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Abstract Vacuum arc generated plasma was used to

deposit metallic Al, Zn, and Sn coatings on glass sub-

strates. An arc mode with a refractory anode and an

expendable cathode (the ‘‘hot refractory anode vacuum

arc’’), overcomes macroparticle (MP) contamination

experienced in other arc modes. I = 100–225 A arcs were

sustained between a water-cooled coating source cathode

and an anode, which was heated by the arc, separated from

each other by a 10-mm gap, for times up to 150 s. The

distance from the arc axis to the substrate (L) was 80–

165 mm. Film thickness was measured with a profilometer.

It was found that the deposition rate increased with time to

a peak, and then decreased to a steady-state value. The

peak occurred earlier when using short anode (9 mm long),

e.g., with the Al cathode, L = 110 mm, and I = 200 A, the

peak was at tp = 15 s after arc ignition while with the long

anode tp = 45 s. tp decreased with I, from 45 s with

I = 100 A, to 10 s with I = 225 A with the short anode.

The peak is believed to appear due to initial condensation

of cathode material (including MPs) on the cold anode, and

its subsequent evaporation as the anode heated. In the later

HRAVA steady state, a balance between condensation and

evaporation on the anode is established. The deposition rate

peak was significant with low melting temperature Al and

Zn cathodes, which produce many MPs, and negligible

with Cu and Ti cathodes.

Introduction

Metallic plasma sources are applied in material processing

for highly energetic ion implantation, thin film and coating

deposition, nanostructure formation, and integrated circuit

manufacturing [1]. Different techniques was used for thin

film deposition (including Al and Zn), the physical vapor

deposition (PVD) such as evaporation source [2, 3], mag-

netron sputtering [4–6], the pulse laser deposition [7], and

the electroplating [8]. Vacuum arc deposition (VAD) is one

of PVD techniques that was intensively studied in the last

decades [9], largely with the goal of obtaining clean

plasma, without macroparticle (MP) contamination. Vari-

ous types of vacuum arcs are currently used for VAD. In

the ‘‘cathodic’’ arc, the plasma generated in a small region

of a consumable cathode known as the cathode spot [10],

and is then transported to a substrate upon which it con-

denses to form a thin film or coating. MP-free thin metallic

film coatings can be deposited using cathodic vacuum arc

with MP filtering [11]. In the hot electrode vacuum arc,

either anode [12] or cathode material [13] is evaporated

from a broad area of the surface of a consumable anode or

cathode, and then transported to the substrate.

A plasma source for metallic deposition with strongly

reduced MP contamination using a hot refractory anode

vacuum arc (HRAVA) was investigated [14]. HRAVA

processing was reviewed recently [15]. The HRAVA is

sustained between a cooled cathode and a thermally iso-

lated anode (Mo, W, C) and usually started as a cathodic

arc. Initially, the anode is cold and the vapor and plasma

generation are localized at cathode spots. The anode is

heated by the arc until sufficiently hot so that metal vapor

(and MPs) originating at the cathode and condensed on the

anode previously, is re-evaporated from the hot anode. The

generated anodic metallic plasma expands radially from the
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interelectrode gap. Relatively high deposition rates (e.g.,

up to *3.6 lm/min with a Cu cathode arc current

I = 300 A), dense plasma in the gap (C1014 cm-3) [16]

and high anode temperatures (e.g., 2500 K on W anodes)

were obtained [15].

The HRAVA deposition characteristics were investi-

gated for Cu, Ti, Cr cathodes [14, 15, 17]. However,

HRAVA with cathodes have low melting temperature (e.g.,

Zn and Sn) were not considered previously. These mate-

rials are important for depositing optical films from their

oxides. The main goal of this paper is to present the results

of an experimental study of the HRAVA deposition char-

acteristics with Al, Zn, and Sn cathodes.

Experimental setup and methodology

Experimental apparatus and electrodes assembly

Experiments were conducted in a cylindrical vacuum

chamber (400 mm length, 160 mm diameter), as shown

schematically in Fig. 1. The chamber was pumped by a

diffusion pump to 1.3 9 10-2 Pa. During the arc, the

pressure in the chamber was 5.3 9 10-2 Pa. The arc was

sustained between a water-cooled Al, Zn, and Sn source

cathodes and refractory (graphite, Mo, and W) anodes, for

times up to 150 s, and current (I) of 100–225 A. Cathode

and anode material and geometry are presented in Table 1.

