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When a steady-state capacitive rf discharge is sustained between two electrodes whose surfaces
in contact with the plasma have different areas, a negative dc self-bias usually develops on the
smaller electrode. For ratios of electrode areas greater than about three, the self-bias is
typically 80%-90% of the zero-to-peak potential of the applied rf voltage. However, in
cylindrical-post magnetron discharges which are driven by rf power, the self-bias is often only
10%-20% of the zero-to-peak applied voltage. Since these discharges are of interest to both
sputtering and plasma-assisted etching, we have investigated the formation of the dc self-bias
as a function of applied magnetic field strength. We studied discharges using different diameter
post electrodes at rf frequencies of 1.8 and 13.56 MHz. The self-bias voltages were indeed
found to be considerably less than those observed in nonmagnetron discharges. Electrostatic
 probes were used to measure the interelectrode potential distribution. From these results we
conclude that the reduced dc self-bias in rf driven cylindrical magnetron discharges can be
explained in terms of the effect of the axial magnetic field on electron transport to the
cylindrical-post electrode during that portion of the rf cycle when the post electrode is serving

as an anode.

I. INTRODUCTION

In rf plasma discharge systems, such as those used for
the deposition or etching of insulating materials, each elec-
trode is bombarded by positive ions. As a result, one does not
have a well-defined cathode. Thus an important aspect of rf
sputtering technology is the ability to control the voltage
drops within the plasma sheaths at the two electrodes. In
doing so, one would like to insure that the target electrode is
bombarded with ions of sufficient energy to produce the de-
sired sputtering, while ion bombardment at the other elec-
trode, on which substrates are often mounted, does not dam-
age the growing film or introduce contamination into the
system.'

Under certain operating conditions a dc self-bias devel-
ops in an rf discharge and assists in providing the desired
voltage division. In particular, for the capacitively coupled
discharges of primary interest for sputtering and plasma-
assisted etching, there can be no net dc current flow. As a
result the overall charge flow per cycle between the elec-
trodes must sum to zero, and the total electron current per
cycle to a given electrode must be equal to the total ion cur-
rent per cycle.”> When this requirement is coupled with the
differences in mobility between the electrons and ions pass-
ing through the sheath at an electrode, an asymmetric vol-
tage division will develop if there is a difference in the elec-
trode areas in actual contact with the plasma. For
electropositive plasmas the voltage division can be charac-
terized as an induced negative dc self-bias of the smaller tar-
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get electrode relative to the larger substrate electrode.?

A simple model for the dc bias in rf discharges has been
proposed by Koenig and Maissel.* In this model a uniform
plasma covers both electrodes with purely capacitive
sheaths. For these conditions the ratio of the voltage drops
within the two electrode sheaths are predicted to vary in-
versely with the fourth power of the electrode area ratio.
Experimental data by Coburn and Kay® and Horwitz® sug-
gest that the fourth power relationship is approximately val-
id for ratios near unity ( < 1.6), but becomes less accurate
for larger area ratios. A recent analysis by Savas’ treats the
plasma as a fluid with radial ion flow between concentric
spherical électrodes. This work yields a dc bias versus area
ratio relationship which is more complex than a power law
because the sheath impedances are more resistive or more |
capacitive at different times in the rf cycle. The relationships
obtained by Savas agree with the fourth power law at small
area ratios ( < 1.5), and also fairly reproduce the Coburn—
Kay experimental data at larger area ratios. For example, a
dc self-bias equal to about 90% of the zero-to-peak applied
voltage is predicted by the fourth power law with an area
ratio of about 2. The Savas model predicts this bias for an
area ratio of about 5. The experimental data of Coburn and
Kay obtained with an area ratio of 8 to 10. By capitalizing on
the ability to change the energy of ions striking an electrode
by selecting the appropriate area ratio, one may optimize
sputtering and etching processes. Accordingly, the tech-
nique of using a ‘“‘controlled area ratio of electrodes”
(CARE) to induce an asymmetry in the electrode ion bom-
bardment energies has become an important element of rf
sputtering technology.®
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Preliminary experiments have been performed to inves-
tigate the dc bias in cylindrical magnetron discharges.” In
experiments conducted at 1.8 MHz with a device having a

large area ratio, a dc self-bias of only about 10% of the zero-

to-peak voltage was obtained with a magnetic field strength
of 200 G.'!! As the magnetic field was decreased to zero,
the dc bias increased to about 70% of the zero-to-peak vol-
tage, as one would expect in nonmagnetron discharges. The
absence of a significant dc self-bias in rf cylindrical-post

magnetron discharges (13.56 MHz) has also been noted by

Lin.'?

