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RESUME 

Le problème le plus important dans la technique de 

déposition par arc dans le vide est la formation de particules de 

l'ordre du micron dans les films. Ces particules induisent une 

dégradation des propriétés du revêtement. La présente étude est 

reliée aux mécanismes de génération de ces particules et aux 

caractéristiques des gouttelettes produites dans les couches de 

carbone déposées par arc dans le vide. Dans le but de mieux 

contrôler les mécanismes de génération de ces particules, les 

effets du courant d'arc, de la durée de l'arc, de la température 

au niveau des spots cathodiques et de la distance entre la 

cathode et le substrat sur la grosseur et la quantité des 

particules sont étudiés. 

Les particules observées dans les dépôts ont des diamètres 

variant de 0.3 #lm à 2 ",m avec une structure graphi tique. Leur 

grandeur et le nombre de ces particules est proportionnel à la 

température du spot cathodique (i.e. au courant d'arc et/ou sa 

durée), et inversement proportionnel à la distance entre la 

cathode et le substrat. La production de gouttelettes est 

essentiellement due aux effets de chauffage au ni veau de la 

cathode • 



• ABSTRACT 

The most severe problem for the vacuum arc deposition (VAD) 

technique is the formation of micron-size particles on the films. 

These particles degrade the films properties. The p .• :esent work 

studied the generation mechanisms and characteristics of the 

droplets that are produced in the carbon films deposited by vacuum 

arc technique. To achieve a better control of the generation 

mechanism of these droplets, the effect of the arc current, arc 

duration time, cathode spot temperature and distance between 

cathode and substrate on the size and population of the micro­

droplets are studied. 

( The micro-droplets are in the range of 0.3 I1m to 2 I1m in 

• ' 

diameter, and have a graphite structure. The most probable origin 

for these particles are the cathode. The size and population of 

these particles are directly proportional to the cathode spot 

temperature ( i.e., to the arc current and/or arc duration time ), 

and inversely proportional to the distance between the cathode and 

the substrate. The droplet production is mainly due to the heating 

effect . 
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INTRODUCTION 

Vacuum arc is a paradox, because, if there is a vacuum there 

is no arc, and if there is an arc there is no vacuum. The term 

vacuum arc, as employed here, means an arc sustained by material 

originating from cathode in an environment that would otherwise be 

a vacuum. Arcs may be ignited and sustained over a wide range of 

chamber pressures. 

Vacuum arc deposi tion technology employs a vacuum arc to 

generate vapour emission from the cathode with high energy atoms to 

be deposited on a substrate to form the coating. 

Hard carbon films with didmond-like properties could 

constitute an interesting application of this technology. Such thin 

films have been deposi ted using ion beams [1-5 J of carbon impinging 

on a substrate surface and resulting in carbon deposition. 

A 1imiting factor in applying the vacuum arc deposi tion 

technique relates to the deposition of macro-particles. For many 

applications, however, the presence of any macro-particles is 

unacceptable. Much progress has been made, during recent years, in 

producing films that, while not completely free of particles, are 

a significant improvement on the films that were produced at 

earlier stages. Because the emission of micro-droplets (that become 

macro-particles in the deposited film) is of great significance in 

the deposition of thin films using VAD technique, it is the main 

airn for this study. 
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This study provides preliminary resul ts on the generation 

mechanism of the particles found on the substrate under low 

pressure. Also some results on the size and population of these 

particles are obtained from this study in order to control the 

emission process of the particles. Scanning electron microscopy 

(SEM) and Auger electron spectroscopy (AES) are used to analyze the 

morpho l ogy and the structure of both particles and films. An image 

analyzer software is used to analyze the size and the number of the 

particles. The temperature effect of the cathode spot on the size 

and number of particles is studied in this work. The temperature 

values are calculated theoretically from a simplified model 

( described in section 2-2-2. 

,. 



• 3 

CHAPTER - 1 -

1-1 : VACUUM ARC DEPOSITION 

1-1-1 : WHAT I5 VAD ? 

Vacuum arc deposition (VAD) technique is an ion plating method 

that depends on the effect of high-energy ion bombardment to 

produce films that are both highly adherent and dense. 

VAD technique is a physica1 vapour deposi t ion (PVD) tecllnique 

which employs a vacuum electric arc to generate vapour emission 

( from the cathode. Ionized vapour of the cathode material is 

deposited onto the substrate, which is normally biased negatively 

with respect to the chamber and anode as shown in Figure (1-1). 

Arcing may be initiated by applying a high-vol tage pulse to an 

e1ectrode p1aced near the cathode (gas discharge ignition) and/or 

by mechanical ignition. The arc is diffused between electrodes and 

is sustained by the materia1 originated from the cathode. 

•• 

Evaporation occurs as a resul t of the presence of cathodic arc 

spots wi th very high current densi ty ( 104 -108 A/cm}), small 

diameter ( 10-8 -10- 4 m) and very short lifetime, typically 1 I1S [6]. 

The high current density causes flash evaporation of the source 

materia1. The flux emitted from an arc source figure (1-2) consists 

a1most entire1y of ions and micro-droplets • 
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Figure (1··1): vacuum arc deposition system 

Figure (1··2) : Cathode spot region of a vacuum arc[7] 
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A major advantage of the VAD method is the high degree of 

ionization of the emitted material, it is widely acknowledged that 

neutral metal vapour consti tutes only a small fraction (1-2%) of 

the mass transfer. The majority of the micro-droplets are emitted 

from the cathode at low angles (0°-30°) while the J:ons are emitted 

predominantly in a direction perpendicular to the plane of the 

cathode. 

VAD was used in high vacuum where the ions directly bombard 

and penetrate the sur face of the substrate. It is now used al so for 

reactive deposition in which the ions produced by the cathode spots 

inter .. 1.ct wi th the molecules of the background gas to form a 

( compound coating on the substrate • 

• 
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1-1-2: BASIC VAD SYSTEM 

The basic VAD system is shot17n in figure (1-3). It consists of 

a vacuum chamber, cathode, anodE~, arc power supp1y, arc igni ter, 

and a suLstrate which is usually nego:ltively biased. A hi.gh-vol tage 

pulsf~ or mechanica1 trigg,~r connected to thE~ anode .is used to 

ignite the arc. The é!rC is typica11y producf~d by app1ying an .3rc 

"01 t,age of 15-50 V cind ail arc current of 30-400 )~ between the 

1-:t1e'ctrodes. The arc is sustained by the eroâed cathode material. 

/ 1------·, 
lA: IV 
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Figure (1-3) : A basic VAD co.3ting system[7] 
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Different geometries are possible for this technique as shown 

in figure (1-4). 

A 

· . · . : . · . · . · . · . · . 

A c 

(a) 

<7 ~ 
!cl 

(c) 

s 

A 

L-__ -------~~--------~ 

(b) 

:s 
A 

c 

(d) 
Figure (1-4) : Schematic representations of coating 

apparatuses with different geometries. 

A=anode, C=cathode, S=substrate, the broken lines 

indicate the magnetic field, and the hatched areas are 

insulators[8]. 
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1-1-3 : SOME CHARACTERISTICS FEATURES OF VAD [9] 

VAD process uses the arc cathodic spot to generate the 

material plasma. Most of the vapour becomes ionized in the region 

of high power density adjacent to the cathode spot surface. 

Flux intensities larger than many hundreds of the œ1/c~[10] 

call easily be attained in VAD while other ion beam deposi tion 

systems generate fluxes that are less than 10 mA/cm2 ,however, Such 

high fluxes may be unfavourable in terms of coating quality. A 

compromise is thus needed for good film quality and high deposition 

rates. 

Ion energy is a very important parameter for diamond-like 

films deposi tion in most techniques. Conventional thermal 

evaporation produces atoms wi th energies in the range 0.1 to 0.6 eV 

while sputtering produces atoms with energies in the range 4.0 to 

10 eV. This level of deposition energy may still be too low for 

highly protective advance ceramic coatings. 

Only 0.1% to 1.0% of the atoms are ionized in the basic ion 

plating proc~sses. The majority of the depositing species in 

evaporative and sputter ion plating processes are neutral with low 

energy. This means a weak bonding deposition or a need of high 

substrate temperature. 

In VAD techniques most of the material that is evaporated from 

the cathode surface is ionized (30%-100% depending on the cathode 

material) and associated with high kinetic energy in the 10-100 eV 
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range. This may resul t in deposi ts of high quaI i ty and lligh 

density. 

VAD does not re1y on substrate heating but instead relies on 

high energy ion bombardment to obtain high adhesion & density 

films. 

VAD technique involves low costs compared to the spllttering 

system. This is due to the l,igh efficiency of ion.ization and h~gh 

energy of these ion. It is a1so r.ue to the relative simplicity of 

VAD equipment compared to ion beam orocesses. 

