharge currents are small enough (of the order of an ampere) and can be
easily evacuated through this wire. This way the heat loss is also minimized.

The obtained tungsten layer is characterized by a high purity (the cathode is also
tungsten made) and well-structured network (the deposition is made in the presence
of high energetic tungsten ion bombardment, and due to electron anode heating, the
evaporated particles are highly made of tungsten atoms with no multi-atomic clusters).

The anode temperature, t, the corresponding vapor pressure, P, (Equation (10)) can
determine the different evaporation rates, Vevap, from a square cm of anode surface, using
Equation (12). With these data, the deposition rate, Vdep, at different distances from the
anode can be calculated using Equation (14).

In the next figure, the deposition rates were plotted and calculated for a uniform depo-
sition sphere [16], having a usual radius of 10 cm. This corresponds also for a deposition
rate on a substrate situated at a 20 cm distance just above the anode and having tilt angles
ϕ = θ = 0.

The melting point of the tungsten metal being 3422 ◦C, a tungsten anode upper surface
heated up to a temperature as high as 3400 ◦C could ensure for the rest of the anode
non-bombarded surface to remain solid during the deposition procedure.

Considering this temperature, from the given curves, one can obtain the deposition
rate at 20 cm above the anode, of about 0.1 nm/s, as presented on the figure too.

Even this deposition rate might be at first glance too small, but for layers of 1 micron
thickness with high purity and good structure, it becomes of interest. A higher deposition
rate can be obtained when decreasing the anode-substrate distance and increasing the anode
surface. Additionally, it is possible to cool the tungsten support in order to increase the
anode upper surface to higher temperatures and, consequently, to obtain higher evaporation
and deposition rates.

In fact, similar deposition rates as those evaluated above were measured using a
quartz balance, when depositing tungsten by the TVD method [62] and using a scheme as
the one presented in Figure 33. Figure 34 presents the typical evaporation rate, pressure
and deposition rate dependence on the anode temperature at a distance of 20 cm from the
tungsten plasma source to the measurement point.

In Figure 35, the V-I characteristics measured before and after the plasma generation
in tungsten vapors when using the TVD deposition technology are shown.

Their difference is determined by different cathode heating currents. As is readily
seen, the cathode heating increase determines the decrease of the discharge breakdown
voltage.

The cathode heating currents marked on the figure are: 48 A, 51 A, 54 A, 57 A and
60 A. When increasing the cathode heating current from 48 A to 60 A, the discharge igniting
voltage decreases from 4570 V to 2000 V.

That is, for plasma ignition, it is not necessary to have a high value HV power supply
capable of supplying 5000 V, but one with a maximum output voltage of 3000 V would be
sufficient. The plasma emission color is blue (sky blue).
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Figure 35. V-I characteristics for TVD discharge when using a tungsten anode and different filament
heating currents.

These curves were obtained through a steep increase in the applied voltage from the
high voltage source until the discharge breakdown appeared, and then the voltage source
Esour was maintained until the final working equilibrium point was attained. One can
observe that the characteristics after the discharge breakdown are linear and approximately
parallel with one another. The explanation of this behavior can be found when considering
Equation (16) and taking the applied voltage from the source on the anode as constant after
the plasma ignition.

In this case,
Vpl = E − RId → ∆Vpl/∆Id = −R= const.

Here, only Vpl and Id are variable, the value of the pure resistive load, R, remaining
constant for the interval of current marked on the figure.

Therefore, the linear curves appearing after plasma ignition for all the filament heating
currents have practically the same slope which in fact gives the loading resistance value
(which was maintained constant) when no reactive components are present in the electrical
circuitry.

When increasing the filament heating current, the electron thermo-emission from the
cathode increases. As a result, more electrons are bombarding and heating the anode before
plasma ignition.
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Moreover, the number of pre-ignition electrons being greater for higher cathode
heating, the discharge can be started even with lower vapor densities.

This allows the plasma ignition point to appear for lower anode potentials. The V-I
characteristics are nearer when the filament heating current increases.

To increase the discharge current for lower applied voltages, one can decrease the
load resistance value, Rload. This way, the inclination of the linear part of the discharge
characteristics will increase and so will the power introduced into the plasma.

This power increase will increase the evaporation together with deposition rates.
The presented curves also suggest that if higher discharge powers are desired, it is

necessary to decrease the filament heating current and increase the anode potential for an
unchanged load resistance.

Another interesting phenomenon appearing during the tungsten deposition process
by TVD technology is that after a long duration process, the filament is covered with a
tungsten layer by the evaporated atoms coming from the anode.

This causes perturbation during the deposition process because the cathode heating
is disturbed by increasing the filament diameter and, correspondingly, by decreasing the
filament resistance.

This determines the filament heating current increase for a constant voltage applied
on it. Finally, the thinner parts of the filament (with no tungsten vapor deposition on them)
are superheated and broken and, consequently, the filament must be replaced. Generally,
this replacement is necessary after the tungsten deposited layer thickness is around 1 µ and
when using a filament made of a wire of 1 mm diameter.

If a thicker wire is used, say 2 mm, one can enlarge the deposition time, but it is
necessary to have a source for filament heating able to furnish over a hundred A.

Tungsten depositions by TVD were intensely deposited and studied both as single
materials and as a combination with others [63–74] for high temperature plasma facing
walls in thermonuclear power plants (JET).

8.2. Carbon TVD Deposition

Carbon is the element with atomic number 14 and atomic weight 3.514 g/cm3. Its
principal allotropic forms are graphite, diamond and amorphous [20].

While the diamond is transparent and has a low electrical conductivity, the graphite is
black, opaque and is a good conductor. On the other hand, diamond possesses the greatest
thermal conductivity and a very high chemical resistance.

At atmospheric pressure, it does not have a melting point, and its sublimation point is
approximately 3900 K.

Diamond crystallizes in a cubic system and its hardness is one of the highest ones
known.

