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A high-current pulsed cathodic vacuum arc plasma source
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Cathodic vacuum ard&VAs) are well established as a method for producing metal plasmas for thin
film deposition and as a source of metal ions. Fundamental differences exist between direct current
(do) and pulsed CVAs. We present here results of our investigations into the design and construction
of a high-current center-triggered pulsed CVA. Power supply design based on electrolytic capacitors
is discussed and optimized based on obtaining the most effective utilization of the cathode material.
Anode configuration is also discussed with respect to the optimization of the electron collection
capability. Type | and 1l cathode spots are observed and discussed with respect to cathode surface
contamination. An unfiltered deposition rate of 1.7 nm per pulse, at a distance of 100 mm from the
source, has been demonstrated. Instantaneous plasma densities in exces$0bfnt ° are
observed after magnetic filtering. Time averaged densities an order of magnitude greater than
common dc arc densities have been demonstrated, limited by pulse repetition rate and filter
efficiency. © 2003 American Institute of Physic§DOI: 10.1063/1.1614851

I. INTRODUCTION vacuum ardHCA). A fundamental difference is the increase
Continuous operatiofdirect current(dc)] cathodic arcs in cathode diameter, representing an increase in the scalabil-

have been studied extensively within the School of Physicd Of the system, which is important for commercial appli-
at the University of Sydney. Pulsed cathodic vacuum arc§ations. Cathodes are 50 mm diameter digtampared to
(CVAs) generally have a higher current and plasma densit)a

and also provide a more stable and reproducible plasma det )
sity than their dc counterparts. If a high repetition frequency'S coaxially located around the cathode to act as an anode.
can be achieved the deposition rate of pulsed CVAs is equain® trigger is a tungsten wire inserted into an insulating
to or greater than that of dc arcs with a concomitant reducS!€eve made of alumina. A high voltage pulse applied be-
tion in the rate of macroparticle formation. The developmenfWeen the trigger wire and the cathode by a triggering circuit
of the pulsed arc system described here was undertaken wiffguses a flash over to occur across the insulator, which ig-
the purpose of producing ultrathin films and multilayers, andhites an arc that burns between the anode ar_1d cathode. Metal
studying sheath dynamics during plasma-based ion immarplasma is created from the cathodg maFenaI an(_j expands
tation (PBII). When producing ultrathii<10 nm) metallic outward from t_he cathode surface with a_h|g_h velocity. A 90°
and ceramic films, precise control over the deposition paramurved solenoid made from copper tubing is located at the
eters is required. Our filtered dc arcs, operating at currentéXit of the anode and electrically connec_ted in serles'W|th Fhe
around 100 A, exhibit density fluctuations on a millisecongcathode and anode to act as a magnetic macroparticle filter.

time scale due to arc spot instabilities, and also on a tim&athode, anode, and filter can be water cooled to allow a
scale of a few seconds due to variations in the degree diigh pulse repetition frequency. A schematic of the anode,
plasma coupling to the magnetic macroparticle filter. Repro€athode, trigger, and power supply is shown in Fig. 1.
ducible production of ultrathin films is extremely difficult A cathode spot fundamentals

under these conditions. In contrast, a pulsed vacuum arc can ol licable thin film d .

provide a highly reproducible plasma density during each ~OF commercially applicable thin film deposition pur-
pulse, the profile of which closely follows that of the arc poses a pulsed arc must have a deposition rate comparable to

current. Calibration of the amount of material deposited pepther sources. There are two obvious ways to increase the

pulse allows the nominal film thickness to be precisely Con_deposition rate: increase the pulse frequency and increase the

trolled by simply counting the number of arc pulses. Repro_arc current. Both these measures are limited by power supply

ducible plasma densities have allowed the study of sheatRl€ctronics. dc arcs generally operate with an arc current of
dynamics during PBIl to be compared with theoretical around 100 A. Depending on the cathode material, these arc
predictions currents generally produce between one and three indepen-

dent arc spots on the cathode surféae arc spot is a region

Il. SYSTEM DESIGN of extremely high current density where metal plasma pro-

duction occurs As the arc current is increased more arc
ots are generated on the cathode surface by spot splitting

processes, limiting the current per spot to a value primarily

dependent on the cathode material. Since each cathode spot

¥Electronic mail: oates@physics.usyd.edu.au is a conduit for a large current it will also be a source of a

round 20 mm diameter in Siemroth’s HCAvith a small
ole in the center for the trigger electrode. A tube of copper

The design of our pulsed arc sources is based on th
presented by Siemrottet al? for a high current pulsed
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FIG. 1. Schematic of cathodic arc showing central trigger and tubular anode
(anode is shown as transparent in this diagram

radial magnetic field parallel to the cathode surface. Conse-
quently, multiple spots exert retrograde forces on one
anothef This is observed in images of high current arc
traces showing dendritic patterns radiating outward from the
point of ignition (Fig. 2).