A stainless steel cylindrical radiation shield of 70 mm

diameter surrounded the anode to reduce radiative heat

losses during Al and Zn deposition. The anode was sup-

ported by a thin tungsten rod that also connected it to the

electrical circuit. The cathode was surrounded by a boron

nitride square box shaped shield with side 65 mm and

positioned at different axial locations relative to the cath-

ode surface. The shield blocked MP flux originating at

cathode spots on the side of the cathode from reaching the

substrate, and to prevent MP flux originating on the cath-

ode face from reaching a portion of the substrate. The W

anode used with Sn cathode was relatively thin, and the

radiation shield was not required; also no shield was placed

around the Sn-filled Cu cup. The inter-electrode gap was

about 1 cm.

Substrate preparation and mounting

The substrates were 76 9 26 mm2 glass microscope slides.

The substrates were pre-cleaned by liquid soap and water,

and were then soaked in alcohol. The substrate mounted on

a holder which was movable in the radial direction, were

positioned at distances of 80–165 mm from the electrode

axis, facing the plasma flux emanating from the inter-

electrode gap. The holder was separated from the arc

chamber by a shutter (Fig. 1) which controlled the depo-

sition onset and exposure duration (15 s).

Coating characterization

As it was established previously in refs [14, 15, 17], the

HRAVA coating was characterized by two different

regions (see also below): A-region (practically without

MPs) and C-regions (with MPs contamination similar to

the coating by conventional arc jet). The MP and the

deposited films were characterized in the A-region (about

3–5 mm from the boundary of A–C regions). The MP

number was counted with an optical microscope and digital

camera, which could detect MPs larger than approximately

1 lm. The MP density was defined by counting the total

MP number per mm square, as described previously [18].
Fig. 1 Schematic diagram of the chamber and cathode–anode

assembly

Table 1 Cathode and anode

material and geometry
Cathode Anode

Material Length, mm Diameter, mm Material Length, mm Diameter, mm

Al 40 30 Graphite 30 32

9 32

Zn 25 30 Mo 30 32

Sn 10 60 (in Cu cup) W 10 60
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The film thickness was measured by profilometry after

various arc durations beginning from arc ignition when the

shutter was open for a pre-determined exposure time. The

deposition rate (Vdep) was determined as the ratio between

the incremental film thickness growth during the exposure

time divided by this deposition times.

Experimental results

Arc visualization

Photographs of 175 A arcs with Al, Zn, and Sn cathodes

(without shields) 30 s after arc ignition are shown in Fig. 2.

The Al arc emission color is light green while the Zn is

blue and Sn is green color. Cathode spot appeared on the

cathode surface while the anodes were covered by a diffuse

discharge. Later (t [ 30–60 s) an anodic plasma plume

filled most of the electrode gap and expanded in the radial

direction.

Film morphology

Two characteristic regions with sharply different MP

densities were observed on the substrate surface, as

observed previously after Cu deposition [14, 17, 18].

Typical micrographs of Al films from the two regions are

shown in Fig. 3: (1) the ‘‘A-region’’ facing the anode with

few MPs (Fig. 3a) and (2) the ‘‘C-region’’ facing the

cathode with many MPs (Fig. 3b).

Deposition rate

Aluminum

Figure 4 presents the measured Al deposition rate depen-

dence on time from arc ignition, with I as a parameter,

using a 30-mm long graphite anode, and the cathode

recessed 3 mm inside into the square box shaped shield. It

can be seen that Vdep increased with time to a peak, and

then decreased to a steady-state value. The peak value

(*0.7–0.8 lm/min) weakly depended on the current and

the peak time decreased with I. The maximal deposition

rate increased with arc current when the cathode surface

was flush mounted or protruded 3 mm above the end of the

shield. The dependence of maximal deposition rate on the

cathode position with respect to the cathode shield is

demonstrated in Fig. 5. The rate was Vdep * 1.2 lm/min

when cathode surface was flush mounted with the shield

Fig. 2 Arc photographs with Al and Zn and Sn cathodes

Fig. 3 Al film morphology in the a anode and b cathode deposited regions
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edge and *1.7 lm/min when the cathode surface pro-

truded above the shield (for I = 225 A and L = 110 mm).

