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Arc Handling in Reactive DC Magnetron Sputter Deposition

A. Blondeel and W. De Bosscher, Bekaert Advanced Coatings (Bekaert VDS),
Deinze, Belgium

Key Words:  Reactive sputter deposition Magnetron design
Arcing Power supplies
ABSTRACT racetrack arecoveredwithaninsulatinglayer. Thisinsulating

The strong development of reactive sputter deposition is
seriously hampered by instabilities that occur during these
processes. Oneof theseinstabilitiesoriginatesat the cathode.
During the reactive DC magnetron sputter deposition of
highly insulating (nitride and oxide) films from metallic
targets, an electrically insulating layer is not only formed on
the substrate but a so on the target (cathode) surface, leading
to charge build-up and consequently to arcing. These arcing
eventsaredetrimental for the deposition processitself and for
the deposited thin film.

The use of rotating targets already drastically reduces the
probability of arcing compared to planar targets: for a rotat-
abletarget, arcing only occurs at the target tube ends. Inthis
paper, additional arc preventing hardware enhancements for
rotating targets are proposed, as well as improved arc-han-
dlingelectronics. Firstly, aspecial treatment of thetarget tube
endsisexamined (application of adielectricanti-arcinglayer).
Secondly, a more flexible and more practical aternative
consists of the addition of atarget tube end anti-arcing guard
ring (a ring shaped part of the target clamping system).
Finally, anin-house devel oped power supply and arc suppres-
sor, both based on the same advanced electronics, are pre-
sented. These enhancements provide us with drastically
increased process stability.

INTRODUCTION

Theneed to deposit high quality dielectricfilmsat highrateis
gaining ever moreimportance. Thesedielectricfilms(suchas
AlO, and SiO,) are deposited using reactive sputtering from
conductive targets by the introduction of areactive gas (e.g.
oxygen) next to theinert gas (e.g. argon) used in the conven-
tional sputtering process. Severa intrinsic problems are
associated with reactive sputter deposition (e.g. hysteresis
phenomena, poor deposition rate due to target poisoning,
inhomogeneities, disappearing anode rel ated phenomenaand
arcing) and special precautions are necessary to anticipate
these problems when performing reactive sputter deposition
onindustrial scale[1-3]. One of the problems, originating at
the cathode surface, is arcing. As the coating process pro-
ceeds, not only the substrate and the chamber walls but also
the cathode surface and especialy the areas next to the
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layer charges up by ionic bombardment and when the dielec-
tricstrengthisexceeded, el ectrical breakdown occurs, leading
to arc discharges. The arc discharges are detrimental for the
deposition processitself, for the deposited thin film and even
for the sputter equipment. Arc discharges can drive the
process to become instable, inhomogeneities and defects are
createdinthegrowingfilm, targetlifetimeisreduced by liquid
droplet gjection (causing new arc events originating at the
damaged areas) and thepower supply can beharmed. Because
of these problems arcing isthe subject of alot of research [4—
8]. Theintroduction of large size rotating cylindrical targets
has restricted the arcing zone to two ring shaped areas at the
cathode tube ends (next to other benefits offered by cylindri-
cal cathodes such as higher target utilization, higher power
densitiesand morecompact size). Comparedto similar planar
targetsthe arcing probability isreduced to lessthan 5%. This
isillustrated in Figure 1.

Ea

: Clean target surface . Contaminated target surface

[ ] Plasma race-track area Transition zone ofarcing
Figurel. Schematicview of target surface conditionsand arcing
zone for (8) rotating cylindrical and (b) planar magnetron.

Littlearcingoccursintheracetrack areaof rotating cylindrical
targets since it is continuously cleaned by the plasma. The
latter isonly trueon condition that target rotation speedishigh
enough, otherwise the target surface in the racetrack areais
contaminated beforeitissputter cleanedleading toarc events.
Typically, arotation speed of 10 rpmissufficient. Moreover,
the arc sensible zone for rotating cylindrical targets is inde-
pendent of the target length. Despite this drastic improve-
ment, arc management is still needed during reactive DC
magnetron sputtering.  The present paper focuses on the
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prevention of arcing by removing the cause (hardware en-
hancements) and on animprovedway of handling eventual arc
events (detection and suppression) electronically.

EXPERIMENT DETAILS

Theresearch was performed in asemi-industrial test chamber
(illustrated in Figure 2) contai ning onerotating cylindrical Al
target withalength of about 1 mand one(screened) Cyclomag®
(not used in thisresearch). The DC power was applied to the
cathode using an in-house developed 100 kW power supply.
The experiments were done typically at 20 to 25 kW, bothin
constant current and constant power mode. Arcing was
evaluated by visual inspection of the target tube ends and by
counting the arc events using an in-house developed arc
suppressing unit. Each experiment was started by metallic
sputtering of Al in Ar atmosphere (sputter cleaning of the
target) in the pressure range of 1 to 2 10 mbar, using an Ar
flow of 50 to 60 sccm. This was continued until the process
was stable and the occurrence of arcing was only exceptional.
The reactive sputtering in an Ar/O, mixture was started by
settingthe Al signal of the PEM 04 control unit (V on Ardenne)
to 30% of its initia value in metallic mode, corresponding
with an O, flow of approximately 70 sccm. Arc counting was
startedimmediately. Inthisway thearcswere counted during
asputter process corresponding with a condition on the edge
of the hysteresis slope from metallic to poisoned sputtering.
In order to evaluate the arc preventing hardware enhance-
ments in an optimal way, al (maor and minor) arcs were
taken into account (sensitive setting of the arc suppressing
unit). Theexperiment was ended by shutting down the power

supply.

Figure2. Semi-industrial test chamber for applied researchon
plasmainstabilities.

Inafirst seriesof experiments, the prevention of arcing during
reactive DC sputtering isexamined. Thisisdone by prevent-
ing the redeposited oxide layer of reaching electrical break-
down. A protective arc-inhibiting dielectric layer is applied
onthearcsensitiveareas. Different dielectriclayers(different
materials, applied in a variety of ways) were tested and
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submitted to semi-industrial sputter conditions. During the
research it was found that the exact positioning of the dielec-
tric anti-arcing layers was extremely important, so a lot of
effort wasput in the optimization of thedielectriclayer width.

Since the application of this protective layer israther unprac-
tical for real industrial environment, amoreflexibleand more
practical aternativeisproposed, consisting of the addition of
an adjustabl e diel ectric target tube end anti-arcing guard ring.

During the second series of experiments the arc handling
capabilities of in-house developed sputter electronics was
tested. Thesein-house developed sputter electronics consist
of acompact 2* 100 kW DC power supply, an arc suppressing
unit and alow fregquency (below 1 kHz) switching unit. The
| ast two componentswere al so eval uated in combination with
other commercially available DC power supplies.

ARC PREVENTING HARDWARE
ENHANCEMENTS

It iswell known that arcing on the cathode occurs due to the
deposition of aninsulating layer on the cathode. Thisinsulat-
ing layer charges up by ionic bombardment and when the
dielectric strength is exceeded, electrical breakdown occurs,
leading to arc discharges. Typical dielectric breakdown of
AlO,, SiO, and SIO occurs at an electric field strength of the
order of 10°V/cm[5, 10]. It wasaready shownthat arcing is
initiated at the transition between the (sputter) cleaned target
surface and the contaminated target surface (due to the depo-
sition of oxide). This redeposited oxide layer has a more
porous structure than the layer deposited at the substrate
which favors the occurrence of arcing [9].

Moving away fromtheracetrack, thethicknessof theredepos-
ited oxide layer first increases and then decreases again
(which can be seen at the target tube ends as achangein color
of theoxidelayer). Ontheother hand, the plasmafadesoutin
thisregion and the ionic bombardment diminishes, implying
that the charging of the oxide layer decreaseswith increasing
distancefromtheracetrack. Thisresultsinalower arcratein
areas that are further away from the racetrack compared to
areasclosetotheracetrack. Thiseffectisillustratedin Figure
3. After ashort reactive sputter experiment of only 17 minutes
the combined effect of thelayer thicknessand the charging up
of thelayer resultsinaclearly visiblegradientinarctraces(the
concentration of arc traces decreases further away from the
racetrack). Thisis only true at the beginning of the experi-
ment. Later on, thecharging of theareasfurther away fromthe
racetrack increases, aswell asthethicknessof theredeposited
oxide layer, resulting in a higher arc rate in this region too.
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Figure 3. Gradient of arc traces at the target tube end after a
short reactive sputter experiment: (A) target tube end, (B)
screened region, (C) regionwith low arcrate, (D) region with
high arc rate, (E) racetrack area.

