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Effect of N2 and Ar gas on DC arc plasma generation and film composition
from Ti-Al compound cathodes
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SE-581 83 Link€oping, Sweden
2Institute of High Current Electronics SB RAS, 2/3 Akademichesky Avenue, 634055 Tomsk, Russia

(Received 20 February 2015; accepted 20 May 2015; published online 1 June 2015)

DC arc plasma from Ti, Al, and Ti1�xAlx (x¼ 0.16, 0.25, 0.50, and 0.70) compound cathodes

has been characterized with respect to plasma chemistry (charged particles) and charge-state-

resolved ion energy for Ar and N2 pressures in the range 10�6 to 3� 10�2 Torr. Scanning

electron microscopy was used for exploring the correlation between the cathode and film

composition, which in turn was correlated with the plasma properties. In an Ar atmosphere, the

plasma ion composition showed a reduction of Al of approximately 5 at. % compared to the

cathode composition, while deposited films were in accordance with the cathode stoichiometry.

Introducing N2 above �5� 10�3 Torr, lead to a reduced Al content in the plasma as well as in

the film, and hence a 1:1 correlation between the cathode and film composition cannot be

expected in a reactive environment. This may be explained by an influence of the reactive gas

on the arc mode and type of erosion of Ti and Al rich contaminations, as well as on the plasma

transport. Throughout the investigated pressure range, a higher deposition rate was obtained

from cathodes with higher Al content. The origin of generated gas ions was investigated through

the velocity rule, stating that the most likely ion velocities of all cathode elements from a

compound cathode are equal. The results suggest that the major part of the gas ions in Ar is

generated from electron impact ionization, while gas ions in a N2 atmosphere primarily

originate from a nitrogen contaminated layer on the cathode surface. The presented results

provide a contribution to the understanding processes of plasma generation from compound

cathodes. It also allows for a more reasonable approach to the selection of composite cathode

and experimental conditions for thin film depositions. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4921952]

I. INTRODUCTION

Plasma generation from a cathodic arc discharge is com-

monly used for synthesis of wear resistant, decorative, and

functional coatings.1 The main advantages of this technique

are a high deposition rate and ability to operate in reactive

atmosphere.1,2 A common approach for materials synthesis is

to mix two or more film-forming elements in a compound tar-

get from which plasma is generated. For instance, industrial

physical vapor deposition (PVD) synthesis of (Ti,Al)N by

cathodic arc evaporation from Ti-Al compound cathodes3,4

in reactive atmosphere (N2) is an established technique.5

Metastable (Ti,Al)N coatings have superior mechanical prop-

erties and oxidation resistance,6–9 and therefore serve as the

archetype for wear-resistant and anti-corrosion material.

However, despite the fact that many studies have focused on

investigation of the correlation between various deposition

parameters and the resulting properties of (Ti,Al)N thin films,

see, e.g., Refs. 10 and 11, the correlation between cathode

composition, plasma generation, plasma properties, and thin

film synthesis in a reactive atmosphere is comparatively unex-

plored. Bilek et al., Ref. 12, described plasma composition,

ion charge states, and ion energy distributions (IEDs) for fil-

tered pulsed arc plasma generated from compound Ti-Al

cathodes in oxygen and nitrogen atmospheres. However, a

magnetic field is known to strongly influence the plasma

properties, see, e.g., Refs. 13 and 14, and no similar study

has been reported for unfiltered DC arc plasma, a technique

more commonly applied in industrial settings.1,15 Recent

reports in literature contribute to an emerging description of

arc plasma generation from compound cathodes, where a

dependences of plasma properties on cathode elemental as

well as phase composition are indicated.12,16–19 In our previ-

ous work,20 it was shown that for an unfiltered DC vacuum

arc plasma from Ti-Al cathodes, the ion energy is dependent

on the Al content, while the average charge state displays no

significant change with cathode composition. Introducing a

gas typically leads to loss of ion energy and ion scattering

through interaction with gas particles21 as well as changes in

plasma generation due to poisoning of the cathode in a reac-

tive atmosphere.22 It is known that poisoning of the cathode

transforms the arc spot from type 2 to type 1,23 with resulting

different plasma properties. For instance, plasma from type 1

spots typically has lower intensity, energy, and charge state

of the ions,1 and is also characterized by a relative high

amount of gas ions. The latter may influence the thin film

deposition while providing additional energy to the substrate.

