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The pulsed magnetron sputteritBMS) 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 Society.S0734-2101(00)04806-5]

[. 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 sputterif@MS) process has become \qiage is negative and sputtering is occurring. The reverse

gstabllshgd as one of the_ leading techniques for the depos\}bltage is the nominal positive target voltage achieved dur-
tion of oxide films. In particular, the use of pulsed dc POWETing the “pulse-off’ period, often expressed as a percentage
has transformed the deposition of dielectric materials, suc%f the mean-negative voltage during the pulse-on period. The
as alumind3°"°The process itself has been well describedg o matic wave form in Fig. 1 shows a pulse frequen(;y of

i ; i io|o&6.8-14 PSR ;
IN various review articles, and no repet|t|on_|s required 100 kHz, with a duty factor of 80%, and the reverse voltage
here. It is sufficient to state that pulsed dc reactive magnetron

. o . et at 20% of the pulse-on voltage. In practice, this “square”
sputtering offers significant advantages over conventiona . . : -
. : . . Wwave form is not achieved due to the inherent characteristics
continuous dc processirtg.If the magnetron discharge is

) . . . _ of the plasma and the power delivery system, with both posi-
pulsed in the bipolar modésee Fig. 1jat frequencies, usu tive and negative voltage overshoots being obsefV@these

ally, in the range 10-200 kHz, the periodic target voltage "’ I .
reversals effectively discharge poisoned regions on the tale}rtlfacts can be clearly seen in Fig. 2, an oscilloscope trace of
arget voltage wave form obtained when actually operat-

get. This significantly reduces the occurrence of arc events élf'e t h " f ousl
the target and stabilizes the deposition process. Many ré!9 under the conditions defined previously.

searchers have now shown that pulsed dc reactive magnetron Réference has already been made to the many examples
sputtering can be routinely used to produce fully densel 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®25-eposition rates can ap- Played by the pulse parameters in the deposition process.
proach those obtained for metallic filid71>4%nd in dual- ~ Belkind, Freilich, and Schoft'® derived an expression
cathode systems, very long-tertm300 h) process stability ~Showing that the critical pulse frequency for arc-free opera-
is attainablé®® As a consequence, very significant im- tion depends on the discharge current and the pulse-off time.
provements have been observed in the structtfe, Although notexplicitly stated, their study indicates that, for a
hardnes$;® 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,
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Fic. 1. Schematic representation of the target voltage wave form during™iG. 2. Oscilloscope trace of the target voltage wave form when operating in
asymmetric bipolar pulsed sputterirfgulse frequency100 kHz, reverse  asymmetric bipolar pulsed mode at 100 kk80% 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 procé’sgsThus 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 théAlumina 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 occuihe base pressure was2x 10™° mbar, the argon flow rate
rence of arc events and the parameters chosen. As a resultw@s adjusted to give a chamber pressure sf1B *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 pulsedas 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®
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 kRHZ 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
guency: 1-100 kHz, reverse time: 1—46, and reverse volt- to 250 V. The target then remains poisoned until theflOw
age: 10%-20%. The dc supplies were operated in currembte 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 tze maintained at any point on the hysteresis curve. Figure 4
be a discharge which takes place between a region on thehows the relationship between target voltage and the OEM
cathode and an earthed surface, whereas m|croarcs are dgetting, expressed as a percentage of the 100% metal signal.
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Target voltage, V TaBLE |. Experimental Taguchi L9 array for the investigation of alumina
films.
450
I?creas!nlg oxygen flow Run Pulse frequency ~ Reverse time Reverse voltage
("'metallic’' regime) No. (kHz) (us) (%)
400
s - » 1 20 1 10
2 20 5 15
350 1 3 20 10 20
4 35 1 15
5 35 5 20
300 1 6 35 10 10
< L. 7 50 1 20
8 50 5 10
250
Decreasing oxygen flow 9 50 10 15
(‘poisoned’ regime)
200 r
0 5 10 15

pulse frequencyat levels 20, 35, and 50 kHz), reverse time
Oxygen flow rate, sccm (1, 5, and 10us), and reverse voltagd 0%, 15%, and 20%

Fic. 3. Hysteresis behavior displayed during reactive sputtering of aIumina.Of the nominal sputtering VOItag‘eThls r_an_ge of frequgnmes
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- 1€ initial experimental array is summarized in Table I.
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 serieSubstrates 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&€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€pPosition rates were then calculated from these measure-
vestigated, and the effectiveness of the deposition conditionf®€nts. The composition of the coatings was determined us-
at arc suppression was considered. The Taguchi m&thodnd @ JEOL JXA-50A microanalyzer equipped with WDAX.
was used to design this experiment. This method utilizeé* high-purity aluminum standard was used in the analysis,
fractional factorial arrays which are designed to optimize theVith oxygen 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 (CuK« radiation), and the resistivity of the
technique. The Taguchi L9 array was selected, which allow§02atings 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@Ut: 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-

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

150 - 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 ‘ ‘ ‘ ‘ lll. RESULTS

0 20 40 60 80 100

The deposition rates and total number of hard arcs re-
corded during each of the Taguchi array runs are listed in
Fi. 4. Relationship between optical emissi@EM) signal and target volt- 1 able I1. The_ deposition rates have been normalized to_ target
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TABLE Il. Taguchi L9 array data table. Normalised dep'n rate, nm/min/A

Run Duty factor, No. of hard arcs Coating thicknessNormalized dep’n 14 i

No. % recorded (uem) rate (nm/min/A) 12

]

1 98 >10 000 45 10.0 1

2 90 1823 3.0 9.3

3 80 5 1.4 4.6

4 96.5 >10 000 2.0 6.5

5 82.5 492 4.0 8.8

6 65 0 0.75 2.3

7 95 >10 000 3.75 11.6

8 75 2754 1.4 4.6

9 50 0 1.8 4.0

number of arcs which can be displayed by the counter on the 0 T T T T T
Sparc-le V is 10000. Where this value was reached before 56 60 70 80 %0 100
the end of a run, a value 6£10000 has been inserted in Duty factor, %

Table II. Also listed in Table Il are the duty factors for each Fic. 6. Relationship between the duty factor and normalized deposition rate
run, arISIng from the array Settlngs of pulse frequency andor reactive pulsed sputtered 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 tifyated, reverse voltage actually has the most significant in-
hard arcs as response variables, i.e., to compute the averaffigence on deposition rate. As reverse voltage is increased
response of each variable at each level of each factor. Thieom 10% to 20%, the level average for the normalized depo-
results of these analyses are shown graphically in Figs. 5 argltion 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 #etected 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 touk0 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 coefficientr

Taguchi Analysis: Hard Arcs

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

7F
| v 6 F
6_

ot~ —~

at 2r
3 T T T T T T T T T 0 U I 1 ! 1 ' L] ' )
203550 1 5 10 10 15 20 203550 1 5 10 10 15 20
Pulse Reverse Reverse Pulse Reverse Reverse
frequency, time, ps 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
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