Theapplication of asufficiently thick dielectric layer of good
quality in an arc sensitive area can reduce the arc rate signifi-
cantly. Thiscan be explained asfollows: the electric field in
aninsulating layer of certain thickness on the cathode surface
firstincreasesand then saturateswith decreasing conductivity
[10] and on the other hand, the electric field decreases with
increasing layer thickness. Thisimpliesthat it is possible to
apply an insulating layer on the arc sensitive areas in such a
way (carefully chosen properties and thickness) that the
electrical field in thisinsulating layer will never exceed the
value of its own breakdown field (the measured value of the
electrical breakdown field for typical insulating materialsare
intherange from 10° to 107 VV/cm [10]). The charging effect
of theinsulating layer duetoionic bombardment isstill taking
place, but will not lead to any arcinitiation. At thestart of the
sputter run, when no oxide layer is deposited yet on the
dielectric anti-arcing material, the voltage drop falls com-
pletely over the protective anti-arcing layer. With increasing
redeposited oxide thickness (alow quality oxide layer on top
of the dielectric layer) the voltage drop over the oxide layer
increases (the stack of oxide on top of an dielectric layer can
beviewed astwo capacitorsin series). The protective dielec-
triclayer isonly partially taking care of the voltage drop now
and with an improper choice of protective anti-arcing layer
(especially during long sputter runs), the redeposited oxide
layer may reach dielectric breakdown. Therefore, it is clear
that the protective dielectric layer should be chosen and
applied with great care. In order to be successful, the
dielectric layer should be stable under given (industrial)
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conditions, which meansthat thelayer should be ableto resist
high current densities, high temperatures and UV radiation.
Besides being a good dielectric material, the layer should be
sufficiently thick, sufficiently dense and preferentially amor-
phous (no grain boundaries which promote dielectric break-
down). Thislayer should also have a slow spultter rate.

Basis research was already carried out on laboratory scale
(small lab coater with 50 mm diameter Al target and DC power
of 50 to 300 W) and showed very promising results [9].
Different types of anti-arcing dielectric material were tested
and appliedinavariety of ways. Thearc-inhibiting quality of
thelayer depends not only on the specific material but also on
theway of application. It was shown that the application of a
dielectriclayer onarc sensitive areascould reducethearcrate
significantly leading to a more stable sputter process.

The upscaling of the results to (semi-)industrial scale using
power densities comparable to the ones used in real produc-
tion environmentsishowever not straightforward. Dueto the
much higher power densities and the longer sputter runs
(resulting in alonger exposure of the dielectric layer to the
plasma) the demands on the dielectric layer are even more
stringent. Besides the exact type of material and way of
application, it wasfound that the exact position of the dielec-
tric anti-arcing material is extremely critical. With a fixed
magnet array position and power, an optimal position for the
dielectric material can be determined. If the width of the
dielectric protectivelayer istosmall, arcingwill initiate at the
non-coated parts; if the layer is too broad, the edges of the
dielectricanti-arcing layer will start to disintegratewhich will
lead to severe arcing.

In Figure 4 the arc rate during reactive sputtering of AlLO, is
givenasafunctionof timefor different treatmentsof thetarget
tubeends(nodielectric protectivelayer, anon-optimal dielec-
tric layer and an optimized dielectric layer). The experiment
without protective layer was discontinued prematurely be-
cause of severe arcing. During all these experiments the arc
suppressing unit was set in a way that al arcs (major and
minor) were counted. Sincethe exact number of arcscounted
strongly depends on the setting of the arc suppressing unit,
arbitrary unitswereusedin Figure4. Itisquiteclear fromthis
figure that with a correct choice of protective layer the
experiments with a pre-treated target were much more stable
and less arcing occurred. With the application of adielectric
anti-arcing layer arcing can be alleviated to a great extent.



(a)

(b)

arcrate (arb. units)

(c)
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Figure 4. Arc rate as a function of reactive sputter time for
different treatments of the target tube ends: (a) no dielectric
layer, (b) non-optimized dielectriclayer, (c) optimized dielec-
tric layer.

Since arc counting started immediately after introduction of
oxygeninthesystem, the steep riseand subsequent dropinarc
rate during the first minute can be attributed to process
stabilization effects. The maximum which occursin the arc
rate for the non-optimized coating (b) however cannot be
explained yet. Although extremely stable resultswith drasti-
cally reduced arc rates were obtained aready, additional
experiments will be performed to further optimize the arc
inhibiting properties of the dielectric coating and to give a
better comprehension of the arcing process.

Althoughtheapplication of thediel ectricanti-arcinglayer can
beincorporatedinthetarget production process, theuseof this
layer isarather unpractical solution and can be quite cumber-
somefor industrial large-scaleoperation. Despitethefact that
the magnet array position can be adjusted, the exact position-
ing and exact width of the dielectric layer stays critical,
moreover because the exact width depends on the power used
during sputtering. Therefore a more practical and more
flexible alternativeis proposed. Inthisalternative, an adjust-
ableanti-arcing guard ring (aring shaped part of the clamping
system) replaces the dielectric layer, which is deposited
directly on thetarget surface. Thisisschematically shownin
Figure 5.

Page 4 of 13
Appendix 1039-D

Page 266 of 304

Figure 5. Schematic representation of the anti-arcing guard
ring for rotating cylindrical target: (a) magnetron spindle, (b)
cylindrical target tube, (c) target clamping with dielectricring
for arc prevention.

IMPROVED ARC-HANDLING ELECTRONICS

Despite dl the efforts in optimizing the mechanical design,
arcing can be minimized but it is impossible to avoid it
completely. Arc-handling electronics is an essential part of
the electrical sputter hardware and in particularly indispens-
ableduring reactivesputtering of insulating materials. Differ-
ent components are presented, comprising a compact 2* 100
kW power supply, anarc suppressing unit and alow frequency
(below 1 kHz) switching unit.

Power Supply

The newly designed power supply excels by its compact size
and itssuperior arc handling capabilities. Thecompact sizeis
realized by putting a 20 kHz switching system in the primary
circuitry, corresponding with asmall transformer. The supe-
rior arc handling capabilities compared to standard existing
power suppliesisillustrated in Figure 6.

In thisfigure, the current and voltage reaction of both newly
designed and existing power supply isshown on abipolar arc
event during reactive sputtering (+ 20 kW from a single
rotating target). No additional arc suppressing electronics
were used during this experiment. When the arc occurs (at
about 7 ms) the current of the existing power supply startsto
riseup to morethan 200 A. After awaiting period, the power
supply isswitched off until the current has dropped below 20
A (this takes more than 100 ms). When the system restarts
again a large voltage peak is generated (not shown in this
figure) because the plasma is not ignited yet. All this will
result in inhomogeneities in the deposited layer (due to the
long off period of the power supply) but can also cause severe
damagetothetarget, the substrate and the power supply. With
thein-house devel oped power supply, the current and voltage
aretightly controlled so no excessive rise or drop can occur.
During the delay after an arc event (before the output of the
power supply isstopped) thereisonly avery small current rise
and on reignition of the plasma, no voltage overshoot is
generated. Moreover the power supply restarts within 5 ms
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after blocking the output. Therisk of inhomogeneitiesin the
deposited layer or damage to the substrate, target or power
supply is hereby virtually eliminated.
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Figure6. Electrical I-V behavior of anexisting (a) and thenew
in-house developed (b) DC power supply on abipolar arc (no
additional arc suppressing electronics used).

Arc Suppressor

The in-house developed arc suppressing unit is based on the
sameenhanced technology asthe DC power supply. InFigure
7, thecurrent-voltagereaction of an existing DC power supply
combined with the superior in-house devel oped arc suppress-
ingunitonabipolar arceventisillustrated (notethedifference
in time scale with Figure 6).

For thisexperiment apre-delay time of afew puswas set (pre-
delay timecan beset fromafew usupto15us). Theenhanced
arcsuppressingunitlimitsthecurrentrise. Initialy, thepower
supply isshorted by thearc- suppressing unit for about 150 us
after which the power level is brought back to its nominal
value in a controlled way, minimizing the voltage overshoot
(which occurswhen the nominal power isdelivered at onceto
the cathode without plasma). If the arc still exists after these
150 us, thearc suppressing unit repeatsthisshort procedure (if
necessary up to fivetimes). For persistent arcs, which cannot
be extinguished by the repeated short procedure, the off time
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isfirstincreased and eventually, if necessary, thearc suppres-
sor can give asignal to the DC power supply to shut down.
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Figure7. Electrical |-V reactiononabipolar arc of anexisting
DC power supply, combined withthenew in-housedevel oped
arc suppressing unit.