a)Author to whom correspondence should be addressed. Electronic mail:

igozh@ifm.liu.se. Phone þ46 730 52 10 12. Fax þ46 13 137568.
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However, the origin of these ions is still not unambiguously

resolved. Therefore, a study of DC arc plasma generation

from compound Ti-Al cathodes is highly motivated, aimed

on an increased fundamental understanding of processes

accompanying the arc discharge in a non-reactive/reactive

atmosphere, and on an improved control of the film deposi-

tion process.

Here, we investigate the influence of Ti-Al cathode

composition, type of operating gas, and working pressure on

the composition and properties of the ionized plasma as well

as the thin film composition for a DC vacuum arc system.

Absence of cathode surface reactions involving Ar excludes

poisoning phenomena for this gas, and therefore aid in the

interpretation of results from both an Ar and a N2 atmos-

phere. The absence of a macroparticle filter excludes effects

from a magnetic field on the plasma properties,13,24 and

therefore provides a base for fundamental understanding of

arc plasma generation from Ti-Al compound cathodes in a

reactive and non-reactive atmosphere.

II. EXPERIMENTAL DETAILS

A. Plasma analysis

The experiments were performed using a deposition sys-

tem with inner diameter 70 cm equipped with an industrial

scale DC arc source for 63 mm diameter cathodes, including

no separate anode. Experiments performed with and without

the permanent ring magnets (intentionally not magnetized af-

ter extended use of the arc source), see Fig. 1, showed no sig-

nificant change in results for any of the studied parameters

here, hence, the value of the magnetic field at the cathode

surface as well as its influence on the plasma generation was

assumed insignificant. Ti, Al, and Ti1�xAlx (x¼ 0.16, 0.25,

0.50, and 0.70) cathodes were used, as produced by powder

metallurgy.25,26

The cathodes were operated for at least 10 min prior to

any measurements to exclude influence from initial contami-

nation on the cathode surface on the experimental results and

to reach steady state conditions, with no time dependence of

the plasma properties. The arc current used in all experi-

ments was 65 A, and the base pressure (BP) was around

5� 10�6 Torr. The discharge voltage did not show any sig-

nificant dependence on the cathode composition and only a

minor influence from pressure, irrespective of choice of gas.

The discharge voltage was changed from �21 V down to

17–18 V at the highest pressure, for all studied cathodes

here. A mass-energy-analyzer (MEA, Hiden Analytics model

EQP) was placed in front of the arc source with the orifice

(50 lm diameter) about 33 cm from the cathode surface. For

each cathode, the plasma was characterized through mass-

scans at fixed ion energy and energy-scans at fixed mass-to-

charge ratio for all detected ions. The energy scans were

recorded in steps of 0.25 eV/charge up to 200 eV/charge to

capture the entire IED. Presence of isotopes in the ion flux

and their influence on the relative ratios of the measured

IEDs were evaluated according to previous work.20 Each

IED was recorded at least three times to ensure consistency

of the data. Over time, the MEA orifice may be coated and

the recorded intensity reduced as an effect of reduced orifice

size. To prevent such effect, the inlet channel was cleaned

after final analysis from each cathode. To determine the

plasma composition, the IEDs were integrated to obtain areas

proportional to the number of ions of each species. Integral

average energies, Eavg, were also calculated according to

Eavg ¼

ð
I � E � dEð

I � dE
: (1)

The average ion energies and the ratios between total

intensities of IEDs of different ions in one cathode were

found to be reproducible within 5%.