Graphite is a good lubricant, crystallizes in hexagonal system and is a soft material.
The carbon work function is less than that of tungsten, namely 4.39 eV.
The amorphous carbon is completely isotropic and appears especially in thin layer

deposited carbon.
The next plots present the vapor pressures, P, evaporation rates, Vev, and the deposition

rates at 20 cm away from the anode, Vdep,20 (on the vertical starting from the anode surface),
at different temperatures t, as in the above-presented tungsten case.

Comparing data from Figure 34 with the data from Figure 36, it is readily found that
carbon evaporates easier than tungsten. Moreover, carbon has no melting point so that
the carbon evaporation by the TVD method is easier than that for tungsten and requires
no crucible to support the carbon material. In fact, the carbon arcs are burning between
two carbon pieces with high currents and at high temperatures with no support crucible.

Unfortunately, the carbon vapors interact with tungsten filament and can contaminate
the carbon deposited material with traces of tungsten. Moreover, the melting point of
tungsten carbide is 2870 ◦C and therefore is much under the boiling point of tungsten and
this can induce a tungsten filament life shortening.
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Figure 36. The evaporation rate, pressure and deposition rate at 20 cm from the carbon plasma 
source. 

Figure 36. The evaporation rate, pressure and deposition rate at 20 cm from the carbon plasma
source.

To avoid these undesired cases, and to obtain a high purity carbon deposition, one can
use a carbon (instead of tungsten) filament as the thermo-electron emitter cathode.

This possibility is recommended by the lower carbon work function in comparison
with the tungsten one, because this can allow for a better cathode electron emission (lower
work function means higher thermo-emission, see Equation (3)). Additionally, the carbon
sputtering is lower than that of tungsten, so there is no danger of carbon poisoning of the
deposition, other than carbon.

The carbon deposited layers are found to be similar with the diamond structure so that
they were given the name of diamond-like carbon or DLC. The DLC structures deposited
by TVD are presented in [69,75–81].

These structures possess properties varying from those of graphite to those of diamond,
depending on the ratio of sp2/sp3 inter-atomic bounding existent inside the deposited
layer [75].

Shortly, the sp3 type bonding is formed by four valence electrons assigned to a tetra-
hedral directed network. This kind of orbital forms strong covalent bonds between the
carbon adjacent atoms.

In sp2 type bonding, only three of four valence electrons are assigned to trigonal
directed sp2 hybrid orbital and are forming strong covalent bonds with adjacent atoms on
the same plane, while the inter-planar bounds are weak and ensures a soft characteristic of
these kinds of links.

In sp1 type bonding, only two electrons form strong covalent bonds.
Depending on deposition method, two kinds of DLC layers can be obtained:

a. Amorphous hydrogenated carbon coatings (a-C:H) which are deposited by plasma
assisted chemical vapor deposition (PACVD);

b. Tetrahedral amorphous carbon coatings (ta-C) or DLC hydrogen free coatings which
are deposited by vacuum discharges, laser vacuum discharges, sputter depositions, etc.

As is obvious, the TVD technology allows for ta-C DLC layer deposition since it is
carried out in high vacuum.

The DLC coating is frequently referred to as amorphous diamond, because its structure
is locally tetrahedral, similar to diamond but is disordered on a larger scale. The ta-C
coverage is stronger and with better friction qualities as compared with a-C:H ones [82].

One of the most important deposition parameters concerning the DLC film qualities is
the energy of ions bombarding the just-forming deposit.

In TVD technology, the evaporated carbon atoms from the graphite anode are ionized
by the electron-carbon atom collision, and as explained above, the neutral carbon atoms
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together with carbon ions are flying towards the over mounted substrates and deposit
there.

Considering that the sp3 bonds are the strongest, the energetic ion bombardment of
the just-forming layers encourages the sp3 bonding and removes the weaker sp2 bonds.

As a result, the TVD deposited DLC layers are expected to contain more sp3 bonds
because the ion energies are of some hundreds of eV even when no bias is applied on
substrates. Indeed, when the filament heating current is lowered, the discharge voltage
must be higher for the same discharge current. The plasma potential which increases with
anode potential, as presented above, is higher too. The plasma potential increase means
that the plasma ion energy increases and a more intense bombardment of the earthen
substrate will appear.

Moreover, even the carbon ion presence during the deposition can facilitate their
acceleration towards the substrate.

Therefore, in TVD technology, besides the bias applied on the substrates, the carbon
ion energy can be increased during the deposition by decreasing the filament heating
current corroborated with anode potential increasing.

It is also important here to stress that the bombarding ions are of the same nature (that
is carbon ions) as the material deposited, unlike in the sputtering case.

In thermal deposition methods, there are no ions present and there is no way to
influence the deposition condition.

Moreover, the coating proceeds at a desired deposition rate, the condensate particles
are atomic (they are generated from anode bombardment by electrons which, as above
mentioned produces no clusters as ions when sputtering the cathode) and the structural
arrangement is denser and with no conglomerates within the formed structure.

The deposition arrangement is similar to that presented for tungsten deposition, except
the tungsten anode rod is replaced now by a graphite rod.

8.3. Rhenium TVD Deposition

Rhenium is a transition metal with the atomic number 75 and an atomic weight of
186.21 a.u. The melting point of rhenium is 3186 ◦C. Its crystal structure is hexagonal. In
alloy with tungsten, it becomes a superconductor at 4–8 K. Rhenium density is 21.02 g·cm−3.
Being a refractory metal, it is used to cover the gas turbines or other different pieces to
protect their overheated parts against the excessive heating.

The vapor pressures, P, the evaporation rates, Vev, deposition rates at a 20 cm distance
from the anode and Vdep,20 at different temperatures are given in Figure 37 above for
rhenium.
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Comparing the data given here with those given for tungsten, it is found that the
rhenium vapor pressures, and evaporating rates are greater than the tungsten ones.

Unlike carbon, the rhenium possesses a fixed melting point and what happens near
this point is of interest, for example, at 3100 ◦C.