Figure 6 shows the Al deposition rate as a function of

time obtained using the short graphite anode (9 mm height)

and the cathode surface flush mounted with respect to the

shield edge. It can be seen that the peaks occurred much

earlier times than with the 30 mm anode, which the peak

width was less, but the peak and steady-state deposition

rates were about the same.

The film thickness as a function of distance L between

the substrate and the electrode axis is shown in Fig. 7, for

90 s arcs with a recessed cathode. Maximum thickness was

obtained at L = 80 mm, i.e. closest to the electrodes,

*0.22, 0.25, and 0.30 lm for 175, 200, and 225 A,

respectively.

Zinc

The Zn cathode was recessed 3 mm below the end of the

cathode shield. Figure 8 presents the measured rate of Zn

deposition. In general, the rate increased with currents in

all of the arc stages. Vdep increased with time from about

Fig. 4 Time-dependent rate of Al film deposition, L = 110 mm,

recessed cathode and graphite 30 mm long anode

Fig. 5 Peak of deposition rate versus Al-cathode position with

respect to the cathode shield edge, L = 110 mm, graphite 30 mm

long anode

Fig. 6 Al-deposition rate versus time from arc ignition with short

graphite 9 mm long anode, L = 110 mm (cathode surface was flush

mounted with respect to the cathode shield edge)

Fig. 7 Maximal Al film thickness as function of distance between the

electrode axis and substrate surface; graphite 30 mm long anode

(after 90 s arc, recessed cathode)

Fig. 8 Zn deposition rate versus time with arc current as a parameter;

recessed cathode, 30 mm long Mo anode, L = 110 mm. The

measured rate of deposition with graphite anode for I = 120 and

200 A is presented at three time points
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0.3 to 0.7 lm/min for 100 A, and from 0.5 to 1.2 lm/min

for 175 A during arcing of about 120 s. At higher currents

(200 and 225 A), a peak of 2.1 lm/min appeared after

*2 min of arcing. Then, Vdep decreased to 1.4 and 1.8 lm/

min for 200 and 225 A, respectively. Figures 9 and 10

show the Zn film thickness distribution on the substrate in

y-direction (see Fig. 1), coaxial with electrode axis in the

A-region (from the boundary of A–C regions) for 200 and

225 A, respectively. It can be seen that the film was rela-

tively uniform.

Figure 11 shows that the Zn film thickness decreased

with L. The maximum thickness, at L = 80 mm, was 0.24,

0.4, 0.5, and 0.8 lm for I = 100, 175, 200, and 225 A,

respectively.

Tin

The rate of Sn deposition is presented in Fig. 12. Initially,

Vdep was almost constant, but then increased with time after

some critical time which decreased with I. The arc current

affects significantly on Vdep. It can be seen that Vdep for

I = 175 A exceed the Vdep for 120 A by factor 5 at 2 min

of arc duration.

Macroparticle contamination

Al and Zn MP density as function of arc current in the

A-region is shown in Fig. 13, for recessed cathodes,

L = 110 mm, and t = 60 s after arc ignition. The Al MP

contamination increased almost linearly with current, from

about 5 to 32 particles per mm2 when the current increased

from 100 to 225 A. For Zn, the MP density decreased when

the current increased from I = 100 to 145 A and then

increased till I = 225 A. The MP density in the A-region

of Sn films increased with I and exceeded by a several

times that in Al films. However, the Sn MP contamination

in the A-region was a few orders of magnitude lower than

Fig. 9 Dependence of Zn film thickness on distance in direction

coaxial with arc axis from A to C boundary in A-region, 200 A, after

90 s arc, 30 mm long Mo anode

Fig. 10 Dependence of Zn film thickness on distance in direction

coaxial with arc axis from A to C boundary in A-region, 225 A, after

90 s arc, anode 30 mm Mo

Fig. 11 Dependence of Zn film thickness on distance from arc axis,

after 90 s arc, 30 mm long anode

Fig. 12 Dependence of Sn deposition rate on time with current as a

parameter (without cathode shield)
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in C-region. In the all C-region, the MP density was

*103 mm-2 and the MP diameters were in the range of

15–40 lm.