VAD can offer much higher deposition rater ~m/min) compared to 

sputtering ( I-lm/hr). This is becallse of the large ion fluxes 

( associatec1 to the cathode spots emissions. 

Good quality films can be deposited throughout a wide range of 

deposition parameters, the main one being pressure. Sputtering 

processes showed a difficult and very precise control of pressure 

was needed. 

VAD can use any electrically conductive material as a cathode. 

A depositing surface with no oxides, impurities, oil, grease, 

etc., is very important for good coatings. Cleaning inside the 

vacuum chamber prevents any re-contamination before deposition. 

The most important problem for VAD is the deposition of 

micron-size particles on the films, that degrade film properties, 

such as density, hardness, chemical inertness, etc. Vacuum arc 

deposition is still a growing technology, to date however 

sputtering techniques are more widely used (essentially because of 
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the particle problems). 

( 

,. 
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1-1-4 : VACUUM ARCS ON CARBON CATHODES 

For the carbon cathode, with a residual pressure within the 

vacuum chamber below 10-6 torr, the following data are obtained from 

literature. 

The current that can be carried by a single spot appears to be 

limited, and depends on the cathode mater.ial, for example, the 

maximum current per spot for carbon is 200 A. The numher of spots 

is proportional to the arc current [11]. 

The cathode vol tage drop across the space-charge region 

immediately adjacent to the spot has values in the range 10-30 V 

( depending on the cathode material. For carbon, the cathode voltage 

drop is approximately equal ta 16 V [11]. Figure (l-5a) shows the 

potential distribution [12J with the electrode surfaces at x=O & 

x=d for a plasma positioned between two opposing electrodes at zero 

voltage. However when the electrode at d is made strong1y positive, 

the electrons in the space charge region are drawn to the anode 

surface. Other electrons that arr1.ve at d from the plasma body 

cannot accumulate because of the positive potential of the 

electrode surface, th us are continuously collected as a current. As 

a resul t the plasma potential rises to closely approach the 

potential of the anode, as indicated in figure (l-Sb). The voltage 

distribution is independent on the distance between the cathode and 

the anode. 
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Figure (1-5) : The distribution of potential as a function of 
position between two conducting boundaries enclosing a plasma 
volume for a) two conducting boundaries at the same potential 
and b) two metal surfaces that differ in potential by V.{12J. 
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Figure (1-6) shows vol tage-current character istics of .1 ow 

current vacuum arcs using ten different cathode materials as 

measured by Davis and Miller [13 J. The slope of the vol tage current 

characteristics in vacuum is always positive with a very small 

value, typically for carbon dV/dI = 0.0094. This means it is 

possible to use mul tiple sources for deposi tion connected in 

parallel to generate multiple cathode spots. 

Figure (1-6) : DC-volt-ampere characteristics of vacuum 

arcs measured by Davis and Miller'. 
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As already mentioned, a high degree of ionization is achieved 

by VAD technique. For carbon cathode, 70 % of the emitted vapour is 

ionized [6J. The ion charges are predominantly z=+l (96%) and z=+2 

(4%), as shown in Figure (1-7). This figure gives results for the 

most probable values of arc ion energy divided by ion charge (in 

units of electron charge) as a function of arc current for singly 

and doubly ionized cathode ions [13J. 

The erosion rate for carbon cathode measured byKimblin is 1.7 

x .10-$ gram/coulomb [6J. This value depends, however, on the cathode 

material and cathode surface structure. Graphi te cathodes are 

porous materials and have high boiling point temperature. There 

( exist a high probability that the arc will find a preferred 

location and simply remain there. The erosion rate will be higher 

than that for the non-porous and low boiling temperature cathode9. 

Because of the porosi ty, there may be a strong temperature gradient 

through the cathode material adjacent to the spot. This may cause 

thermal shock effects producing a mechanical removal of the 

material on a surface collecting these particles, this effect 

should produce particles of non-spherical shape and chunks. 

• 

The current density at each of the individual cathode spots 

lie in the range 104 -10 8 A/c.:m2 , with spot size in the range 10-8 -10-4 

m, and lifetime of one microsecond [6J • 
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h) doubly charged ions trom vacuum arcs on several cathode 

materials [13] • 
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1-2 : DROPLETS 

1-2-1 : LITERATURE REVIEW ON DROPLETS 

The li terature tells us that the origin of the particles 

observed in vacuum arcs is the cathode, but no description is given 

of the micro-spheres observed from graphite cathode. Furthermore, 

the structure of these spheres has never been ana1yzed. 

The results from M.Douyon de Azevedo[14] seem to indicate the 

spheres are made of multi-crystalline diamond. Private 

communications from different researchers speculated a1so that 

( diamond crystals may a1so be found in the particles eroded from 

graphi te cathodes. As in other vacuum arc systems, a probable 

origin of these micro-spheres could be the cathode spot region. 

In this context, the fo11owing literature review on droplet 

emission from cathodes made of different materials can help to 

clarify the origin of the micro-spheres from a graphite cathode. 

Utsumi[15] investigated the micro-droplet 1 macro-particle 

component of the emission from Au, Pd and Mg arcs. The velocity 

distribution of the micro-droplets was determined using a rotating 

vane velocity separator, and the size distribution was determined 

from direct measurement of deposi ted particles on glass slide 

substrate. utsumi determined that for arc current in the range of 

2-6 A, micro-droplets size ranged from a few hundred angstroms to 

several microns in diameter. It was noted that the ratio of volumes 
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carried by the particles and the vapour depended strongly on the 

cathode material. The percentage of the volume transported by 

micro-droplets for Mg, Pd and Au was found to be 80%, 50% and 10% 

respectively, that is, the percentage decreased with an increasing 

melting point temperature of the cathode material. 

Tuma et al.[16] studied the spatial and size distribution of 

micro-droplets emi tted from a copper cathode wi th an arc current of 

80 A. Glass slides were used to intercept the emitted flux at low 

angles from the cathode and to determine the number and size of the 

macro-particles. Particles ranging in size from 1 pm to 10 pm in 

diameter were detected. The diameter of larger particles was 

( difficult to measure because of the distortion that occurred on 

impact, smaller particles had solidified before impact. 

The number and size of the micro-particles are dependent on 

the cathode material. Materials with higher melting points emit 

more ions and fewer micro-droplets. Once the cathode material is 

selected, the number and size of micro-droplets: in the coatings are 

influenced by cathode to substrate geometry, arc current, magnetic 

field, gas species and pressure. Since micro-droplets are emitted 

at low angles relative to the cathode surface, the choice of 

coating system geometry will influence the concentration of micro­

droplets on the substrate[7]. 

Daalder[17] observed the shape and density of the deposited 

particles from copper cathodes by the analysis with a scanning 

electron microscope (SEM). The particle number as a function of 
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par.ticle size were counted from SEM photographs. The individual 

vol ume of the deposi ted particles was determined by a microscope 

(for surface exarnination) whose construction made i t possible to 

measure dimensions both in the plane of and perpendicular to a 

target dise. 

The angular mass distribution in particle form is peaked in 

the cathode plane (whereas the ion mass distribution is peaked 

perpendicular to the cathode plane) [18]. For increasing angles 

(positive and negative) this mass output rapidly diminishes. Large 

sized particles are dominantly represented in the mass flux having 

a small angle with the cathode plane, whereas for larger angles the 

( smaller sized particles are representative. Figure (1-8) shows the 

angular distribution of particle mass flow from the cathode of a 

cappe r arc [ l 8] . 

Aksenov et al. [ 19-20] used a method for eliminating macro­

particles, they used a plasma optic system to deflect the path of 

the particles in the emission flux. The plasma optic comprised 

a curved metal tube having a longitudinal magnetic field of several 

hundred oersteds and a radial electric field of tens of volts. It 

was demonstrated, by studying the quality of the deposited films, 

that the ions could be successfully separated from the macro­

particles and that partiel e-free coatings could be produced. 

Measurements of the radial ion current density profile at the exit 

of the plasma optic system indicated at a high degree of ions 

focusing along the axis of the system. Neutral atoms and micro-
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droplets, their paths unaffected by the magnetic and electric 

fields, followed linear paths and were collected on the inner 

surface of the curved duct. 

Yoshikatsu[21] used a technique to avoid the involvement of 

these particles, he applied a rnagnetic field on the top of the ion 

source to bend the flow of the ions, then the deflection ions were 

deposited on the substrate. 

Figure (1-8) : Angular distribution of particle mass emission in a 

vacuum arc on a 25-rnm diameter copper cathode. The angle is with 

• respect ta the cathode plane and taken from the cathode centrel 17]. 
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1-2-2 : PREVIOUS WORK ON VAD CARBON FILMS AT McGILL 

Low pressure plasma is a noval ,area of study at McGill' s 

Plasma Technology Research Centre. A master's student, Mario Douyon 

de AZE~vedo, has previously worked in the field of deposition using 

vacuum arc deposition (VAD). The project, supervised by Professor 

Jean-~uc Meunier, dealt with the study of angular distribution and 

ionic flux intensity measl1rements when depositing carbon by VAD 

technique. 