In Figure 37, the corresponding vapor pressure, evaporation rate and deposition rate
at 20 cm away from the anode are shown. The deposition rate is around 0.67 nm/s which
can be increased up to 1.2 nm/s when the distance of 20 cm is decreased to 15 cm. This
deposition rate can be carried out without any crucible and is quite satisfactory for the
deposition of layers having thicknesses of the order of a micron. Moreover, as stipulated
for tungsten when higher evaporation rates are desired, the method cooling of the lower
part of the tungsten rod can give the possibility for a higher temperature on the upper
anode surface to be obtained with the beneficial consequences of decreasing the time of
deposition.

The image (Figure 38) of rhenium TVD deposition with the electron gun arrangement
is shown below:
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Figure 38. Rhenium deposition from a rhenium anode rod.

The deposition rates measured during rhenium evaporation by TVD technology
without any crucible and cooling proved to be of the same order of magnitude as this
evaluated one.

As in the case of tungsten plasma, also here the plasma radiation is masked by the
intense anode thermal radiation.

It is worthwhile to describe here an interesting phenomenon appearing during rhe-
nium deposition process by TVD.

The tungsten filament work function (electron extracting energy) is 4.5 eV or even less
when allied with thorium. On the other hand, the rhenium work function is 5.1 eV.

That means that when rhenium atoms evaporate from the anode and come towards
the filament, they can cover the filament surface and remain there for a long time, being
also a refractory metal with a high desorption energy, H [83].

This can determine the filament work function increase, as the Formula (8) indicates.
This equation shows that the higher the anode temperature, the greater the filament
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rhenium coverage and the higher the filament work function. However, from Equation (3),
this phenomenon leads to a lower electron thermo-emitted current and finally a discharge
current decease is observed.

Moreover, an anode potential increase increases rhenium evaporation and rhenium
cathode coverage and decreases the discharge current by decreasing the cathode electron
emission.

As a conclusion, after the discharge breakdown, the discharge current decreases when
increasing the anode potential.

To increase the discharge current and anode evaporation, one has to increase the
cathode heating current which can restore the filament work function and the filament
emitted current, as seen from the Equation (8). Rhenium depositions by TVD method are
presented in [84].

8.4. Beryllium Deposition by TVD

The atomic number of this alkali metal is 4, and its atomic weight is 9.012183. The
melting point of beryllium is 1287 ◦C and the boiling point is −2469 ◦C. The crystalline
structure is hexagonal and from the magnetic behavior point of view, beryllium is a
diamagnetic metal. The beryllium density is 1.847 g/cm3.

The vapor pressures, P(torr), the evaporation rates, Vev (g·cm−1·s−1), and the depo-
sition rates at 20 cm distance from the anode, Vdep,20, are given in the next figure, as a
function of the temperatures in ◦C.

As beryllium has a certain melting point, it is worthwhile to see just under this point
to appreciate if it is possible to evaporate this material without any crucible as the materials
presented before.

As the beryllium melting point is 1287 ◦C, it would be interesting to see the evaporation
rate for t = 1250 ◦C.

As shown in the Figure 39, the deposition rate at 20 cm distance from the beryllium
anode is 0.35 nm/s which can be increased for smaller distances and larger anode heated
surfaces.
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Figure 39. The evaporation rate, pressure and deposition rate at 20 cm from the beryllium plasma
source.

This is a quite satisfactory deposition rate for most of the interesting beryllium de-
position cases and can be carried out from a beryllium rod having one square cm surface
area, without any crucible. Therefore, no crucible material is expected to be found in the
beryllium coverage, with the TVD technology when layer purity is of major importance.
When cooling the lower part of beryllium rod, the higher deposition rates were obtained
by the authors of this review article.
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In Figure 40, TVD blue plasma, ignited in the beryllium vapors, is shown.
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Figure 40. Pure beryllium, TVD plasma.

The usual blue plasma is formed in beryllium vapors while depositing beryllium
coverage by TVD technology.

A particular behavior of the beryllium deposition process is the possibility of a surface
beryllium oxide formation when the base pressure during the deposition is not suffi-
ciently low.

As the beryllium oxide melting point is much higher than that of beryllium one
(2507 ◦C), and as it is a compact layer, the following problem can appear. The surface
bombarded by the electron flux evaporates the pure beryllium more rapidly than the
surrounding oxide layer, and caves could be formed in the beryllium rod, in this way
impeding the beryllium deposition. Works dedicated to beryllium TVD depositions can be
found in [82,85–101].

8.5. Boron Deposition by TVD

Boron is the following element in the periodic table having the atomic number 5,
and atomic weight 10.811. The boron density is 2.46 g·cm−3. It is a metalloid, and it is
not expected to be appropriate for TVD deposition technology treatment. Nevertheless,
the boron TVD depositions were already carried out for thermonuclear coverage of first
wall tiles and for X-ray transparent windows. The explanation may be the fact that this
element is non-conducting at room temperature, but its conductibility increases with the
temperature at a level which permits the boron anode of TVD to remove the discharge
current. The small boron pieces are melted and sustained by a glassy carbon crucible, as
shown in Figure 41 [102].

The boron plasma cannot be visually seen from the thermal anode intense radiation,
as happens with other refractory materials evaporated by TVD. However, the existence of
plasma was detected by V-I characteristics.

In the next figure (Figure 42), as in the preceding ones, the vapor pressure, P, the
evaporation (Vevap) together with deposition rates (on a probe mounted at 20 cm distance
from the anode) Vdep,20, at different temperatures, are given for boron.

As shown in Figure 42, for an anode surface temperature of 2000 ◦C the evaporation
rate from a square centimeter is Vevap = 5.35 × 10−6 g·cm−2·s−1. The corresponding
deposition rate at a 20-cm distance from the anode for θ =ϕ = 0 is 0.18 Ä/s, which in many
cases can be satisfactory for high quality deposition made without a crucible.
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However, with this low deposition rate, one would need 18 days of continuous
deposition by TVD at a temperature situated under the boron melting point (when not,
crucible use is not necessary) to obtain a layer thickness of 50 µm.