When a new cathode was installed into the system it was
observed that the arc operated in a different mode to that
when the cathode had been employed for some time. Review
of the literature revealed this to be due to the existence of
two types of arc spots, historically labeled type-1, and
type-2, arc spots. Type-1 is the term used for arc spots with
comparatively high velocity, low brightness and low arc cur-
rent per spot. Conversely type-2 spots exhibit comparatively
low velocity, high brightness and high current per spbt.
Type-1 arc spots are attributed to surface contaminants and
adsorbed gases on the cathode surface. Due to their higher
velocity and low currents, very little ablation of the cathode
material occurs and they are therefore undesirable for the

A)

(B)

©
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production of metal plasmas. In their original article on the

FIG. 3. CCD images of an aluminum cathode showing transition from
type-1 spot mode to type-2 mode. Image A is taken 8 pulses after the cath-

HCA, Siemrothet al: present hlgh—speed photographs of alCode was inserted into the vacuum syst@rposure time 0.2 msAfter 49

spots moving radially outward from the point of ignition.

pulses(B) the arc begins to operate initially in a type-2 mode before revert-

Comparing the time period between ignition and when theng to type-1 as contaminated regions are readkagosure time 0.3 ms

After 62 pulses the cathode surface has been cleaned of contaminants and
the arc is operating purely in type-2 mo@posure time 1 msimage sizes
are 6 cnx6 cm.

spots reach the edge of the cathode with other images of arc
traces in the same work shows that the arc spots in these
high-speed images move at a much faster velocity. We con-
jecture that type-1 spots are observed in the high-speed pho-
tographs and type-2 spots are observed in subsequent im-
ages. No such distinction was made by the authors.
Operating the arc for around 100 pulses is sufficient to
condition the cathode, removing all surface contaminants by
ablating them in the type-1 mode. Subsequent arc pulses op-
erate in a type-2 mode, exhibiting lower spot velocities and
higher currents, which operate on the cathode material itself,
forming pure metal plasmas. Figure 3 shows a series of three
charge coupled devidg€CD) images taken after a new cath-
ode was inserted into the system. For the first 40-odd pulses

FIG. 2. Atypical arc on an aluminum cathode. Exposure time 1 ms, imagéhe arc operated ina type-1 moﬁé’g. 3(a)], the spot traces

size 5 cm.

reaching the edge of the 51 mm diameter cathode in less than
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200 us. After 49 pulses the arc is observed to be operating 304
initially in a comparatively bright type-2 mode before revert-
ing back to a type-1 mode of operation as the arcs spots 25-
encounter contaminated regions of the cathode towards the
edges. After 68 pulses the arc is operating entirely in a type-2 204
mode, exhibiting comparatively slow moving arc spots,
which are still within the cathode boundary after 1 ms. 2 15
It has been reported recently that the composition of a &
pulsed vacuum arc plasma operated in an oxygen environ-£
ment shows a dependence on the arc pulse freqUeflig
is due to the formation of monolayers of gas on the surface
of the cathode. It is recommended that the arc be operated a=
a frequency high enough to avoid the adsorption of signifi- 1_.,J
cant amounts of gaseous contaminants to the cathode sur
face, a value that will depend strongly on the background gas oo o g T e o)

(@
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FIG. 4. Comparison of current profiles for the two power supplies we
tested,(a) the simple 12 mF, 400 V capacitor bank afixl the 300 V LC
B. Arc triggering pulse circuit, crowbarred at 1 ms.

Trlggermg of cathodic arcs is achieved in many ways. aterial from the arc, replacing the ablated conductive ma-
Mechanical contact of an electrode, laser ablation, h'ghierial

voltage flashover, and the so-called “triggerless” triggering

) . L . There is a threshold voltage between the anode and cath-
techniqué are all used to provide the initial plasma to trigger

betw th d d cath ially cl h ode, which must be surpassed to achieve reliable triggering
an arc between the anode and cath(eiisentially close the of the arc. For our arrangement this voltage is greater than

c!rcun). For a pulsed sygtem the me_chanlcal met.hod IS noILOO V, however, this depends strongly on the arrangement of
viable when high repetition frequencies are required. Lase{he anode and cathodéote that this is the “preburn volt-
ablation requires an expensive high power laser. The iqvgnége,, and should not be confused with the arc operating volt-
%ge, which is generally around 50 Wnder these conditions

the triggering reliability exceeds 99.9% for around 10000
L:E)ulses. After such a period the reliability begins to reduce

due to a buildup of cathode material on the alumina trigger

current profile in high current arcs is not well suited to pro-
viding the required conditions for this method of triggering.
Considering these limitations we decided the high-voltag

flashover technique was best suited to our requirements. insulator. By the application of a large power burs250 J