L ow Frequency Switcher

Although a switching unit is not an arc-inhibiting device as
such, mid-frequency switching between two cathodes is a
well-established techniqueinindustry to prevent arcing. The
high switching frequencies (10 to 100 kHz) are chosen to
discharge the cathodes completely before arcing can occur.
However, alot of timeislost during plasmaignition (e.g. at 40
kHz up to 20%), reducing the deposition rate. On the other
hand, mid-frequency switching implies the need for precau-
tions because of electromagnetic radiation and skin effect
causing power losses and excessive heating. The problems
due to skin effect or electromagnetic radiation are no longer
under discussion when low frequency switching (frequency
between 50 and 200 Hz) isused and thetimel ost dueto plasma
ignition is also negligible. This means that higher power
densities can be used resulting in an increased yield. How-
ever, because the switching frequency istoo low for appropri-
ate arc handling, the low frequency switching unit is com-
bined with the newly designed arc suppressing unit. This
combination was tested during reactive AC switching be-
tween two full sized rotating cylindrical magnetrons. Good
results (long term stability and higher deposition rates as
compared to mid-frequency switching) were obtained for
most materials.

Important to note isthat both the arc suppressing unit and the
low frequency switching unit can be linked up with other
commercialy available power supplies to create a system
with superior performance.



CONCLUSIONS

Different ways for preventing and suppressing arc events
werediscussed. Anarc-inhibitingdielectriclayerisproposed
which is applied directly on the cathode surface onto the arc
sensitive areas (the target tube ends for arotating cylindrical
target). This protective layer prevents the redeposited oxide
layer from reaching dielectric breakdown. It was shown that
arcing during reactive sputter deposition of dielectric layers
could be reduced considerably.

Newly designed arc-handling el ectronics comprising a com-
pact 2* 100 kW power supply, an arc suppressing unit and a
low-frequency switching unit are proposed.  Drastically
increased process stability and increased layer homogeneity
areobtained. Therisk for damageof substrate, target or power
supply could be aleviated to a great extent.

The combination of the anti-arcing hardware enhancements
and the improved arc-handling electronics provide us with a
drastically increased process stability.
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Reactive pulsed magnetron sputtering process for alumina films

P. J. Kelly,a) P. S. Henderson, and R. D. Arnell
Centre for Advanced Materials and Surface Engineering, University of Salford, Salford, M5 4WT,
United Kingdom

G. A. Roche and D. Carter
Advanced Energy Industries Inc., Fort Collins, Colorado 80525

(Received 17 March 2000; accepted 28 August 2000)

The pulsed magnetron sputteriitBMS) process is now among the leading techniques for the
deposition of oxide films. In particular, the use of pulsed dc power has transformed the deposition
of dielectric materials, such as alumina. The periodic target voltage reversals during the PMS
process effectively discharge poisoned regions on the target. This significantly reduces the
occurrence of arc events at the target and stabilizes the deposition process. Many researchers have
now shown that pulsed dc reactive magnetron sputtering can be routinely used to produce fully
dense, defect-free oxide films. Despite the success of the PMS process, few detailed studies have
been carried out on the role played by parameters such as pulse frequency, duty cycle, and reverse
voltage in the deposition process. In this study, therefore, alumina films were deposited by reactive
pulsed dc magnetron sputtering. Operating conditions were systematically varied and the deposition
process monitored throughout. The aim was to investigate the influence of the pulse parameters on
the deposition process, and the interrelationships between the occurrence of arc events and the
parameters chosen. As a result of this investigation, optimum conditions for the production of
high-quality alumina films under hard arc-free conditions were also identified20@ American
Vacuum SocietyS0734-2101(00)04806-5]

I. INTRODUCTION wave form are the pulse frequency, duty factor, and reverse
] o ) voltage. Duty factor is the relative proportion of the pulse
Since the initial development work in the early 19908, cycle made up of the “pulse-on” period, when the target
the pulsed magnetron sputterit@MS) process has become qitaqe is negative and sputtering is occurring. The reverse

established as one of the leading techniques for the deposjpiage is the nominal positive target voltage achieved dur-
tion of oxide films. In particular, the use of pulsed dc POWETj 1 the “pulse-off’ period, often expressed as a percentage

has transformed the deposition of dielectric materials, sucr&f the mean-negative voltage during the pulse-on period. The
i A-3,5-9 ; : .
as alumind: The process itself has been well descnbedschematiC wave form in Fig. 1 shows a pulse frequency of

. . . . '6'8_14 e . .

in vanogs rev!eyv articled] and no repetltlonlls required 100 kHz, with a duty factor of 80%, and the reverse voltage

here. It is sufficient to state that pulsed dc reactive magnetron . T N
et at 20% of the pulse-on voltage. In practice, this “square

sput_terlng offers S|gn|f|_cant advantages over _conventhnaﬁvave form is not achieved due to the inherent characteristics
continuous dc processirtd.If the magnetron discharge is

pulsed in the bipolar modésee Fig. 1)at frequencies, usu- of the plasma and the power delivery system, with both posi-

ally, in the range 10-200 kHz, the periodic target voltaget've and negative voltage overshoots being obsef{@these

reversals effectively discharge poisoned regions on the tal;;}rtifacts can be clearly seen in Fig: 2, an oscilloscope trace of
get. This significantly reduces the occurrence of arc events é"t‘e target "r?“ageé’f"?“’e f(érr? otzjtameq whlen actually operat-
the target and stabilizes the deposition process. Many rd"9 under the conditions defined previously.

searchers have now shown that pulsed dc reactive magnetron Reférence has already been made to the many examples
sputtering can be routinely used to produce fully denseln the literature of the success of the PMS process. However,

defect-free oxide films. All stoichiometries are availabfé, ~ @S Yet, few detailed studies have been published on the role
arc events are suppressed®—215-eposition rates can ap- Played by the pulse parameters in the deposition process.
proach those obtained for metallic fili&/15%nd in dual-  Belkind, Freilich, and Schofl!® derived an expression
cathode systems, very long-tertr300 h) process stability ~Showing that the critical pulse frequency for arc-free opera-
is attainable®® As a consequence, very significant im- tion depends on the discharge current and the pulse-off time.
provements have been observed in the structfife, Although not explicitly stated, their study indicates that, for a
hardnesg;? and optical properti€s of PMS alumina films, given discharge current, the duty factor is actually the most
compared to dc sputtered films. critical parameter in establishing arc-free conditions. Also,
The target voltage wave form during asymmetric bipolarthese studies did not consider time-dependent effects, since
pulsed dc sputtering is shown schematically in Fig. 1. Referarc counting was only carried out for 3 min per run. In situ-
ring to Fig. 1, the critical parameters which make up theations where, during each pulse-off cycle, the parameters se-
lected only partially discharge the poisoned regions on the
¥Electronic mail: p kelly@salford ac uk target, a residual charge will accumulate until, eventually,

2890 J. Vac. Sci. Technol. A 18 (6), Nov/Dec 2000 0734-2101/2000/18(6)/2890/7/$17.00  ©2000 American Vacuum Society 2890
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Target Voltage, V Target voltage, V
200 F  Puise S
off g : : :
-100 | . :
200 [ 0 3
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-400 - on -400-| O AN
-500 W
-600 -Duty=(PuIse-on)l(Pulse-on+Pulse—off) x100% Lo N : i
.700 . T . T Il W00 ChT
(] 10 20 30 40 | «—
Time, microseconds 10us

Fic 1 Schematic representation of the target voltage wave form duringic 2 Oscilloscope trace of the target voltage wave form when operating in
asymmetric bipolar pulsedputtering(pulse frequency100 kHz, reverse ~ asymmetric bipolar pulsechode at 100 kHA80% duty and 20% reverse
time=2 us, duty=80%, and reverse voltag20%) voltage)

arcing occurs. Thus, conditions which appear to prevent arcarcs can normally be tolerated, hard arc events are extremely
ing at the beginning of a deposition run can prove ineffectivedetrimental to the deposition proc€gsThus, in this study
as the run progresses. only the incidence of hard arcs was monitored.

In this study, alumina films were deposited by reactive The work performed here was carried out in a Teer Coat-
pulsed dc magnetron sputtering. Operating conditions wer#gs Ltd. UDP 450 closed-field unbalanced magnetron sput-
systematically varied and the deposition process monitoret®ring rig, which has been described in detail elsewfére.
throughout. The aim was to investigate the influence of theéAlumina films were deposited by reactive unbalanced mag-
pulse parameters, such as pulse frequency, duty factor, afgtron sputtering from a 99.5% pure Al target. In all cases
reverse voltage, and the interrelationships between the occuthe base pressure was2x 10~ ° mbar, the argon flow rate
rence of arc events and the parameters chosen. As a resultws adjusted to give a chamber pressure Bf1™ > mbar
this investigation, optimum conditions for the production of prior to deposition, and the target current was set to 6 A. The

high-quality alumina films under hard arc-free conditionstarget was precleaned with the substrates shuttered, but no
were also identified. sputter cleaning of the substrates themselves was carried out.