This paper reports a systematic investigation of the for-
mation of dc self-bias in cylindrical-post magnetron dis-
charges of various diameters driven at rf frequencies of 1.8
and 13.56 MHz while using magnetic field strengths from O
t0 200 G. As expected, the dc self-bias levels were found to be
a function of the magnetic field strength. To investigate the
origin of the reduced self-bias, electrostatic probes were used
to measure the interelectrode potential distribution in the
plasmas. We conclude that the reduced dc self-bias in rf-
driven cylindrical magnetrons can be explained by the effect
of the magnetic field on the electron transport to the cylin-
drical-post electrode during that portion of the rf cycle when
the post electrode is serving as an anode. The effect of the
magnetic field on the current-voltage characteristics of rf-
driven cylindrical-post magnetron discharges is discussed in
a companion paper. >

I. EXPERIMENTAL APPARATUS
Details of the apparatus used in:this investigation are

discussed in Ref. 13. The chamber is constructed of type 304 -

stainless steel and configured to axially mount flange-type
cylindrical-post magnetron electrodes of various diameters
which are also made of stainless steel. The sizes of the cylin-
drical electrodes used for the present study are 12.7, 25.4,
and 100 mm diam. Magnetic field coils are arranged at each
end of the chamber in a magnetic back-strap configuration
that provided a relatively uniform ( 4+ 10%) magnetic field
with strengths up to 200 G in the region occupied by the post
electrodes while leaving the chamber walls accessible to plas-
ma diagnostics instrumentation.'* Screens (200X 200 stain-
less-steel wire cloth) were placed over all of the chamber
ports so that the grounded discharge chamber provided a
relatively well-defined cylindrical-hollow counterelectrode
when rf potential was applied to the central post electrode.
The power supplies and data acquisition systems are the
same as those discussed in Ref. 13. - .
Experiments were conducted during which the dc self-
bias was measured as a function of magnetic field strength
for fields ranging from 0 to 200 G, and at frequencies of 1.8
and 13.56 MHz. The rf frequencies were selected to investi-
gate conditions characterized by primarily resistive and pri-
marily capacitive sheath behavior.”'*”'” The discharge cur-

rent densities were in the range from 3 to 6 mA/cm?®. The-

working gas was Ar at a pressure of 0.4 Pa.
The radial variation in floating potential across the
chamber at the cathode midplane was measured relative to
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ground potential using an electrostatic probe. The probe
consists of a molybdenum disk tip 5 mm in diameter X 0.1

- mm thickness, or a cylindrical tungsten tip 0.25-0.64 mm in

diameter X 5 mm long. The probe was supported by a tubu-
lar quartz insulator having a shielded tip'® to prevent short-
ing from conducting paths generated by sputtered stainless
steel. The cylindrical probe was also used as a Langmuir
probe to estimate the electron temperature so that the plas-
ma potential could be estimated from the floating potential
measurements. In order to provide an independent value of
the plasma potential, the energy distributions of ions inci-
dent on the midplane of the chamber wall were measured
using the retarding grid electrostatic analyzer shown in Fig.
L.