M.Douyon de Azevedo studied the intensity of the ion flux with 

dista'nce to cathode and background gas pressure, these two 

( pa rameters playing a major role on the film quali ty by modifying 

the Flux intensity and energy. Gas pressure influences not only the 

cathodic ion flux properties, but it can also affect the erosion 

rate of the cathode[22]. 

• 

In vacuum the ionic flux decreases with distance as the solid 

allgle covered by the probe. Increasing the hydrogen pressure 

decreases the ionic flux collected at a given position. 

Sorne important observations of preliminary deposition 

conducted by M . Douyon de Azevedo and J. -L .Meunier are shown in 

figures (1-9 to 1-11). 

Figure (1-9a) shows the micro-spheres that appear on the film 

under the following deposition parameters : P=10-2 Pa, T.= 470 C and 

"bU.= -300 V where P is the background hydrogen pressure, T. is the 

sul.'strate temperature and Vbu• is the applied potential to the 
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substrate. Also large plates with uniform appearance were formed. 

These plates show cracking along preferential directions and the 

incorporation of micro-spheres. The cracking and the poor adhesion 

of the film is essentially due to a film thickness that is too 

large (severaI microns) to sustain the strong internaI stresses. 

Figure (1-9b) shows a close-up of Figure 1-9a with the structure of 

spheres imbedded in the deposit. These spheres do not appear on 

films with the same arcing conditions but varying deposition 

parameters. 

Figure (1-9): a) SEM recording of a deposit made on tungsten 

in vacuum(P=lO-2 Pa) with T.=470 C [. Vs=-300 V. 

b) Close-Up of (a) showing the structure of spheres imbedded 

in deposit[14}. 
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Figure (1-10) shows an AES spectrum of a deposit made on 

Tungsten in vacuum (P=10-2 Pa), T.= 470 C & V.=-900 V. Typical AES 

spectra of diamond, graphite and amorphous carbon films are shown 

for comparison. The typical structure of diamond can be seen. 'l'his 

result and the structure observed in Figure (1-9b) leads one to 

believe that these micro-spheres are of similar nature as the 

diamond balls produced in low density deposition experiments using 

a high carbon/hydrogen atomic ratio[23]. 

NeE) - Diamond d: 

~ Graphite 

4 Amorphous 
Carbon 

1 
mo us ~ m 

22!J Zll 240 251 ml 2iO 
Klr:etlc .-;s~. .v 

Figure (1-10) : AES spectrum of a deposit made on Tungsten in 

vacuum (P=10-2 Pa) wi th T.=470 C and V.=-900 V[l4]. 
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The typical and most convincing signature stating the presence 

of diamond is given by a Raman peak located at 1332 cm-Jo ~aman is 

not a sensitive test to detect diamond in the presence of other 

types of carbon[24]. Figure (1-11) is a Raman spectrum of a deposit 

made on Nickel in vacuum P=10-2 Pa wi th T.= 470 C & V.a 0 V. This 

Figure shows a small peak at 1332 cm-1 superposed over a broad 

background covering a wide range of intermolecu1ar distances up to 

the strong graphite peak at 1584 cm-Jo Considering that the Raman 

scattering cross-section on diamond crysta1s is much smaller than 

the one for graphite, we may conclude this Figure shows the 

presence of micro-crystals with diamond structure imbedded in a 

( matrix composed of arnorphous carbon with graphitic domains . 

• 
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Figure (1-11) : Raman spectrum of a deposit made on Nickel in 

vacuum(p=lO-2 Pa) with T,,=470 C & Vs=O V[14J. 
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The above results indicated that a large variety of films 

structurF.S can be obtained by changing deposition parc11neters. Most 

importantly, these results stressed the importance of the dloplets 

problem in VAD diamond-like film deposition. The diamond signature 

has also been identified, although at this point we do not know if 

this diamond structure was associated to the particles or the film 

itself. Raman spectroscopy alone cannot lead to a good enough 

spatial resolution to answer this question. The 1iterature tells us 

that the origin of the particles observed in vacuum arcs is the 

cathode[18], but no description is given ..:Jf the micro-spheres 

observed from graphite cathode. furthermorû, the structure of these 

spheres was never analyzed. The result~ from M.Douyon de Azevedo 

seem to indicate the spheres are made of mul ti-crystalline diamond. 

As in other vacuum arc systems, a probable origin of these micro­

spheres could be the cathode spot origine At this point however, we 

must not discard the possibility of the diamond growth from the 

carbon ion bombardment at the substrate level. The resemblance of 

these micro-spheres with the thermal plasmas and CVD growth of 

diamond structures having a "cauliflower" appearance at high C/H 

ratio, and the fact that no micro-spheres were observed under 

different deposition conditions (different bias voltage and 

substrate temperature) could support this second hypothesis[10}. 

Decreasing the C/H ratio improves the quality of the deposit with 

the sharp diamond line in the spectrum. When this ratio was 

decreased to its optimum value, the 1332 cm-1 fine band became the 
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only observable carbon band[24J. 

( 

.' 
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1-3 : CARBON 

1-3-1 : DIAMOND AND DIAMOND-LIKE CARBON 

The objective of the vacuum arc deposition technique using a 

graphite cathode is to produce hard carbon films having diamond­

like characteristics. The following gives a short review of what is 

meant by diamond-like carbon. 

Coatings which have high degree of SP3 bonding generally have 

properties, especially hardness, close to those of single-crystal 

diamond and are often referred to as diamond-like carbon. Recently, 

( large grain size diamond crystals and continuous diamond coatings 

have been prepared by plasma chemical vapour deposition methods. 

The widespread realization of diamond coatings by vapour phase 

synthesis has occurred in the V.S.A and Europe only over the last 

15 years. However it is now becoming clear that such an achievement 

is over a de cade old in the Soviet Union and half a decade old in 

Japan. In addition, during this period, considerable effort has 

been placed upon another type of material commonly called Diamond­

like carbon (DLC). The conunon denominator in stabilizing SpJ carbon 

atoms in DLC has been ion bombardment of the growing film. These 

latter materials represent a broad range in structure (primarily 

amorphous with variable ratio of Sp2 to SP3 bonding) and composition 

(variable hydrogen concentration). 
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The ter.m diamond-1ike carbon was coined by Aisenberg and 

Chabot in 1971 {2SJ, it covers a wide range of materials inc1uding 

both amorphous and micro-crysta1line atomic structures and coatings 

anywhere from 0 to more th an 30 % H. Unfortunately, there has been 

essentially no distinction made among these materia1s using 

structural and compositional criteria. 

It is interesting to note that natural diamond may also 

contain considerable amounts of impuri ties of "dopants", e. g. , 

nitrogen, hydrogen or boron. As the crystallit ll size falls below 

0.2 micrometer the definitive characterization becomes more 

difficul t and the distinction between diamond and diamond-like 

( carbon coatings is tenuous. When increasing the total energy 

delivered to the growing surface, the film character shifts from 

polymer-like, soft deposits to DLC films, at very high energies 

graphitization is observed. This means that only a certain range of 

energies give rise to the DLC structure, characterized by a high 

ratio of the Sp'/Sp2 hybridizations present in the micro-structure 

and containing substantial concentration of hydrogen. 

,. 

The properly adjusted energy flux during film growth gives 

rise to properties such as high density, hardness, chemical 

inertness and low coefficient of friction. Typical ranges of values 

and parameters are summarized in Table(l-l). 
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TABLE (1-1) : BASIC CHARACTERISTICS OF a-C:H FILMS [26]· 

Structure 

Hydrogen concentration 

Density 

Electrical properties 

Microhardness 

Multiphase system : 

amorphous diamond-like ( SP') 

amorphous graphitic 

amorphous polymeric 

compared to : Diamond : Crystalline 

20 - 50 , 

compared to : Diamond : < 0.1 , 

1.5 - 2.0 g/cm3 
( high conc. of H ) 

2.0 - 3.4 g/cm' (lower conc. of H ) 

compared to : 

Glassy carbon: 1.5 - 1.55 g/cm' 

Graphite : 2.3 g/cm3 

Diamond : 3.5 g/cm3 

Conductivity : 10-10 
- 100 ( D cmr1 

compared to : Graphi te : 10' ( D cmr1 

Diamond : 10- lB 
( D cmr J 

10 - 50 GPa 

compared to : Graphite : 24 GPa 

Diamond : 70 GPa 

* a-C:H : Hydrogenated amorphous carbon (d~amond-l~ke) 
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1-3-2 : APPLICATIONS OF DIAMOND-LIKE FILMS 

On aeeount of their unique eharacteristics, a-C:H films have 

been proposed for a number of applications, examples of which are 

listed in table (1-2) : 

TABLE (1-2) : SUMMARY OF PROPOSED APPLICATIONS [26J 

a-C:H films : 

- corrosion and abrasion resistant coatings. 