B. Film growth and characterization

Films were deposited from the Ti0.25Al0.25, Ti0.5Al0.5,

and the Ti0.3Al0.7 cathodes by fixing a Si (100) substrate in a

position equivalent to the front end of the plasma analyzer,

at grounded potential. Temperature calibration showed a

substrate temperature not exceeding 250 �C. Compositions

and thickness of the films were characterized using a LEO

1550 scanning electron microscope (SEM) equipped with

energy dispersive X-ray spectroscopy (EDS). Film thickness

and compositions were found to be reproducible within 10%

and 5%, respectively.

III. RESULTS AND DISCUSSIONS

A. Characterization of metallic ions

Ti and Al ions of charge states 1þ, 2þ, and 3þ were

detected in the plasma from Ti, Al, and Ti-Al cathodes, in

both a N2 and Ar environment. For each gas, the investigated

pressure range was 5 � 10�6 Torr�3� 10�2 Torr, with six

different pressures selected for analysis. Even at the base

pressure of 5� 10�6 Torr, no significant intensity was

recorded for charge states of 4þ and higher. Figure 2 showsFIG. 1. Experimental setup, top view of the cylindrical deposition system.

213301-2 Zhirkov, Oks, and Rosen J. Appl. Phys. 117, 213301 (2015)
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the IEDs obtained from the Ti0.3Al0.7 cathode at (a) BP and

in (b) Ar and (c) N2 atmospheres.

Figure 2 clearly demonstrates the effect of pressure and

type of gas on the IEDs. Independent on gas type, an

increased pressure decreases the intensity of the higher

charged metallic ions, most pronounced in an Ar atmosphere.

Furthermore, at a relatively high pressure of 5 � 10�3 Torr

N2, the plasma consists of single and double charged ions of

Al, while in Ar, only single charged Al ions are detected.

1. Effect of cathode composition and pressure on ion
kinetic energy

As shown in Fig. 3, the average kinetic energies of both

Ti and Al ions remain roughly constant at low pressures, up to

the “critical points” at �5� 10�3 Torr for Ar and �10�2 Torr

for N2, for all investigated cathode compositions.

For pressures above the critical values, the average ki-

netic energies are reduced, see Fig. 3. However, the ion

energy in the Ar atmosphere is decreased at lower opera-

tional pressure, and hence, the influence of Ar seems to be

more pronounced, while Ti and Al ions remain more ener-

getic in the N2 atmosphere.

As Ar is an inert gas, no cathode surface reactions involv-

ing Ar can be expected. Furthermore, in our previous study,20

we showed that possible formation of different intermetallic

Ti-Al phases on the cathode surface,27 would lead to minor

changes in the plasma properties, due to very similar physical

properties of the cathode components. Therefore, it can be

assumed that changes in plasma properties upon introduction

of Ar are caused by collisional processes accompanying the

expanding plasma. Collisions of the fast metallic ions with

slow gas atoms or molecules will transfer energy and momen-

tum to the gas, which at least in part, explains the decreased

average ion energy with increasing gas pressure, see Fig. 3. If

we consider the incident particles with mass mi and the gas

particles with mass mg, the change in the kinetic energy DE of

the incident particles (assuming monoenergetic particles) is

roughly28,29

DE

Dt
¼ �l � E0 � c; (2)

where E0 is the ion energy before collisions, c is the transport

collision frequency, l is the energy transfer coefficient as

given by l ¼ 2 � mi � mg=ðmi þ mgÞ2, and t is the time. The

transport collision frequency c can be determined as

c ¼ #i=ki,
21,28 where ki is the mean free path. The time Dt

can be estimated as the ratio between the distance L between

the cathode and the analyzer and the ion velocity #i. Then

the energy of the ions E as function of ki can be estimated as

E ¼ E0 1� l � L

ki

� �
: (3)