Instead, when using a glassy carbon crucible, the boron granules can be heated for
example up to a 2377 ◦C temperature when boron is melted while the carbon remains solid
because its melting point is 3547 ◦C.

At this temperature, the obtained deposition rate becomes 1.2 nm/s. At this rate,
50 microns would be coated in about 11 h. In fact, the real deposition time for a 50 µ thick
boron layer was about 24 h because the deposition geometry was not the same as that used
for calculation.

However, in this case, some carbon atoms are evaporated too, and the layer purity is
affected by carbon.

8.6. Copper Layer TVD Deposition

Copper is one of the most adequate conducting metals to be deposited by the TVD
method. Its atomic number is 29, the atomic weight is 63.546 a.u., the melting point is
1083 ◦C and the boiling point is 2595 ◦C. The copper density is 8.94 g/cm3. The copper
vapor pressure, copper evaporation rate and copper deposition rate at 20 cm distance from
the anode as a function of temperature is given below in Figure 43.
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Figure 43. The evaporation rate, pressure and deposition rate at 20 cm from the copper plasma
source.

To evaluate the possibility to deposit copper without a crucible, the anode surface
temperature 1050 ◦C can be used.

The corresponding evaporation rate from a square cm of anode surface is 2 × 10−6 g·s−1.
The copper deposition rate at 20 cm from anode is very small, namely 0.017 Ǻ/s. In this
case, if a copper layer of 10 nm thickness is desired (this is the usual thickness used for
GMR structures) the deposition time would arise to 2 h and 6 min. The deposition time
is not extremely long but, as explained above for the GMR structures, it is necessary to
deposit many copper layers which makes the TVD method uncompetitive.

In Figure 44, two evaporation arrangements are presented for the copper vapor green
plasmas.
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sented there is also valid here. 

The filament heating current decrease is similar to the anode-cathode distance in-
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Figure 44. Copper TVD plasmas. (a) Ring cathode structure; (b) electron gun structure.

Habitually, the crucible materials used for copper evaporation are alumina, molybde-
num or tantalum, the last two being of interest in TVD technology. The melting point of
molybdenum is 2617 ◦C while that of tantalum is 2996.

Small chunks of copper can be heated in these crucibles up to a temperature of,
~1600 ◦C without any problem. At this temperature, the copper deposition rates of
111.73 nm/s can be obtained which is quite satisfactory.

In Figure 45, different curves of V-I characteristics obtained in the copper vapors for
different filament heating current are written on the figure.
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Figure 45. V-I characteristics for TVD copper plasma burning for different filament heating currents.

A lot of studies were carried out in copper, silver, aluminum, etc., TVD plasmas [81,87]
among them being the ones given above for copper deposition as determined by different
plasma parameters.

These V-I curves are similar with those given for tungsten and the explanation pre-
sented there is also valid here.

The filament heating current decrease is similar to the anode-cathode distance increase,
as was found out experimentally.

As an example, Figure 46 shows characteristics drawn for anode-cathode distances
of 7 mm,10 mm, 13 mm and 14.5 mm and for a filament heating current of 48 A when the
discharges were carried out in copper vapors. Similar curves were obtained in other metal
vapors.
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Among the many other works published on TVA copper depositions, the following
ones can be mentioned [29,103].



Coatings 2023, 13, 1500 63 of 83

8.7. Silver Layer Deposition by TVD

Silver is another transition metal having the atomic number 47, the atomic weight
107.8642 a.u. and the density 10.49 g·cm−3. The melting temperature of silver is 961.78 and
the boiling point is 2162.

Again, the graph, with the vapor pressure, evaporation rates from the unit silver anode
surface and silver deposition rate at 20 cm, are presented below (Figure 47) as depending
on anode material temperature.
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Figure 47. The evaporation rate, pressure and deposition rate at 20 cm from the silver plasma source.

The melting point of silver being 961.78 ◦C, an evaporation temperature of 950 ◦C can
be taken into account for further evaluations.

At this temperature, the evaporation rate is 3 × 10−5 g·cm−2·s−1, and the uniform
deposition rate on a sphere having a radius of 10 cm is 2.3 × 10−2 nm/s, which is small
enough but not too small to not be considered when high quality layers are desired.

Indeed, the small heating temperatures can be maintained when a low heating current
for the filament and low anode potential are used. In fact, the anode heating can be made
only by thermo-emitted electrons (before plasma ignition).

Fortunately, tungsten, molybdenum and tantalum baskets or crucibles can be used for
silver TVD deposition. The image of TVD silver plasma is given in the Figure 48.

Then, the corresponding deposition rates would increase to 450 nm/s or even more.
Figure 49 displays the V-I characteristics for a discharge burning in the silver vapors

for different anode-cathode distances. Comparing these curves with those given for a
discharge burning in the copper vapors at a fixed anode-cathode distance, but for different
cathode heating currents, their similitude is obvious. Indeed, the cathode-anode distance
increase (when electron focusing action of Whenelt is worse) is similar to the thermionic
emission current decrease due to electron spread out, having as a result the electrons surface
density decrease at the anode.

Here, it also appears that the discharge parameters arrangement is after the first
impulse burst just after the discharge break-down and this indicates that the stable working
point of the plasma corresponds to lower discharge currents and higher anode voltages.

In fact, just after the breakdown, the ionizing rate increases rapidly and so does the
discharge current. However, during the discharge time, the energy introduced by the
electrons into the anode changes in comparison with that introduced at the knee point of
the characteristics.
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Figure 49. V-I characteristic for silver vapor discharge for different anode-cathode distance (marked
on the figure) and the same cathode heating current (45 A).

The number of electrons coming from the discharge now is by far greater than that at
the breakdown point and the anode voltage is lower. This changes the anode evaporation
rates and ionization rate of the vapors which can be lower than at the knee point of the
characteristics.

This would determine a slow discharge current decrease after the instantaneous final
point on the characteristics is reached.

This is accompanied by a discharge voltage increase when the source potential, E, is
not changed. As a result, the instantaneously obtained discharge point slowly changes its
position on the V-I characteristics towards the lower current-higher voltage equilibrium
point.