In fact, the substrate holder was allowed to float electrically
throughout. The flow of reactive gas was controlled by an
Il. EXPERIMENT optical emissions monitorin@EM) system tuned to the 396
The commercial interest generated by the PMS processm line in the Al emission spectrum. An OEM turn-down
has led to the development of new power delivery systemssignal of 25% was used for all depositions, i.e., reactive gas
These include ac supplies, single- and dual-channel pulsesdas allowed into the chamber until the OEM signal had
dc supplies, and pulse units which can be connected in seridallen to 25% of the initial 100% metal signal. A feedback
with the output from standard dc magnetron drivers. Thidoop then maintained the OEM signal at this value for the
article concentrates on the use of this latter type of system, iduration of the deposition run, which was typically 90 min.
which the magnetron discharge could be pulsed over the frePrevious experience had shown that such conditions would
quency range 1-100 kHz. Parallel studies are also beingroduce stoichiometric AD; films.2
made of the latest generation of pulsed dc supply which ex- Figure 3 shows the characteristic hysteresis behavior of
tends the maximum pulse frequency up to 350 kHZ this system as the oxygen flow rate is varied. As the oxygen
The dc power supplies used in this study were the Ad{low is increased initially, the target voltage rises slightly.
vanced Energy MDX and Pinnacle magnetron drivers. Thes®perating in this “metallic” regime could result in the for-
power supplies were used in conjunction with the Advancednation of a substoichiometric aluminum oxide film. At a
Energy Sparc-le V pulse unit. The Sparc-le V unit allows theflow rate of approximately 13 sccm of oxygen, the target
pulse parameters to be varied over the following ranges; frepoisons rapidly and the negative target voltage falls from 395
quency: 1-100 kHz, reverse time: 1—48, and reverse volt- to 250 V. The target then remains poisoned until theflow
age: 10%-20%. The dc supplies were operated in curremaite is reduced te<4 sccm. Operating in the “poisoned”
regulation mode. regime would produce stoichiometric films, but at very much
The Sparc-le V unit allows both hard arc and microarcreduced deposition rates. The OEM system allows control to
events to be monitored. Hard arcs are generally considered twe maintained at any point on the hysteresis curve. Figure 4
be a discharge which takes place between a region on thghows the relationship between target voltage and the OEM
cathode and an earthed surface, whereas microarcs are déetting, expressed as a percentage of the 100% metal signal.
charges between different sites on the cathode. While microAs can be seen, operating at a turn-down signal of 25%
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Target voltage, V TasLE | Experimental Taguchi L9 array for the investigation of alumina
films
450
Increasing oxygen flow Run Pulse frequency  Reverse time Reverse voltage
("'metallic’ regime) No (kHz) (us) (%)
400 A 3
| -  » 1 20 1 10
2 20 5 15
350 1 3 2 10 2
4 35 1 15
5 3H 5 20
300 1 6 % 10 10
< L. 7 50 1 20
8 50 5 10
250
Decreasing oxygen flow 9 50 10 15
(‘poisoned’ regime)
200 T T
0 5 10 15

pulse frequencyat levels 20, 35, and 50 kHz), reverse time
Oxygen flow rate, sccm (1, 5, and 10us), and reverse voltagd0%, 15%, and 20%

of the nominal sputtering voltageThis range of frequencies
was chosen because the Sparc-le V limits the maximum re-
verse time which can be selected at frequencies greater than

maintains the target between the metallic and poisoned re20 kHz. Higher frequencies were explored in a second array.
gimes in a “partially poisoned” mode. This allows stoichio- 1he initial experimental array is summarized in Table .
metric ALO; films to be deposited at acceptable rates. The alumina films were deposited onto precleaned glass
The first stage of this investigation was to deposit a serie§UPstrates which were subsequently sectioned for analytical
of alumina films under systematically varied conditions us-PurPoses. The coating structures were examined by scanning
ing the Pinnacle/Sparc-le V combination referred to above€l€ctron microscopySEM), with the thickness of each coat-
For each run, the total number of hard arcs detected by th®9 being measured from fracture section micrographs.
Sparc-le V was recorded. The film properties were then inP€position rates were then calculated from these measure-
vestigated, and the effectiveness of the deposition conditiorients. The composition of the coatings was determined us-
at arc suppression was considered. The Taguchi m&hodind & JEOL JXA-50A microanalyzer equipped with WDAX.
was used to design this experiment. This method utilizeé\ Nigh-purity aluminum standard was used in the analysis,
fractional factorial arrays which are designed to optimize the/ith 0xygen content being determined by difference. X-ray
amount of information obtained from a limited number of @nalyses were carried out using a Philips system, operating
experiments, and, as such, it is a very efficient experimentdl ¢—26 mode(CuKa radiation), and the resistivity of the
technique. The Taguchi L9 array was selected, which allow§0atings was measured using a four-point probe. _
up to four factors to be varied at three levels, although only Following this, a second array of experiments was carried

three factors were actually used. The factors chosen wer@t: In this case, coatings were deposited over an extended
range of pulse frequencies, up to 100 kHz. Also, the MDX

magnetron driver was used as the dc supply to allow com-

Fic 3 Hysteresis behavior displayed during reactive sputtering of alumina

Target voltage, V parison with the Pinnacle unit. Deposition runs were re-
450 peated under, otherwise, identical conditions, but at different
levels of duty factor. Care was taken between runs to sputter
clean the target, such that all runs started with the target in a
400 1 similar condition. Run times were varied to ensure that the
total pulse-on time was consistent, i.e., the total sputtering
350 - time was constant. The reverse voltage was fixed at 20% of
the nominal sputtering voltage. The number of hard arcs dis-
played by the Sparc-le V was recorded at regular intervals,
300 1 Normal operating both to monitor the onset of arcing, and to give the total
conditions cumulative number of arc events for each set of conditions.
250 | The coating structures and properties were investigated as for
the preceding array.
200 : ‘ : ‘ ll. RESULTS
0 0 40 80 80 100 The deposition rates and total number of hard arcs re-
OEM signal (% of pure metal signal) corded during each of the Taguchi array runs are listed in
Fic 4 Relationship between optical emiss®EM) signaland target volt- 1 able Il. The deposition rates have been normalized to target
age during reactive sputtering of alumina current to give the rate per minute, per A. The maximum
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TaBLE I Taguchi L9 array data table Normalised dep'n rate, nm/min/A
Run Duty factor, No of hard arcs Coating thicknessNormalized dep'n 14 ]
No % recorded (um) rate (nm/min/A) 12
]

1 98 >10 000 45 100 .

2 90 1823 30 93

3 80 5 14 46

4 965 >10 000 20 65

5 825 492 40 838

6 65 0 075 23

7 95 >10 000 375 116

8 75 2754 14 46

9 50 0 18 40
number of arcs which can be displayed by the counter on the 0 — T T T T
Sparc-le V is 10 000. Where this value was reached before 50 € 70 8 80 100
the end of a run, a value a#10000 has been inserted in Duty factor, %

Table I_I' _Also listed in Table Il a_re the duty factors for each Fic 6 Relationship between the duty factor and normalized deposition rate
run, arising from the array settings of pulse frequency andor reactive pulsedputtered alumina films

reverse time. Statistical analyses were carried out on these

data using a software package from the American Supplier

Institute, entitledANOVA-TM. This package was used to com- =0.77). Thus, it could be argued that, of the variables inves-
pute the level averages using deposition rate and number ¢ifhated, reverse voltage actually has the most significant in-
hard arcs as response variables, i.e., to compute the averafjgence on deposition rate. As reverse voltage is increased
response of each variable at each level of each factor. Thigom 10% to 20%, the level average for the normalized depo-
results of these analyses are shown graphically in Figs. 5 arsltion rate increases from 5.6 to 8.3 nm/min/A, a factor of
7, respectively. It appears from Fig. 5 that reverse time an@pproximately 1.5 times.

reverse voltage both have significant, but opposite influ- The Taguchi analysis using the total number of hard arcs
ences, on deposition rate. In the case of reverse time, this tetected as the response variable is shown in Fig. 7. Rather
simply because, as this factor is increased, so the pulse-ofurprisingly, pulse frequency and reverse voltage do not ap-
time becomes a greater proportion of the total pulse cyclepear to influence the response variable, whereas the level
i.e., the duty factor is reduced and sputtering takes place faaverage for reverse time varies from 10 000 to virtually zero
a lesser proportion of each cycle. This is illustrated in Fig. 6,as this parameter is increased from 1 togk0 Clearly, vary-
which shows the positive correlation between the duty factoing the reverse, or pulse-off time can have a very significant
and normalized deposition rat@orrelation coefficient,r