- anti-refleetion coatings for IR opties ( i.e., for Ge at 

10.6 ~m) and solar eells. 

- tribological applications, protection against severe 

environments ( sand, salt water J. 

- dry lubricants. 

- hermetic barrier coatings on optica1 fibers and on 

suboptical memory dises to give longer life times. 

- laser writing (change in conductivity upon irradiation from 

10-6 to 10+1 il:m). 

- biocompatible material for protection, and for promoting 

cell growth. 



·'. 31 

1-4 : OBJECTIVES 

The first objective of the present study is to obtain an 

evidence on the origin of the spheres that appear on the substrate 

surface du ring the vacuum arc deposition processes using a graphite 

cathode. The structure of these particles are analyzed using a 

diagnostic technique with high enough spatial resolution, the Auger 

electron spectroscopy (AES). 

The second objective is to establish if the droplet emission 

mechanism can be correlated to thermal effect in the cathode spot. 

For this, we control the cathode surface temperature using the arc 

( current intensity and arcing time. Droplet emission under different 

thermal load to the cathode are measured • 

• 
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CHAPTER - 2-

-1 : EXPERIMENTAL SET-UP 

C01-TEA LASER 

A pulse arc system was used to control precisely the arc time. 

The temperature of the cathode surface can be controlled by 

controlling the arc current intensity and arcing time. This control 

may help us to establish if the droplet emission mechanism can be 

correlated to the thermal effect in the cathode spot. 

( In the present work, a high voltage CO2 -TEA laser pulse 

(wixture of 80% He, 10% Nu and 10% CO2 ) was used to igni te the ar\.:. 

Such a laser provides the high precision needed in time compared to 

a mechanical device, and does not produce the strong electrical 

noise of high voltage triggerjng systems. It produces an infrared 

radiation at 10.6 pm with high power of approximately 1 MW and a 

short duration time of 200 ns. As shown in figure( 2-1a ), the 

laser beam was send to a Germanium (Ge) mirror, which reflected the 

beam to Zinc Selenium (ZnSe) lens with a 25 cm focus distance. The 

beam entered the vacuum chamber through a salt window permitting 

the infrared radiation to passe It was focused on the tip of the 

cathode where the arc burns. 
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ELECTRICAL CIRCUIT 

The electrical circuit system shown in figure (2-la), is used 

in this work. The electric arc current is generated by the 

discharge of a capacitor bank (Cl=38 mF), charged using the power 

supply PS1 (6448B DC Power Supply, Hewlett-packard, 0-600 V, 

0-1.5 A). The current then passes through the first thyristor (Tl), 

which is responsible for the initial trigger time of arc tj, then 

to the anode and cathode circuit. The duration of the arc current 

can be adjusted from 10 ~s to 10 ms by using the second thyristor 

(T2) which swi tches off the capaci tor bank by the use of an 

{ electronic "crow bar circui t" using capaci tor (C2) charged using 

power supply PS2 (same l'.odel as PSl but with reverse polarity). 

Therefore, thyristor T2 triggering signal is responsible for the 

shut off time tt of the arc current. The duration of the arc pulse 

was monitored using an oscilloscope • 

• 
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CURRENT MEASUREMENT 

The arc current was measured using a Pearson pulse current 

transformer No. 411 ( 0.1 V/A) connected to an oscilloscope type 

549 Tektronix. This was useful for short arc duration times, but 

not useful for long arc duration times. The pulse current 

transformer saturates at Q = I*t = 0.19 C. This implies the current 

transformer does not give any signal once the 0.19 C limit is 

exceeded and hence we were not able to monitor the long duration 

times. For this reason, we were forced to use a shunt to monitor 

the arc current for long arc times. The shunt is in series with the 

circuit and shows some inductance. This produces a lot of 

electrical noise at the high dl/dt occurring at the on and off 

triggering times of the arc. The shunt, however, works very weIl in 

the constant arc current period with low dl/dt as shown in figure 

(2-2). For these reasons, both the Pearson pulse current 

transformer and the shunt are used to measure the arc current. 
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ELECTRODES 

One can see in Figure (2-3) the electrodes arrangement used in 

this experiment. The cathode (on the right in Figure 2-3) is a 

small graphite rod 12.7 nun in diameter and 25.4 mm in length, 

tapered by arc erosion wi th time. The graphi te cathode according to 

manufacturer' s specificatù:>ns had an impurity cont~nt of 10 ppm. 

The anode is a graphite c.1Lrcular disc of 50.8 mm in diameter. It 

has a hole in the centre of 12.7 mm in diameter through which the 

emitted vapour from the tip of the cathode can pass to be deposited 

on the substrate. The thickness of the anode is 9.5 mm. The 

( distance between the cathode and the anode is 5.0 mm, and both were 

connected to copper rods serving as vacuum feed through and 

electrical supply connec tors. 

Small magnets are attached to the back of the anode in order 

to increase the amount 0;[ the deposi tion on the substrate. For each 

diagnostic technique, a certain amount of deposition should be on 

the substrate. These magnets forced the ions to travel along the 

magnetic lines toward the substrate. 
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Figure (2-3) : Graphite cathode and graphite anode 
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SURSTRATE 

Three kinds of substrates are used in this work. 

a) Microscopie Glass Slides of 1x2Sx2S mm. 

This was the first choice because of the eheap priee. The 

problem for using this substrate is that the glass aceumulates 

charges inside the SEM during analysis of the deposits. This 

means, each sample should be coated before using SEM. 

b) Aluminum Specimen Mount with a 12.7 mm diameter flat surface and 

a .1.2 mm back pin. 

This was the second choice. The problem with this substrate was 

the bad finishing surfaces which made it difficult to recognize 

the deposited particles clearly. 

c) Silicon Wafers of 12.7 mm diamcter and 21 Mills thickness. 

This substrate was the final choice. Both sides were polished 

which means good surface finishing for analysis. They were 

semiconductor, meaning no charge accumulated on the substrate 

and no need for coating for SEM analysis • 
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PUMPING SYSTEM 

The vacuum pressure inside the chamber is produced by using a 

mechanical and an oil diffusion pumps as shown in Figure (2-1b).The 

pressure was measured by using a) PIR lA PI RANI UNIT which can 

measure pressures from 10-1 torr to 10-3 torr and b) GIe-300 

Ionization Gage which can measure pressures from 10-3 torr to 10-' 

torr. The pressure was constant during this work and equal to 10-4 

torr. This is we1l below the onset of pressure effects affecting 

the erosion rate of the cathode[27J. 
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2-2 : EXPERIMENTAL PROCEDURE : 

2-2-1 : DEPOSITION EXPERlMENT : 

The first step in the experimental procedure was the 

preparation of the sample. In general, in aIl deposition processes 

the initial preparation of the substrate is very important because 

the cleaning of the substrate plays a critical role in the quality 

of adhesion between the substrate and the coating. 

In this investigation, however, cleaning the substrate surface 

was not so important because we were not interested il] the 

(' deposited layer itself or in the adhesion quality. 

The second step was producing the desired vacuum pressure of 

10-4 torr inside the chamber by using the diffusion oil pump. 

The third step was producing the arc between the cathode and 

the anode in order to vaporize the cathode material and deposit 

the vapour on the substrate. During the deposition process the 

pressure was constant, and the intensity of the arc current could 

be adjusted between 44 A to 110 A by changing the voltage on the 

capacitor l>ank shown in Figure 2-1a. The arc time was changed from 

2.5 ms to .14 ms and controlled by using the second thyristor in the 

electric circuit and monitored by using a shunt and an 

oscilloscope. 

The distance between cathode and substrate could be adj usted 

between 7.5 cm and 45 cm. 
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2-2-2 : TEMPERATURE DISTRIBUTION 

One objective of this study is to correlate the number of 

emitted particles wi th the surface temperature of the cathode. 

Surface temperature, however, is a very difficult parameter to 

estimate, even more to measure. The cathode for, example, will have 

extremely different surface temperatures at the c~U20de spots of 

the burning arc compared to the unaffected area away from these 

spots. These randomly moving spots of typically 10-8
- 10-· m in 

diameter, of lifetimes in the micro-second range and showing very 

strong plasma radiation prohibit any classical measurement method. 

We may however obtain information on the evolution of the 

particle emission wi th temperature through a control of this 

surface temperature by varying the arc duration. The pulsed system 

with very short and controllable arc durations showing square 

current pulse shapes was chosen for this reason. What is needed in 

this study is essentially the relative evolution of surface 

temperature for different arcing current l and arc time t. 

In order to study the effeLt of the cathode spot temperature 

on the micro-particles, a simple heat transfer model is suggested. 

