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Predicting the erosion of the cathode material in PVD systems
N. Petkov*
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Predicting the erosion of the cathode material in cathodic arc evaporation of metal in a vacuum environment is an interesting
task with a variety of applications. In this paper, a method for calculating of the evaporated cathode material as a function of the
arc current by which it was evaporated is presented. The method is suitable for the processes of the cathodic arc evaporation of
metals in a vacuum environment from massive cathodes by DC arc. In the model has introduced a correction factor that represents
the differences in technical terms of the metal evaporation process in vacuum environment by electric arc. The correction factor is
determined experimentally once-through for each different type of the cathode shape. The method is illustrated by an example of arc

evaporation of massive titanium cylindrical shape cathode.
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INTRODUCTION

The ability to be able to determine the evaporated
quantity of the cathode material depending on the
magnitude of the electric arc current in the PVD sys-
tems is crucial and it is a first step in the modeling of
coatings deposition process in such systems.

Cathode erosion has been theoretically studied by
various researchers using models based on the bal-
ance of energy flux and charged particles between the
spot and the near-cathode region.

The topic of arc discharges has been discovered at
the beginning of the 19" century, serious efforts re-
garding their physical explanation and especially the
modeling of electrode processes did not start until one
century later [1]. One of the earliest investigations of
this area are the works of Langmuir [2, 3], Tonks and
Langmuir [4], Mackeown [5]. As Riemann reported
in [6] the basic features of the plasma-sheath transi-
tion have been revealed in the works of Langmuir [3]
— especially in the famous kinetic analysis of the
low-pressure column due to Tonks and Langmuir [4].
Years later Dolan and Dyke [7] and Murphy [8] pre-
sented their works “Temperature and field emission
of electrons from metal” and “Thermionic emission,
field emission, and the transition region”, following
by Lee with his works over T-F theory of electron
emission in high current arcs [9], energy distribu-
tion and cooling effect of electrons emitted from an
arc cathode [10], and theory of the cathode mecha-
nism in meal vapor arcs [11], which has been turned
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in a base for the later works over understanding and
modeling the cathode arc processes.

The theory and conception of the cathode spot,
as the cathode material erosion in vacuum is wide
discussed in literature by Lee in 1951, 1960, 1961
[9-11], Ecker 1963 [12], Hantzsche in 1976 [13],
Lyubimov in 1978 [14], Ivanov in 1985 [15], Nazarov
in 1990 [16], Puchkarev in 1990 [17], Mitterauer in
1996 [18], Gayet in 1996 [19], Jiittner in 1997 [20],
Anders in 1997 [21], Coulombe in 1997 [22-24], An-
ders in 2001 [25], Massaad in 2006 [26], Lefort in
2012 [27].

Kimblin [28] reported that the maximum ion cur-
rent is in range of 7-10% of the arc current for elec-
trodes with DC arc current level. He has made exper-
iments with wide number of elements in arc current
range of 50-1000 A. In [29], a year later, Kimblin
reported that the maximum ion current from the cath-
ode regions is approximately 8% of the arc current.
This led to the conclusion that ion currents of approx-
imately 8% of the arc current are emitted from the
cathode regions associated with arc spots on the cath-
ode materials in general.

Coulombe [23] reported that a net positive space
charge sheath, or cathode sheath, of voltage drop is
formed at the plasma-cathode boundary due to the
presence, in different amounts, of three charge car-
riers [6]: 1) the ion generated by ionization of the
atoms vaporized at the cathode spot surface, acceler-
ated back toward the cathode; 2) the Boltzmann dis-
tributed plasma electrons retro-diffusing toward the
cathode; and 3) the thermo-field electrons emitted by
the cathode spot surface.
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Boxman [1], Coulombe [22-24], Massaad [26]
and Lefort [27] have suggested the models of the pro-
cesses near to the cathode surface which are based on
the knowledge the temperature of cathode spot and
electrons, the material vapour pressure. Their models
are quite good to understanding the processes around
the electric arc and the cathode spot region, but in
these cases making the mathematical modeling and
simulation require additional information (the tem-
perature of cathode spot and electrons, the material
vapour pressure) to be predict the cathode erosion.

In this paper, a method for calculation of the evap-
orated cathode material, in PVD systems, as a func-
tion of the arc current is presented. Correction fac-
tor that represents the differences in technical terms
of the metal evaporation process in vacuum environ-
ment by electric arc is introduced in the model. The
method is illustrated by an example of arc evaporation
of massive titanium cylindrical shape cathode.