Hi. MEASUREMENTS OF dc BIAS AND PLASMA
PARAMETERS

The variations in the dc bias voltage relative to the zero-

' to-peak applied voltage for the three post electrodes driven

at 1.8 and 13.56 MHz are shown in Fig. 2. In all cases the rms
discharge currents were adjusted to yield a nominal current
density of about 3 mA/cm?®. It should be noted, however,
that the actual power input to the plasma was found to be
dependent on magnetic field strength because of the influ-
ence of the magnetic field on the phase relation between the
current and voltage. Typical oscilloscope traces for the dis-
charge current and voltage are shown in Figs. 3 and 4. At
zero magnetic field the discharge current leads the applied
voltage by 80°-88°. The average phase difference decreased
with magnetic field strength so that at 200 G the phase dif-
ferences were generally less than 60°. General trends are il-
lustrated in Fig. 5. The phase shift decreased, as would be
expected, with working gas pressure and tended to be less for
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FIG. 1. Schematic diagram of the retarding grid electrostatic analyzér.
The analyzer was mounted on the side wall of the experimental chamber.
(See Ref. 13.)
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FIG. 2. Influence of the magnetic field strength on dc self-bias voltage
relative to zero-to-peak voltage for cylindrical magnetron discharge
sources driven at 1.8 and 13.56 MHz.

1.8 MHz excitation and for the larger post electrode diame-
ters. The reduction in phase angle with increasing magnetic
field indicates that the sheaths are becoming more resistive
(as opposed to capacitive). The ratio of the dc self-bias vol-
tage to the zero- to-peak applied voltage shown in Fig. 2 was
not constant for different current densities. As the current
density is increased, the ratio tends to increase and particu-
larly so at the high magnetic field strengths. However, for all
the cases investigated, the ratio at different current densities
had the same functional relationship on magnetic field
strength as shown in Fig. 2.

The time dependencies of the floating potentials at a
radial position within the end flanges of the cylindrical elec-
trodes are shown in Figs. 3 and 4. The time dependence of
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FIG. 3. Time dependence of the discharge voltage, discharge current, and
floating potential for a discharge with a 25.4-mm-diam post electrode
driven at 1.8 MHz. Left-hand side, B = 200 G; right-hand side B=0 G
transfer to the plasma. The crosses show the location of probe measure-
ments. The data shows the effect of the magnetic field in decreasing the
phase difference between the current and voltage and increasing the power
transfer to the plasma.
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FIG. 4. Time dependence of the discharge voltage, discharge current, and
floating potential for a discharge with a 100-mm-diam post electrode driv-
en at 13.56 MHz. Left-hand side, B = 200 G; right-hand side, B=0 G.
The crosses show the location of the probe measurement.

the floating potential at 1.8 MHz with an applied magnetic
field of 200 G is typically what one would expect with largely
resistive sheaths at the discharge electrodes. Under these
conditions the floating potential has the same time depen-
dence as the plasma potential since both ions and electrons
can cross the sheaths in times that are short compared to the
rf period.'* The floating potential at 1.8 MHz with no mag-
netic field, though, has a time dependence intermediate
between capacitive and resistive. This may result from hav-
ing thick sheaths (low plasma density), where the ions can-
not cross the probe sheath in a single rf period.'* The trends
in floating potential as a function of magnetic field, and their
implications on sheath behavior, are consistent with our
measurements of phase angle. The time dependencies of
floating potential at 13.56 MHz (Fig. 4) are suggestive of
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FIG. 5. Influence of the magnetic field strength on the average phase dif-
ference between the discharge current and voltage.

Yeom, Thornton, and Kushner 3827

Downloaded 17 Sep 2002 to 128.174.115.149. Redistribution subject to AlP.license or copyright, see http://ojps.aip.org/japo/japcr.jsp



largely capacitive sheath behavior, as one would expect at
the higher frequency.

In order to better understand the origin of the reduction
in self-bias with increasing magnetic field, we measured the
radial variation in the plasma potential. Due to difficulties in
directly measuring the plasma potential in an rf plasma, the
plasma potential was deduced from floating potential, elec-
tron temperature, and electrostatic ion energy analyzer mea-
surements. The radial variations in positive and negative ex-
tremes of the floating potential at the cathode midplane are
shown in Fig. 6 for the 12.7-mm-diam electrode driven at 1.8

L T e S I R m

RF Variation in
50 Floating Potential —
Anode B=0
+200

Potential (Volts)

U
n
w

T

RF Variation in
R Floating Potential
4020 A B=200G
Cathode
L -1940
_50 - .