Note that the equilibrium final is reached after the new vapor density is stabilized by
thermal effects.
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When judging those phenomena, one must consider the heating process as taking
place at the same time with electric processes and in direct interdependence with each
other. However, the thermal phenomena usually develop slower in comparison with the
electric ones.

8.8. Aluminum Deposition by TVD

Aluminum is the element with atomic number 13, atomic weight 26.892 a.u. and bulk
density 2.7 g·cm−3. Its melting point is only 660 ◦C, but the boiling point is 2519 ◦C.

Figure 50 highlights the thermal evolution of the vapor pressure, evaporation and
deposition rates for aluminum anode, as in previous cases.
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Figure 50. The evaporation rate, pressure and deposition rate at 20 cm from the aluminum plasma
source.

The deposition rate of aluminum for the lowest given temperature, that is 882 ◦C, is
obtained as above to be 2.6 × 10−4 nm/s at 20 cm from the anode. This deposition rate is
indeed too low for layer deposition of usual thicknesses. In this case, if someone would try
to deposit aluminum at a temperature situated under the melting point (660 ◦C) to avoid
the crucible use, they would have to wait a very long time to obtain an aluminum layer of
a micron thickness for example.

The frequently used refractory metals (W/Ta/Mo) cannot be used since aluminum
alloys with them and drastically decrease their melting point [104].

Fortunately, the aluminum can be coated from BN, or TiB2-BN, or ZiB2 crucibles [96].
In this case, if one increases the anode temperature up to 1547 ◦C, the deposition rate of
around 2.9 × 103 nm/s is reached, which is quite satisfactory even for industrial coverage
when aluminum is intended to be used, for example, for its high reflection index, in mirror
production.

In Figure 51, an aluminum TVD plasma is shown.
Here, the anodic vacuum arc technology for industrial aluminum deposition on

polymers must be revealed [105].
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rod is heated up to near melting point, say 1400 °C. 
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8.9. Nickel Layer Deposition by TVD Technology [106]

Nickel’s atomic number is 28, atomic weight is 58.6934 a.u. and density is 8.9 g·cm−3.
The nickel melting point is 1455 ◦C and its boiling point is 2913 ◦C.

Nickel is a transition ferromagnetic metal, and it is largely used in layers in GMR-TMR
technologies and in other scientific and industrial domains.

The nickel vapor pressures and evaporation-deposition (at 20 cm) rates are presented
in Figure 52 and are given for different temperatures:
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In the following, the nickel deposition rate at 20 cm will be evaluated when a nickel
rod is heated up to near melting point, say 1400 ◦C.

The deposition rate as high as 0.2 Ǻ/s. at 20 cm from the anode can be obtained, as
shown on Figure 52.

This deposition rate may be sufficient for layer deposition in GMR-TMR structures
where usual thicknesses are of the order of nanometers and high purity depositions are
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desired. Additionally, this deposition rate can be increased by the reduction of the anode-
substrate distance or by increasing the anode heated surface simultaneously with an
adequate cooling of the lower part of anodic nickel rod.

This ensures the magnetic layer’s high purity, which is crucial in GMR-TMR structures.
Higher deposition rates are achieved when laying nickel chips in alumina, beryllium

oxide or glassy carbon crucibles. The last crucible in these examples is the handiest since
it is a sufficient conductor from an electrical standpoint. The nickel TVD plasma image is
given in Figure 53.
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Figure 53. The nickel TVD plasma image, generated with ring cathode geometry.

8.10. Iron Deposition by TVD Technology

Iron is another transition ferromagnetic metal (Curie point 770 ◦C) with the atomic
number 26, atomic weight 55.845 a.u., density 7.874 g·cm−3, melting point 1538 ◦C and
boiling point 2868 ◦C.

The vapor pressures p, rate of evaporation Vev and rate of deposition Vdep,20 at 20 cm
are given as usual in Figure 54 below.
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Figure 54. The evaporation rate, pressure and deposition rate at 20 cm from the iron plasma source.

The evaporation temperature below the melting point can be chosen as 1500 ◦C.
From the above plot, the evaporation rate is 1.5 × 10−4 g/(cm2·s) and the corresponding
deposition rate at 20 cm from the anode would be situated around 0.17 nm/s, a value
which is sufficiently high to ensure layers deposition in GMR-TMR structures without any
crucible in the benefit of deposition purity.
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For higher deposition rates with lower layer qualities, one can use alumina or glassy
carbon made crucibles. When using alumina crucible, a special experimental arrangement
must be made to ensure the discharge current evacuation through the anode.

For example, when the anode temperature is 1847 ◦C, the deposition rate could attain
75 nm/s.

An iron TVD plasma image is similar to that given for nickel TVD plasma.

8.11. Cobalt Depositions by TVD

Figure 55 presents the typical evaporation rate, pressure and deposition rate depen-
dence on the anode temperature at a distance of 20 cm from the cobalt plasma source to the
measurement point.
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Figure 55. The evaporation rate, pressure and deposition rate at 20 cm from the cobalt plasma source.

Cobalt is also a transition ferromagnetic metal with the atomic number 27 and atomic
weight—58.933 a.u. The cobalt bulk density is 8.9 g/cm3.

The melting point of cobalt is 1495 ◦C and boiling point is 2927 ◦C, while the Curie
point is 1115 ◦C. The following graph gives the corresponding thermal values for cobalt.

The deposition rate at 20 cm from the anode at a temperature of 1450 ◦C is around
0.35 Ǻ/s, which might be good enough for GMR-TMR depositions. Additionally, the
cooling technique of the lower part of the cobalt rod in order to increase the upper anode
surface temperature can be applied in order to avoid the crucible use and to obtain a layer
with increased purity.

For higher deposition rates, the alumina and beryllium oxide crucibles can be used
with an appropriate electrical montage to evacuate the charges from the plasma.

When heating the anode up to 1907 ◦C, the deposition rate increases to 8.6 nm/s.
Cobalt TVD plasma is similar to those of nickel and iron.
The GMR-TMR layers containing cobalt as a ferromagnetic component are particularly

performant [67]. The usual crucible materials are the same as those for the previously given
ferromagnetic metals.