Taguchi Analysis: Hard Arcs

Taguchi Analysis: Normalised Deposition Rate Level averages, No. of arcs detected
Level averages, nm/min/A Thousands
10 12
9F 10 F
8 .- sl

7-
v 6
6 |

ar ~

5 -
af 2r
3 T T T T T (1] T T T T T T 71
203550 1 5 10 10 15 20 203550 1 5 10 10 15 20
Pulse Reverse Reverse Pulse Reverse Reverse
frequency, time, us Voltage, frequency, time, ps voltage,
kHz % kHz %

Fic 5 Taguchi analysis of alumina films, using the normalized depositionFic 7 Taguchi analysis of alumina films, using the total number of hard
rate as theesponse variable arcs detected ahe response variable
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Total No. of hard arcs detected
Thousands

12

10

40 50 60 70 80 90 100

Duty factor, % Fic 9 SEM micrograph of the fracture section of an alumina film deposited

on a glassubstrate: Taguchi array run 1
Fic 8 Relationship between the duty factor and the number of hard arcs

detected during theeposition of the Taguchi array alumina films

readings exceeded 20 Mén, which is the maximum value
that could be measured by the probe.
effect on the occurrence of arc events. Again, though, vary- T0 investigate further the parameters influencing arcing,
ing the reverse time has the effect of varying the duty factor.the second array, described earlier, was carried out. Table Il
Figure 8, therefore, shows the relationship between the dutljsts the pulse frequencies, reverse times, and duty factors
factor and the number of arc events recorded for the Taguchivestigatedthe reverse voltage was set to 20% throughout
array runs. At duty factors of 95% and higher’ greater tharA'SO included in Table Il is the total number of hard arcs
10000 hard arc events were recorded, independent of tHéisplayed by the Sparc-le V at the conclusion of the deposi-
pulse frequency and reverse voltage selected. At lower dutffon run. The arc count was also monitored at regular inter-
factors the number of arc events decreases exponentially uials during each run. Figure 10 shows the incidence of arc
til at 65% and below zero arcs were recorded. At intermedi€vents during a series of runs carried out at 60 kHz pulse
ate duty factors, arc events were reduced substantially, bdifequency. In these runs, the reverse times were varied from
not eliminated. There is some scatter in these data; at a du#/to 6 us, giving duty factors ranging from 88% to 64%. It is
factor of 75% the arc count was unexpectedly high compare@dain clear from Fig. 10 that there is a strong relationship
to the counts at 80% and 82.5% duty. Reference to Table petween the duty factor and the occurrence of hard arcs. As
reveals that in the former case the reverse voltage was set @€ duty factor is lowered, the incidence of arcing is signifi-
10% of the nominal sputtering voltage, whereas in the lattefantly reduced. Indeed, at 64% duty, hard arc events were
case it was set to 20%. It may, perhaps, be the case tha@mpletely suppressed for the duration of the deposition run.
reverse voltage exerts a second-order influence on the occuiM other duty factors there was still an initial arc-free period
rence of arcs. This suggestion is merely speculative at thisting for several minutes. However, in these cases, charge
stage. Finally, in these analyses the anticipated interactiogccumulation eventually reached the point where breakdown
between pulse frequency and reverse time was not observe@gcurred. Beyond this point the incidence of arcing increased
This may well have been due to the limited range of pulsedt an exponential rate.
frequencies investigated.
When the films themselves were examined, very little
run-to-run variation was observed. By way of example, Fig. TasLE Il Run conditions and hard arc counts for second alumina array
_9 Is a SEM mlprograph Of_ the fracture section of arr_ay COat_Run Pulse frequency Reverse time Duty factor Total hard arcs
ing run 1. In this case, as in all other cases, the coatings wergq (kHz) (uS) (%) detected
fully dense and defect free, with glass-like featureless struc

tures. Compositional analysis, x-ray diffraction, and four- gg i sg 3(7)
point probe measurements also showed a consistent pattern, 60 3 82 385
In all cases, within the accuracy of the equipment, the com- 4 60 2 875 5784
positions were found to be stoichiometric ,8k. X-ray 5 20 5 90 1545
analysis indicated that these coatings were amorphous. This® 35 5 825 492
would be expected, as their deposition temperatures did not’ ;g ‘2‘ ;21 3332
exceed 250 °C. Finally, four-point probe measurements con- 100 2 80 1041

firmed that the coatings were highly insulating. All resistivity
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Cumulative hard arcs Target voltage

1000

T'I‘o 5784 arcs

900
800
700

600

500

Target current -

0 50 100 150 . .
Fic 11 Oscilloscope trace of the target voltage wave form capturing an arc

Time, mins event during pulsedeactive sputtering of alumina film@ulse frequency

=100 kHz and duty=80%)
—e—duty = 64% -a— duty = 76%

duty=82%  —%—duty = 88% A
e/ . i the range tested pulse frequency alone does not significantly

- influence deposition rate, or the incidence of hard arcs during
Fle_ 10 Inflgence of the duty factor on t_he |r_1C|dence of hard arc eventsthe deposition of alumina films. The point has already been
during reactive pulsedputtering of alumina filmgpulse frequency=60 | . . )
kHz) made that a greater interaction with other parameters might,
perhaps, be expected if the range of frequencies was ex-
tended. In the case of deposition rate, reverse voltage is the
Overall, the arc counts for the second array were genelgritical factor at any given duty factor. It has been
ally lower than those for the quuchi array. While there maysyggestetf that this may be a result of preferential target
be a number of reasons for this, the second array runs wegeaning arising from the bipolar nature of the target voltage.
all carried out at a reverse voltage of 20%. This may, againat the end of each pulse-off period the target voltage is re-
be weak evidence that reverse voltage can influence arc supersed. At that instant, ions in the vicinity of the target will
pression. ‘be accelerated by the normal negative sputtering voltage,
To confirm that the events recorded by the Sparc-le V uni)ys the positive pulse-off voltage. Thus, at the beginning of
were indeed arcs, and not merely artifacts of the arc-countingach pulse-on period there will be a flux of ions incident at
circuitry, the target voltage wave forms were investigatedine target with a higher than average energy. Such a flux

using an oscilloscope. By triggering the oscilloscope on tarygy|g preferentially sputter clean poisoned regions of the
get current, it was possible to capture actual arc events. Fig-

ure 11 shows a typical example. At the onset of the arc event,
the discharge voltage collapses and the current rises signifi-
cantly. In this example, it is at least two pulse cycles before

the discharge is reestablished.

Coating structures and properties were investigated for
the second array coatings, as for the initial array. Again, all
coatings were x-ray amorphous with stoichiometric alumina
compositions. An example of the structures of these coatings
is given in Fig. 12, which shows a SEM micrograph of the
fracture section of the coating deposited at 80 kidaty
=84%). Interestingly, the high number of arcs recorded dur-
ing the deposition of each of these coatings does not seem to
have had a detrimental effect on the structures, which still
appear fully dense and defect free. Once again though, fur-
ther analysis of these films is planned.

IV. DISCUSSION
. A numper of im?reSting po.ints have emerged from thisg 1 sem micrograph of an alumina film deposited onto a glass sub-
investigation. The first Taguchi array demonstrated that ovestrate at 8G&Hz pulse frequency and 84% duty
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target. Since the sputtering rate from a metallic target isv. CONCLUSIONS
higher than the rate from a poisoned target, this would have
the effect of raising the deposition rate. Clearly, the effec- High-quality defect-free alumina films have been depos-
tiveness of the target cleaning would be increased as thiged by pulsed reactive magnetron sputtering over a broad
magnitude of the reverse voltage is increased, giving rise toange of conditions. A systematic study of the deposition
the trend observed here. Further studies, including the use gbnditions demonstrated that the incidence of hard arcs is
a time-resolved Langmuir probe, are planned to investigatgargely controlled by the duty factor selected, and is indepen-
this in more detail. dent of pulse frequencyover the range tested). It is more

Both arrays have demonstrated the very strong deperyppropriate, therefore, to consider the concept of a critical
dence of hard arc events on the duty factor selected. It apyyty factor for arc-free operation, rather than a critical fre-
pears, therefore, that it would be more appropriate t0 CONg ency. This study indicates that for the deposition of alu-
sider a critical duty factor for arc-free operation, rather thanmina films a duty factor of 70% or lower is necessary for
a critical frequency(accepting, again, the limited range of n?edium-term(i.e., several hoursarc-free operation. The