It is first assumed that the cathode spot affected zone has a 

cylindrical shape with diameter d and length L (Figure 2-4a). The 

diameter of the cathode spot is assumed equal to a certain value in 

the range of the spot size, for example (5xl 0-· m) [6]. We assumed 

also that aIl the electrical power is used to heat this cy!indrical 
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volume on1y. For vacuum arcs on graphite electrodes the maximum 

current per spot reaches a value of 200 A before any spot splitting 

occurs[ll). This value is always smaller than the current used in 

this study, we can th us suppose only one cathode spot is burning at 

a given time during the experiment. For our calcu1ations, we will 

suppose this spot always burns at the same location throughout the 

total arcing time. This should lead to strongly overestimating the 

temperature. However, the typical lifetime of a spot is relatively 

constant and always smaller than our arc duration time, and the 

short values of arcing times used do not permit movement of the 

spot over a wide area. Hence this assumption should not have a 

(' strong effect on the relative value of temperature for two arcing 

conditions. We will aiso negiect the effect of phase 

transformations of the carbon at the surface. 

Radiation from the surface of the cathode spot seems to be a 

strong heat 10ss mechanism because of the high temperatures reached 

in this zone. One must consider, however, that the cathode spot 

does not face a vacuum ambient, but on the contrary, a dense, 

optically thick and highly radiating cathodic plasma. fie will 

suppose this high density plasma layer above the cathode spot to 

act as a blackbody at the sarne ternperature as the surface, hence 

elirninating radiation losses of the surface. 

All these assumptions greatIy simplify the problem, the 

temperature can now be evaluated by using the simple heat transfer 

equation 



.' 
q = m cp DT 

where q = IxVxt 

l : is the arc current, A 

v . is the arc voltage, V . 
m · is the heated mass, Kg · 
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•••••• (2-2) 

Cp · is the specifie heat of the cathode(graphite), KJ/Kg.K · 
DT · is the temperature change from 293 K to T • 

t · is the arc duration time for a square pulse shape, s · 
The mass m is equal to the density of the cathode multiplied 

by the volume of the heated material ( spot volume= Tr d2 L/4 ). 

The length L is determined by using the simple heat 

C conduction equation 

q= k A dT/dL •..••••• (2-3) 

where k is thermal conductivity coefficient of the graphite which 

is function of temperature. After integration of equation (2-3), we 

notice that the temperature decreases gradually with increasing 

length until L = 5x10-J m. This length is assumed to be constant for 

any T. for simplicity. After this length the temperature can be 

considered constant (Figure 2-4b). 

Using equation (2-1) and the above values for d & L, the 

temperature T. of the cathode spot as a function of the arc current 

and duration time is shown in figure (2-5). 
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Figure (2-4a): Schematic for heated volume on the cathode 
surface 
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Figure (2-4b): Effect of conductivity througth the cathode 
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Figure (2-5) : Cathode spot temperature T. as a function of 

arc time for 1=110 A, 77.5 A, & 44 A, calculated from eqn.2-1. 
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2-2-3 : COOLING TEMPERATURE CURVE 

The period between each arc ignition must be long enough to 

allow the cathode spot to cool to room temperature, otherwise, the 

cathode spot temperature will increase gradually after each 

igni tion. To avoid this problem, a simple model is used to evaluate 

the cooling time of the spot after arc extinction. In order to be 

on the safe side, only the conduction heat transfer mode is again 

considered. This leads to overestimating the required time. 

The temperature distribution in a body with unsteady state 

conduction is given by Fourier's general law of heat conduction : 

2-4 

where . T · Temperature at any point given by x,y,z. • • 

t · cooling time. • 

k · Coefficient of thermal conductivity. · 
Cp . Specifie heat of unit masse . 
p: Mass per unit volume. 

a: Thermal diffusivity (= kl P Cp) 

Assume that at t=O, the temperature distribution is uniform at 

room temperature To = 293 K, for aIl x (before arc ignition). If 

the temperature of the cathode surface is suddenly altered to T. 

(just after arc ignition), then (after the arc extinction) the rate 

~ of the heat flow qlA past any plan aa (due to cooling effect) may 
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be assumed to depend upon the change in surface temperature T.-To' 

the distance x from the surface to the plan, the time t during 

which the temperature change has existed due to the cooling effect, 

the thermal diffusivity ~ and the coefficient of thermal 

conductivity k. 

By applying the 'Ir theorem for dimensionless analysis (see for 

example ret.28) to these variables it is seen that 

After equating the exponents to zero yield the equations: 

TC} =q .A(~ -T,)k 

T =T +[q{cit 1 ] 
1 (} AL 2 

.. t.(~) 
2 Clt 

2-5 

where, q/A is the rate of heat tlow past any plane aa after t 

second. Values ot the dimensionless function fz=(x'1 at) must be 

obtained experimentally or by sorne other type of analysis. In this 

case the values are given graphically in the curve of figure (2-7) 

~ [28], and can be obtained trom the solution of Fourier's equation. 
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Figure ( 2-6) : Schema tic distribution of the temperature 

through the cathode. 
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From the solution of equation (2-5), twenty seconds was good 

enough to cool the spot from T. to 293 K, as shown in Figures 2-8, 

2-9 and 2-10. If the radiatiop heat transfer is considered, these 

cooling times are expected to be much smaller than 20 second. 

COOLING TEMPERATURE CURVE 
2000 r----.,----,------. , ,------- , --- -- - -,--- . 
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Figure (2-8) : Temperature of cathode spot surface as a 

function of the time for 1=44 A, at x=O. 

T = cathode spot temperature 

t = arc duration time 
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COOLING TEMPERATURE CURVE 
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Figure ( 2-9) : Temperature of cathode spot surface as a 

function of time for 1=77.5 A, at x=O. 

T = cathode spot temperature 

t = arc duration time 
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Figure (2-10) : Temperature of cathode spot surface as a 

function of time for 1=110 A, at x=O. 
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2-2-4 : PARTICLE DIAGNOSTICS: 

The size and concentration of particles are measured by using 

an Image Analyzer Software connected to the Scanning Electron 

Hicroscopy. The typical sequence of operations that an image 

processor might go through are as follows: 

To get an image trom a sample into the memory of the computer, an 

image acquisition hardware is attached to a scanning electron 

microscope (SEM), the image is digitized into a black and white 

image. The shades of black and whi te, called grey-levels, represent 

intel/si ty information. Image acquisition alone is not really image 

( processing, but if we average several frames together, image 

enhancement is being done. Averaging of successive frames of data 

enhances an image by decreasing the relative intensity of noise. 

Once an image has been acquired, the intensity levels stored for 

each of the pixels (single dots in the image) can be modified to 

improve the visual effect. In é' washed-out picture, the information 

may still be there but the difference is too subtle to be 

perceived. Exaggeration of these differences can result in a vast 

improvement in picture quality. This technique is known as contrast 

stretching. Another means of image enhancement is called filtering. 

In filtering, each pixel is replaced with a weighted average of its 

neighbours. Depending on the weighted average used, a fil ter can be 

applied to reduce high frequency noise, eliminate erratic points 

(both called smoothing) , or accentuate edges (called sharpening). 



• 
Once a quality picture is obtained, the picture is [tored. This 

stored image is however in a forro which makes it difficult for the 

computer to distinguisl. an object from background. The term 

segmentation refers to the conversion of an image from grey level 

to binary. In a binary image, pixels corresponding to features of 

interest are ei ther on or off. Segmentation requires a val ue 

j udgement as to whether a pixel is part of the object or not. It 

should be apparent that errors may be made in the creation of a 

binary image. It may be necessary to join lines, fill holes, and 

disconnect separated objects. Binary filters or manual editing can 

accomplish this clean up. A binary image contains a compact 

( description of what is object and what is background. Using the 

binary image, the computer can generate a variety of sizing 

parameters including areas, lengths, and widths, etc. 

For each sample, five different areas of 1681 ~m1 each were 

analyzed. The number of the particles in each sample was evaluated 

by analyzing five different locations on each substrate, then 

taking the average of the number of particles from the fi ve 

locations. The locations were four at the corners and one at the 

centre. The substrates for aIl measurements are located in the 

direction perpendicular to the cathode surface, on the main axis of 

the discharge. The range of the particle size that we used for 

counting was between 0.1 ~ and 10 ~. 
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CHAPTER - 3 -

3-1 : EXPERIMENTAL RESULTS : 

The following table shows all the operating conditions for all 

samples, where : 

Q(C): is the number of charges passing through the cathode[Coulomb} 

I(A): is the arc current lAmpere] 

t(ms): is the arc duration time lmilliseconds] 

D(cm): is the distance between cathode and substrate [cm} 

N(arc): is the number of arc ignitions 

( The pressure inside the vacuum chamber was constant P=10-4 torr. 