Discussion

The appearance of a peak in the deposition rate versus time

graphs can be understood by considering that the cathodes

were fabricated from low melting temperature materials.

Cathode spots on these materials produced many more MPs

than, for example, on Cu cathodes. The MPs accumulated

early during the arc on the cold anode surface, and evap-

orated from the anode during a relatively brief interval

when the anode was heated to an appropriate temperature.

At the steady-state stage, the MPs previously accumulated

at the cold stage significantly disappeared. The deposition

rate then declined toward its steady-state value when a

balance was achieved between material impingement and

evaporation at the hot anode surface. The deposition rate

peak was significant for low melting temperature metals

such as Al and Zn cathodes, and negligible with Cu, Cr,

and Ti cathodes [15, 17]. The peak in the time dependence

of deposition rate occurred earlier when using a short

anode than a long anode, because the shorter anode was

heated faster since it had smaller mass, and reached a

higher steady-state temperature due to its radiative heat

loss rate was less because of its smaller surface area.

The deposition rate depended on the cathode surface

position with respect to the cathode shield. The rate Vdep

was lower when cathode surface was recessed or flush

mounted with respect to the shield comparing to the cath-

ode surface protruded above the shield. This is because the

material ejected from the cathode remained on the internal

walls of the shield. Therefore, the amount of the cathode

material reached the anode surface depends on cathode

position and in turn different amount of condensed material

was re-evaporated from the anode. As result different

intensity of anode plasma plume is radially expanded to the

substrate.

The observed MP density for Al, Zn, and Sn cathodes

was significantly exceeded this density for cathodes from

Cu and Cr [15, 17, 18]. The MP density for Al, Zn was

comparable with that for Cu films deposited only when

I \ 140 A. In general, the MP density in the deposited

films depends on the relation between the melting point

Tm (Al: 660 �C, Sn: 232 �C, Zn: 420 �C) and boiling

point Tb (Al: 2447 �C, Sn: 2687 �C, Zn: 907 �C). For the

studied above low melting materials, the boiling tem-

peratures of Al and Sn are close to that for Cu (2595 �C)

and the generated from the cathodes MP will be evap-

orated with close rate. However, Tm is lower for Al, Zn

and much lower for Sn than for Cu (1083 �C) and

therefore the rate of MP generation for Al, Zn, and Sn

occurs with larger rates than for Cu. The difference of

Tm and Tb for Zn is lower than for Al and therefore the

MP density for Zn was observed less than for Al. The

difference of Tm and Tb for Sn is larger than for Al and

therefore the MP density for Sn was observed larger than

for Al.

Conclusion

Thin films of low melting temperature cathode materials

(Al, Zn, and Sn) were obtained by HRAVA deposition

where the MPs significantly converted to the plasma state

at the nonconsumable hot refractory anode surface and in

dense anode plasma in the electrode gap. The following

main results related to deposition rate and MP contami-

nation can be listed as:

1. The Al and Zn deposition rates initially increased with

time to a peak, and then decreased to a steady-state

value. The peak occurred due to MP accumulation at

the cold anode stage during HRAVA processing and it

was earlier when using the shorter anodes.

2. The deposition rate peak changed weakly with the

position of an Al-cathode with respect to the shield

edge for low current but strongly for high arc current.

3. The HRAVA deposition rate increased with arc current

and for different cathode materials was 3, 1.2, and

0.9 lm/min for Sn, Zn, and Al deposition, respectively

(at I = 175 A).

4. The observed MP density for Al, Zn, and Sn cathodes

was significantly exceeded this density for cathodes

from Cu and Cr. The MP density for Al, Zn was

comparable with that for Cu films deposited only when

I \ 140 A.

Fig. 13 MP density dependence on arc current in Zn and Al films.

30 mm long anode, L = 110 mm, 60 s arc, recessed cathode
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