Q

frequencies tested). From these experiments, a duty factor . :
. ) deposition rate also appeared to be independent of pulse fre-
70% or lower is necessary, independent of pulse frequency . . .
uency, but to increase with reverse voltage at any given

if arc suppression throughout the duration of a deposition ru
is the prime concern. The second array did show that Iimite(ﬁju'[y factor.
periods of arc-free operation can be achieved at higher duty
factors. This finding is in agreement with Belkind, Freilich,
and ScholP*®who also obtained arc-free reactive sputtering
of alumina fo.r short tlr.ne.penOds at duties great_e_r than 90%. M Scherer, J Schmitt, R Latz, and M Schanz, J Vac Sci Technol A
However, this study indicated that such conditions do not 10, 1772(1992)
remain arc free and that breakdown soon occurs. Once thiSp Frach, U Heisig, C Gottfried, and H Walde, Surf Coat Tech&@)
has happened, the incidence of arcing then increases at an77(1993)
exponential rate. The scatter observed in the data presente@ﬁl Schiller, K Goedicke, J Reschke, V Kirkhoff, S Schneider, and F
here probably reflects the difficulty in replicating target con- 4:\3""dAe*GslséLecroj“Vzecc'g‘g'ﬁTlé :h3nléllifl3) 7085(1993)
dltloqs at the_: beginning of each run. The tar_g_et condition 1S 55 ‘Stauder, v Perry, and C Frantz, Surf Coat Techdi75, 320
certainly an important, but currently unquantified, factor. Fi- ;995
nally, on this subject, and underlining the comments madeéw D Sproul, M E Graham, M S Wong, S Lopez, D Li, and R A
about the target condition, there may also be some evidencescholl, J Vac Sci Technol A3, 1188(1995)
to suggest that increasing the reverse voltage can be benefiP J Kelly, O A Abu-Zeid, R D Amell, and J Tong, Surf Coat
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Reactive pulsed magnetron sputtering process for alumina films
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The pulsed magnetron sputtering (PMS) process is now among the leading techniques for the
deposition of oxide films. In particular, the use of pulsed dc power has transformed the deposition
of dielectric materials, such as alumina. The periodic target voltage reversals during the PMS
process effectively discharge poisoned regions on the target. This significantly reduces the
occurrence of arc events at the target and stabilizes the deposition process. Many researchers have
now shown that pulsed dc reactive magnetron sputtering can be routinely used to produce fully
dense, defect-free oxide films. Despite the success of the PMS process, few detailed studies have
been carried out on the role played by parameters such as pulse frequency, duty cycle, and reverse
voltage in the deposition process. In this study, therefore, alumina films were deposited by reactive
pulsed dc magnetron sputtering. Operating conditions were systematically varied and the deposition
process monitored throughout. The aim was to investigate the influence of the pulse parameters on
the deposition process, and the interrelationships between the occurrence of arc events and the
parameters chosen. As a result of this investigation, optimum conditions for the production of
high-quality alumina films under hard arc-free conditions were also identified. © 2000 American

Vacuum Society. [S0734-2101(00)04806-5]

I. INTRODUCTION

Since the initial development work in the early 1990s,'*
the pulsed magnetron sputtering (PMS) process has become
established as one of the leading techniques for the deposi-
tion of oxide films. In particular, the use of pulsed dc power
has transformed the deposition of dielectric materials, such
as alumina.'*~” The process itself has been well described
in various review articles,”®*"'* and no repetition is required
here. It is sufficient to state that pulsed dc reactive magnetron
sputtering offers significant advantages over conventional,
continuous dc processing.'* If the magnetron discharge is
pulsed in the bipolar mode (see Fig. 1) at frequencies, usu-
ally, in the range 10-200 kHz, the periodic target voltage
reversals effectively discharge poisoned regions on the tar-
get. This significantly reduces the occurrence of arc events at
the target and stabilizes the deposition process. Many re-
searchers have now shown that pulsed dc reactive magnetron
sputtering can be routinely used to produce fully dense,
defect-free oxide films. All stoichiometries are available,”®*
arc events are suppressed,'>%~%'3-17 deposition rates can ap-
proach those obtained for metallic films,”*”!'*!® and in dual-
cathode systems, very long-term (>300 h) process stability
is attainable.'®'? As a consequence, very significant im-
provements have been observed in the structure,’”®
hardness,”® and optical properties®'® of PMS alumina films,
compared to dc sputtered films.

The target voltage wave form during asymmetric bipolar
pulsed dc sputtering is shown schematically in Fig. 1. Refer-
ring to Fig. 1, the critical parameters which make up the

“Electronic mail: p.kelly@salford.ac.uk
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wave form are the pulse frequency, duty factor, and reve:se
voltage. Duty factor is the relative proportion of the pu'se
cycle made up of the “‘pulse-on’ period, when the tarcet
voltage is negative and sputtering is occurring. The reverse
voltage is the nominal positive target voltage achieved dur-
ing the “‘pulse-off” period, often expressed as a percentage
of the mean-negative voltage during the pulse-on period. The
schematic wave form in Fig. 1 shows a pulse frequency of
100 kHz, with a duty factor of 80%, and the reverse voltuze
set at 20% of the pulse-on voltage. In practice, this *‘squarc”
wave form is not achieved due to the inherent characteristics
of the plasma and the power delivery system, with both posi-
tive and negative voltage overshoots being observed.”” These
artifacts can be clearly seen in Fig. 2, an oscilloscope trace of
the target voltage wave form obtained when actually operal-
ing under the conditions defined previously.

Reference has already been made to the many examples
in the literature of the success of the PMS process. However,
as yet, few detailed studies have been published on the ro'e
played by the pulse parameters in the deposition process.
Belkind, Freilich, and Scholl,”'® derived an expression
showing that the critical pulse frequency for arc-free opera-
tion depends on the discharge current and the pulse-off time-
Although not explicitly stated, their study indicates that, for a
given discharge current, the duty factor is actually the most
critical parameter in establishing arc-free conditions. Also.
these studies did not consider time-dependent effects, since
arc counting was only carried out for 3 min per run. In sit\-
ations where, during each pulse-off cycle, the parameters <°-
lected only partially discharge the poisoned regions on the
target, a residual charge will accumulate until, eventually,
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', Schematic representation of the target voltage wave form during
metric bipolar pulsed sp ing (pulse fr y=100 kHz, reverse
2445 duty=80%, and reverse voltage=20%).

o occurs. Thus, conditions which appear to prevent arc-
at the beginning of a deposition run can prove ineffective
he run progresses.

ghout The aim was to investigate the influence of the
se parameters, such as pulse frequency, duty factor, and
erse voltage, and the interrelationships between the occur-
ice of arc events and the parameters chosen. As a result of
’}hvestngaﬂon optimum conditions for the production of
eh-quality alumina films under hard arc-free conditions
ere also identified.

EXPERIMENT

The commercial interest generated by the PMS process
 led to the development of new power delivery systems.
ese include ac supplies, single- and dual-channel pulsed

hich the magnetron discharge could be pulsed over the fre-
ency range 1-100 kHz. Parallel studies are also being
ade of the latest generation of pulsed dc supply which ex-
ds the maximum pulse frequency up to 350 kHz.”'*

e dc power supplies used in this study were the Ad-

__ 10% 20%. The dc supplles were operated in current
gulation mode.

The Sparc-le V unit allows both hard arc and microarc
ents to be monitored. Hard arcs are generally considered to
e a discharge which takes place between a region on the
thode and an earthed surface, whereas microarcs are dis-
harges between different sites on the cathode. While micro-
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Target voltage, V
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FiG. 2. Oscilloscope trace of the target voltage wave form when operating in

asymmetric bipolar pulsed mode at 100 kHz (80% duty and 20% reverse
voltage).

arcs can normally be tolerated, hard arc events are extremely
detrimental to the deposition process.>® Thus, in this study
only the incidence of hard arcs was monitored.