The mean free path can be written as ki ¼ 1=ðng � rÞ, where

ng is the density of the gas particles and r is the collision

cross-section. In turn, the density ng can be presented as

FIG. 2. IEDs of Ti (left) and Al (right) ions at the base pressure

5 � 10�6 Torr (a) and at 5 � 10�3 Torr of Ar (b) and N2 (c) in plasma from

a Ti0.30Al0.70 cathode.
FIG. 3. Average kinetic energy of Ti (left) and Al (right) ions as function of

pressure in Ar (a) and in N2 (b) atmospheres in plasma from different catho-

des. Measured peak energies and corresponding calculated energies are pre-

sented for plasmas from pure Ti and Al cathodes.

213301-3 Zhirkov, Oks, and Rosen J. Appl. Phys. 117, 213301 (2015)
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ng ¼ P=ðkB � TÞ, where P is the pressure, kB is the

Boltzmann constant, and T is the temperature of the gas.

Assuming that the ion energy in absence of any collisions E0

is equal to the energy measured at base pressure, the depend-

ence of the ion energy on the pressure can be estimated. The

results are presented in Fig. 3 (dashed lines). The collision

cross-section r is in the range of 10�19–10�20 m�2 and, only

weakly, depends on the ion velocity.28,29 A good correlation

(see Fig. 3(a)) was found between the experimentally

obtained dependences of the peak kinetic energy on Ar pres-

sure, and the corresponding calculated dependence for

rAr ¼ 5 � 10�20 m�2 (for both Ti and Al elements), which is

very close to 6 � 10�20 m�2 determined in Ref. 21 for Cu

ions in Ar and N2 atmospheres.

For the Ti ions, the peak kinetic energies were not

significantly changed with an increased pressure up to 5

� 10�3 Torr, see Figs. 2 and 3(a), while the average values

shown in Fig. 3(a) demonstrate a somewhat stronger depend-

ence on pressure. That discrepancy can be explained by the

features on both sides of the peak energy in the IED. Fig. 2

shows that an increased pressure reduces the high energy tail

and increases the intensity in the low energy range. Both

these effects lead to a reduction in average energy.

Expression 3 includes the energy of the incident particles.

Therefore, even if the coefficient l is the same for any two

particles colliding with the slower gas atoms/molecules, the

change will be higher for the particle with a higher energy.

That could be a reason for the stronger, compared to the

peak values, dependence of the average energies on the

working pressure. It has to be noted that the peak value of

the energy can be significantly changed only when the ratio

between the length of the plasma transportation gap and the

mean free path is close to “1” (see expression 1), while the

average ion energy is changed when the collision probability

is still relatively small.

For plasma generation in a N2 atmosphere, the critical

pressure associated with pronounced changes in plasma

properties is slightly higher than for Ar, see Fig. 3. It may be

explained by the difference in the ratios of the ion mass and

the gas atoms/molecules.21 However, the energy transfer

coefficient l is maximized when the mass of the incident ion

is close to the mass of the slow particle. Therefore, it may be

expected that in Ar atmosphere, (40 amu), the Ti ions

(48 amu) loose more energy than Al during collisions.

Correspondingly, in N2 (28 amu), Al (27 amu) transfers more

energy to the gas particle. Fig. 3(b) shows that in the N2

atmosphere, both Ti and Al have higher “critical” pressures.

From expression 3, a good correlation with experimental

data can be achieved if the collision cross-section r is modi-

fied. In Fig. 3(b), the results of the calculation are presented

for rN2
¼ 2� 10�20 m�2, which is two times smaller than for

Ar. The lower collision cross-section can be used to at least

in part explain the absence of a big difference between aver-

age and peak ion energies in the N2 atmosphere, see

Fig. 3(b). The lower r implies a reduced probability for colli-

sion for all species in the ion flux. Therefore, the proportion

of decelerated ions in the energy spectra (see Fig. 2) and,

due to that, changes in the calculated averages, becomes

smaller. The collision probability (the ratio between the

length of the transportation gap and the mean free path)

increases substantially with increasing pressure, note the log-

arithmic scale in Fig. 3, and as the probability reaches “1,” it

starts to influence the peak energy value as well. Also note

that the expressions used for determination of c and k are

approximations.29

Up to the critical pressures, the dependences of the ion

energy of the metallic ions on the cathode composition were

found consistent with Ref. 20, where it was shown that the

energy increases for an Al content higher than 50 at. %.