High-voltage ﬂashove_r requires the app"‘_’a“of‘ ofa hlghthrough the buildup, a large proportion of it can be ablated
voltage between two adjacent electrodes; in this case th&

. om the insulator. In this way we have been able to extend
cathode qnd a trigger electrod(_a. A commonly_quoted metho e period of reliable triggering by around 1000 pulses.
of arranging these electrodes is to coaxially insert one elec-
trode inside the other and separate them by an alumina insu:
lator. Insertion of the cathode electrode inside the trigger wa
found by Brownet al® to improve the triggering reliability The electron collecting ability of the anode is an impor-
when compared to a centrally located trigger electrodetant consideration of the arc design. Many variations on the
While this may be the case, we have observed in edgesize and shape of the anode exist in the literature, ranging
triggered systems the erosion profile to be concentrated at tHeom tubes and rings surrounding the cathode, to rods axially
edge of the cathode due to spot repulsion. For flat disk cathnserted in the center of the cathot&or simplicity and
odes, such as ours, this results in an inefficient utilization ohistorical continuity with our dc design, we chose a tube of
cathode material. Considering the aforementioned fundacopper slightly larger than the cathode diameter and coaxi-
mental characteristic of cathode spot dynamics, hamely thatlly located around the cathode. The current collected by the
multiple arc spots repel one another, we conclude that ceranode is used to produce a magnetic field in a macroparticle
trally locating the trigger electrode gives a better erosiorfilter by connecting the filter in series with the power supply.
profile. In addition, optimization of the arc current can im- It is therefore important to insure maximum anode efficiency
prove the erosion profile, as will be discussed later. during operation.

Application of a voltage of around 3 kV for gs be- With a macroparticle filter installed we compared the
tween the trigger electrode and the cathode is generally su&node efficiency for a number of anode lengths. It was found
ficient to initiate the initial plasma required for triggering of that the distance the anode extended in front of the cathode
the arc. Initially the alumina insulator needs to be coatedsurface was crucial in determining the anode effectiveness.
with a small amount of conductive material. Graphite is aFigure 4 shows a comparison of the current collected in the
good option. This material is ablated by the trigger pulse anénode when the anode extended 55 and 70 mm in front of the
essentially switches on the arc. After a small number of arcathode surface. A small change in the anode length shows a
pulses the alumina becomes partially coated with cathodkrge difference in the amount of current collected.

. Anode design
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L Cathode spot velocity is primarily determined by the cathode
yY .y - /WU\ current and the cathode material. Easy adjustment of the ca-
c _L l pacitor and inductor values within the power supply is pos-

Variac
sible, allowing tailoring of the oscillation period for different

XX F
240V IH% ¢ ¢z X Arc spot velocities. This is especially useful for carbon cathodes
\

AC where the spot velocity is significantly smaller than that of
De T most metals. The crowbarring time can be adjusted to suit
+

14

L ]
(]
w

the velocity of the cathode spots so that the maximum cov-
erage of the cathode surface is achieved but the spots do not
C1,C2-12x1.5mF CB- Crowbar run over the edge of the cathode surface. The crowbar diverts
the current from the plasma but keeps the remaining energy
in the circuit. When the current drops to zero the crowbar
FIG. 5. Circuit diagram of the resonant LC circuit power supply used toturns off and the efficiency diode takes over, carrying the
drive_ the arc current. The circuit is based on a design published previousltg’,mil,e negative cycle of the current. Efficiency diodes are
by Stemrothet al. (see Ref. 2 commonly utilized in high current power suppli¥sThe re-