The work performed here was carried out in a Teer Coat-
ings Ltd. UDP 450 closed-field unbalanced magnetron spul-
tering rig, which has been described in detail elsewhere.”
Alumina films were deposited by reactive unbalanced mag-
netron sputtering from a 99.5% pure Al target. In all cases
the base pressure was <2X 10~ ® mbar, the argon flow rate
was adjusted to give a chamber pressure of 2 10~ mbar
prior to deposition, and the target current was set to 6 A. The
target was precleaned with the substrates shuttered, but no
sputter cleaning of the substrates themselves was carried out.
In fact, the substrate holder was allowed to float electrically
throughout. The flow of reactive gas was controlled by an
optical emissions monitoring (OEM) system tuned to the 396
nm line in the Al emission spectrum. An OEM turn-down
signal of 25% was used for all depositions, i.e., reactive gas
was allowed into the chamber until the OEM signal had
fallen to 25% of the initial 100% metal signal. A feedback
loop then maintained the OEM signal at this value for the
duration of the deposition run, which was typically 90 min.
Previous experience had shown thal such conditions would
produce stoichiometric Al,O3 films.®

Figure 3 shows the characteristic hysteresis behavior of
this system as the oxygen flow rate is varied. As the oxygen
flow is increased initially, the target voltage rises slightly.
Operating in this *‘metallic™” regime could result in the for-
mation of a substoichiometric aluminum oxide film. At a
flow rate of approximately 13 scem of oxygen, the target
poisons rapidly and the negative target voltage falls from 395
to0 250 V. The target then remains poisoned until the O, flow
rate is reduced to <4 sccm. Operating in the *‘poisoned™
regime would produce stoichiometric films, but at very much
reduced deposition rates. The OEM system allows control to
be maintained at any point on the hysteresis curve. Figure 4
shows the relationship between target voltage and the OEM
setting, expressed as a percentage of the 100% metal signal.
As can be seen, operating at a turn-down signal of 25%
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Target voltage, V TABLE 1. Experimental Taguchi L9 array for the investigation of aluming
450 films. 3

l:lcmasln.g oxygen flow Run Pulse frequency Reverse time Reverse voltage
(‘metallic’ regime) No. (kHz) (s) (%)
400 o . - 4
1 —_— 1 20 1 10
2 20 5 15
350 3 20 10 20
4 35 1 15
S 35 5 20
300 | 6 35 10 10
< 7 50 1 20
L. 8 50 5 10
280 9 50 10 15
Decreasing oxygen flow
(‘poisoned’ regime) —=
200
g 2 10 15 pulse frequency (at levels 20, 35, and 50 kHz), reverse tii e
Oxygen flow rate, sccm (1, 5, and 10 us), and reverse voltage (10%, 15%, and 20%
FiG. 3. Hy is behavior displayed during reactive sputtering of alumina. of the nominal sputtering voltage). This range of frequencics

maintains the target between the metallic and poisoned re-
gimes in a *“‘partially poisoned’’ mode. This allows stoichio-
metric AL,O; films to be deposited at acceptable rates.

The first stage of this investigation was to deposit a series
of alumina films under systematically varied conditions us-
ing the Pinnacle/Sparc-le V combination referred to above.
For each run, the total number of hard arcs detected by the
Sparc-le V was recorded. The film properties were then in-
vestigated, and the effectiveness of the deposition conditions
at arc suppression was considered. The Taguchi method®
was used to design this experiment. This method utilizes
fractional factorial arrays which are designed to optimize the
amount of information obtained from a limited number of
experiments, and, as such, it is a very efficient experimental
technique. The Taguchi L9 array was selected, which allows
up to four factors to be varied at three levels, although only
three factors were actually used. The factors chosen were

Target voltage, V
450

350

300 Normal operating
conditions

250

200

0 20 40 60 80 100
OEM signal (% of pure metal signal)

FiG. 4. Relationship b optical
age during reactive sputtering of alumina.

(OEM) signal and target volt-

J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov/Dec 2000

was chosen because the Sparc-le V limits the maximum re-
verse time which can be selected at frequencies greater than
50 kHz. Higher frequencies were explored in a second array.
The initial experimental array is summarized in Table 1.

The alumina films were deposited onto precleaned glis
substrates which were subsequently sectioned for analytical
purposes. The coating structures were examined by scanning
electron microscopy (SEM), with the thickness of each coat-
ing being measured from fracture section micrographs.
Deposition rates were then calculated from these measure-
ments. The composition of the coatings was determined us-
ing a JEOL JXA-50A microanalyzer equipped with WDAX.
A high-purity aluminum standard was used in the analy:'s,
with oxygen content being determined by difference. X-roy
analyses were carried out using a Philips system, operating
in #-26 mode (Cu K« radiation), and the resistivity of the
coatings was measured using a four-point probe.

Following this, a second array of experiments was carricd
out. In this case, coatings were deposited over an extendcd
range of pulse frequencies, up to 100 kHz. Also, the MDX
magnetron driver was used as the dc supply to allow com-
parison with the Pinnacle unit. Deposition runs were re-
peated under, otherwise, identical conditions, but at different
levels of duty factor. Care was taken between runs to sputter
clean the target, such that all runs started with the target in a
similar condition. Run times were varied to ensure that the
total pulse-on time was consistent, i.e., the total sputtering
time was constant. The reverse voltage was fixed at 20% of
the nominal sputtering voltage. The number of hard arcs dis-
played by the Sparc-le V was recorded at regular intervals.
both to monitor the onset of arcing, and to give the total
cumulative number of arc events for each set of conditions.
The coating structures and properties were investigated as for
the preceding array.

lll. RESULTS

The deposition rates and total number of hard arcs rc-
corded during each of the Taguchi array runs are listed in
Table II. The deposition rates have been normalized to targe!
current to give the rate per minute, per A. The maximum
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Le 11. Taguchi L9 array data table.

:;’Duty factor, No. of hard arcs Coating thickness Normalized dep’n

% recorded {pm) rate (nm/min/A)
98 >10000 4.5 10.0
9% 1823 3.0 9.3
80 S 14 4.6
96.5 >10000 20 6.5
825 492 4.0 8.8
65 0 0.75 23
95 >10 000 375 11.6
75 2754 14 46
50 0 18 4.0

n, arising from the array settings of pulse frequency and
e time. Statistical analyses were carried out on these

titute, entitled ANOVA-TM. This package was used to com-
ite the level averages using deposition rate and number of

sponse of each variable at each level of each factor. The
sults of these analyses are shown graphically in Figs. 5 and
pectively. It appears from Fig. 5 that reverse time and
e voltage both have significant, but opposite influ-

sser proportion of each cycle. This is illustrated in Fig. 6,
hich shows the positive correlation between the duty factor

nd normalized deposition rate (correlation coefficient, r

Taguchi Analysis: Normalised Deposition Rate
Level averages, nm/min/A

v/

20355 1 5 10 10 15 20
Pulse  Reverse Reverse
frequency, time, us Voltage,
kHz %

G. 5. Taguchi analysis of alumina films, using the normalized deposition
fate as the response variable.
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Normalised dep'n rate, nm/min/A
14

12 -
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L)
50 60 70 80 90 100
Duty factor, %

FiG. 6. Relationship between the duty factor and normalized deposition rate
for ive pulsed sp d alumina films.

=().77). Thus, it could be argued that, of the variables inves-
tigated, reverse voltage actually has the most significant in-
fluence on deposition rate. As reverse voltage is increased
from 10% to 20%, the level average for the normalized depo-
sition rate increases from 5.6 to 8.3 nm/min/A, a factor of
approximately 1.5 times.

The Taguchi analysis using the total number of hard arcs
detected as the response variable is shown in Fig. 7. Rather
surprisingly, pulse frequency and reverse voltage do not ap-
pear to influence the response variable, whereas the level
average for reverse time varies from 10000 to virtually zero
as this parameter is increased from 1 to 10 us. Clearly, vary-
ing the reverse, or pulse-off time can have a very significant

Taguchi Analysis: Hard Arcs
Level averages, No. of arcs detected
Thousands

12

10

o et —

0 T L) L T L L 1] L)
20355 1 5 10 10 15 20
Pulse Reverse Reverse
frequency, time, us Voltage,
kHz %

FiG. 7. Taguchi analysis of alumina films, using the total number of hard
arcs d d as the iabl

P



Total No. of hard arcs detected
Thousands :

12

10

T T T T

T
40 50 60 70 80 90 100
Duty factor, %

Fi6. 8. Relationship between the duty factor and the number of hard arcs
detected during the deposition of the Taguchi array alumina films.

effect on the occurrence of arc events. Again, though, vary-
ing the reverse time has the effect of varying the duty factor.
Figure 8, therefore, shows the relationship between the duty
factor and the number of arc events recorded for the Taguchi
array runs. At duty factors of 95% and higher, greater than
10000 hard arc events were recorded, independent of the
pulse frequency and reverse voltage selected. At lower duty
factors the number of arc events decreases exponentially un-
il at 65% and below zero arcs were recorded. At intermedi-
ate duty factors, arc events were reduced substantially, but
not eliminated. There is some scatter in these data; at a duty
factor of 75% the arc count was unexpectedly high compared
to the counts at 80% and 82.5% duty. Reference to Table I
reveals that in the former case the reverse voltage was set at
10% of the nominal sputtering voltage, whereas in the latter
case it was set to 20%. It may, perhaps, be the case that
reverse voltage exerts a second-order influence on the occur-
rence of arcs. This suggestion is merely speculative at this
stage. Finally, in these analyses the anticipated interaction
between pulse frequency and reverse time was not observed.
This may well have been due to the limited range of pulse
frequencies investigated.