Furthermore, the peak energies of the metallic ions could be

correlated through the “velocity rule,”17 stating that all ion

species generated in the arc spot have the same peak veloc-

ities, see Ref. 20 for further details.

2. Effect of cathode composition and pressure on ion
charge states

Figure 4 demonstrates that the charge state evolution of

the metallic ions is very similar with respect to choice of

gas.

Compared to the pressure dependence of the average ki-

netic energies, a reduction of the ion charge states occurs at

higher pressure for Ti and at lower pressure for Al.

However, the reduction in average charge of the Ti ions

becomes significant at the same critical pressure as for the

peak kinetic energies. This could be caused by the loss of the

kinetic energy, being significant after the critical pressure,

FIG. 4. Average charge states of Ti (left) and Al (right) ions as function of

pressure in Ar (a) and in N2 (b) atmospheres in plasma from different

cathodes.
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increasing the probability for charge reduction. Lower ion

energy implies slower ions and therefore a longer time spent

by the ions in the cathode-analyzer gap. Hence, the probabil-

ity for processes leading to loss of charge increases. Also,

the cross-section for resonant charge exchange collisions

increases with a decrease in ion energy.30

The reduction in the Al ion charge occurs at lower pres-

sures compared to both the peak and average kinetic ener-

gies. It is known that for the present pressure range, charge

state reduction due to resonant charge-exchange interaction

(between species of one element) has the highest probability

to occur. The faster reduction in the charge state of Al

(Fig. 4) could indicate that the neutral fraction of Al in the

plasma increases more than for Ti with an increased pres-

sure. One of the features of DC arc plasma is the relatively

high number of neutral atoms,1 likely originating from evap-

oration from previously active arc spots on the cathode sur-

face,31 evaporation from macro particles,32 and resputtering

from previously deposited layers.33 Al has a higher vapor

pressure and lower boiling temperature than Ti (Ref. 34)

which may suggest a disproportion of the elemental ratio in

the neutral vapor, also supported by previously shown

resputtering being more pronounced for lighter elements.35

The higher amount of the Al leads more intensive resonant

charge-exchanges and, due to that, reduces the charge state

of the Al in the plasma.

It should be noted that if we compare the ion charge

states in DC and pulsed arc discharges, then the pulsed arc

plasma typically displays slightly higher average charge state

compared to DC arc. The discrepancy increases by reduction

in pulse length (less than 100 ls).31 Furthermore, ion energy

and ion velocities have also found dependent on the pulse

length36 for pulses shorter than 100 ls. However, usually

thin film deposition is performed with pulse length in the

range of ms, where the discrepancy from DC arc is generally

not significant.1 Therefore, we expect the identified trends

and suggested explanations in the present paper to be appli-

cable for both pulsed and DC arc.

3. Correlation between cathode, plasma and film
compositions

The plasma composition (charged particles) as a func-

tion of working pressure is presented in Fig. 5 for four

different cathode compositions. At base pressure and up to

5� 10�3 Torr, the Al content in the plasma is below the

nominal cathode composition, with a discrepancy of around

5%. As discussed in previous work,20 the discrepancy could

be at least in part due to features of the used mass-energy-an-

alyzer or different angular distributions for ions with differ-

ent masses.37 For further details, see Ref. 20.

