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2.2. Plasma emission monitoring (PEM)

This method of control has been described in detail

in a previous paper[6]. In the course of this work, the
plasma contained mainly the emission lines corre-
sponding to argon, oxygen and the target material.
Therefore, to control the emission line/s of one of
these elements, the optical filter had to be chosen so as
either the wavelength/s of light it transmitted was
unique to this element, or the emissionintensity at the
selected wavelength/s wassufficiently higher than the
corresponding onesof the other two elements.

For example, for the reactive sputter-deposition of In
oxide, a band pass filter had been used for controlling
on In emission line at 451.1 nm. Sufficient signals up to
approximately 150 mV were obtained at applied powers
of the order of 300 W. At this wavelength, there is
neither an argon nor an oxygenline, sufficiently in-
tense, to interfere with the In one. A more universal
technique was required for the large numberof materi-
als investigated in this work. A high-pass filter, with a
cut-off wavelength at approximately 620 nm, was suc-
cessfully used to control the reactive sputter-deposition
of W, V, Mo andTioxide. At wavelengths greater than
approximately 620 nm,the intensities of the emission
lines of these metals are very weak. Thus, the transmit-
ted signal by this filter is either due to argon or
oxygen-lines. The signal fell as oxygen was admitted
and it is concluded that the strong signal was due to
argon, and the control was carried out on the argon
lines, the fall in intensity being attributed to changesin
the discharge current and coupling to the components
of the atmosphere as the oxygen was added. Signals up
to approximately 1.5-2 V were obtained at applied
powers of the order of 300 W.

2.3. Voltage control

Voltage control has been described in detail in a
previous paper [6]. This method of control has been
used in this work in the cases of Al, Zn, Cu and Pb

whenthey were sputtered in an Ar/O, atmosphere.
Fig. 3 shows a schematic of the voltage control loop.

A user connector, located on the rear panel of the
Advanced Energy™ power supplies which was used in
this work, provides a 0-5-V DCanaloguesignal repre-
senting the cathode voltage (i.e. the output voltage of
the power supply). The DC signal was 0 V when the
output voltage of the supply wasalso 0 V andit was 5
V at the full-scale output voltage of the supply. This
0-5-V DC signal was used as an input to a voltage
controller. The signal was taken through two controls;
one of which backs it off against another potential to
provide a zero reference. The difference from this zero
signal was then amplified by a variable gain amplifier to
give an output ranged from 0 to 1 V. The output signal

Vacuum chamber

> Gas pipe
> Electrical signal
 

Fig. 3. Voltage control (VC) system used in controlling the reactive
magnetron sputtering processes.

from the voltage controller was then applied to a
standard pressure controller (process controller) which
was connected to a piezoelectric control valve of a very
fast response. The ‘zero reference’ was the signal cor-
responding to the voltage seen when the target was
fully poisoned, the ‘1’ was that for metal sputtering.
Any intermediate degree of target poisoning (i.e. an
intermediate value of cathode voltage) can be repre-
sented, in this technique, by a value of input voltage to
the controller in the range 0-5 V, and a value of
output voltage in the range 0-1 V. The input to the
voltage controller was taken from the DC power sup-
ply, whenit was used, as it represented the dominating
power applied to the main magnetronrelative to the
floating power applied by the AC power supply. This
arrangementprovided better control.

2.4. Substrate condition probe

The information that was required was the ion cur-
rent density to the substrate andits floating potential.
In other words, the number and energy of ions that
bombardedthe growingfilmsrelative to the number of
atoms deposited. To obtain this information, we used
what we termed a ‘substrate condition probe’. Fig. 4
shows a cross-sectional and a bottom view (i.e. the

surface with a direct contact with the plasma) of this
probe. It essentially consisted of a central cylindrical
head, whose diameter was 6 mm, surrounded by a
25 x37 mm guard. The guard, which was entirely
isolated from the head, was utilised to minimise the
plasma edge-effect from the probe head. The probe
was placed in the plane of the substrate following the
same procedureof placing a substrate; it was mounted
in the jig, which was in turn inserted into the platen.

The I-V characteristics were then obtained by bias-
ing the probe head. The current to the guard was
excluded. Probe measurements were performed using
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(a) Cross-sectional view.
Copper nut
Screw
Washer

Copper cylinder
(probe head)

a ~3.Benen, ‘Ceramic insulator

Aluminium body
(probe guard) 

(b) Bottom views: Surface with
contact with plasma

Aluminium guard

Copper probe head 
Fig. 4. A cross-sectional and a bottom view of the probe.

In and Sn targets attached to the main and secondary
magnetrons, respectively. Keeping the working pres-
sure at 2X 10~* torr, two sets of experiments were
carried out. The first was when the probe was held
opposite to the centre of the In magnetron using dif-
ferent DC powers (i.e. at 100, 200 and 300 W). In
addition, the characteristics of the probe when it was
facing the erosion zone of the In magnetron, when the
applied power was 300 W,wasalso plotted for compar-
ison. The results are shown in Figs. 5 and 6. In the
second set of experiments, the probe was held opposite
to the centre of the In magnetron throughout. The
applied powers were 50 W and 100 W ACfloating
between the two magnetrons, and 300 W DC combined
with 100 W AC. Theresults are shown in Fig. 7. The
following remarks can be deduced from these figures:

Currentdensity(mA/em2) &

ten,

.

100 10 “120 100 oO +0 ~ 2 ° 2» “ a
y Vottage (V)

Fig. 5. The I-V characteristics of the probe when an In magnetron
was held at 300 W DCandthe probe washeld opposite to the centre
of the magnetron.
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Fig. 6. The negative part of the I-V characteristics of the probe, at
different DC powers to an In magnetron, whenit was held opposite
the centre of the magnetron. The curve when the probe was held
opposite the erosion zoneis also plotted.

1. The ion-current to the probe increased with the
applied DC powerto the magnetron. On the other
hand, at a fixed DC power(e.g. 300 W), such a
current was higher when the probe was held oppo-
site the centre of the magnetron than whenit was
opposite the erosion zone. Similarly, the ion-cur-
rent to the probe also increased with the applied
floating AC power.

2. At a fixed magnitude of power(e.g. 100 W), the
ion-current to the probe was lower in the DC case
than in the floating AC one. Furthermore, the
ion-current to the probe in the case of the 100-W
AC combined with 300-W DCwasthe highest(Fig.
7).

3. The floating potential of the probe was almost
independent of the applied AC powerandslightly
dependent on the DC power. However, the order
of magnitudeof these floating potentials wasslightly
lower when DCpowers wereapplied.

The above conclusions are in very good agreement
with the results obtained by Window and Sawvides[12]
and the results of Glocker[8]. In addition, the ion-cur-
rent and floating potential, when the probe was oppo-
site to the erosion zone, are less than the correspond-
ing values when the probe was opposite to the centre of

© Fioatingof300ACa Pioatingat1000 AC —o- Pioatingof1000ACandMasedwith 3008 DC
Veltage (V)

“1 ASD 140 130 -120 110 100 0 0-8
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Fig. 7. The negative part of the I-V characteristics of the probe at
different AC powers to a non-biased and biased floating In mag-
netron when the probe was held opposite the centre of the mag-netron.
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the magnetron under the same conditions (i.e. applied
power). This result is also in good agreement with
those of Howsonetal. [13] and Spenceretal. [14].

It is informative to compute the arrival ratio of Ar
ions to metal atomsat the substrate. It was found that

this was 0.7 and the energy delivered to the substrate
by ions per In atom was approximately 21 eV [1-6].

On the other hand, in the case when the applied
powerto the magnetron was 300 W DC combined with
100 W AC, J’ =7.1 mA/cm’, V;= —17 V andV, =0
V (Fig. 7), where J’, V; and V, are the ion current
density to the substrate, the floating potential of the
substrate and the plasmapotential, respectively. Con-
sidering the case of indium oxide, which had a thick-
ness of 152 nm, it was found that N°/N,, = 5.7, where
Nj and Nj are the numberof ions bombarding 1 cm?
of the substrate per second and the number of de-
posited metal atoms on 1 cm? of the substrate per
second, respectively. Consequently, the energy deliv-
ered to the substrate by ions per In atom was approxi-
mately 100 eV.