When the films themselves were examined, very little
run-to-run variation was observed. By way of example, Fig.
9 is a SEM micrograph of the fracture section of array coat-
ing run 1. In this case, as in all other cases, the coatings were
fully dense and defect free, with glass-like featureless struc-
tures. Compositional analysis, x-ray diffraction, and four-
point probe measurements also showed a consistent pattern.
In all cases, within the accuracy of the equipment, the com-
positions were found to be stoichiometric Al,O;. X-ray
analysis indicated that these coatings were amorphous. This
would be expected, as their deposition temperatures did not
exceed 250 °C. Finally, four-point probe measurements con-
firmed that the coatings were highly insulating. All resistivity

J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov/Dec 2000
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apm

FiG. 9. SEM micrograph of the fi section of an al
on a glass substrate: Taguchi array run 1.

film deposite!

readings exceeded 20 M ¢m, which is the maximum valuc
that could be measured by the probe.

To investigate further the parameters influencing arcing
the second array, described earlier, was carried out. Table I1!
lists the pulse frequencies, reverse times, and duty factors
investigated (the reverse voltage was set to 20% throughout).
Also included in Table III is the total number of hard arcs
displayed by the Sparc-le V at the conclusion of the deposi-
tion run. The arc count was also monitored at regular inte;
vals during each run. Figure 10 shows the incidence of ar
events during a series of runs carried out at 60 kHz pulse
frequency. In these runs, the reverse times were varied from
2 10 6 us, giving duty factors ranging from 88% to 64%. It is
again clear from Fig. 10 that there is a strong relationship
between the duty factor and the occurrence of hard arcs. As
the duty factor is lowered, the incidence of arcing is signifl
cantly reduced. Indeed, at 64% duty, hard arc events were
completely suppressed for the duration of the deposition run
At other duty factors there was still an initial arc-free period
lasting for several minutes. However, in these cases, charge
accumulation eventually reached the point where breakdown
occurred. Beyond this point the incidence of arcing increased
at an exponential rate.

Tasie 111 Run conditions and hard arc counts for second alumina array

Run Pulse frequency  Reverse time  Duty factor  Total hard arcs
No. (kHz) (us) (%) detected
1 60 6 64 0
2 60 4 76 37
3 60 3 82 385
4 60 2 87.5 5784
5 20 5 90 1545
6 35 5 82.5 492
7 70 4 72 497
8 80 2 84 3998
9 100 2 80 1041




Cumulative hard arcs
1000 4
gy 410 5784 ares
800
700
600
500
400
300 |
200
100
0 |
0 50 100 150
Time, mins
[ Saies. | = amaiie
R

G. 10. Influence of the duty factor on the incidence of hard arc events
reactive pulsed sputtering of alumina films (pulse frequency =60

" Overall, the arc counts for the second array were gener-
ly lower than those for the Taguchi array. While there may
e a number of reasons for this, the second array runs were
I carried out at a reverse voltage of 20%. This may, again,
be weak evidence that reverse voltage can influence arc sup-
ression.

"To confirm that the events recorded by the Sparc-le V unit
vere indeed arcs, and not merely artifacts of the arc-counting
ircuitry, the target voltage wave forms were investigated
sing an oscilloscope. By triggering the oscilloscope on tar-
et current, it was possibie to capture actual arc events. Fig-
re 11 shows a typical example. At the onset of the arc event,
discharge voltage collapses and the current rises signifi-
ntly. In this example, it is at least two pulse cycles before
he discharge is reestablished.

- Coating structures and properties were investigated for
he second array coatings, as for the initial array. Again, all
atings were x-ray amorphous with stoichiometric alumina
ompositions. An example of the structures of these coatings
given in Fig. 12. which shows a SEM micrograph of the
racture section of the coating deposited at 80 kHz (duty
:849). Interestingly, the high number of arcs recorded dur-
ng the deposition of each of these coatings does not seem to
ave had a detrimental effect on the structures, which still
ppear fully dense and defect free. Once again though, fur-
her analysis of these films is planned.

V. DISCUSSION
‘A number of interesting points have emerged from this

investigation. The first Taguchi array demonstrated that over
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FiG. 11. Oscilloscope trace of the target voltage wave form capturing an arc
event during pulsed reactive sputtering of alumina films (pulse frequency
=100 kHz and duty=80%).

the range tested pulse frequency alone does not significantly
influence deposition rate, or the incidence of hard arcs during
the deposition of alumina films. The point has already been
made that a greater interaction with other parameters might,
perhaps, be expected if the range of frequencies was ex-
tended. In the case of deposition rate, reverse voltage is the
critical factor at any given duty factor. It has been
suggested‘2 that this may be a result of preferential target
cleaning arising from the bipolar nature of the target voltage.
At the end of each pulse-off period the target voltage is re-
versed. At that instant, ions in the vicinity of the target will
be accelerated by the normal negative sputtering voltage,
plus the positive pulse-off voltage. Thus, at the beginning of
cach pulse-on period there will be a flux of ions incident at
the target with a higher than average energy. Such a flux
would preferentially sputter clean poisoned regions of the

ited onto a glass sub-

FiG. 12. SEM graph of an alumina film dep
strate at 80 kHz pulse frequency and 84% duty.
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target. Since the sputtering rate from a metallic target is
higher than the rate from a poisoned target, this would have
the effect of raising the deposition rate. Clearly, the effec-
tiveness of the target cleaning would be increased as the
magnitude of the reverse voltage is increased, giving rise o
the trend observed here. Further studies, including the use of
a time-resolved Langmuir probe, are planned to investigate
this in more detail.

Both arrays have demonstrated the very strong depen-
dence of hard arc events on the duty factor selected. It ap-
pears, therefore, that it would be more appropriate to con-
sider a critical duty factor for arc-free operation, rather than
a critical frequency (accepting, again, the limited range of
frequencies tested). From these experiments, a duty factor of
70% or lower is necessary, independent of pulse frequency,
if arc suppression throughout the duration of a deposition run
is the prime concern. The second array did show that limited
periods of arc-free operation can be achieved at higher duty
factors. This finding is in agreement with Belkind, Freilich,
and Scholl,”'® who also obtained arc-free reactive sputtering
of alumina for short time periods at duties greater than 90%.
However, this study indicated that such conditions do not
remain arc free and that breakdown soon occurs. Once this
has happened, the incidence of arcing then increases at an
exponential rate. The scatter observed in the data presented
here probably reflects the difficulty in replicating target con-
ditions at the beginning of each run. The target condition is
certainly an important, but currently unquantified, factor. Fi-
nally, on this subject, and underlining the comments made
about the target condition, there may also be some evidence
to suggest that increasing the reverse voltage can be benefi-
cial in reducing arcing. In a manner analogous to the influ-
ence of reverse voltage on deposition rate, the mechanism for
this may again be preferential cleaning of the poisoned re-
gions of the target at the beginning of each pulse-on period.
This is somewhat speculative at this stage, and any actual
effect is very much second order, compared to the duty fac-
tor.

The other surprising point to come out of this work is the
apparent insensitivity of the coating structures and properties
to the incidence of arcing. The alumina films showed a great
deal of similarity at the relatively superficial level of exami-
nation used here. All coatings were x-ray amorphous with
stoichiometric Al,O5 compositions. All structures were fully
dense and defect free. More sophisticated analysis of these
films is planned for the future, including nanohardness mea-
surements and surface roughness measurements.

To summarize the findings of this work, high-quality alu-
mina films can be deposited by pulsed reactive magnetron
sputtering over a broad range of conditions. No significant
differences in performance were observed between the two
dc magnetron drivers used. The optimum conditions to
achieve hard arc-free operation throughout the course of a
deposition run, using the power delivery systems and depo-
sition conditions employed here, and for pulse frequencies in
the range 20-100 kHz, are to select a duty factor of 70%.
with the reverse voltage set to 20%.

J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov/Dec 2000

V. CONCLUSIONS

High-quality defect-free alumina films have been depos-
ited by pulsed reactive magnetron sputtering over a broad
range of conditions. A systematic study of the deposition
conditions demonstrated that the incidence of hard arcs is
largely controlled by the duty factor selected. and is indepen-
dent of pulse frequency (over the range tested). It is more.
appropriate, therefore, to consider the concept of a critical
duty factor for arc-free operation, rather than a critical fre-
quency. This study indicates that for the deposition of alu-
mina films a duty factor of 70% or lower is necessary for
medium-term (i.e., several hours) arc-free operation. The.
deposition rate also appeared to be independent of pulse fre-
quency, but to increase with reverse voltage at any given
duty factor.
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