SURFACE OF CATHODE

The main processes which occur at the cathode
surface are emission of electrons and atoms. The
emission process, when the temperature and the field
are high, is strongly dependent on both variables, and
has been named T-F emission by Dolan and Dyke
[7,9]. The electron emitted current density from
the heated metal surface to the temperature 7; by
the T-F emission is expressed with the Ridchardson-
Dushman equation for the thermionic emission once
corrected for the Schottky effect is [1,24,30]:
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where: m, and e are the mass and charge of the elec-
tron, k and / are the Boltzmann and Planck constants,
Ocrr and ¢ are the effective work function and the
work function of the cathode material, & is the per-
mittivity of vacuum, and E is the electric field near to
the cathode surface.

The total current density J; on the cathode surface
is composed of three parts [1]:

Jr :Ji+Je+Je,p (3)

where the electron current density J, is given mainly
by Jrr; Jep is the electron current density from
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plasma to the cathode, and J; is the ion current den-
sity. The influence of the J, ,, can be neglected and for
the current density is obtained:

The total current density, from other hand, can be cal-
culated as a ratio between the arc current I, and cath-
ode spot area Sy = Jrrfs, where r, is the cathode spot
radius [1,26].

Jr S.. (%)
The electric field at the cathode E is calculated by
equation [5,9,11]:
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where: M is the ion mass, V¢ is the cathode fall, s
is the fraction of current carried by electrons in the
cathode spot region; Jr(1 —s) is equal to the ion cur-
rent density and Jrs is equal to the electron current
density, so the equation Eq.(6) can be writes as:
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The power density of heat conduction in the cathode
body is estimated as is presented in [26]:
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where: T is the cathode spot temperature, 7y = 300K
is the temperature far from the cathode spot (the am-
bient temperature), K7 is the thermal conductivity of
the cathode material.

The Joule heating power density, in a massive
cathode, is calculated following the method of Rich
[31] reduced to the cathode spot area:

2res
S, = = J 9
7= 1000, T ©)
where o, is the electrical conductivity of the cathode
material.

The energy balance at the cathode surface is ex-

pressed as [1]:

J; J. 2kT,Je,
et Vi pugy) — 0L 2l

2kT,
- <Wev + S> I'rm, — Gst;4

n

+S,+8;,—Sr =0 (10)



N. Petkov: Predicting the erosion of the cathode material in PVD systems

where V; is the ionization potential, S, is the radia-
tion from the plasma, W,, is the energy of evapora-
tion (J/kg), and oy, is the Stefan-Boltzmann constant.
In the Eq. (10): the first term expresses ion impact
heating; the second term expresses electron emission
cooling; the third term expresses heating from the
back-flux of plasma electrons; the fourth term ex-
presses evaporative cooling; the fifth term expresses
radiative cooling from the cathode surface; the sixth
term expresses the plasma radiation; the seventh -
expresses the Joule heating; and the eighth term ex-
presses the conductive cooling. The third and the
sixth term have an insignificant influence in the equa-
tion, so they can be neglected. Therefore the balance
expression can be writes as:

2kT;
; ) Cym,
n

—opT +S;—Sr=0 (11)

By Eq. (11) is calculated full flow of particles which
have left the cathode, including the particles forming
cathode sheath plasma, irreversibly left the cathode
particles, as well as those which are returned to the
cathode. We are only interested in the cathode ero-
sion - those particles that irreversibly cathode-out par-
ticles. The technical and the practical realizations of
the PVD systems have influence on the cathode ma-
terial evaporation processes. So, to be accounted this
influence in the calculation procedure is included a
correction factor. The correction factor is determined
experimentally once-through for each type cathodes
(first generation, second generation, and etc.). When
the correction factor has determined, the erosion of
the cathode material (Ti, Al, Cr, and etc.) is calcu-
lated for the respective cathode type.
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CALCULATIONS

The presented mathematical model for prediction
the erosion of the cathode material in PVD systems
has follows steps: chosen value of the arc current; de-
termination the cathode spot radius; calculation the
total current density; calculation the ion and electron
current density; calculation the electric field value;
calculation the effective work function of the cathode
material; calculation the cathode spot temperature;
calculation the Joule heating; calculation the conduc-
tive cooling; and calculation the evaporated quantity
material.

To illustrate the calculation procedure, an exam-
ple of metal evaporation of massive cylindrical shape

titanium cathodes in vacuum environment is used, as
the arc current is chosen to be 70 A. The cathode spot
radius is determined according the value of the arc
current by the extrapolation of the Fig. 12 from [17].
For the chosen arc current the cathode spot radius is
Fes =4.6125 x 1075 m.

The total current density is calculated by the
Eq.(5) and it is J; = 1.047 x 10'> Am™2. The ion cur-
rent density for titanium cathode is 8% from the total
current density [28,29], so the ion current density, for
in the example, is J; = 8.378 x 10! Am™. Therefore
using the Eq.(4) for the electron current density is re-
ceived J, = 9.635 x 10! Am™.