Although the two magnetrons were unbalanced in
the system used in this work, the measured floating
potentials of the substrate were relatively low, whereas,
the measured ion current densities were moderate.

This could be due to the fact that target-to-substrate
distance is less than the null-point of the magnetrons,
which meansthat, at such low distance, ions cannot
acquire high kinetic energies when they impinge on the
substrate, with the lower floating potential that the
substrates have. The small target-to-substrate distance
also affects, but less severely, the ion current density,
as the substrate can not collect all ions available be-

cause it is not in the way of the focused beam leaking
from the cathode,ratherit is in the base of that beam.
The average ion densities in the AC plasma are approx-
imately four times that of the DC plasma. This last
difference, between the AC and the DC plasmas is
significant. According to optical emission measure-
ments, the plasma extinguishes on each half-cycle and
has to be reignited. The increase in ion densities in the
AC plasmawasattributed to target voltage spikes dur-
ing the reignition of the plasma on eachhalf-cycle, asit
is evident on the negative-going part of each cycle.
Such spikes cause rapid electron acceleration in the
pre-sheath region leadingto significantly more efficient
ionisation of gas and hence much higher plasma bom-
bardment.

3. Experimental details

3.1. The sputtering system

The chamber comprised a 42-cm diameter stainless
steel chamber, 12-cm deep internally, giving a short
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pumpdowntime with the turbomolecular pump, backed
by a two-stage rotary pump, compared with conventio-
nal bell-jar systems [3]. The chamber base accommo-
dated two identical magnetrons. The magnetron, which
had both the oxygen inlet to the chamber and the
optical fibre input tip of PEM control loop attached to
its pod will be, henceforth, called the ‘main magnetron’.
The other magnetron was connected to the argon inlet
to the chamber.

An axially mounted aluminium platen was located
above the magnetron cathode surfaces, and it was onto
this platen, which waselectrically isolated, the sub-
strates were loaded from the airlock allowing a target-
to-substrate distance of approximately 40 mm. The
centrally oriented metal shaft was attachedto the platen
so that it could be rotated around this axis with a DC

motorat a rotation speed of up to 60 rev. /min.
Thepartial pressure of the sputtering gas, argon, was

produced through a mass flow controller balanced by
the vacuum pumping and measured with the system
pirani.

For the admission of reactive gas a solenoid valve
was replaced by a piezoelectric valve, having a faster
response in order to cope with much faster changesin
the desired supply of reactive gas required to maintain
a certain cathode status, compared with that of inert
gas. This was controlled to produce a pre-determined
optical emission signal or cathode potential in much
the same wayas is used to control pressure. In addi-
tion, the total distance between the reactive gas pipe
exit in the chamber and the piezoelectric valve was
minimised to help reducing the time constant of the
pipe. These modifications, allied with the pipe outlet
being very close to the target in the very confined
volumeprovided by the gettering enabled very efficient
control of the reactive deposition processes to be ob-
tained.

3.2. The airlock system

The system was designed so that the magnetrons
could be operated continuously during the. changing of
substrates. We have found this to be of prime impor-
tance for iterative reactive processing, in which the
partial pressure of the reactive gas is varied gradually
until the desired film properties are attained. In order
that this could be done the system was airlocked, that
is, the main deposition chamber always remained in
operation whilst the samples could be loaded/un-
loaded via a separately pumped airlock. The airlock
was 10 cm in diameter and 4.6 cm deep, had a 0.361 |
volume, and could typically be evacuated from atmo-
sphere to approximately 40 mtorr in approximately 2
min, via two-stage rotary pump.

Samples were mountedsingly in a jig, which was then
attached to the end of a loading arm, which was moved
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linearly through double Wilson-type vacuum seals,
mounted off axis (2.2 cm from the centre) in the
perspex window plate, which allow visual location of
the substrate.

4. Optical measurements

4.1. Calculations of refractive indices from reflectance
spectra

In this section, the case of transparent non-absorbing
films deposited on transparent substrates will be con-
sidered. It should be mentioned first that the wave-

length of the incident light is chosen so that it is
comparableto the film thickness d,),, to allow interfer-
ence effects to occur [15].

The maximum and minimum reflectance of a thin

film on an infinitely thick substrate are given by:

9 2
Niitm — “amb!subs
a (1)"fim + Namb!subs

2

ca Neus —Mamb \~Rain uf ( Neuds FE Namb (2)
where R,,,,, Rmin> "fim> “subs ANd Mapp are a re-
flectance maximum,reflectance minimum,the refrac-
tive index of the thin film, the refractive index of the
substrate and the refractive index of the ambient

medium,respectively. By solving Eq. (1) for nam, we
get:

 ioeN Reis, wea Pe a

film amb’ *subs Ie VRinax

Therelative precision of mq,, is given by

Angin ye Rinax AR max (4)
Mam 20 —Ryax) Rmax

For example, if R,,,, = 36%, it is then sufficient to
measure R,,,,, to an accuracy of approximately 2% (i.e.
AR,,ax = 0.7%)so that the relative error for ng), is not
larger than 1%.

In this work,films were deposited on glass substrates
with m,,,,= 1.525 and the spectrophotometric mea-
surements werecarried outin air(i.e. 1,,,, = 1).

Transmittance and reflectance spectra of transparent
films, produced in this work, were measured using a
Hitachi U-2000 double-beam spectrophotometerwith a
simple reflection attachment, which allowed compar-
ison of the sample with freshly prepared aluminium

+ Ordinary glass mibrase—o- Top macface(anrewsed) + Beammrfact (resid) © Matbacpaper © Bact mface

HlReflectance(%) beenuveauanre
Keo 380 “ a soo $80 0 “ 7 70 mo

‘Wavelength (am)

Fig. 8. Reference spectra of uncoated glass substrates in different
cases. The reflectance spectrum of matt black paper is included for
comparison.

coating. In spectrophotometric measurements carried
out in this work, both transmittance and reflectance
spectra were measured in the spectral range 350-750
nm with a scanning speed of 400 nm/min.

In order to obtain values for the absolute reflection

coefficients that were required, it was necessary to
make corrections of the measured reflectance spectra
of the deposited films. The corrections involved:

1. Measuring the reflectance spectrum of the bottom
surface of an uncoated glass substrate in order to
subtract it from the measured valuesofreflectance.

This was achieved by treating the bottom surface of
an uncoated glass substrate with emery paper so
virtually eliminating reflection from it (Fig. 8). The
reflectance spectra of the untreated (or top) sur-
face and that of an ordinary glass substrate were
then measured. The reflectance spectrum of the
back surface was obtained by subtracting the re-
flectance values of the top surface from those of
the ordinary substrate, and was averaged to be 5%.

2. Measuring the reflectance spectrum of a single
crystal silicon wafer and comparingit with a calcu-
lated one [16] to derive a correction curve of the
measuredreflectance in order to obtain the abso-

lute reflectance of the coatings (Fig. 9). The correc-
tion ratio was, on average, 0.76.

Thus, the relation between the measuredreflectance,
R™*"" and the actual one, R,is

R =0.76(R™*"" — 5%) (5)

or

R=0.76R™*"* — 4% (6)

As a result, if R°"" is the measured value of a
reflectance maximum, the corresponding actual value,
Rinax> iS given by
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Fig. 9. Calculated and experimental reflectance spectra of a single
crystal silicon wafer. Also shown is the correction ratio as a function
of wavelength. Dataof the calculated curve are from [16].

Rapax ¥ 0-76R™25"" — 4% (7)

Thus, by substituting the value of Rinax:

1+ (O7ERES™— 0.04 |"
Pe1— J0.76Res"" — 0.04

Instead ofellipsometry, Eq. (8) was usedto calculate
refractive indicesoffilms producedin the course ofthis
work, for the following reasons:

(8)

1. It is independent of optical thickness of coatings
and consequently gives consistent results for vari-
able optical thickness.