Despite the disagreement between cathode and plasma

compositions, the compositions of the films deposited in the

Ar atmosphere are in accordance with the cathode stoichiom-

etry. However, an increased N2 pressure decreases the rela-

tive amount of Al in the films. Plasma characterization

performed at the high N2 pressure also shows a reduced Al

fraction in the plasma. At these conditions, the cathode sur-

face is poisoned and a (partial) nitride layer is formed. As

TiN has a significantly lower resistivity compared to AlN,

there is a potential transformation of the spot type from type

2 to type 1, primarily for cathodes of higher Al content. This

changes the conditions for plasma generation, and may

explain the reduction of the Al content with increased pres-

sure. For example, different spot types may have dissimilar

ratios between the ionized and neutral fraction in the plasma.

Also, the angular distributions of such fractions could be dif-

ferent. The analyzer orifice and the substrate holder were

placed at the central axis of the system, and therefore any var-

iation in the angular distribution of the elements could give a

discrepancy between plasma, film, and cathode composition.

It has to be noted that this discrepancy could be even more

pronounced for depositions involving a substrate bias. Vetter

et al. have shown38 that different sputtering yields of Ti and

Al induce a significant depletion of Al in films deposited on

biased substrates from Ti-Al cathodes with an Al content up

to 65 at. %.38 Therefore, to explain a reduction in Al content

for reactive deposition of the Ti1�xAlxN films on a biased

substrate, both changes in plasma properties in the reactive

N2 atmosphere and depletion of Al by the higher resputtering

yield should be considered.

Effect of working pressure on the total intensities of

the metallic ions is presented in Figure 6, which shows that

previously reported increase in efficiency of plasma genera-

tion/transportation at base pressure (in direction along the

normal to the cathode surface) with addition of Al into the

Ti cathode20 is not observed at the higher pressures. For an

example, at 3� 10�2 Torr, a higher Al content in the cath-

ode doesnot increase the number of detected ions in Ar and

even decreases the ion intensity in N2.

FIG. 5. Al content in plasma from different cathodes (solid lines), nominal

cathode (dashed lines), and film (crossed points) compositions as function of

pressure in Ar (a) and in N2 (b) atmospheres.
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The film thickness as a function of working pressure is

also presented in Fig. 6, showing that the intensity of the me-

tallic ions only partly influences the thickness of the resulting

films.

Fig. 6 shows that Ar and N2 have only slightly different

influence on the ion intensities, which remain close to con-

stant up to critical pressures, comparable to those discovered

for the average ion energies of the metallic ions in Figure 3

(5� 10�3 Torr for Ar and 1 � 10�2 Torr for N2). Therefore,

for both the ion intensity and energy, collisions with gas par-

ticles are assumed to be the main mechanism behind the

reduction. The influence of the type of arc spot considered

above seems to influence primarily the relative ratio between

the Ti and Al flux, and since the collision cross-sections for

Ti and Al determined in Sec. III A1 are similar, the collision

frequency determines the total plasma intensity.

From Fig. 6, it is obvious that the film thickness is more

weakly dependent on the working pressure than the intensity

of the metallic ions. Thicker films from the cathode with

higher Al content may be explained by an increase in the

number and size of macroparticles.20 On the other hand, it is

known that the reactive N2 atmosphere reduces number/size

of droplets form the arc spot.11 Considering that the film

thicknesses in Ar and N2 (Fig. 6) are comparable, an expla-

nation to these observations may instead be plasma-gas inter-

action and a growing number of collisions with gas particles.

It is clear that metallic ions after such collisions change their

trajectories and kinetic energies. Both these effects reduce

the intensity of the ion flux at the substrate. A reduction in

the average charge states (Fig. 4) suggests that an increased

pressure increases the relative content of neutrals in the

plasma. The neutrals are also affected by the collisions, how-

ever, not as strongly, since further charge state reduction and

Coulomb interaction are not applicable. This may at least in

part explain that the film thickness is less influenced by pres-

sure compared to the ion intensity. However, also changes in

the film density and possible incorporation of nitrogen/argon

ions/neutrals may contribute.