RF Driven Cylindrical Magnetron
Frequency-1.8MHz

Post Electrode Dia.=12.7mm
Ar=0.4Pa

Jrms =60 mA/cm?2

R Y ! [ i )
o} 1 2 3 4 -5 6..-7 8 o
Radial Position {cm)

_75_

A

Post .

Surface . Wall
(a)

T g | T T

100~ : —

RF Variotion in
Floating Potential
50~ B=0 A

- Anode
+615V

FIBBVa T e
| S
% I7~‘\RF Variation in
-50}--705v ‘// Floafing Potential
d B=200G

rd

o

-

Pctential (Volts)

-100}-Cathode . o ]
-220V RF Driven Cylindrical Magnetron

Frequency—13.56 MHz

Post Electrode Dia.=12.7mm

Ar=04Pa

15017 Jrmg= 6.0 mA/cm?

zzm\mrmzm L — ' L
0] 1 2 3 4 5 6 7 8 9
4 Radial Position (cm) 4
Post Chamber
Sur face Wall
(b)

FIG. 6. Maximum positive and negative values of the floating potential vs
radial position along the vertical midplane for a discharge using a 12.7-
mm-diam post electrode driven at (a) 1.8 and (b) 13.56 MHz. The “an-
ode™ and- “cathode” voltages are the peak positive and negative voltage
excursions of the post electrode. All voltages are given relative to the
grounded chamber. Data are given for magnetic fields of 0 and 200 G.
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MHz and 13.56 MHz. Data are shown for the zero magnetic’
field and 200-G cases. The plasma potential will exceed the

floating potential by an amount, for a Maxwellian electron

velocity distribution is given by

V,—V;= (kTe/2e)In(M;/2.3m,),

where kT, is the electron temperature and M; and m, are

‘the ion and electron masses.' Thus for a well-defined elec-

tron temperature in Ar, ¥, — ¥ is about 57, . Operating
the electrostatic probe as a Langmuir probe we obtained
nearly linear time-averaged log-current versus bias voltage
curves. These curves suggested that the average electron
temperatures were approximately 12 eV for experimental
conditions shown in Fig. 6. The electron temperature,
though, was a function of radial position and was generally
higher close to the post electrode where energetic secondary
electrons are more likely to be found.

As a further check on our estimation of plasma poten-
tial, the electrostatic analyzer on the midplane of the
grounded chamber wall was used to measure the energy dis-
tribution of the incident ions. The maximum energy of the
ions arriving at the grounded wall is related to the plasma
potential relative to ground. Typical ion energy distributions
are shown in Fig. 7. The results in Fig. 7(a) are for the same
discharge conditions as in Fig. 6(a). The maximum ion en-
ergy is about 75 eV for an applied field of 200 G and about 80
eV at zero magnetic field. When the ion transit time through
the'sheath is much less than the rf period, the maximum ion
energy will be equal to the maximum excursion of the plasma
potential above ground and the time dependence of floating
potential will have the form typical of resistive sheaths. The
temporal variation in floating potential for the 200-G case in
Fig. 3 is suggestive of largely resistive sheaths. Therefore, it
can be expected that the maximum ion energy incident on
the grounded wall should be close to the maximum excur-
sion of the plasma potential for the 200-G case. However, for
the case without a magnetic field, the temporal variation in
floating potential did not indicate that the sheaths were resis-
tive. Therefore, the maximum ion energy incident on the
grounded wall was expected to be less than the maximum
excursion of the plasma potential. Thus we estimate that the
radial variation in plasma potential across the discharge
plasma for the 200-G case shown in Fig. 6(a) has the form
shown schematically in Fig. 8(a). .