Table (3-1) : OPERA TING CONDITIONS 

SAMPLE Q(C) I(A) t(ms) D(cm) N(arc) 

1 30.8 110 14 7.5 20 

2 61.6 110 14 7.5 40 

3 92.4 110 14 7.5 60 

4 123.2 110 14 7.5 80 

5 154 110 14 7.5 100 

6 30.8 110 14 13 20 

7 61.6 110 14 13 40 

8 92.4 110 14 13 60 

9 123.2 110 14 13 80 

• 10 154 110 14 13 100 
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continue 

SAMPLE Q(e) I(A) t(ms) D(crn) N(arc) 

11 30.8 44 14 13 50 

12 61.6 44 14 13 100 

13 92.4 44 14 13 150 

14 123.2 44 14 13 200 

15 154 44 14 13 250 

16 30.8 44 14 7.5 50 

17 61.6 44 14 7.5 100 

18 92.4 44 14 7.5 150 

19 123.2 44 14 7.5 200 

20 154 44 14 7.5 250 

( 21 50 110 2.5 7.5 182 

22 50 110 5.0 7.5 91 

23 50 110 7.5 7.5 61 

24 50 110 10 7.5 46 

25 50 77.5 2.5 7.5 258 

26 50 77.5 5.0 7.5 129 

27 50 77.5 7.5 7.5 86 

28 50 77.5 10 7.5 65 

29 50 44 2.5 7.5 454 

30 50 44 5.0 7.5 152 

.11 50 44 7.5 7.5 114 

32 10 44 0.5 7.5 454 

• 
33 100 110 14 45 65 
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3-1-1 : NUMBER AND SIZE OF PARTICLES 

The size and population of the particles in the carbon film 

are dependent on several factors. Some of these factors are studied 

in this work. 

ARC CURRENT LEVEL : 

To evaluate the effect of the arc current on the size and 

number of particles, the arc current is changed while the number of 

coulombs (IxtxN), the distance between cathode and substrate , and 

( the arc duration time were constant. The number of coulombs, i.e., 

the total charge passing through the cathode per deposi tion 

experiments is used here as a parameter because in the literature 

the total erosion rate is usually expressed in grams per coulombs. 

• 

For the low arc current values used here, it means the eroded mass 

is constant at a given charge to the cathode. 

As the arc current delivered to the cathode is increased, as 

shown in figures (3-1) & (3-2), the number of particles at constant 

number of coulombs and constant distance between cathode and 

substrate is increased. In this case, keeping the total number of 

coulombs constant implies different number of arc pulses have been 

used for different currents. The same area of substrate for particle 

count was used for all conditions in Figures (3-1) and (3-2) • 

The arc spot has a very sroall size (10-1 
- 10-4 m) and very high 
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current density (10 4 
- 1012 A/rrr2 ). This high local current density 

rapidly heats a small volume of the cathode surface (cathode spot), 

explosive evaporation occurs, and the cathode spot simultaneously 

migrates to another location to repeat the process [29 J. As a 

result, the population of the emitted particles increases as the 

current level increases. 

As mentioned already the erosion is directly proportional to 

the total charge passing through the cathode. Another important 

experimental result obtained by Kimblin[30] is the constancy of the 

ratio of the ion flux emitted by the cathode to the total current. 

A contradiction seems to exit between the results of Figure 3-1 and 

( 3-2 and the two assertions above. Increasing the arc current at 

constant total charge should increase the ionic vapour emitted by 

the cathode while keeping the erosion rate constant. This should 

normally induce a decrease of the number of particles emitted. Our 

results do not agree with such a prediction and follow more a 

generation mechanism based on thermal effects • 

• 
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FIGURE (3-1) : Number density of particles as a function of 

electric charge through cathode for 1=44 A and 110 A, D= 7.5 

cm, t-14 ms. 
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Figure (3-2) : Number density of particles as a function of 

electric charge through cathode for 1=44 A and 110 A, D-13 cm, 

t= 14 ms. 
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DISTANCE BETWEEN THE CATHODE AND THE SUBSTRATE 

To evaluate the effect of the distance between cathode and 

substrate, the distance was varied between 7.5 cm and 45 cm at 

constant number of coulombs and constant arc current. 

Figures (3-3) & (3-4) respectively, show that the number of 

particles over a given substrate area decreases with increased 

distance between the cathode and the substrate. From these 

experimental observations we can note the following: by comparing 

the number of particles per J..I1lr2 at 110 A, 100 C, and 14 ms but 

different distances between the cathode and the substrate, we found 

that 1.189* 10-3 particles/J.1m2 was found on the substrate that was at 

45 cm from the cathode, 6 .543*10-2 particles/~ on the substrate 

that was at 13 cm from the cathode, and 1.249*10-J particles/~ at 

7.5 cm. These values correspond to 1.189*10' particles/cm2, 6.54*106 

particles/cm2 and 1.250*107 particles/cm2, respectively. 

This decrease in the number of particles wi th distance between 

the cathode and the substrate should in fact correspond to the 

decrease of the solid angle of the substrate as viewed by the 

cathode ( i.e., surface area of substrate divided by the square of 

the distance between substrate and cathode). Figure (3-5) is 

another plot of the data in figures (3-3) & (3-4) with vertical 

axis as number density of particles per unit solid angle. This 

figure shows that the pl'rticle density per solid angle remain 

approximately the same at different distances between cathode and 
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substrate. The error on the particles counting was approx~mately 5% 

according to the standard deviation of the averaging technique. 

However, the location of the cathode spot on the electrode may not 

necessarily be on a surface area that is perpendicular to the 

discharge axis. This would lead to different emission angles 

inducing large errors in the particle count. The curves of figure 

3-5 for a given current value are th us considered within the same 

error margin. This means that, the particle<; travel along straight­

lines. 
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NUMBER DENSITY OF PARTICLES VS. COULOMBS 
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Figure (3-3) : Number density of particles as a function of 

• electric charge through cathode for two distances between 

cathode and substrate, for 1=44 A and t= 14 ms. 
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NUMBER DENSITY OF PARTICLES VS, COULOMBS 
0.2 r----,-----r--,----,-----,---,--,---, 

ru 1= 110 A 
1 

0 D= 130 mm S 
:::t • D= 75 mm • lfJ 
~ 
.....:l 
U - • E-
~ 
< 
0.. 
t:x.. o 0.1 
:>-< 
E--lfJ 
Z 
~ 
Cl 

~ 
~ 
co 
:::E 
::> 
Z 

O. 0 L--_-L-_~ _ ___..J'--_-1--_~_----'-__ -'--_--' 

20 40 60 80 100 120 1 40 1 60 180 
ELECTRIC CHARGE THROUGH CATHODE,C 

Figure (3-4) : Number density of particles as a function of 

electric charge through cathode for two distances between 

cathode and substrate, for 1= 110 A and t= 14 ms. 
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PART DENS /SOLID ANGLE VS. COULOMBS 
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Figure (3-5) : Data of Figure (3-3) and (3-4) nor.malized to 

the solid angle of the substrate as viewed by the cathode. 
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ARC TIME 

The arc duration time was controlled using the " crow bar 

circuit" shown in figure (2-1a), which allow us to control the arc 

time from 10 ~s to 10 ms. To evaluate the effect of the arc time on 

the population of the particles, the arc time is changed while the 

arc current, distance between cathode and substrate and tJw number 

of coulombs were kept constant. In this case, the constant number 

of coulombs was attained by increasing the total number of pulses 

while maintaining a constant current. 

A decrease in the arc duration time at a constant arc current 

should decrease the mean residence time of the cathode spot at any 

point and hence decrease the heat load to the cathode. The volume 

of the material that is melted and explosively emitted fram the 

cathode spot should hence decrease wi th a decrease of the arc 

duratioil time. An increase in the population of the draplets 

emitted from the crater and deposited on the substrate as arc time 

increases is shown in figure (3-6). The range of the arc time shawn 

in figure (3-6) is quite narrow (i.e., fram 2.5 ms to 14 ms). 

It would be interesting ta evaluate the shape of this curve in the 

range fram 0 to 2.5 ms, i.e., to see its evolutian towards the very 

small arcing times. The reason of not carrying any experiment with 

these small arc times is the long time needed for each experiment. 

For example, if one wants to carry experiment at 1=100 A, 0= 100 C 

and t= 0.1 ms, then the number of arc ignitions will be 



• 

( 

• 
b 

68 

104 arcs(N=Qllxt). As mentioned in section (2-2-3), the time period 

between each arc is 20 seconds. This rneans 2xlO' s or 55.55 hours 

are needed to carry one run leading to only one data point. A fully 

automated system would then be needed. 