2. The possibility of obtaining refractive indices over
many wavelengths rather than at 632.8 nm using
the ellipsometer that was available.

3. The ratio of the area oflight beam of the spec-
trophotometer (~ 10.8 mm’) andthat of the laser
beam ofthe ellipsometer (~ 0.8 mm?) is approxi-
mately 14. This gives better integration over the
coated area of the substrate.

4.2. Calculations of thickness from reflectance spectra
using interference methods

After calculating mg, using Eq. (8) the film thick-
ness could be calculated using equations 1sjm4s1m =

(Qk + jdm and Mgimdfim =K—~Z~» Where Xmax is a
wavelength at which a reflectance maximum occurs and
Amin is a wavelength at which a reflectance minimum
occurs. The calculation procedure depended on the
shape ofthe reflectance spectrum of interest.

If there were two consecutive maximain the scanned
spectral range, then forthe first maximum 471 ¢1m4gm =
(2k+UAmax, and that for the second maximum is
4ngim4aim = {2k -—1) + 1Ajax.- By solving these two
equations,it is found that ’

 

» Amax, (9)
2M Gmmaxs hd Aimax,)

max,
déim rs  

Eq.(9) is also valid in the case of two consecutive
minima. The problem of this equationis that it ignores
changesof ry), with wavelength. However, it was con-
sidered to besufficiently accurate for the estimation of
dsm for the purpose of this work, especially in the
relatively narrow range of wavelength studied where
variations in ng, Were not expected to be so signifi-
cant.

Finally, it should be indicated that the results of the
thickness measurements were satisfactorily consistent
in the course of this work.

5. Results

5.1. Aluminium oxides

The system was established using aluminium cath-
odes in both magnetrons. Aluminium oxide is a very
insulating oxide with a high secondary electron emis-
sion coefficient, which leads to extreme arcing if DC
reactive sputtering is attempted.

In this work, Al,O, films were prepared using the
mid-frequency AC powered magnetrons technique. The
main and secondary targets were both Al and the two
magnetrons were operated in the floating mode at
PAS, 4, =1 kW. Substrates were held static over the
main magnetron. In this case, no incorporation of an
alloying material was required. Voltage control on the
main Al magnetron was used. The percentage of
aluminium magnetronvoltageset point, Al®, was grad-
ually decreased and a film was deposited and charac-
terised at each value of Al®. The deposition time was3
min. Fig. 10 shows the dependence of transmittance at
550 nm, Tsso, of the visibly transparent Al,O, films,
and the corresponding deposition rate, on Al%.. Obvi-
ously, films of higher Ts59 are deposited at lowerrates.
The percentage of Al magnetron voltage set point, and
the corresponding O, flow rate, at which the best
Al,O,film occurred(i.e. the one of the highest trans-
mittance and deposition rate) were 73.7% and 3.6
sccm,respectively. The transmittance at 550 nm, re-
fractive index and deposition rate of this film were
89.5%, 1.67 and 2.02 nm/s,respectively. Clearly, such a
result is comparable with the best reported results
[9,17,18], taking into account that the applied powerin
this work was only 1 kW. Fig. 11 shows the transmit-
tance and reflectance spectra of the best Al,O; film.
Finally,it is worth mentioning that, in addition to glass,
aluminium oxide films have also been deposited, using
this technique, on stainless steel and single crystal
silicon substrates for extended periods of time (up to 45
min) and at high rates without any sign of arcing.
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5.2. Mixedinsulating oxides

Finally, a large numberof oxide films of Mo, W,V,
Pb, Ti, Sn and Cu doped with dopants such as Zn, Sn,
Ti, Nb, Ta, Mo or Bi have been deposited, at different
combinations of powers and at different stoichiome-
tries, and characterised. Theywereinitially investigated
for conductivity. Although the transparent films were
insulating under the deposition conditions and proce-
dures followed (i.e. unintentional heating or biasing of
substrates and no post-deposition heat treatment), their
optical properties (e.g. a very wide range of refractive
indices) are of great interest in optical applications.

Table 1 summarises the preparation conditions and
the optical properties of some of the transparent insu-
lating oxide films prepared in this work, where PRS.
PRC, POC, PEC and Pp are the DC biasing powers
applied to the floating Cu, W, V, Mo and Pb mag-

_ netrons, respectively, and Cu%. and Pb% are the per-
centages of metallic Cu and Pb magnetrons voltages

set-points (i.e. the occurrence), respectively. The float-
ing AC powerand deposition time were 100 W and 6
min, respectively, throughout.

6. Conclusion

According to the above discussion, the deposition
technique, employed in the course of this work, enjoys
the following major advantages

1. Substrate rotation enhances atomiclevel mixing of
the film constituents. The stoichiometry of the film
is controlled by PEM or voltage control, on one
magnetron, and dopants are added by sputtering
from the other magnetron. This means that the
former magnetron serves two purposes; thefirst is
to sputter metal and oxidise it, and the second
purpose is to oxidise the metal sputtered from the
other magnetron.

2. The combination of DC and mid-frequency AC

[a= Treneminance © Depestionrate

(esexeaseeress §
ona

a ” “ s % n ” ”
Percentage of aleminivm magnetron voltage set-point (%)

10. Transmittance at 550 nm and the corresponding deposition
vs. the percentage of aluminium magnetronvoltage set-point of
ly transparent films of aluminium oxide. The floating AC power

en the two Al magnetrons was 1 kW.

 

(Typesfimo Rp 5 Bim)

 
Wavelength (am)

Fig. 11. Transmittance and reflectance spectra of the best transpar-
ent Al oxide film which occurred at 73.7% of Al magnetron voltage
set-point. The floating AC power was 1 kW. The relevant spectra of
an uncoated glass substrate are also plotted.

powerin a novel way, usingafilter to protect the
DC powersupply from the AC one (or the inde-
pendently DC powered magnetrons method),
permits the composition of the produced films to
be easily and independently manipulated by varying
the magnitude of power applied to each mag-
netron. As a result, this system is able to obtain a
sputter-deposited coating of an alloy or multi-ele-
ment compound whichis either difficult or impossi-
ble to be formed fromasingle target.

3. Depending on the materials involved, the use of
very fast feedback methods, to automatically con-
trol the admission rate of the reactive gas (e.g.
oxygen)into the sputtering chamber(i.e. PEM and
voltage control), allows the stoichiometry of the
deposited films to be independently controlled. The
very efficient control of the admission rate of oxy-
gen also allows the deposition rate of reactively
sputteredfilms to be high.

4. The use of an airlocked system allows the imple-
mentation ofan iterative deposition process to vary
coating stoichiometry and composition. Hence, in-
formation regarding different composition andstoi-
chiometry can be attained rapidly without cathode
acquisition or preparation.

5. The system, described in this work, is superior to
the dual magnetron technique described by Lewin
and Howson [19] where two concentric cathode
annuli of different materials (with separate mag-
netic fields) comprise one magnetron device in that
the two sources sputter independently of each
other. This permits variable compositions to be
selected only to a limited extent in a reactive
environment, the limit being reached when differ-
ential poisoning of the two cathode materials domi-
nates. Clearly, precise stoichiometry control also
suffers from this problem asa direct result of the
close proximity of the cathode.