8.12. Chromium Deposition by TVD

Chromium is a transition metal with atomic number 24, atomic weight 51.996 and
bulk density 7.19 g·cm−3. Its melting point is 1907 ◦C, and at the temperature of 38 ◦C, it
transforms from an anti-ferromagnetic metal to a paramagnetic metal.

This metal was combined with iron to create the first GMR structure which demon-
strated a GMR effect at low temperature [70].

The next graph gives the thermal parameters of the chromium anode (Figure 56).
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2466 °C, together with the boiling point, 4428 °C, are also high. 

Figure 56. The evaporation rate, pressure and deposition rate at 20 cm from the chromium plasma
source.

As one can see, the chromium metal has a high melting point in comparison with the
other transition metals so far presented here. Therefore, the deposition rate at 20 cm away
from the anode can be obtained just as an evaluation, taking the last presented temperature,
namely 1737 ◦C, which is safely situated under the melting point of chromium.

The deposition rate is found out to be around 103 nm/s, which is quite satisfactory for
most chromium coverage.

Because chromium metal is coming as individual fragments, it is evaporated from a
glassy carbon crucible. Tungsten crucibles can also be used for chromium evaporation in
TVD technology.

A chromium TVD plasma image is given in Figure 57.
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Figure 57. Chromium TVD plasma image generated in the ring cathode geometry.

8.13. Iridium Deposition by TVD Method

Iridium is a transition metal with an atomic number of 77 and an atomic weight of
192.217. The density of its solid state is high, namely 22.56 g/cm3, and its melting point,
2466 ◦C, together with the boiling point, 4428 ◦C, are also high.

For this reason, iridium can be used as a high temperature resistant (refractory)
material.

From the TVD deposition point of view, the Figure 58 will present the thermal data for
iridium.
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Figure 58. The evaporation rate, pressure and deposition rate at 20 cm from the iridium plasma
source.

A quick examination of the presented data for iridium permits to evaluate that a
high deposition rate is very difficult to be attained with this metal. Furthermore, the only
crucible that may be utilized in this instance is one composed of thorium dioxide.

However, for low deposition rates, let one see what happens under the melting point
of iridium (2400 ◦C) when no crucible is necessary.

An approximate evaporation rate from the iridium anode surface of 1 cm2, when
heated at this temperature, is 3.9 × 10−4 g/(cm2s).

Then the evaluated deposition rate at 20 cm away from the anode might be 0.14 nm/s,
which is convenient for the deposition of GMR-TMR layers of some nanometers thickness.
For higher deposition rates, the cooling of the lower side of the anode can be used but it
would have a detrimental influence concerning the energy consumption (time spare = energy
waste and conversely).

This metal can be used in combination with manganese, in spin valve fabrication, for
anti-ferromagnetic type layer deposition.

The iridium plasma radiation is again masked by a high intense anode thermal radia-
tion, as it can be seen in Figure 59.
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The presence of plasma is once more sensed by the V–I characteristics of the discharge.

8.14. Manganese Deposition by TVD Technology

Manganese is also a transition paramagnetic metal, having the atomic number 25,
atomic weight 54.938 a.u., bulk density 7.21 g/cm3, melting point 1246 ◦C and boiling point
2061 ◦C.

The manganese thermal behavior is presented below with the same parameters as
before (Figure 60).
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Figure 60. The evaporation rate, pressure and deposition rate at 20 cm from the manganese plasma
source.

Under the melting point value, the expected deposition rate for this metal is around
9 nm/s, as shown on the Figure 61, which is a high enough deposition rate for usual layer
thicknesses of interest for magneto-resistance structure production. This makes it possible
to produce manganese coverage, even without any boat or crucible support, and this can
contribute to also obtain a purer layer.
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In case a higher deposition rate is necessary, tungsten, tantalum or molybdenum
crucibles can be used.
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8.15. Magnesium Deposition by TVD Method

Magnesium is an alkaline earth metal with atomic number 12, atomic weight 24.05,
bulk density 1.738 g/cm3, melting point 650 ◦C and boiling point 1091 ◦C.

The next figure is dedicated to temperature dependence of the usual parameters for
magnesium.

The magnesium deposition rate at 20 cm away from the anode was evaluated to
32 nm/s at an anode temperature of only 600 ◦C.

To summarize, if the magnesium anode of 1 cm2 is heated at a temperature of 600 ◦C,
which is under the magnesium melting point, so that the rest of un-bombarded anode
surface remains solid, a sufficient deposition rate can be obtained on a surface mounted
20 cm away from the anode.

For higher deposition rates, one can use boat-type crucibles made of tungsten, molyb-
denum, tantalum and glassy carbon as boats, or crucibles. Above the melting point, high
deposition rates could be attained with TVD technology.

9. Non-Conducting Material Deposition by TVD Method
9.1. Silicon Deposition by TVD Method

Silicon is a semiconductor having the atomic number, 14, the atomic weight, 28.086 a.u.,
and the density of the solid state, 2.32 g·cm−3. Silicon melts at a temperature of 1414 ◦C
and boils at 3265 ◦C.

The temperature dependencies of silicon parameters are presented in the following
graph.

As seen from Figure 62, at 1400 ◦C, which is just under the silicon melting point, the
deposition rate is 0.02 nm/s, which is very low if thicknesses in the range of one micron
are needed.
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Figure 62. The evaporation rate, pressure and deposition rate at 20 cm from the silicon plasma source.

Fortunately, one can use a boat-type crucible made of tungsten or tantalum, or cru-
cibles made of beryllium oxide, tantalum or glassy carbon. In all these cases the anode
temperatures can be safely raised up to a temperature of 1717 ◦C where the evaporation rate
might be 6.93 × 10−4 g/(cm2·s) and the corresponding deposition rate at 20 cm away from
anode becomes 2.4 nm/s, which becomes satisfactory. If the silicon anode temperature is
raised up to 1927 ◦C, which allows for an evaporation rate of 6.59 g/(cm2·s), the deposition
rate becomes 23 nm/s, which permits for example to deposit a layer of 1 micron thickness
during a time lapse of 44 s [107,108].
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Silicon is one of the most used elements in thin layer depositions for a lot of many
known industrial and scientific application.