Nevertheless, the arc tirne range studied shows clearly 

relatively linear increases in the number of particles with arc 

time for constant total charge passing through the cathode. This 

result supports a particle emission mechanism induced by thermal 

effects. The next section will show a correlation of particle count 

with calculated values of the cathode spot temperature. 
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NUMBER DENSITY OF PARTICLES VS AHC TIME 
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Figure (3-6) : Number density of particles as a function of 

the arc duration time, for 1= 44 A, 77.5 A and 110 A, at D~ 

7.5 cm. 
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CATHODE SPOT TEMPERATURE 

The temperature of the cathode spot should be ,an important 

factor affecting the size and the population of the particles 

emi tted from the cathode spot. Temperature values shown in the 

following figures are calculated temperatu res using the model 

described in section 2-2-2. Figures 3-7 and 3-8 show that the 

number and the size of the particles are directly proportional to 

the temperature of the cathode spot. Figure (3-7) represents the 

number density of particles counted using the image analyzer 

software described in section 2-2-4 as a function of cathode spot 

( temperature calculated using the model in section 2-2-2. The actual 

temperature values at the cathode may not be that high, but because 

we only need to study the rel ati ve evol ution of surface temperature 

• 

for different arcing current l and arc time t, these values are 

acceptable. Since the temperature of the cathode spot depends on 

arc current l, arc voltage V and arc time t, the data in figure 3-7 

have different values of 1, V and t but constant number of coulombs 

(50 C). Figure 3-7 shows that the number of particles are directly 

proportional to the temperature of the cathode spot. This is due to 

the increase in the heat load which leads to an increase in the 

volume of the melted material from the cathode, which directly 

leads to an increase in the possibili ty of depositing more 

particles on the substrate . 
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Figures (3-8 a,b,c & d) represent the average 

distribution of the particles deposited on the substrate 
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size 

as a 

function of th~ cathode spot temperature. The temperature values 

are calculated using the model described in section 2-2-2. The size 

distributions are measured using the image software analyzer 

connected to the SEM. For each figure the number of coulombs was 

constant and equal to 50 C. 

From figure (3-8a), one can notice that at temperature around 

700 K the average particle size is around 0.3 ~m. At temperature 

around 1902 K as shown in figure (3-8b), the average particle size 

was increased to around 0.6 ~m. As the temperature increases again 

( to around 3059 K as shown in figure (3-8c), the average particle 

size was found to increase to around 0.8 J1m. The largest ave'"age 

particle size found was around 1.2 ~m at a temperature around 5538 

K as shown in figure (3-8d). 

• 

These results show that the particle sizes increase with 

temperature. The above particle sizes are the average sizes found 

in each sample at constant number of coulombs (50 C) as described 

in section 2-2-4. In fact, Figure 3-8 shows that at any temperature 

level there is actually a range of particle sizes. The very small 

particles may be due to the dissociation that occurred on impact, 

as can be see in figure (3-9). The very large particles may be due 

to agglomeration that occurred on impact as shown in figure (3-10) . 
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Figure (3-7) : Number density of partiales as a funation of 

cathode spot temperature, calculated trom eqn. 2-5. 
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PARTICLE SIZE DISTRIBUTION 
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Figure (3-8a) Particle size distribution for cathode spot 

temperature around 700 K, calculated trom eqn 2-5. 
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PATRICLE SIZE DISTRIBUTION 
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Figure (3-Bb) : Particle size distribution for cathode spot 

temperature around 1902 K, calculated from eqn. 2-5. 
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Figure (3-Bc) : particle size distribution for cathode spot 

temperature around 3059 K, calculated trom eqn. 2-5. 
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PARTICLE SIZE DISTRIBUTION 
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Figure (3-8d) : Particle size distribution for cathode spot 

temperature around 5538 K, calculated from eqn 2-5. 
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Figure (3-9) : SEM recording of a deposit on silicon in vacuum 

( P=10-4 Pa ) , and t=5 ms, showing a large particle • dissociation into several small particles on impact. 
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Figure (3-10) : SEM recording of a deposit on silicon in 

vacuum ( P=lO-f Pa ), and complete discharge, showing small 

particles agglomerated to for.m large particles 
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3-1-2 : ORIGIN OF PARTICLES 

Before the start of this experimental study, we considered 

severai possihilities on the origin of the part.icles. fie know from 

a large numher of studies that the cathode is a source of particle 

emission. However, the anode may he another source because at 

certain deposition parameters, some anode spots are forrned[31] 

which may emit micro-droplets. The possibility of the diamond 

growth from carbon ion hombardment at the substrate level is also 

not neglected at this point for the reasons described in section 

1-2-2. 

The particles emission from the anode depends on the arc 

current level. Low arc current permi tted to avoid anode spot 

formation, which consequently avoided particles emission. In vacuum 

arcs, the anode fall voltage is usually low, since electron space 

charges at the .:Jnode surface are neutralized by the ion current 

incident on the anode from the cathode spots. Anode spot formation 

in vacuum occurs when the incident ion current is reduced, for 

example, by reducing the anode area or increasing the electrode 

separation {31]. In this study, the electrode geometry was designed 

to avoid anode spot formation. When anode spot occurred, this 

geometry provided the emitted particles of anode origin to he 

emitted in a direction opposite to the substrate. Depending on the 

operating parameters, sorne particles were in fact emitted by the 

anode. These, however, were not deposited on the substrate (see 
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figure 3-11), but were emitted in the opposite direction towards 

the cathode. 

The origin of the particles that are deposited on the 

substrate seem clearly to be the cathode spots, as shown in figure 

(3-12) where the macro-particles emitted from the cathode, are 

tra"relling through the hole in the centre of the anode to the 

substrate. 

For the possibility of substrate growth, we can say that none 

of the observed particles can reasonably have been grown on the 

substrate by the incoming ion flux. Such growth would require a 

high mobility of the carbon atoms at the surface and long 

deposi tion times compared t..J the short pulses used. In flight 

nucleation seems also impossible because of the very long mean free 

paths of collision between the ions (typically in the order of the 

cathode to substrate distance). However, ideal condi tions for 

diamond-like film growth were not the object of this study and we 

can not exclude the growth of the cauliflower type particles in 

such circumstances . 



• 81 

( 

"~~ , 

J~ . ·"'t 

>, "~l' 
":,< • - ! • "-~ 

• 
Figure (3-11) : A photograph shows the ernission of the 

particles trom the anode, and reflected far from the substrate. 
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Figure (3-12) : A photograph shows the emission of the 

particles from the cathode to the substrate. 



• 

• 

83 

3-1-3 : P~TICLES STRUCTURE 

The first diagnostic technique used in this work to stu~y the 

crysta.l structure is the X-Ray Diffraction techniql'e. This 

technique was unsuccessfui in the present study because it needs 

miiiigrams of the deposited material on the substrate and this was 

not possible for our samples. The second diagnostic technique is 

Raman Spectroscopy, which is available in the Chemistry Department 

at McGill University. This technique was a1so unsuccessful because 

it could not resolve the smaii m.icron-size particles. The most 

use fui technique for the anaiysis of the particles and background 

strul"'~i..ï.Lt:::.i .ill this study was the Auger Electron Spectroscopy (AES), 

that is availabie in Tlydro Quebec (IREQ). This technique was able 

to anaiyze very thin surfa,-:e iayers and very small particles sizes 

with very high resolution. Clear interpretation of the results for 

carbon films constitutes, however, a major difficulty of AES. 

Figure (3-13) shows typical AES spectra for Diamond, Graphite, 

& Amorphous carbon films. This figure will be used as a reference 

for comparison purposes with our own AES profiles. 

Figure (3-14) shows a spectrum of a deposit made on silicon wafer 

in vacuum (P = 10-4 torr) with arc time (t = 14 ms), and distance 

between the cathode and the substrate (D = 7.5 cm). This spectrum 

shows the AES carbon structure of one particle in the deposited 

carbon film. As ona can see, the spectrum shows the typical AES 

behaviour of graphite. A spectrum of another particle in the same 
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layer is shown in figure (3-15), showing a graphite and amorphous 

mixture st~ucture. The spectrum in figure (3-16) is for the same 

sample, but it shows the structure of the background film close to 

the particle. Interpretation of this ~:pectrum is more difficu l t. 

The confusion may come from the large n~mber of particles that are 

found in this sample, i. e., the background that was chosen for 

analysis had sorne very small particles which affect the structure. 

This becomes clear by taking a look at figure (3-17) which shows a 

spectrum for another sample with the same operating conditions 

except the distance D = 45 cm. This san'ple shows a smaller density 

of particles compared to the previous one. This spectrum seems to 

show sorne diamond characteristics for the background although this 

interpretation may still be very subjective. Figures(3-18) & (3-19) 

show the morphology for both samples by using Electron Scanning 

Microscopy (SEM). 