6. The use of mid-frequency (i.e. 40 kHz) AC power
in the floating mode secures periodical effective
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Table 1

A summary ofthe preparation conditions and optical properties of some of the transparent insulating oxide films prepared in this work* >

Oxide DC bias (W) Occurrence (%) Nem Ts (%) Deposition
rate (nm/s) "

Cu-Sn PRE = 300 Cux = 30.8 1.92 67.7 0.80 >
Mo-Nb PRG = 150 Arjen = 53.9 2.24 72.3 0.36
Mo-Nb PX = 300 Atom = 49.3 1.96 91.9 0.41 >
Mo-Nb PR = 450 Atjem = 46.3 1.93 91.9 0.44
Mo-Sn PRC = 100 Atjem = 54.0 2.00 814 0.30 »
Mo-Sn PRS = 300 Afjem = 51.4 2.17 90.8 0.37
Mo-Ta Pris = 450 Atom = 45.9 2.09 90.9 0.42 ;
Pb PRE = 400 Pox = 54.0 2.46 74.2 1.25
Pb-Bi PRE = 100 Pb. = 52.0 2.44 80.9 0.84 "
Pb-Bi Pre = 300 Pb, = 42.8 2.40 88.4 1.28 ,
Pb-Bi PRE = 400 Pox = 41.4 2.39 84.0 1.55
Ti PRE = 400 Atjem = 65.1 2.63 80.1 0.05 »
Ti-Nb Pre = 400 Atjem = 69-1 2.60 67.1 0.09
Ti-Ta PC = 400 Afjem = 67.7 2.28 69.9 0.17 >
V-Mo PRS = 200 Atjom = 68.9 1.80 719 0.52
V-Mo PRE = 300 Atjem = 65.6 1.79 81.4 0.48 >
Ww PY = 400 Atom = 51.6 2.23 76.4 0.76
W-Mo PRE = 150 Atom = 53.8 2.29 91.2 0.34 ”
W-Mo PRE = 450 Atpem = 50.0 2.20 87.0 0.71 i
W-Nb PY = 200 Atjem = 621 2.29 90.8 0.38
W-Nb PY= 350 Atpem = 51.9 2.21 84.8 0.70 A
W-Nb PRE = 400 Aten = 55.1 2.14 74.0 1.37
W-Sn PY= 100 Afjem = 51.9 2.14 91.5 0.36 >
W-Ta PRE = 200 Atjom = 60.6 2.29 78.1 0.59
W-Ta PRE = 400 Aven = 56.8 2.21 70.7 0.83 s
W-Ta PRE = 600 Agen = 56.3 2.12 86.3 1.05
W-Ti PRE = 150 Atnem = 55.6 231 91.1 0.35 >
W-Ti PRE = 450 Atvem = 52.0 2.24 87.9 0.64

“The floating AC power was 100 W throughout. ”
>

discharging of the insulating layer, due to the sym- sequently, the AC technique can be easily adopted
metrical operation of the electrodes. This allows for sputtering from larger area cathodes[9]. On the >
the reactive sputtering process to be arc-free [9], other hand, the AC plasma used with an un-
and hence, eliminating the undesired effects of balanced magnetronleads to higher density plasma >
arcing in reactive sputtering such as driving the and increased bombardmentof the growing insulat-
process to becomeunstable, creating defects in the ing films with ions. >
films and reducing the target lifetime. Conse- 9. This technique opens the door wide for investigat-
quently, the defect density in insulating films is ing virtually all potentially promising thin films(e.g. >
reduced by orders of magnitude [11] in comparison hard coatings, semiconducting films, superconduct-
with the DC technique. ing films,etc.). >

7. The well-defined DC conducting anode allows the
sputtering process to have long-term stability, at a >
given set point. In addition, the high deposition References
rates obtained are comparable with those of the >
DCtechnique[7,9].

8. Unlike the additional complexity of the RF tech- _—‘1!_N.Danson,I. Safi, G.W. Hall, RP: Howson, Surf: Coat. Techy
nique, the coupling of the AC power to the cath- [2] R.P. Howson, N. Danson, I. Safi, Thin Solid Films 351 (1999)
odes, in the frequency range used,is simple. Con- 32-36. »

>
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es.  One of these instabilities originates at the cathode.
 the reactive DC magnetron sputter deposition of
insulating (nitride and oxide) films from metallic
 an electrically insulating layer is not only formed on
strate but also on the target (cathode) surface, leading
e build-up and consequently to arcing.  These arcing
re detrimental for the deposition process itself and for

osited thin film.

e of rotating targets already drastically reduces the
ility of arcing compared to planar targets: for a rotat-
get, arcing only occurs at the target tube ends.  In this
dditional arc preventing hardware enhancements for
 targets are proposed, as well as improved arc-han-
ectronics.  Firstly, a special treatment of the target tube
xamined (application of a dielectric anti-arcing layer).

ly, a more flexible and more practical alternative
s of the addition of a target tube end anti-arcing guard
 ring shaped part of the target clamping system).
, an in-house developed power supply and arc suppres-
th based on the same advanced electronics, are pre-
  These enhancements provide us with drastically
ed process stability.

DUCTION

d to deposit high quality dielectric films at high rate is
 ever more importance.  These dielectric films (such as
nd SiO

2
) are deposited using reactive sputtering from

tive targets by the introduction of a reactive gas (e.g.
) next to the inert gas (e.g. argon) used in the conven-
sputtering process.  Several intrinsic problems are
ted with reactive sputter deposition (e.g. hysteresis
ena, poor deposition rate due to target poisoning,
geneities, disappearing anode related phenomena and
 and special precautions are necessary to anticipate
roblems when performing reactive sputter deposition
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process itself, for the deposited thin film and even
tter equipment.  Arc discharges can drive the
ecome instable, inhomogeneities and defects are
e growing film, target lifetime is reduced by liquid

ction (causing new arc events originating at the
eas) and the power supply can be harmed.  Because
blems arcing is the subject of a lot of research [4–
roduction of large size rotating cylindrical targets
ed the arcing zone to two ring shaped areas at the
e ends (next to other benefits offered by cylindri-
s such as higher target utilization, higher power
d more compact size).  Compared to similar planar
rcing probability is reduced to less than 5%.  This

d in Figure 1.

hematic view of target surface conditions and arcing
 rotating cylindrical and (b) planar magnetron.

 occurs in the racetrack area of rotating cylindrical
e it is continuously cleaned by the plasma.  The
 true on condition that target rotation speed is high
erwise the target surface in the racetrack area is

ed before it is sputter cleaned leading to arc events.
 rotation speed of 10 rpm is sufficient.  Moreover,
ible zone for rotating cylindrical targets is inde-
the target length.  Despite this drastic improve-
anagement is still needed during reactive DC

sputtering.   The present paper focuses on the
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IMENT DETAILS

earch was performed in a semi-industrial test chamber
ted in Figure 2) containing one rotating cylindrical Al
ith a length of about 1 m and one (screened) Cyclomag®

d in this research).  The DC power was applied to the
 using an in-house developed 100 kW power supply.
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t current and constant power mode.  Arcing was
ed by visual inspection of the target tube ends and by
g the arc events using an in-house developed arc
sing unit.  Each experiment was started by metallic

ing of Al in Ar atmosphere (sputter cleaning of the
in the pressure range of 1 to 2 10-3 mbar, using an Ar
 50 to 60 sccm.  This was continued until the process
ble and the occurrence of arcing was only exceptional.
ctive sputtering in an Ar/O

2
 mixture was started by

the Al signal of the PEM04 control unit (Von Ardenne)
 of its initial value in metallic mode, corresponding
 O

2
 flow of approximately 70 sccm.  Arc counting was

immediately.  In this way the arcs were counted during
r process corresponding with a condition on the edge
ysteresis slope from metallic to poisoned sputtering.
r to evaluate the arc preventing hardware enhance-
in an optimal way, all (major and minor) arcs were
nto account (sensitive setting of the arc suppressing
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t series of experiments, the prevention of arcing during
e DC sputtering is examined.  This is done by prevent-
 redeposited oxide layer of reaching electrical break-
 A protective arc-inhibiting dielectric layer is applied
rc sensitive areas.  Different dielectric layers (different
ls, applied in a variety of ways) were tested and
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was found that the exact positioning of the dielec-
cing layers was extremely important, so a lot of
ut in the optimization of the dielectric layer width.

pplication of this protective layer is rather unprac-
l industrial environment, a more flexible and more
ternative is proposed, consisting of the addition of
le dielectric target tube end anti-arcing guard ring.

 second series of experiments the arc handling
 of in-house developed sputter electronics was
se in-house developed sputter electronics consist

ct 2*100 kW DC power supply, an arc suppressing
ow frequency (below 1 kHz) switching unit.  The

ponents were also evaluated in combination with
ercially available DC power supplies.