The electric field value of E = 9.248 x 10° V/m
is calculated by the Eq.(7). The Joule heating is cal-
culated by Eq.(9): S; = 6.8 x 10'! Wm™. The con-
ductive cooling S = 2.394 x 10! Wm is calcu-
lated by Eq.(8). So the full flow of evaporated par-
ticles of the material (the total heavy particle flux
[1]) ' = 2.986 x 10°° atoms/(sm?) is calculated by
Eq.(11), which is 57.58 x 1073 kg/h for the 70A arc
current.

Several measurements have been made on the
used massive cylindrical shaped titanium cathodes,
according to which the data for erosion rate is 9033
Ah/kg, which means that with the arc current of 70A
the erosion rate is 7.75 x 1073 kg/h, or 13.46% from
the calculated value I'7 is the real evaporated quan-
tity of material. Therefore, the correction factor for
the massive cylindrical shape cathode is 0.1346.

Fig. 1 shows the evaporation rate of the massive
cylindrical shaped titanium cathode as a function of
the arc current.
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Fig. 1. The evaporation rate of the massive cylindrical
shape titanium cathode as a function of the arc current.
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CONCLUSIONS

Predicting the erosion of the cathode material in
cathodic arc evaporation of metal in a vacuum envi-
ronment is an interesting task with a variety of appli-
cations. The paper presents the model to predicting
the erosion of the cathode material in PVD systems.
The model gives the correlation between the arc cur-
rent and the evaporated quantity of the cathode ma-
terial in PVD processes. Additional preliminary in-
formation as the cathode spot temperature and/or the
vapor pressure of the cathode material is not neces-
sary.

Correction factor that represents the differences in
technical terms of the metal evaporation process in
vacuum environment by electric arc is introduced in
the model. The correction factor is determined exper-
imentally once-through for each generation cathodes.
When the correction factor is determined, the erosion
of different cathode material can be calculated.

The model has been developed on the basis of
massive titanium cathodes and is applicable to all
massive metal cathodes evaporated by an electric arc
in vacuum environment by DC arc.
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IMPEICKA3BAHE HA EPO3UATA HA MATEPUAJIA HA KATOIA ITPU PVD CUCTEMU

H. ITeTkoB

Llenmpanua nabopamopus no npunoxcHa Gusuxa, Bsnzapcka akademus Ha HayKume,
6yn. “Cauxm Ilemepbypz” N°61, 4000 ITnosdus, Banzapus

(Pesome)

IIpenckasBaHeTo Ha epo3MsITa HAa MaTepyuasa Ha KaToJa Mpy CUCTeMUTe 3a KaTOLHO AbrOBO M3IapeHye Ha MeTalu BbB BaKyyMHa
cpena e MHTepeCHa 3a/a4a C pa3aIndHy NpUIOXKeHus. B To3u MaTepuan e mpefcTaBeH MeTOZ, 3a M34MC/IeH)e Ha U3M1apeHOTO KONNYeCTBO
BellleCTBO Ha MaTepuasa Ha KaTo[a KaTo (GyHKIVS OT TOKA HA elIeKTpUYecKaTa Ibra, Yype3 KosIToO TOV ce u3napsiBa. MeTOmbT e IOAXO/ISII,
3a [Ipoliecy Ha KaTOAHO ABrOBO M3IIapeHle Ha MeTa/l BbB BaKyyMHa CpeJla Ha MacMBHM KaTOAY Ype3 IOCTOSSHHOTOKOBA bra. BbBeieH
e Kopurupan; KoebuIyeHT, Ype3 KOTO ce OTYNTAT Pa3INIMsTa B TEXHNIECKO OTHOLIEHNME U ITPY TEXHUYeCKaTa peann3alis Ha caMust
Mpoliec Ha u3napeHye npu pasmuyauTe PVD cucTeMy KaTo reOMeTpusTa Ha KaToha M MarHUTHUTe My roneTa. Kopurupaumst koedu-
LIMEHT Ce OIpejiens eKCIlepYMeHTaTHO eJHOKPATHO 32 BCeKM reoMeTpyYeH TUIT KaToAu. MeTOABT e WIIOCTpUPaH Ype3 KaTOLHO JbIOBO
M3IapeHyie Ha MacCMBHY LIVUIMHIPUYHY KaTOIMN.

Bb3MOXKHOCTTaA 1a MOXKe [1a ce OIIpejesis KOIXYeCTBOTO M3IIapeHo BellleCcTBO OT KaToAa B 3aBMCUMOCT OT rojieMMHaTa Ha TOKa Ha
obraTa, Ipy CUCTeMUTe 3a KaTOLHO JbrOBO M3MapeHye Ha MeTalay BbB BaKyyMHa Cpefia e pelllaBallio, My e TbPBa CThIIKAa KbM MOAe-
JIMpaHeTO Ha MPolleCUTe Ha U3pacTBaHe Ha cioeBe B To3u PVD cucremute.
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