The intensities from the pure Al and Ti cathodes in Fig. 6

show that in a N2 atmosphere, the intensity of the Al plasma

decreases faster than for Ti. This observation is in agreement

with previously reported difference between cathode erosion

rates of Al and Ti, and their dependency on the N2 working

pressure.22 The lower erosion rate of AlN could be explained

by the entropy of formation of TiN and AlN being very simi-

lar (TiN¼�323 kJ/mole, AlN¼�319 kJ/mol39), while the

temperature conductivity of AlN (180 W�m�1�K�1) is higher

than for TiN (26 W�m�1�K�1). Hence, higher amount of the

energy will be dissipated in an AlN layer. The lower erosion

rate of aluminum in N2 (Ref. 22) does not contradict that the

elemental flux from a compound cathode used in steady state

cannot be different from the cathode composition. Still, the

cumulative elemental flux from the cathode is composed of

macroparticles, ions, and neutrals, all contributing to the rela-

tive mass transfer of the elements and the growing film.

It has to be noted that plasma flux from arc spots of type

1 is characterized by a reduced intensity, average ion charge

state, and kinetic energy as compared to type 2. Therefore,

effects of the cathode poisoning on the behavior of all stud-

ied properties here could be expected. However, for the

investigated conditions, it is not possible to strictly separate

effects caused by poisoning and/or by features of plasma

transport considered above. The ability of the arc discharge

to switch between different types even during one pulse

(6–8 ms) has been demonstrated.23 Since DC arc mode is

used for the present investigation, switching of the arc type

may occur frequently during the deposition process.

B. The origin of gas ions

Figure 7 shows the ion energy distributions of the

detected gas ions. The amount of Ar2þ, N2
1þ, TiN1þ ions

was found insignificant and below 1% of the total plasma

composition, for the pressure range investigated. Other ions,

such as N2þ, AlN1þ, and Ar3þ could not be detected.

It is clearly shown that the intensity of the gas ions as

well as their energy is much higher in a N2 atmosphere,

FIG. 6. Total intensities of the metallic ions (lines) and film thicknesses

(squares) as a function of pressure in Ar (a) and N2 (b) atmospheres in

plasma from different Ti�Al cathodes.
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while the peak energy of Ar1þ is close to the initial point of

the energy axis. This suggests that the main mechanism of

Ar ionization is by impact with plasma electrons, which have

relatively small kinetic energies in the range of a few eV.1

To explain the relatively high energy and intensity of the Nþ

ions, the “velocity rule”17 can be applied. The velocity rule

states that the peak velocity (most likely velocity) of ions

generated from a compound cathode is the same for all cath-

ode elements. Therefore, this rule can be used also for detec-

tion of gas ions which originate from the cathode surface,

and distinguish those from ions created during plasma trans-

port. Table I shows peak ion energies Epeak and correspond-

ing peak ion velocities Vpeak in plasma from different

cathodes at 5 � 10�3 Torr N2 pressure.

It is clearly seen that within 6 5% error bars of the

energy, the peak velocity of Nþ ions is comparable to the

velocities of Ti and Al ions, and following any variation in

velocities of the metallic ions. From these results, it can be

concluded that the vast majority of the single charged ions of

nitrogen is generated from nitrogen rich contaminations on

the cathode surface.

The IED of molecular N2
1þ presented in Fig. 7 shows

that these ions have a peak value at the start of the energy

axis. Hence, just as for the Ar ions, these are likely created

primarily through electron impact. However, it can be seen

that the IED of N2
1þ extends up to a secondary peak value,

equal to 33 eV, which corresponds to an ion velocity of

15 km/s. This value indicates that some of the N2 molecules

were ionized in the arc spot volume and thereafter exposed

to the same acceleration mechanisms as for the metallic and

the Nþ ions.