The measured ion energy distributions at 13.56 MHz
with magnetic field strengths of zero and 200 G are shown in
Fig. 7(b). The data in Fig. 4 show that the variation in float-
ing potential at 13.56 MHz exhibits the sinusoidal behavior
one would expect for a discharge with primarily capacitive
sheaths. Where the transit time of the ions through the
sheath is longer than the rf period and there is no dc bias, the
maximum in the ion energy distribution will be at ¥/,
where ¥, is the maximum value of the plasma potential rela-
tive to ground.'® To the extent that this relationship can be
used as an approximation for cases with a dc bias, we note
that the peaks in the distributions in Fig. 7(b) occur at about
20 eV for the zero magnetic field case and about 28 eV for the
200-G case. This would imply the maximum plasma poten-
tials relative to ground are about 65 and 90 eV, respectively,

Yeom, Thornton, and Kushner 3828

Downloaded 17 Sep 2002 to 128.174.115.149. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



0.35 1 I l I U

Electrostatic Retarding
Grid Analyzer ]

030 Frequency = 1.8MHz
Post Electrode Dia =12.7mm
Ar=0.4Pa
0.25F Jrms = 6.0mA/cm?2 i
B=0
(vmq,=+200v)
0.20} Vimin=-4020V, .

B=2006G
(Vmgx = +300V) .
Vmin=-1940V,

o

—

15
T

Distribution (arbitrary units)

o

=

O
T
!

0.051-

[0} 15 30 45 60 75 80
Ion Energy (eV)
{a)
040 T T T 7 T
035l Electrostatic Retarding
' Grid Analyzer

Frequency = 13.56MHz
Post Electrode Dia =12.7mm

0.30[- Ar= 0.4 Pa .

JRMS 60mA/cm2

o

=

wn
T

@

g 025 ﬂ B=0 .
z (Vmox=+55v )

£ Vimin = =705V,

S 020}

= B=2006G

S ( Vinax= +135V )

3 Vimin = —220V

%

o

o.10}-

005

L2

n ]
0 10 20 30 40 S0 60
(ev)

Ion Energy
{b)

FIG. 7. Energy distribution oflons incident on the chamber wall as mea-
sured with the electrostatic analyzer for a discharge using a 12.7-mm-
diam post electrode erven at (a) 1.8 and (b) 13.56 MHz.

for the conditions shown in Fig. 6(b). The maximum plasma
potential estimated by the energy analyzer was close to the
maximum positive voltage of the post electrode for zero
magnetic field case, but it was smaller than the maximum
positive voltage of the electrode for the 200-G case. In both
cases this would place the plasma potential about 50 to 70 eV
above the floating potential, which is reasonably consistent
with the offset suggested by the floating potential calculated
with the average electron temperature obtained by the probe
data. Thus we estimate that the radial variation in plasma
potential across the discharge plasma for the 200-G case of
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FIG. 8. Schematic summary of plasma potential vs radial position for var-
ious discharges using post electrodes driven at 1.8 and 13.56 MHz.

Fig. 6(b) has the form shown schematically in Fig. 8(b).
Figures 8(c)-8(f) summarize similar plasma potential esti-
mates for the 25- and 100-mm-diam electrodes at 3 mA/cm?
with 200 G.

IV. DISCUSSION

The inverse area ratios (recipfocal of electrode area rel-
ative to chamber wall area) for the cylindrical post elec-
trodes investigated in this paper range from about 2.5to 18.
Thus in the absence of a magnetic field we should expect dc
self-bias voltages in the range from 80% to 95% of the zero-
to-peak applied voltage.” The experimental observations at
zero magnetic field are consistent with this expectation (Fig.
2). However, when the magnetic field was increased to 200
G the dc self-bias was reduced to between 20% and 60% of
the zero-to-peak voltage. We believe that this behavior is a
consequence of the effect of the magnetic field in reducing
the electron mobility in directions perpendicular to the axis
of the central post electrode.

Glow-discharge magnetrons of the type generally used
for sputtering and discussed in this paper are usually de-
signed according to a dc concept. This design criteria re-
quires specific configurations and orientations of the cath-
ode, anode, and magnetic field which act in concert to form
an azimuthally symmetric electron trap, or traps, over the
cathode surface.”'® The primary electrons, which leave the
cathode surface via secondary emission due to ion bombard-
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ment are accelerated in the cathode dark space and exchange
energy through collisional and plasma oscillation processes
as they migrate across the magnetic field to reach the anode.
The anode is ideally positioned to intersect magnetic field
lines at the periphery of the trap. This energy exchange pro-
vides efficient ionization and permits intense discharges to
be sustained, even at low pressures.