VENTING HARDWARE
EMENTS

own that arcing on the cathode occurs due to the
of an insulating layer on the cathode.  This insulat-
harges up by ionic bombardment and when the
trength is exceeded, electrical breakdown occurs,
arc discharges.  Typical dielectric breakdown of

2
 and SiO occurs at an electric field strength of the

6 V/cm [5, 10].  It was already shown that arcing is
the transition between the (sputter) cleaned target
 the contaminated target surface (due to the depo-
xide).  This redeposited oxide layer has a more
cture than the layer deposited at the substrate
rs the occurrence of arcing [9].

ay from the racetrack, the thickness of the redepos-
layer first increases and then decreases again

 be seen at the target tube ends as a change in color
 layer).  On the other hand, the plasma fades out in
and the ionic bombardment diminishes, implying
rging of the oxide layer decreases with increasing
m the racetrack.  This results in a lower arc rate in
re further away from the racetrack compared to

 to the racetrack.  This effect is illustrated in Figure
ort reactive sputter experiment of only 17 minutes

ed effect of the layer thickness and the charging up
 results in a clearly visible gradient in arc traces (the
on of arc traces decreases further away from the
 This is only true at the beginning of the experi-

r on, the charging of the areas further away from the
creases, as well as the thickness of the redeposited
, resulting in a higher arc rate in this region too.
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 3.  Gradient of arc traces at the target tube end after a
eactive sputter experiment: (A) target tube end, (B)
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plication of a sufficiently thick dielectric layer of good
 in an arc sensitive area can reduce the arc rate signifi-
  This can be explained as follows: the electric field in
lating layer of certain thickness on the cathode surface
reases and then saturates with decreasing conductivity
d on the other hand, the electric field decreases with
ing layer thickness.  This implies that it is possible to
n insulating layer on the arc sensitive areas in such a
arefully chosen properties and thickness) that the
al field in this insulating layer will never exceed the
f its own breakdown field (the measured value of the
al breakdown field for typical insulating materials are
ange from 105 to 107 V/cm [10]).  The charging effect
nsulating layer due to ionic bombardment is still taking
ut will not lead to any arc initiation.  At the start of the

 run, when no oxide layer is deposited yet on the
ric anti-arcing material, the voltage drop falls com-
 over the protective anti-arcing layer.  With increasing
sited oxide thickness (a low quality oxide layer on top
dielectric layer) the voltage drop over the oxide layer
es (the stack of oxide on top of an dielectric layer can
ed as two capacitors in series).  The protective dielec-

er is only partially taking care of the voltage drop now
th an improper choice of protective anti-arcing layer
ally during long sputter runs), the redeposited oxide
ay reach dielectric breakdown.  Therefore, it is clear

e protective dielectric layer should be chosen and
 with great care.   In order to be successful, the
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ing a good dielectric material, the layer should be
 thick, sufficiently dense and preferentially amor-
rain boundaries which promote dielectric break-

is layer should also have a slow sputter rate.

rch was already carried out on laboratory scale
oater with 50 mm diameter Al target and DC power
00 W) and showed very promising results [9].
pes of anti-arcing dielectric material were tested
 in a variety of ways.  The arc-inhibiting quality of
pends not only on the specific material but also on
application.  It was shown that the application of a
yer on arc sensitive areas could reduce the arc rate
y leading to a more stable sputter process.

ing of the results to (semi-)industrial scale using
ities comparable to the ones used in real produc-

nments is however not straightforward.  Due to the
er power densities and the longer sputter runs
n a longer exposure of the dielectric layer to the
e demands on the dielectric layer are even more
Besides the exact type of material and way of
, it was found that the exact position of the dielec-
cing material is extremely critical.  With a fixed
ay position and power, an optimal position for the

aterial can be determined.  If the width of the
rotective layer is to small, arcing will initiate at the
 parts; if the layer is too broad, the edges of the
nti-arcing layer will start to disintegrate which will
ere arcing.

 the arc rate during reactive sputtering of Al
2
O

3
 is

nction of time for different treatments of the target
o dielectric protective layer, a non-optimal dielec-
d an optimized dielectric layer).  The experiment
tective layer was discontinued prematurely be-

vere arcing.  During all these experiments the arc
 unit was set in a way that all arcs (major and

e counted.  Since the exact number of arcs counted
pends on the setting of the arc suppressing unit,
its were used in Figure 4.  It is quite clear from this
 with a correct choice of protective layer the
s with a pre-treated target were much more stable
ing occurred.  With the application of a dielectric

 layer arcing can be alleviated to a great extent.
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 4.  Arc rate as a function of reactive sputter time for
nt treatments of the target tube ends: (a) no dielectric

(b) non-optimized dielectric layer, (c) optimized dielec-
er.

arc counting started immediately after introduction of
n in the system, the steep rise and subsequent drop in arc
uring the first minute can be attributed to process
zation effects.  The maximum which occurs in the arc
r the non-optimized coating (b) however cannot be

ned yet.  Although extremely stable results with drasti-
reduced arc rates were obtained already, additional
ments will be performed to further optimize the arc
ing properties of the dielectric coating and to give a
comprehension of the arcing process.

gh the application of the dielectric anti-arcing layer can
rporated in the target production process, the use of this

s a rather unpractical solution and can be quite cumber-
or industrial large-scale operation.  Despite the fact that
gnet array position can be adjusted, the exact position-
d exact width of the dielectric layer stays critical,
ver because the exact width depends on the power used
 sputtering.  Therefore a more practical and more
e alternative is proposed.  In this alternative, an adjust-
ti-arcing guard ring (a ring shaped part of the clamping
) replaces the dielectric layer, which is deposited
y on the target surface.  This is schematically shown in
 5.
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chematic representation of the anti-arcing guard
ting cylindrical target: (a) magnetron spindle, (b)

target tube, (c) target clamping with dielectric ring
ention.

D ARC-HANDLING ELECTRONICS

the efforts in optimizing the mechanical design,
be minimized but it is impossible to avoid it

.  Arc-handling electronics is an essential part of
al sputter hardware and in particularly indispens-
 reactive sputtering of insulating materials.  Differ-
ents are presented, comprising a compact 2*100
upply, an arc suppressing unit and a low frequency
z) switching unit.

ply
designed power supply excels by its compact size
rior arc handling capabilities.  The compact size is
putting a 20 kHz switching system in the primary
rresponding with a small transformer.  The supe-
dling capabilities compared to standard existing
lies is illustrated in Figure 6.

e, the current and voltage reaction of both newly
d existing power supply is shown on a bipolar arc
g reactive sputtering (± 20 kW from a single
get).  No additional arc suppressing electronics
uring this experiment.  When the arc occurs (at
 the current of the existing power supply starts to
ore than 200 A.  After a waiting period, the power
itched off until the current has dropped below 20
s more than 100 ms).  When the system restarts
e voltage peak is generated (not shown in this

ause the plasma is not ignited yet.  All this will
homogeneities in the deposited layer (due to the
iod of the power supply) but can also cause severe
he target, the substrate and the power supply.  With
 developed power supply, the current and voltage
ontrolled so no excessive rise or drop can occur.
delay after an arc event (before the output of the
ly is stopped) there is only a very small current rise
nition of the plasma, no voltage overshoot is

 Moreover the power supply restarts within 5 ms
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6.  Electrical I-V behavior of an existing (a) and the new
e developed (b) DC power supply on a bipolar arc (no
nal arc suppressing electronics used).

ppressor
house developed arc suppressing unit is based on the
hanced technology as the DC power supply.  In Figure
rrent-voltage reaction of an existing DC power supply
ed with the superior in-house developed arc suppress-
 on a bipolar arc event is illustrated (note the difference
 scale with Figure 6).

 experiment a pre-delay time of a few µs was set (pre-
me can be set from a few µs up to 15 µs).  The enhanced
pressing unit limits the current rise.  Initially, the power
is shorted by the arc- suppressing unit for about 150 µs
hich the power level is brought back to its nominal
 a controlled way, minimizing the voltage overshoot

 occurs when the nominal power is delivered at once to
ode without plasma).  If the arc still exists after these

 the arc suppressing unit repeats this short procedure (if
ry up to five times).  For persistent arcs, which cannot
guished by the repeated short procedure, the off time
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 a signal to the DC power supply to shut down.