The angular distribution of plasma flow has been re—?;éirtlggbzzemrg{)I&?&g‘;;:g;ig?g:ggg to the primary ca
ported to approximately follow a cosine distribution with We generally limited the peak current to no more than 5
higher currents increasing the percentage of ion emissioQA to be sure that the system does not overheat. However
perpendicular to the cathode surfdféncreasing the anode during testing we have run the supply with peak currents as’
length therefore increases the electron current collected. T'ﬁgh as 10 kA. Deciding on an optimal peak current requires
magnetic field produced by the filter acts to constrict the ﬂowbalancing a number of factors. Since the arc current also
of the plasma parallel to the cathode surface. Since the cu yrovides the current for the coils of the curved magnetic
rent collected by the anode determines the magnetic ﬁelglter it needs to be high enough to ensure good magnetic
strength there is a feedback mechanism that restricts the Cuébnfinemen(i.e. to produce a field of at least a few tens of
rent collgcting ability for shorter anodgs and higher Curr,entsmillitesla), but it,cannot be so high that the force on or heat
The design of the anode is therefore influenced by the inCorgisqination in the filter coils causes them to deform. High arc
poration and design of the magnetic filter. Alternatively theCurrents are advantageous because they generate faster mov-
filter can be operated from a separate power supply, reduciqgg arc spots, which produce fewer macropartiélésit un-
the constraints on anode collection efficiency but increasm%rtunately losses in the power supply scale as the square of

L - QuH De - "Efficiency" Diode

the cost and complexity of the power supply. the peak current. With these factors in mind we designed the
power supply to operate with peak currents in the range of
D. Power supply 1-5 KA.

In the early stages of prototyping, our power supply con-  |f the energy of the arriving ions is to be well controlled
sisted of a simple capacitor bank of between 6 and 12 mPy the application of a bias voltage to the substrate it is
charged to between 100 and 400 V. This provided currenimportant that the plasma not only be fully ionized but that
pulses with a fast rise time and a long decaying tail, such a!€ ion charge state distributidlCSD) is well known. lons
shown in Fig. 4a). Since the erosion rate is proportional to With different charges will experience unequal acceleration
the arc current a current profile such as this results in aRY the application of a bias to the substrate and subsequently
excessively high erosion rate near the center of the cathod@hibit different kinetic energies upon arrival at the substrate.
where the arc spots are triggered and a very small erosioRKs et al? showed that the CSD is affected by both the
rate near the circumference of the cathode. In an attempt @PPlication of a strong axial magnetic field at the cathode
even out the erosion profile across the cathode surface, wdifface, and also by the magnitude of the arc current. For a

lating low concentration(LC) circuit such as that used by currents above 2 KA linearly increase the average charge

Siemrothet al,? adapted to make it suitable for electrolytic State. Thus, although high current arcs can provide a high
capacitors. Electrolytic capacitors are less expensive for geposition rate and reduced macroparticle content, it is im-
given capacity than other types, but require a circuit desigiPortant to consider the effects of the current on the CSD if
that will prevent them from being reverse biased. Our powefh€ ion arrival energy is to be manipulated by an electric
supply utilized 1.5 mF high current discharge electrolyticbias- This is also true for the application of an axial magnetic
capacitors manufactured for Lawrence Livermore Nationafield for the purposes of macroparticle filtering and/or cath-
Laboratory, California, with a voltage rating of 450 V and ©de spot motion control.
instantaneous current rating of 417 A for 1 ms.

A circuit diagram of the power supply is shown in Fig. 5.
The “crowbar” is used to short out the plasma and cut they;; opERATIONAL PERFORMANCE
pulse current at a predetermined time during the positive
cycle (0°—1809 of the oscillation. If it is cut prior to 90° into We have successfully operated the arc with a number of
the oscillation cycle, a current pulse that rises over almostathode materials, including carbon, aluminum, titanium, sil-
the entire pulse length is produced, as shown in Fi@).4 ver, and copper. For initial characterization of deposition
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164 Deposition rates after the macroparticle filter were sig-
nificantly lower, at around 0.07 nm per arc pulse. At only 4%
of the deposition rate before the filter entrance this represents
a significant loss of the plasma available for deposition. With
significant instantaneous deposition rates demonstrated in the
unfiltered arrangement, macroparticle filter efficiency is the
primary limiting factor of the instantaneous deposition rate.
Research is ongoing into the optimization of the filter trans-
port efficiency. With the macroparticle filter employed we
have used a langmuir probe to measure ion densities greater
044 @ than 1x10"m~3 at the substrate position for a titanium
plasma. At 50 Hz the time averaged ion density is around
3%x10'm~3, which is an order of magnitude greater than
00+ the ion densities measured in our dc arcs. Optimized filter
o - s ' 5 " s arrangements have indicated ﬁlter eﬁigiencies as high as
' ' ' ‘ 35% (defined as the ratio of the ion density at entry and exit
Time (ms) of the filten for an in-plane 90° magnetic filté?. If filter
FIG. 6. Comparison of anode currents for different anode lengths. Garve efficiency can be improved in our system to this level then

is the current collected by an anode protruding 55 mm past the end of thime averaged metal ion densities in excess of 1
cathode(b) by an anode protruding 70 mm past the end of the cathode. x 108 cm~3 can be achievedSee Fig. 6.
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