TiN1þ ions have a peak around 13 eV (6.5 km/s), see

Fig. 7. The difference between the velocities of the ions from

the arc spot, see Table I, and the TiNþ ions, shows that the

latter was likely not created in the spot. However, the peak

itself indicates that TiN1þ ions were created through a chem-

ical reaction, including fast and energetic ions. The reaction

could occur between fast N1þ generated from the contamina-

tion on the cathode surface and slow neutral atoms of Ti, or,

more likely, fast Ti ions and slow atomic or molecular nitro-

gen. However, such reactions are complex due to require-

ment of a third body to maintain conservation of energy and

momentum.

The relative amount of the total intensities of the gas

ions (Ar1þ, Ar2þ, N1þ, N2
1þ, TiN1þ) is presented in Fig. 8,

which shows that an increased proportion of Al in the cath-

ode decreases the fraction of gas ions in Ar atmosphere,

while in N2 atmosphere, the addition of Al in the cathode

increases the gas ion fraction, to levels contributing signifi-

cantly to the film growth. However, the trend for the corre-

sponding total intensities of these ions (graphs to the right) is

not as clear, supporting that the recorded ionized fraction of

the plasma originates from a pressure-dependent interplay

between plasma processes at the cathode surface and

plasma-gas interaction during transport.

IV. CONCLUSION

DC vacuum arc plasma from Ti-Al compound cathodes

has been characterized with respect to ion composition, ion

charge state, and ion energy in N2 and Ar atmospheres. It is

shown that the proportion of Al in the ionic part of the

plasma and the composition of concurrently grown films are

independent on Ar pressure, and agree well with the cathode

composition. On the contrary, introducing N2 above the

FIG. 7. IEDs of gas ions in Ar (a) and N2 (b) atmospheres at 5 � 10�3 Torr

in plasma from a Ti0.30Al0.70 cathode.

TABLE I. Peak ion energies and velocities in plasma at 5 � 10�3 Torr N2.

Ti Al Nþ

Epeak

(eV)

Vpeak

(km/s)

Epeak

(eV)

Vpeak

(km/s)

Epeak

(eV)

Vpeak

(km/s)

Ti 60 15.5 … … 20 16.5

Ti0.84Al0.16 58 15.3 34 15.6 19 16.1

Ti0.75Al0.25 50 14.2 30 14.6 18 15.7

Ti0.50Al0.50 53 14.6 31 14.9 17 15.3

Ti0.30Al0.70 57 15.1 34 15.6 18 15.7

Al … … 44 17.7 21 17

FIG. 8. Proportion and total intensity of gas ions in Ar (a) and N2 (b) atmos-

pheres in plasma from different cathodes.
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“critical point” of �5 � 10�3 Torr reduces the Al ion content

in the plasma as well as in the resulting film, though thicker

films were obtained from higher Al content cathodes

throughout the pressure range investigated. The average

energies of the metallic ions, 50–60 eV and 30–40 eV for

Ti and Al, respectively, remain close to constant up to 1

� 10�2 Torr N2 and 5 � 10�3 Torr Ar. Therefore, the cross-

section for collisions between metallic ions and the neutral

gas was assumed as a bit higher for Ar compared to N2. The

intensity of the metallic ion flux remained constant up to the

just mentioned pressures, consistent with a thereafter

increased ion-gas collision frequency and resulting in loss of

energy and scattering. The average charge state of Ti and Al

was found close to independent on type of used gas, though

Al was more sensitive to pressure. This could imply a differ-

ence in generation of Ti and Al neutrals, leading to more fre-

quent resonant charge-exchange processes for Al.

Based on the “velocity rule,” it can be concluded that

the major part of Ar ions is generated through electron

impact, while most of the gas ions in a N2 atmosphere origi-

nate from the cathode surface. The presented findings are of

importance for the fundamental understanding of film syn-

thesis involving compound cathodes, as plasma generation,

ion charge states, and ion energies affect both compositional

and structural evolution of the thin film.
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