lectrical I-V reaction on a bipolar arc of an existing
upply, combined with the new in-house developed
sing unit.

ency Switcher
 switching unit is not an arc-inhibiting device as
requency switching between two cathodes is a
shed technique in industry to prevent arcing.  The
ing frequencies (10 to 100 kHz) are chosen to

he cathodes completely before arcing can occur.
 lot of time is lost during plasma ignition (e.g. at 40
0%), reducing the deposition rate.  On the other
requency switching implies the need for precau-
se of electromagnetic radiation and skin effect
er losses and excessive heating.  The problems

 effect or electromagnetic radiation are no longer
ssion when low frequency switching (frequency
 and 200 Hz) is used and the time lost due to plasma
also negligible.  This means that higher power
n be used resulting in an increased yield.  How-
se the switching frequency is too low for appropri-
dling, the low frequency switching unit is com-
the newly designed arc suppressing unit.  This
n was tested during reactive AC switching be-
full sized rotating cylindrical magnetrons.  Good
g term stability and higher deposition rates as
o mid-frequency switching) were obtained for
ials.

o note is that both the arc suppressing unit and the
ncy switching unit can be linked up with other
lly available power supplies to create a system
or performance.
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 designed arc-handling electronics comprising a com-
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quency switching unit are proposed.    Drastically
ed process stability and increased layer homogeneity
ained.  The risk for damage of substrate, target or power
 could be alleviated to a great extent.
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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,1–4

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.1–3,5–9The process itself has been well described
in various review articles,3,6,8–14and no repetition is required
here. It is sufficient to state that pulsed dc reactive magnetron
sputtering offers significant advantages over conventional,
continuous dc processing.14 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,5,6,8

arc events are suppressed,1–3,6–9,15–17deposition rates can ap-
proach those obtained for metallic films,2,3,7,15,16and in dual-
cathode systems, very long-term~.300 h! process stability
is attainable.18,19 As a consequence, very significant im-
provements have been observed in the structure,5,7,8

hardness,7,8 and optical properties6,13 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

wave form are the pulse frequency, duty factor, and reverse
voltage. Duty factor is the relative proportion of the pulse
cycle made up of the ‘‘pulse-on’’ period, when the target
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 voltage
set at 20% of the pulse-on voltage. In practice, this ‘‘square’’
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.20 These
artifacts can be clearly seen in Fig. 2, an oscilloscope trace of
the target voltage wave form obtained when actually operat-
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 role
played by the pulse parameters in the deposition process.
Belkind, Freilich, and Scholl,9,10 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 situ-
ations where, during each pulse-off cycle, the parameters se-
lected only partially discharge the poisoned regions on the
target, a residual charge will accumulate until, eventually,a!Electronic mail: p kelly@salford ac uk
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arcing occurs. Thus, conditions which appear to prevent arc-
ing at the beginning of a deposition run can prove ineffective
as the run progresses.

In this study, 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, such as pulse frequency, duty factor, and
reverse voltage, and the interrelationships between the occur-
rence 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.

II. EXPERIMENT

The commercial interest generated by the PMS process
has led to the development of new power delivery systems.
These include ac supplies, single- and dual-channel pulsed
dc supplies, and pulse units which can be connected in series
with the output from standard dc magnetron drivers. This
article concentrates on the use of this latter type of system, in
which the magnetron discharge could be pulsed over the fre-
quency range 1–100 kHz. Parallel studies are also being
made of the latest generation of pulsed dc supply which ex-
tends the maximum pulse frequency up to 350 kHz.21,22

The dc power supplies used in this study were the Ad-
vanced Energy MDX and Pinnacle magnetron drivers. These
power supplies were used in conjunction with the Advanced
Energy Sparc-le V pulse unit. The Sparc-le V unit allows the
pulse parameters to be varied over the following ranges; fre-
quency: 1–100 kHz, reverse time: 1–10ms, and reverse volt-
age: 10%–20%. The dc supplies were operated in current
regulation mode.

The Sparc-le V unit allows both hard arc and microarc
events to be monitored. Hard arcs are generally considered to
be a discharge which takes place between a region on the
cathode and an earthed surface, whereas microarcs are dis-
charges between different sites on the cathode. While micro-

arcs can normally be tolerated, hard arc events are extremely
detrimental to the deposition process.3,8 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 sput-
tering rig, which has been described in detail elsewhere.7,8

Alumina films were deposited by reactive unbalanced mag-
netron sputtering from a 99.5% pure Al target. In all cases
the base pressure was,231025 mbar, the argon flow rate
was adjusted to give a chamber pressure of 231023 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 that such conditions would
produce stoichiometric Al2O3 films.8

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 sccm of oxygen, the target
poisons rapidly and the negative target voltage falls from 395
to 250 V. The target then remains poisoned until the O2 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%

FIG 2 Oscilloscope trace of the target voltage wave form when operating in
asymmetric bipolar pulsed mode at100 kHz ~80% duty and 20% reverse
voltage!

FIG 1 Schematic representation of the target voltage wave form during
asymmetric bipolar pulsed sputtering~pulse frequency5100 kHz, reverse
time52 ms, duty580%, and reverse voltage520%!
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maintains the target between the metallic and poisoned re-
gimes in a ‘‘partially poisoned’’ mode. This allows stoichio-
metric Al2O3 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 method23

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

pulse frequency~at levels 20, 35, and 50 kHz!, reverse time
~1, 5, and 10ms!, and reverse voltage~10%, 15%, and 20%
of the nominal sputtering voltage!. This range of frequencies
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 I.

The alumina films were deposited onto precleaned glass
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 analysis,
with oxygen content being determined by difference. X-ray
analyses were carried out using a Philips system, operating
in u–2u mode ~CuKa radiation!, and the resistivity of the
coatings was measured using a four-point probe.

Following this, a second array of experiments was carried
out. 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-
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.

III. RESULTS

The deposition rates and total number of hard arcs re-
corded during each of the Taguchi array runs are listed in
Table II. The deposition rates have been normalized to target
current to give the rate per minute, per A. The maximum

FIG 3 Hysteresis behavior displayed during reactive sputtering of alumina

FIG 4 Relationship between optical emission~OEM! signal and targetvolt-
age during reactive sputtering of alumina

TABLE I Experimental Taguchi L9 array for the investigation of alumina
films

Run
No

Pulse frequency
~kHz!

Reverse time
~ms!

Reverse voltage
~%!

1 20 1 10
2 20 5 15
3 20 10 20
4 35 1 15
5 35 5 20
6 35 10 10
7 50 1 20
8 50 5 10
9 50 10 15
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number of arcs which can be displayed by the counter on the
Sparc-le V is 10 000. Where this value was reached before
the end of a run, a value of.10 000 has been inserted in
Table II. Also listed in Table II are the duty factors for each
run, arising from the array settings of pulse frequency and
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-
pute the level averages using deposition rate and number of
hard arcs as response variables, i.e., to compute the average
response of each variable at each level of each factor. The
results of these analyses are shown graphically in Figs. 5 and
7, respectively. It appears from Fig. 5 that reverse time and
reverse voltage both have significant, but opposite influ-
ences, on deposition rate. In the case of reverse time, this is
simply because, as this factor is increased, so the pulse-off
time becomes a greater proportion of the total pulse cycle,
i.e., the duty factor is reduced and sputtering takes place for
a lesser proportion of each cycle. This is illustrated in Fig. 6,
which shows the positive correlation between the duty factor
and normalized deposition rate~correlation coefficient,r

50.77!. 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 10 000 to virtually zero
as this parameter is increased from 1 to 10ms. Clearly, vary-
ing the reverse, or pulse-off time can have a very significant

TABLE II Taguchi L9 array data table

Run
No

Duty factor,
%

No of hard arcs
recorded

Coating thickness
~mm!

Normalized dep’n
rate ~nm/min/A!