The spectrum in figure (3-20) for a deposit on silicon wafer in 

vacuum (P= 10-4 torr), with arc time (t=O.5 ms) and D=7.5 cm, shows 

the structure of a particle in this carbon film. We see again a 

structure showing the main characteristics of graphite by comparing 

this spectrum with the typical one shawn in figure (3-13) • 
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Figure (3-13) : Typical AES spectra for diamond, Graphite and 

amorphous carbon films[32J. 
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Figure (3-17) : AES spectrum for the background deposited on 

silicon in vacuum P= 10-4 torr, t= 14 ms, D=45 cm,& 0=100 C. 
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Figure (3-18) : SEM recording shows the morphology of a 

particle deposited on the silicon in vacuum P- 10-4 torr, 

t= 14 ms, D=45 cm, and 0= 100 c. 
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Figure (3-19) : SEM recording shows the morphology of the 

particles deposited on silicon in vacuumP=10-4 torr, t= 14 ms, 

D=7.5 cm, and Q= 100 C. 
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Figure (3-20) : AES spectrum for a particle deposited on 

silicon in vacuum P= 10-· torr, t= 0.5 ms, D= 7.5 cm & 0=10 C. 
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DISCUSSION 

PARTICLE AND FILM STRUCTURE 

For both the particles and the deposited carbon film, the 

morphology were analyzed by using SEM, and the structure by using 

AES. 

The structure of all the particles was found as a graphite 

structure, in spite of the change in the operating conditions. The 

claim by uome researchers of the international conununity 

(unpublished data) that particles emitted by vacuum arc plasmas on 

graphite cathodes had microcrystalline diamond structure was not 

( verified in this work. The structure of the background (i.e., the 

deposited carbon film) seem to be mainly graphite with sorne diamond 

characteristics, as shown in Figure (3-17). 

• 

The focus of this study was aimed at the generation mechanism 

of particles in the films, and not to obtain good diamond-like 

films. AES however show sorne evidence of the amorphous structure of 

the film. A better control of operating conditions could lead to 

diamond-like films. 

The ion energy for carbon arc is approximately 30 eV for ~ 

and 20 eV for c++ [13]. Studies on ion beam generated diamond-like 

films showed the need of carbon ion energy is usually around 100 eV 

[33]. Vacuum arc generated carbon ions have maximum energy around 

30 eV (see figure 1-7). We can th us assume that a negative 

substrate bias may be needed to produce good diamond-like films. 
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One must keep in mind however that vacuum arc deposited TiN films 

can be done at much lower substrate bias than needed for sputtering 

processes fIS]. The reason for this being attributed to the large 

degree of ionization in the vacuum arc process compared to the 

sputtering techniques. The same effect may possibly apply in the 

case of diamond-like. 

PARTICLES ORIGIN 

The possible origins that I mentioned in section (3-1-2) are 

the emission from the anode, from the cathode or formation at the 

substrate level as a result of the bombardment of the subst.rate by 

( the high energized atoms emitted from the cathode. The orig~n of 

the particles in this study was defini tely the cathode. The 

particles are found in aIl the samples; at any deposition parameter 

values and clearly show signs of impact assimilated to a projection 

process. We thus neglect here the possibility of the formation of 

the droplets at the substrate level. As shown for example in figure 

(3-12),the cathode spot is clearly the origin of the micro-droplets 

and the possibility of cauliflower type diamond particle growth at 

the substrate is most likely not to happen. This conclusion should 

be tested again on a diamond-like vacuum arc deposi tion system 

eliminating particles of cathode origin. 

The size and the number of the micro-particles are found • 
ARC CURRENT LEVEL 

M 
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directly proportional to the intensity of the arc current. The 

maximum current per spot is limited, and depends on the cathode 

material (i.e., for carbon 200 A/spot). In this work, the arc 

current was always below 200 A, which means no increase should be 

expected in the number of the spots. The increase in the arc 

current at constant number of coulombs may lead to an increase in 

the spot size and the spot temperature. This increases the volume 

of the material melted and emitted from the cathode as a result of 

the strong plasma pressure above the spot and the strong explosive 

nature of the cathode spot life. In the case of graphite cathodes, 

the intense thermal shock proportional to the arc current level in 

( the spot area may also induce cracking of the porous graphite 

structure. Al though most particles observed had a mel ted-like 

shape, sorne larger particles having irregular shapes may have been 

emitted through this process. 

• 

CATHODE SPOT TEMPERATURE 

The size and population of micro-droplets are found directly 

proportional to the calculated temperature of the cathode spot. 

Melting effects due to the thermal load are thus the main source of 

emitted particles. A given spot temperature was induced in this 

study by varying either the arc current or the arc duration time. 

The question that may arise here is: can particles be 

eliminated at low temperature values ? 

A given number of coulombs will always be needed to produce 
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the ions necessary for film growth. In order to decrease the 

temperature at constant number of coulombs, we need to decrease the 

arc current and/or the arc residence time while adjusting the 

number of arcs in a pulse system. Both have limiting values, and 

below these values the arc becomes very unstable and will 

extinguish. The other possibility to decrease the temperature of 

the cathode spot 1s by moving the arc magnetically, decreasing the 

residence time of the arc at a given location on the cathode. This 

technique may help to reduce the number of emitted particles to a 

very small value. Such a technique constitutes a next step in the 

future leading to a continuous deposition system. The porosity of 

the cathode may always affect the particle emissions to a certain 

degree. More porosity leads to an increase of the temperature 

gradients around the cathode spot, which causes mechanical rernoval 

and consequently an increase in the number of the emitted 

particl es. Consequently, low porosi ty graphi te cathodes shol11d 

always be used. 

The smallest residence times üsed in this project was 2.5 ms 

(except one run at 0.5 ms and 10 Cl, although residence times 

around 10 ps can be attained with our experimental set I1p. This can 

be used as an upper limit in the design of a continuol1s system to 

evaluate the arc velocity and magnetic f~eld strength needed. Th~s 

residence time spread over a distance similar to the size of our 

cathode leads to a few meters/second veloc~ty . 

Magnetic stirring of vacuum arcs on metallic electrodes is 
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commonly done in our lab and industrially. The same technique, 

however, 5eems to cause problems of arc instability and anchoring 

effects on graphite cathodes. A study of the magnetic field 

strength to drive such an arc velocity is ~eeded. 

Finally, aIL data suggest a decrease in cathode temperature 

will decrease the number of emitted particles. fie can hence 

conclude that a good cathode cooling to very low temperature may 

greatly help to solve this problem. 

DISTANCE BETWEEN THE CATHODE AND THE SUBSTAATE 

At constant number of charges passing through the cathode, the 

( size and concentration of the micro-droplets are inversely 

proportional to the distance between the cathode and the substrate. 

This follows the solid angle distribution as shown in figure (3-5), 

where the particle density per solid angle were approximately 

constant. This sin/ply means that the particles travel along 

straight-lines. 

• 

PARTIeLE SIZE DISTRIBUTION 

The particles size distribution results are interesting and 

important. The mean particles sizes are found to be directly 

proportional to the cathode spot temperature. It can thus be 

correlated to the melting action at the cathode spot producing a 

pool of melted material having a volume proportional to the thermal 

load. Larger melted pool volumes would produce larger particles. 
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Integrating the distributions of Figures 3-8 a,b,c & d leads to 

values of the total particle volume for a given substrate area of 

1681 11m2. The volumes obtained when increasing temperature were 

2.631*105 IJnz3 at 700 K, 1.557*106 IJrW at 1902 K, 4.567*106 11m3 at 

3059 K and 6.036*106 J11TT' at 5538 K. These \r'alues correspond to 

masses of 0.60513 I1g, 3.5811 I1g, 10.5041 I1g and 13.8828 IJg 

respectively, or mass densities of 3.6xl0-4 J1g/J1ra2, 2.13xl0- J I1g/IJm1 , 

6.25xl0-3 IJg/J1m1, 8.26xlO-3 J1g/11m2 respectively. 

The larger agglomerated particles would be produced when 

enough large size and slow in flight cooling time particles can 

reach the substrate. The importance of the large size tail of the 

( distribution for the high temperature cases (see for example figure 

3-Bd) compared to the lower temperature cases is a good indication 

of this phenomenon. The small particle size portion of the 

distribution is also more important in the high temperature 

situation. This may reflect the poorer mechanical integrity of the 

large emitted particles that break upon impact forming a larger 

number of small size particles • 

• 
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CONCLUSION 

The main objective of the present work is the studying of the 

generation mechanisms and characteristics of the droplets that are 

formed in the carbon films produced by VAD techniques. A limiting 

factors in applying the VAD method relates to the deposition of 

micro-particles. For many applications, the presence of any micro­

particles is unacceptable. Much progress has been made during 

recent years in producing films that, while not completely free of 

particles, are a significant improvement on the film that were 

produced at earlier stages. 

( As a conclusion of the present study, the micro-droplets 

• 

formed in the carbon film is graphite. These droplets have sizes 

ranged from 0.3 pm to 2 pm, and originate from the cathode. The 

droplet production is mainly due to the heating effect which can be 

controlled by changing arc current level and/or arc duration time. 

The number and size of these micro-droplets can be decreased by 

lowering the temperature of the cathode spot and/or increasing the 

distance between cathode and substrate. 

In our experimental conditions, no lower limit to the emission 

of droplets was found, leaving room for much improvement • 



• 

( 
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