The fact that silicon resistance decreases with temperature, allowing for more free
charges generation in the conduction band and thus allowing for resistance decrease,
ensures that TVD can be used for silicon deposition.

9.2. Magnesium Oxide Deposition by TVD

This substance is usually in the form of a white powder, with a density of 3.58 g/cm3,
a melting point of 2852 ◦C and a boiling point 3600 ◦C.

It is a very good insulator (electrical) and a refractory material too. It can be used for
magneto-resistance structures deposition, or for crucible preparation. It also can be used
as a protective layer in plasma displays manufacture when it also contributes to a better
secondary electron emission from the ion hit cathodes.

This material creates a vapor pressure of 10−4 Torr at 1403 K, 10−2 torr at 1683 K and
1 torr at 2073 K. Considering the last temperature, which is well under the melting point of
magnesium oxide, one can evaluate the deposition rate on a probe situated at 20 cm from
the MgO anode.

This deposition rate can attain a value of about 18 nm/s, which is high enough and
can be increased if the anode temperature is raised up to say a 2700 K temperature.

That means that magnesium oxide can be efficiently deposited without a crucible and
the deposition rates can be more than adequate for TMR deposition structures.

Even if magnesium oxide is a good electrical insulator, it was still coated using the
TVD technology.

It was probably possible since the higher temperatures increase the magnesium oxide
conductance, allowing the dc current to flow through the anode, though the discharge
current is not as high as in the arc discharges technologies.

9.3. Magnesium Fluoride TVD Deposition

Another insulating material which was deposited by the TVD deposition method
is magnesium fluoride. This substance has a molar mass of 62.3 g/mol, a density of
3.148 g/cm3 and a melting point of 1263 ◦C (vis. 1536 K). This material is intensely used in
optics as anti-reflex coatings and in TMR deposition too. Its coatings are transparent over
an extremely large wavelengths domain of electromagnetic radiation.

The vapor pressures of MgF2 are 10−4 torr for temperature 1175 K, 10−2 torr for 1390 K
and 1 torr for 1710 K.

The corresponding deposition rates at 20 cm from the TVD anode whose cross section
is 1 cm2 are: 0.034 Ä/s, 0.31 nm/s and 28 nm/s, respectively. Under the melting point of
this material, the deposition rates are of the order of Ä/s, which can be satisfactory for
TMR structures whose thicknesses are of the order of a nanometer.

But higher deposition rates can be obtained when using crucibles made of molybde-
num or tantalum.

Another material which was successfully deposited by the TVD method is silicon
oxide and other insulating materials can be deposited by this method.

At the end it must be added that the aluminum oxide deposition by the TVD method
was not successful because a strong decomposition of the oxide appeared during the
deposition process.

But for the TMR structures, deposition one can use aluminum deposition together
with an alternate anodization of the aluminum layer in oxygen discharges.

At the end of this section, it must be underlined that all the calculated deposition
rates are valid only for the cases of thermal evaporation when the evaporated particles are
neutral and uniformly distributed in space.

In the case of TVD technology, parts of the evaporated particles are transformed into
ions which are under the influence of electric potential distribution.



Coatings 2023, 13, 1500 74 of 83

In this circumstance, most of ions are attracted towards the cathode and do not
contribute to deposition, especially in case of the electron gun structure when the cathode
(which attracts the ions) is mounted aside from the anode-substrate line. Therefore, the
above obtained deposition rates must be diminished with the contribution of the number
of the ion evacuated to the cathode. If the discharge current is not too high, this influence
is negligible but for the higher currents and especially in the electron gun arrangement
(as above shown), the following expression must be subtracted from the deposition rates
presented above: (Id/e) (M/NA)/ρ (cm/s).

Being aware of all these, one must try to produce the deposition at a relatively low
discharge current value to obtain a high deposition rate, good adhesion and high density
layers. This can be accomplished by changing both the cathode heating current and/or the
load resistance.

10. Practical Simultaneous TVD Depositions

In Figure 63, an arrangement for different binary deposition is shown.
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Figure 63. Example of TVD tungsten, carbon codeposition arrangement.

The deposition is carried out from two independent discharges. The right discharge is
initiated from a typical anode montage used in the case of carbon, tungsten, rhenium, or
any other high temperature melting substance able to create a sufficient vapor pressure for
a special deposition case to obtain a sufficient deposition rate, as above described.

In these cases, the rod type anodes are consumed by evaporation as a candle when
burning.

Figure 64 represents the deposition scheme from an anode with crucible in order to
sustain the melted material. Over the anodes, the tungsten-made ring cathodes are shown,
while around the anode and cathode the Whenelt cylinders are mounted, which ensure the
electrical separation of the discharges and thermo-electron focus.

Different biases were applied to the rotatable substrate to study the effect of genuine
ion bombardment on the coverage structure.

Additionally, a fixed oven mounted in the rear side of the substrate permits to study
the substrate heating on the layer structure and in Figure 64, comparable SEM data are
presented which justify the beneficial influence of the negative bias.
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Figure 64. Example of binary beryllium, carbon or tungsten TVD co-deposition arrangement.

With this scheme, carbon or tungsten mixed with beryllium or single element deposi-
tions were produced [70]. As an additional remark, this technique was used for the marker
coatings consisting in mixed beryllium and nickel layers for a selection of bulk beryllium
tiles in the main chamber, and a tungsten coating of the carbon fiber composites (CFC) in
the divertor region of the Joint European Torus (JET) tokamak at Culham, in the ITER-like
wall (ILW) era [109–111]. A graphical representation of the inside of the JET fusion nuclear
plan is given bellow on the Figure 65.
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Figure 65. The inner side of the ITER tokamak. Left side shows early vessel inspection before ILW
era. Right side, thermonuclear discharge at work.