1 98 .10 000 4 5 10 0
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

FIG 5 Taguchi analysis of alumina films, using the normalized deposition
rate as the response variable

FIG 6 Relationship between the duty factor and normalized deposition rate
for reactive pulsed sputtered aluminafilms

FIG 7 Taguchi analysis of alumina films, using the total number of hard
arcs detected as the responsevariable
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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
10 000 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-
til 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 Al2O3 . 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

readings exceeded 20 MVcm, which is the maximum value
that could be measured by the probe.

To investigate further the parameters influencing arcing,
the second array, described earlier, was carried out. Table III
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 inter-
vals during each run. Figure 10 shows the incidence of arc
events during a series of runs carried out at 60 kHz pulse
frequency. In these runs, the reverse times were varied from
2 to 6ms, 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 signifi-
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.

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

FIG 9 SEM micrograph of the fracture section of an alumina film deposited
on a glass substrate: Taguchiarray run 1

TABLE III Run conditions and hard arc counts for second alumina array

Run
No

Pulse frequency
~kHz!

Reverse time
~ms!

Duty factor
~%!

Total hard arcs
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
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Overall, the arc counts for the second array were gener-
ally lower than those for the Taguchi array. While there may
be a number of reasons for this, the second array runs were
all carried out at a reverse voltage of 20%. This may, again,
be weak evidence that reverse voltage can influence arc sup-
pression.

To confirm that the events recorded by the Sparc-le V unit
were indeed arcs, and not merely artifacts of the arc-counting
circuitry, the target voltage wave forms were investigated
using an oscilloscope. By triggering the oscilloscope on tar-
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 kHz~duty
584%!. 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 number of interesting points have emerged from this
investigation. The first Taguchi array demonstrated that over

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
suggested12 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
each 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

FIG 10 Influence of the duty factor on the incidence of hard arc events
during reactive pulsed sputtering ofalumina films ~pulse frequency560
kHz!

FIG 11 Oscilloscope trace of the target voltage wave form capturing an arc
event during pulsed reactive sputteringof alumina films~pulse frequency
5100 kHz and duty580%!

FIG 12 SEM micrograph of an alumina film deposited onto a glass sub-
strate at 80 kHz pulsefrequency 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 to
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,9,10 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 Al2O3 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%.

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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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 de 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 ofarc events at the target andstabilizes the deposition process. Manyresearchers have
now shownthat pulsed de reactive magnetron sputtering can be routinely used to produce fully
dense, defect-free oxide films. Despite the success of the PMSprocess, 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, aluminafilms were deposited by reactive
pulsed de 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. Asaresult 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]

1. INTRODUCTION

Sincethe 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 de power
has transformed the deposition of dielectric materials, such
as alumina.'~*>~° The processitself has been well described
in various review articles,*°*""and no repetition is required
here.It is sufficient to state that pulsed de reactive magnetron
sputtering offers significant advantages over conventional,
continuous de 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 thetar-
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 de reactive magnetron
sputtering can be routinely used to produce fully dense,
defect-free oxide films. All stoichiometries are available,°*
are events are suppressed,'~>°-*:'5-!7 deposition rates can ap-
proach those obtained for metallic films,?*”*'° and in dual-
cathode systems, very long-term (>300 h) processstability
is attainable.'*!? As a consequence, very significant im-
provements have been observed in the  structure,*”*
hardness,”* and optical properties*'? of PMSalumina films,
compared to de sputtered films.

Thetarget 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

wave form are the pulse frequency, duty factor, and reverse
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 showsa pulse frequency of
100 kHz, with a duty factor of 80%, and the reverse voltage
set at 20% ofthe pulse-onvoltage.In practice, this “‘squar.’”
wave form is not achieved dueto the inherent characteristics

ofthe plasmaandthe powerdelivery system, with both posi-
tive and negative voltage overshoots being observed.” These
artifacts can be clearly seenin Fig. 2, an oscilloscope trace of
the target voltage wave form obtained when actually operat-
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. Howevc',
as yet, few detailed studies have been published onthe role
played by the pulse parameters in the deposition process.
Belkind, Freilich, and Scholl,”!° derived an expression
showingthat the critical pulse frequency for arc-free opera-
tion depends on the discharge currentand the pulse-off time.
Although notexplicitly stated, their study indicates that, for 4
given discharge current, the duty factor is actually the most
critical parameter in establishing arc-free conditions. Also,
these studies did not consider time-dependenteffects, since
are counting was only carried out for 3 min per run.In situ
ations where, during each pulse-off cycle, the parameters S°-
lected only partially discharge the poisoned regions on the
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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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
supplies, and pulse units which can be connected in series
th the output from standard de magnetron drivers. This
icle concentrates onthe use ofthis latter type of system,in
ich the magnetron discharge could be pulsed overthe fre-
ency range 1-100 kHz. Parallel studies are also being

ade of the latest generation of pulsed de supply which ex-
ds the maximum pulse frequency up to 350 kHz.”

de power supplies used in this study were the Ad-

ie: 10%-—20%. The de supplies were operated in current
gulation mode.
‘The Sparc-le V unit allows both hard are and microarc
ents to be monitored. Hard arcs are generally considered to
‘a discharge which takes place between a region on the

ul and an earthed surface, whereas microarcs are dis-
ges between different sites on the cathode. While micro-
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FiG, 2. Oscilloscope trace ofthe 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 ares was monitored.

The work performed here was carried out in a Teer Coat-
ings Ltd. UDP 450 closed-field unbalanced magnetron sput-
tering rig, which has been described in detail elsewhere.”*
Alumina films were deposited by reactive unbalanced mag-
netron sputtering from a 99.5% pure Altarget. In all cases
the base pressure was <2 107° mbar, the argon flow rate
was adjusted to give a chamberpressure of 2X 1073 mbar
prior to deposition, andthe target current was set to 6 A. The
target was precleaned with the substrates shuttered, but no
sputter cleaning ofthe 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 forall 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 OEMsignal at this value for the
duration of the deposition run, which was typically 90 min.
Previous experience had shown that such conditions would
produce stoichiometric Al,O;films.*

Figure 3 shows the characteristic hysteresis behavior of
this system as the oxygenflow 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 sccm of oxygen, the target
poisons rapidly and the negativetarget voltage falls from 395
to 250 V. The target then remains poisoned until the O2 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 systemallowscontrol to
be maintained at any point on the hysteresis curve. Figure 4
showsthe relationship betweentarget 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

Decreasing oxygen flow
(‘poisoned' regime)

 
oO 5 10 15

Oxygen flow rate, sccm

Fic. 3. Hysteresis behavior displayed during reactive sputtering of alumina.

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

Thefirst 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
Spare-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
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Fic. 4. Relationship between optical emission (OEM) signal and target volt-
age during reactive sputtering of alumina.
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TaBLe I. Experimental Taguchi L9 array for the investigation of aluminafilms.
  

 
Run Pulse frequency Reverse time Reverse voltage
No. (kHz) (us) (%)

1 20 1 te 2
2 20 5 15
3 20 10 20
4 35 1 15
5 35 5 20
6 35 10 10
7 50 1 20
8 50 5 10
9 50 10 15  

pulse frequency (at levels 20, 35, and 50 kHz), reverse tiie
(1, 5, and 10 ys), and reverse voltage (10%, 15%, and 20%
of the nominal sputtering voltage). This range of frequencies
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 secondarray.
The initial experimental array is summarized in Table I.

The aluminafilms were deposited onto precleaned glass
substrates which were subsequently sectioned for analytical
purposes. The coating structures were examined byscanning
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-SOA microanalyzer equipped with WDAX.
A high-purity aluminum standard was used in the analys’s,
with oxygen content being determined by difference. X-ray
analyses were carried out using a Philips system, operating
in 6-26 mode (Cu Ka radiation), and the resistivity of the
coatings was measured using a four-point probe.