The dc magnetron concept is designed to improve the
effectiveness of the ionization process in cold cathode dis-
charges which are sustained primarily by the ionizing action
of secondary electrons released from the cathode surface by
energetic ion bombardment. Magnetron configurations may
also improve the ionizing efficiency of rf discharges which
operate at modest frequencies and where secondary elec-
trons play a significant role in the overall ionization pro-
cess.'®2° The spatial dependence of plasma potential for the
various discharges driven at 1.8 MHz [summarized in Figs.
8(a), 8(c), and 8(e)] shows that the negative electrode vol-
tage swings are in the range from 700 to 1100 V. The magni-
tude of these voltages and the radial dependence of the plas-
ma potentials suggest that the discharge is largely sustained
by secondary electron emission during the negative half cy-
cle. Therefore, the discharges resemble dc cylindrical mag-
netron discharges. Measurements of ion saturation currents
indicate that the electron densities, for the 1.8-MHz case of
Fig. 8, were in the range 2X10'°-10'" cm™> near the
powered electrode within the end flange.'’ These values are
typical of those seen for dc magnetrons operated under simi-
lar current densities and provide further support for the
proposition that the discharge that forms during the nega-
tive rf voltage cycle resembles a post magnetron. However,
when the voltage of the center electrode swings positive, rel-
atively large voltage drops develop adjacent to the anode as
shown in Figs. 8(a), 8(c), and 8(e) (100-200 V). Time-
dependent electrostatic probe and light emission measure-
ment also indicate that a reversed polarity hollow cathode
discharge does not form with smaller post electrodes [Figs.
8(a) and 8(c)] as shown by the large voltage drop devel-
oped near the anode."*

At high frequencies glow discharges tend to be sustained

by energetic electrons that are heated within the plasma vol-

ume by the oscillating electric fields."” In the 13.56-MHz
cases shown in Figs. 8(b), 8(d), and 8(f), the discharges
appear to be operating in the volume electron heating re-
gime. The sheaths exhibit capacitive behavior. The rms vol-
tages are typically a factor of 4 less than in the 1.8-MHz
cases. Although the magnetron concept is not specifically
designed to assist the ionization process in this type of dis-
charge, the magnetic fields can be expected to reduce wall
losses and promote volume electron heating and ionization
in desirable regions adjacent to the electrodes. This proposi-
tion is supported by the observation that the discharges
which formed in the magnetron electrode systems at 13.56
MHz had electron densities (2% 10'°-10"' cm™3) near the
powered electrode that were typical of dc magnetrons driven
at comparable power levels and more than an order of mag-
nitude higher than those found in the absence of magnetic
fields [(1-3)10° cm™3]."® Time-dependent electrostatic
probe and light emission measurements indicated an in-
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crease in electron density during the negative part of the rf
cycle and a slight decay (20%-30%) during the positive
voltage swing, indicating that little additional ionization oc-
curred during the positive “anode” cycle. The positive vol-
tage swings are also considerably less than in the 1.8-MHz
case. However, these resulting self-bias levels are relatively
small, typically values being about 20% at 200 G as shown in
Fig. 2. _

The maximum plasma potentials associated with the
13.56-MHz discharges were close to the maximum voltage
of the post electrode but there was a certain voltage drop
(20-60 V) that developed adjacent to the post electrode.
This voltage is apparently required to draw an electron cur-
rent that is equal to the ion flux during the remainder of the
rf cycle and therefore to satisfy the current conservation re-
quirement for rf capacitive discharges. This voltage drop is
believed to be a consequence of the axial magnetic field,
which reduces the electron mobility in the radial direction as

" described in detail in Ref. 13. For a 200-G field perpendicu-

lar to the electric field, the radial electron current transport
can be expected to be reduced significantly.”