The left-side part shows the inner part early stage of the JET reactor, before the ILW
project which consisted of Be tile in the main chamber, and bulk W and W-CFC in the
divertor area, while the right image shows the luminous ignited thermonuclear plasma.
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The above presented coverage was useful for material erosion and redeposition studies
performed in JET.

This kind of coverage can also be useful for the high energy (heat) protection of the
different components of the thermal motors, also [72].

In Figure 66, a comparison is made between a layer deposited by a TVD technology
(left figure) and a layer deposited by thermal evaporation (right figure) when no ions are
present.
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With a similar scheme presented in the Figures 63 and 64, different combinations of
refractive materials such as Re + Ni, W + C + Be, etc. were deposited by the TVD method,
especially with a ring cathode arrangement [88].

When a uniform concentration distribution throughout the film is desired, the sub-
strate is continuously rotated during the deposition.

However, when a large variation in concentration on different substrates is desired to
study the characteristic of composite deposition as determined by different component con-
centrations, the facility of material evaporation occurring from separate punctual sources
(anodes) in TVD technology can be used. Indeed, by mounting a substrate holder above
and between the evaporating sources and attaching different separate substrates to it, one
can obtain a wide range of compositional probes in a single act of deposition depending on
the relative position of the substrates relative to the evaporation sources.

In the case of granular magneto-resistive deposition, it is often necessary to use
different crucibles which do not interact with the material intended to be evaporated, as
presented when different materials were discussed.

In general, crucibles made of glassy carbon or alumina are of interest for these applica-
tions. In the case of alumina, there appears to be an issue with its electrical conductance,
but a solution can be found even in these cases to ensure the electron withdrawal from the
anode.

One such possibility is to sustain the alumina crucible on a support made of the same
material as that to be evaporated and to allow the electric contact by practicing a small
orifice at the bottom of the crucible though which a metallic wire will conduct the anodic
currents.

The benefit of TVD technology is that the discharge currents are small, and the volt-
ages are high, which does not require very good electrical contacts as in arc discharge
cases. In Figure 67, a practical arrangement is given which permits the deposition of nine
different materials in layers as is the case of multilayered GMR-TMR depositions and the
simultaneous deposition of two materials for granular structures, as used in [96].

Two carbon rotatable discs sustain four different crucibles each, and the third one
ensures, when desired, a ternary layer deposition from three simultaneously burning
sources. Deposition arrangement is that with three electron gun cathodes schematically
shown on the figure.
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Figure 67. Electron gun TVD deposition for mixed ternary composite layer or for 9-multilayer
deposition with different materials.

Some magneto-resistive multi-layers obtained by this method are schematically pre-
sented below.

Figure 68 describes a ternary composite GMR-TMR layer in a granular of structure
made of cobalt as a magnetic metal, copper as a conducting metal and magnesium oxide as
an insulator, having tantalum as the bottom and top layer, all being deposited on silicon
substrate.
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This time the structure is represented by an alternative arrangement of cobalt sin-
gle layers, as magnetic metal, and a mixture of silver and magnesium oxide layer as a
nonmagnetic conductive + insulator layer.

The cross section of this structure together with the magneto-resistive effect measure-
ment connections are given in Figure 70.
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Figure 70. A GMR-TMR granular-multilayer structure. Reprinted with permission from Ref. [40].
© 2011, Romanian Academy Publishing House.

The correspondent dependence of the structure resistance against the applied magnetic
field is plotted in Figure 71 [12].
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Figure 71. Resistance of Ta/Cu/Co/(Ag + MgO)/Co/Ta structure against magnetic field induction.

From the given figure, one can see that the resistance of the structure is higher than in
GMR cases and lower than in TMR cases.

This can give the possibility to deposit layers with desired resistance in function of
insulator concentration which can find interesting future applications.

11. Conclusions

The thermionic vacuum discharge technology of thin layer deposition is a less known
technology by the scientific community. For this reason, the authors found it worthwhile to
present this method in English in order to highlight its advantages and to promote TVC
technology as an interesting alternative to other many deposition technologies.
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Its advantages can be summarized as follows:

- It is carried out in high, very high or, if possible, in ultra-very high vacuum conditions
with no gas present;

- The discharge equipment can be easily mounted in any adequate vacuum chamber,
even as a complete modular set;

- The cathode of discharge is a tungsten wire which is surrounded by a focusing
cylinder—the Whenelt cylinder;

- The discharge currents can be changed from a few hundred of mA to large arc currents
of hundreds of A, when the Whenelt cylinder is also made of tungsten and is properly
cooled;

- The discharge anodes can have different forms as for example a rod, or rests of
materials put in a crucible;

- When working with low discharge/currents and high voltages, the electrical contacts
are not as important since the necessary power is obtained by using high voltages and
no high currents; (this may be a disadvantage from the work security conditions);

For very low currents, the evaporation can be made only by electron bombardment as
in classical procedures;

There are many variable parameters useful for process monitoring: filament heating
current, anode-cathode distance, variable cathode axis orientation in case of electron gun
structure, anode potential, load resistance;

- Possibility to use two distinct arrangements (electron gun, or ring cathode);
- Possibility to produce high purity and well compacted deposition with the contribu-

tion of the genuine ion bombardment of the substrate, the ions energy being varied
during the deposition from some tens of eV to some hundreds of eV and even more;

- The low current discharges combined with very low sputtering yield of the tungsten
makes it possible to lessen the deposit poisoning.

- The layer purity can be improved when using very low discharge currents and exclu-
sive surface evaporation of the anode rod when no crucible is necessary;

- The evaporation sources being punctual (point) represents a serious advantage when
carrying out many simultaneous discharges; in this case a lot of probes with continu-
ously varying concentrations can be obtained at single run;

- Possibility of depositing alternate layers by initiating alternate discharges in two
independent vapors of depositing combined mixed layers by concurrent discharges or
evaporation (without discharge);

- Possibility to in situ monitor the desired concentrations by analyzing the discharge
spectra.
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