Following this, a second array of experiments was carried
out. In this case, coatings were deposited over an extended
range ofpulse frequencies, up to 100 kHz. Also, the MDX
magnetron driver was used as the de 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 thatall runs started with the targetina
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 numberofhard arcsdis-
played by the Sparc-le V was recorded at regular intervals,
both to monitor the onset of arcing, and to give the total
cumulative numberof are events for each set of conditions.

The coating structures and properties were investigated as {or
the preceding array.

ill. RESULTS

The deposition rates and total number of hard arcs re-
corded during each of the Taguchi array runsare listed in
Table II. The deposition rates have been normalized to target
current to give the rate per minute, per A. The maximum
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Le I. Taguchi L9 array data table. Normalised dep'n rate, nm/min/A

f Dutyfactor, No. of hard arcs Coating thickness Normalized dep'n 14
recorded (um) rate (nm/min/A) 12

98 >10000 45 10.0

_ 9 1823 3.0 93 10P 80 5 14 4.6
96.5 >10000 2.0 6.5 8
82.5 492 4.0 8.8

65 0 0.75 2.3 695 >10000 3.75 11.6
75 2754 14 4.6
50 0 18 4.0 4

2

mber of arcs which can be displayed by the counter on the 0
arc-le V is 10000. Where this value was reached before 6—10 aa100

. end of a run, a value of >10000 has been inserted in Duty factor, %
ble II. Also listed in Table II are the duty factors for each —_f:.¢,6, Relationship between the duty factor and normalized deposition rate
1, arising from the array settings of pulse frequency and for reactive pulsed sputtered alumina films.
srse time. Statistical analyses were carried out on these

using a software package from the American Supplier
tute, entitled ANOVA-TM.This package was used tocom-—=0.77). Thus,it could be argued that, of the variables inves-
e the level averages using deposition rate and number of_tigated, reverse voltage actually has the most significant in-

rd arcs as response variables,i.e., to compute the average_fluence on deposition rate. As reverse voltage is increased
sponse of each variable at each level of each factor. The—_from 10% to 20%,thelevel average for the normalized depo-
ults of these analyses are shown graphically in Figs. 5 and_sition rate increases from 5.6 to 8.3 nm/min/A, a factor of
respectively. It appears from Fig. 5 that reverse time and—_approximately 1.5 times.

verse voltage both have significant, but opposite influ- The Taguchi analysis using the total numberof hard arcs
ces, on deposition rate. In the case of reverse time, this is detected as the response variable is shown in Fig. 7. Rather
mply because, as this factor is increased, so the pulse-off surprisingly, pulse frequency and reverse voltage do not ap-
ne becomes a greater proportion of the total pulse cycle, pear to influence the response variable, whereas the level
. the duty factor is reduced and sputtering takes place for—_average for reverse time varies from 10.000 to virtually zero
lesser proportion of each cycle. This is illustrated in Fig. 6, as this parameteris increased from | to 10 ys. Clearly, vary-
hich showsthe positive correlation betweenthe duty factor _ing the reverse, or pulse-off time can have a very significant

normalized deposition rate (correlation coefficient, r

Taguchi Analysis: Hard Arcs
, Taguchi Analysis: Normalised Deposition Rate Level averages, No. of arcs detected

Level averages, nnm/min/A Thousands
; 10 12

9 10

5 8

ee
‘ 1 7 Sy

 
4 2

3 0
20 35 50 1 5 10 10 15 20 20 35 50 1 5 10 10 15 20

Pulse Reverse Reverse Pulse Reverse Reverse

rie time, 1s a oe time, ps eee
Fic. 5. Taguchi analysis of alumina films, using the normalized deposition Fic. 7. Taguchi analysis of alumina films, using the total number of hard

fate as the response variable. arcs detected as the response variable.
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Total No.of hard arcs detected
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Duty factor, %

Fic. 8. Relationship between the duty’factor and the number of hard arcs
detected during the deposition of the Taguchi array aluminafilms.

effect on the occurrence of are 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 numberofarc 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 numberof arc events decreases exponentially un-
til at 65% and below zero arcs were recorded. Atintermedi-
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 thelatter
case it was set to 20%. It may, perhaps, be the case that
reverse voltage exerts a second-orderinfluence on the occur-
rence of arcs. This suggestion is merely speculative at this
stage. Finally, in these analyses the anticipated interaction
betweenpulse 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 micrographofthe fracture section of array coat-
ing run 1. In this case,asin all othercases, 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-
firmedthat the coatings were highly insulating. All resistivity
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4um

Fic. 9. SEM micrograph ofthe fracture section of an alumina film deposite!
on a glass substrate: Taguchi array run 1.

readings exceeded 20 MQ. cm, which is the maximum value
that could be measured bythe probe.

To investigate further the parameters influencing arcing
the second array, described earlier, was carried out. Table IT!
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 Spare-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 to 6 ps, 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 signifi
cantly reduced. Indeed, at 64% duty, hard are events were
completely suppressed for the duration ofthe deposition run
Atother duty factors there wasstill an initial arc-free period
lasting for several minutes. However, in these cases, charge
accumulation eventually reached the point where breakdown
occurred. Beyondthis pointthe incidenceof arcing increased
at an exponential rate.

Tasve III. Run conditions and hard are 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
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Cumulative hard arcs

To 5784 ares 
   

 

_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 lowerthan those for the Taguchiarray. While there may
> a numberofreasons for this, the second array runs were

arried out at a reverse voltage of 20%. This may, again,
> weak evidence that reverse voltage can influence are sup-
ession.

To confirm that the events recorded by the Spare-le V unit
ere indeedarcs, and not merely artifacts of the are-counting
rcuitry, the target voltage wave forms were investigated

ng an oscilloscope. By triggering the oscilloscope on tar-
t current, it was possible to capture actual are events. Fig-

re 11 showsa typical example. Atthe onset ofthe arc event,
e discharge voltage collapses and the current rises signifi-
intly. In this example,it is at least two pulse cycles before
e discharge is reestablished.
Coating structures and properties were investigated for
esecond array coatings, as for the initial array. Again,all

tings 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
=84%). Interestingly, the high numberofarcs recorded dur-
g 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-
er analysis of these films is planned.

V. DISCUSSION

A number of interesting points have emerged from this
Avestigation. Thefirst Taguchi array demonstrated that over
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Fic. 11. Oscilloscope trace ofthe target voltage wave form capturing an arc
event during pulsed reactive sputtering of alumina films (pulse frequency
=100 kHz and duty=80%).

the rangetested 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"? that this may be a result of preferential target
cleaning arising from the bipolar nature ofthe target voltage.
Atthe end of each pulse-off period the target voltage is re-
versed. Atthat 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
each pulse-on period there will be a flux of ions incidentat
the target with a higher than average energy. Such a flux
would preferentially sputter clean poisoned regions of the

 
Fic, 12. SEM micrograph of an alumina film deposited onto a glass sub-
strate at 80 kHz pulse frequency and 84% duty.

Ex. 1042, Page 298



Page 14 of 14 
Appendix 1059-A

Page 299 of 304
Ex. 1042, Page 299

 
2896 Kelly et al.: Reactive pulsed magnetron sputtering process

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
magnitudeof the reverse voltageis increased, giving rise to
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 are 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 loweris necessary, independent of pulse frequency,
if arc suppression throughoutthe 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 aluminafor short time periods at duties greater than 90%.
However, this study indicated that such conditions do not
remain are free and that breakdown soon occurs. Once this

has happened, the incidence ofarcing 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 suggestthat increasing the reverse voltage can be benefi-
cial in reducing arcing. In a manner analogous to the influ-
enceofreverse voltage on deposition rate, the mechanism for
this may again be preferential cleaning of the poisoned re-
gions ofthe 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,0; 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 are-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%.
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High-quality defect-free alumina films have been

ited by pulsed reactive magnetron sputtering over a broad
range of conditions. A systematic study of the deposition
conditions demonstrated that the incidence ofhard ares is
largely controlled by the duty factor selected, and is in
dent of pulse frequency (over the range tested). It is
appropriate, therefore, to consider the concept ofa critic:
duty factor for are-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 ofpulse fre-
quency, but to increase with reverse voltage at any given
duty factor.
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