Therefore, as the axial magnetic field strength is in-
creased, the dc self-bias voltage must decrease as shown in
Fig. 2. This results from the reduction in the electron mobil-
ity in directions perpendicular to the axis of the post elec-
trode when it serves as anode and because of the increase in
electron trapping near the post electrode and reduction in
the electron losses to the wall when it serves as cathode.

The time-dependent electrostatic double probe data
showed that for 12.7- and 25.4-mm-diam electrodes at 1.8
MHz, the ion saturation current underwent a decay to essen-
tially zero. For the 100-mm-diam electrode at 1.8 MHz, the
jon saturation current showed a modulation of about 65%,
while at 1.8 MHz the modulation was in the range of 10%-
25% for all three electrodes.'” The high percent of self-bias
voltage at 1.8 MHz shown in Fig. 2 appears to result from the
large decay of ion density during the anode cycle. Therefore,
a large negative voltage is needed to sustain the discharge
current compared to the 13.56-MHz cases, where high ion
densities exist during the anode cycle.

As a check on our conclusion regarding the nature of the
ion bombardment at the post electrode, a series of experi-
ments were conducted during which the sputtering rates of
stainless steel from the 25.4-mm-diam post electrode under
rf power were measured. These values were compared to the
dc sputtering rate at identical average currents for 1.4 Pa Ar.
Large sputtering rates correlate with high rates of ion bom-
bardment. The measurements consisted of collecting a por-
tion of the sputtered flux on an aluminum foil located on the
cathode midplane at a radius of 40 mm and weighing it. The
measurements were made at rms currents of 0.5 and 1.0°A
and magnetic fields of 100 and 200 G. The results are sum-
marized in Table I. The data are presented as a thickness
deposition rate, based on the assumption of a bulk density for
the stainless-steel coatings.

The rfsputtering rates are consistently about 40% of the
corresponding dc values in the 1.8-MHz case, and vary from
near zero to about 2% of the dc values in the 13.56-MHz
case. The reduced sputtering rates at 1.8 MHz are believed to
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TABLE I. Relative deposition rates (A/min) due to cathode sputtering. Post electrode diameter = 25.4 mm. Ar pressure = 0.4 Pa. Substrates at a radius of

40 mm. .
100 G 200G
Discharge
current dc 1.8 MHz 13.56 MHz dc 1.8 MHz 13.56 MHz
05A
Dgposition rate 515 221 8.7 570 178 2.2
(A/min)
Discharge voltage 712V. 890V 105V 599V 380V 123V
rf (zero-to-peak)
Seif-bias voltage — 670V —25V —320V — 14V
(% zero-to-peak) (75%) (23%) (55%) (11%)
Deposition rate 0.43 0.017 0.31 0.004
(relative to (dc)
1.0A
Deposition 1040 419 15.4 949 437 26
rate (A/min)
Discharge voltage 773V 1390 V' 133v 685V 970V 135V
f (zero-to-peak) .
Self-bias voltage - — 1110V —45V — 650V —28V
(% of zero-to-peak) (80%) (34%) (67%) (17%)
Deposition rate 0.40 0.015 0.46

(relative to dc)

0.027

be due to two factors: (1) ion bombardment occurs only
during the negative voltage swing of the post electrode, and
(2) the discharge current is somewhat out of phase with the
discharge voltage. As the magnetic field decreases, the dc
self-bias increases, thereby increasing the fraction of the rf
cycle during which energetic ion bombardment occurs.
However, this increase is largely compensated by the in-
crease in the phase difference between the current and vol-
tage that occurs as the magnetic field is decreased as shown
in Fig. 5. The lower sputtering rates at 13.56 MHz are be-
lieved to be due to the low discharge voltage, the small dc
self-bias, and the fact that the ions require many cycles to
cross the sheath and do not obtain the peak voltage. Conse-
quently, the bombarding energies are near the threshold for
sputtering, with the result that the sputtering rates are negli-
gible or very small.

The expected reductions in the sputtered fluxes for the
1.8-MHz case were calculated on the assumption that the
bombarding ion energies reflect the instantaneous discharge
voltage V() at a given point @ in the rf phase. The ratio of rf-
to-dc sputtering is then

RF,

rate

Io- 2 /
el (—" cos(6 + ¢>S[V(e)1deﬁ,65( Vdc)),

27 Jo

rate

where I is the discharge currént, ¢ is the phase difference
between the current and voltage, and S(¥) is the voltage
dependence of the sputtering yield. Predicted ratios were
calculated using sputter yield data for iron from Ref. 21.
The calculated values are in the range from 0.50 to 0.75 and
therefore a little higher than the measured values. This dif-
ference is due, in part, to the poor assumption that the ion
energy is equal to the instantaneous sheath voltage.

The expected reductions in the sputtered fluxes for the
13.56-MHz case were calculated on the assumption that
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the ions required many rf cycles to cross the sheath, so that
their bombarding energy is equal to the negative sheath
voltage averaged over the rf cycle, using the relationship

RFue T S(Viie)
DCratc - Idc S( Vdc ) ,
where '

2T
V.. =Lf V= (0)d6
27 Jo

and ¥~ (#) is the negative variation in the discharge vol-
tage. The calculated ratios were in the range from 0 to 0.05
and therefore in reasonable agreement with the data given
in Table 1.

V. CONCLUSION

The formation of dc self-bias voltages in rf cylindrical-
post magnetron discharge was investigated for various post
diameters driven at rf frequencies of 1.8 and 13.56 MHz,
and using magnetic field strengths from 0 to 200 G. The dc
self-bias voltage was less for discharges using the larger
diameter post electrode at fixed magnetic field strengths, as
suggested by other authors for capacitively coupled parallel
plate discharges,*® but the dc self-bias voltage was also a
strong function of magnetic field strength.

The reductions of the dc self-bias voltage in rf cylindri-
cal magnetrons at increased magnetic fields are due to the
effect on electron mobility of the magnetic field perpendic-
ular to the electric field. When an rf capacitively coupled
post electrode discharge was operated at a given current
density, the positive peak voltage of the post electrode in-
creased with increasing magnetic field and the negative
peak voltage decreased. The increase in the positive peak
voltage is attributed to the reduction of electron mobility
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toward the post electrode when the post electrode serves as
an anode. The decrease in the negative peak voltage at in-
creased magnetic field is due to *“ improvement” of the elec-
tron trap near the post electrode which causes enhanced
ionization when the post electrode serves as a cathode.
The reduction of electron mobility at high magnetic
fields also caused a rather large voltage drop for the 1.8-

MHz cases (25%-70% of the anode peak potential) and A

for 13.56-MHz cases (20%—-40% ) near the post electrode
at the peak of the anode cycle. This voltage drop appears to
prevent operation of a hollow-cathode-like discharge dur-
ing the anode cycle for the small electrodes at 1.8 MHz. The
high-voltage drop likely results from the reduction in elec-
tron mobility by the magnetic field which reduces the “re-
turn current” density of the electrons to the anode. Since
the current density at the central anode must be propor-
tionally larger to account for the difference in areas, a posi-
tive sheath voltage develops to drive the electron current.
As the diameter of the central post electrode increases, the
disparity in current densities decreases, and the anode
sheath potential also decreases. Time-averaged conductiv-
ity was increased as the magnetic field was increased be-
cause the amount of increase in the conductivity during the
negative half cycle was larger than that of the decrease in
conductivity during the positive half cycle. Generally, the
conductivity for 13.56-MHz cases was higher than that for
1.8-MHz cases as a consequence of the increased volume
ionization for 13.56-MHz cases compared to that for 1.8
MHz cases. It was demonstrated by the temporal ion den-
sity measurement that the ion densities at 1.8 MHz decayed
more than the 13.56-MHz cases during the anode cycle.
The high de self-bias voltage at 1.8 MHz compared to 13.56
MH2z cases could be explained by the large decay of ion
densities for 1.8-MHz cases during the anode cycle.
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