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Electrical Properties of RF Sputtering Systems

A theory is developed that gives a relatively complete electrical characterization of rf sputtering systems. Three types of
systems are analyzed: tuned substrate, driven substrate, and controlled area ratio of electrode (CARE) systems. The
theory is applicable to any of these systems that do not use magnetic fields to confine the plasma. Given the input rf power
and voltage at the target, and any other parameters that can be specified as independent variables (e.g., pressure,
substrate drive voltage, tuning impedance, and system geometry), the theory provides explicit values for all dc and rf
electrical parameters of the system. The dc bias developed at the substrate is explained and related to the resputtering
energy. In addition, an approximate calculation is presented for the ion density in the plasma; this calculation allows a
semiquantitative estimate of the rf voltage developed at the target for a given value of rf input power. It also shows the
influence of pressure and frequency on rf sputtering system operation. Comparisons are made with real rf sputtering
systems; these show that the theory is quite successful in predicting the operation of these systems. In addition, a much
better understanding is achieved of some of the complex electrical phenomena encountered in these systems. The theory

should prove useful both for new system design and for diagnostic work on existing equipment.

Introduction

In recent years a considerable body of experimental evi-
dence has been accumulated indicating that in the rf sput-
tering of thin films, resputtering during deposition has an
important influence on film properties [1-4]. Resputter-
ing, presumably due to ion bombardment, is controlled
primarily by the rf bias on the substrate holder; this was
first shown by Logan [ 1] in his experiments with substrate
tuning. From Logan’s work it was apparent that similar
results could be obtained by driving the substrate with an
rf bias of known amplitude and phase.

While resputtering is strongly influenced by rf substrate
bias, Koenig and Maissel [5] have demonstrated that re-
sputtering may occur even when the substrate is
grounded. Basically, a space-charge-limited sheath, de-
scribable at low pressures by the Child-Langmuir law, de-
velops between the glow and all surfaces in the sputtering
system. This sheath is capacitive, with the capacitance
being dependent on the area, ion flux, and average poten-
tial across the sheath. The rf voltage applied to the target
is divided between the capacitance of the target sheath
and the capacitance of the ground sheath. Thus, an rf po-
tential must exist between the highly conducting glow and

the grounded substrate. If that rf potential is sufficiently
large—that is, if the ratio of the ground area to target area
is sufficiently small, resputtering of the depositing film oc-
curs.

This model, which is discussed more quantitatively in
the paper by Koenig and Maissel [5], was also used by
Logan [1] to explain his substrate tuning experiments. In
those experiments, Logan found that when the imped-
ance between substrate and ground was made increas-
ingly inductive, a large negative dc potential developed
on the substrate. However, when the inductance was in-
creased beyond a certain critical value, the dc substrate
potential changed discontinuously to a small, sometimes
positive, value. This peak in negative dc substrate bias
was attributed to resonance between the external induc-
tance connecting substrate to ground and the capacitance
of the sheath between substrate and glow.

The factors that control the bombardment of a growing
film are thus explained qualitatively by two simple con-
cepts. First, the sheaths present a highly capacitive im-
pedance; second, the glow can be regarded as a highly
conducting interconnection between these sheaths. The
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Figure 1 Equivalent circuit of an rf sputtering system.

purpose of this paper is to expand upon these concepts in
order to obtain a quantitative understanding of the factors
that control ion bombardment. The three techniques for
controlling resputtering—tuned substrate, driven sub-
strate, and controlled area ratio of electrodes (CARE)—
are treated. The treatment goes beyond the calculation of
ion bombardment; it yields a rather complete electrical
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characterization of rf sputtering systems. This paper first
presents.a theory for rf sputtering system operation and
then gives comparisons between the theory and available
data. All notations used in the paper are listed in the Ap-
pendix.

Theory

Equivalent circuit of an rf sputtering system

A convenient starting point in the calculation of the elec-
trical behavior of an rf sputtering system is the equiva-
lent circuit shown in Fig. 1. This circuit is a slight
generalization of the equivalent circuit given by Koenig
and Maissel [5], and is also similar to that given by Logan
[1]. The system comprises three electrodes: a target, a
substrate holder, and the walls. The walls are defined to
be the true 1f and dc¢ grounds. With the substrate drive
voltage V,; equal to zero, the system is a tuned substrate
system; with the impedance Z_ equal to zero, it is a
driven system; with both equal to zero, it is a controlled
area ratio electrode (CARE) system.

The circuits in Fig. 1 are numerically analyzed by stan-
dard techniques in the network analysis section of this
paper, but before this can be accomplished, several other
problems must first be addressed:

1. The relationship between the rf and dc voltages across
the sheath at a boundary;

2. The relationship between the various dc sheath poten-
tials and the externally measured dc substrate bias;

3. The dependence of sheath impedance on voltage and
other variables; and

4. The factors controlling ion current density in the
sheath and the factors controlling plasma resistance.

Relationship between rf and dc potentials across a sheath
If the voltage across a sheath is of the form

V=V, +V, sin (o), ¢

and if the Maxwell-Boltzmann distribution holds for the
electrons, the time average of the electron current den-
sity (J), through the sheath is [6]

(), = J1(eV /KT, @)
where J_ is the current density which would be drawn if
V. =0,

J =J

esat

exp (eV, /kT,),

and I is the zeroth-order modified Bessel function of the
first kind. If the sheath passes no net current, the average
electron current density must be equal to the ion current
density J [7]. Assuming that the ion current is indepen-
dent of the sheath voltage (as expected for planar geome-
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try) and that clipping of the sinusoidal voltage does not
occur, the dc potential across the sheath is given by

exp (—eV, /kT,) = J I (eV /kT)/J,. 3)

satIo
When V is zero, Eq. (3) reduces to the usual equation for
the floating potential. Consequently, AV, , the change in
dc potential due to the presence of the rf voltage, is given
by

exp (eAV, /kT) = 1 (eV /KT, (4)
or
AV, [V, = (kT eV ) In[] (eV [kT)]. )

The total dc voltage across the sheath is the sum of V,,
the floating potential in the absence of an rf voltage, and
AV, .. ForeV /kT, much greater than one, Eq. (5) reduces
to

AV, )V, = —1 + (kT,/2¢V) In 2meV /KT,). 6)

Equation 6 shows that for large values of V the negative
bias developed across the sheath is approximately equal
to the peak rf potential, as is known experimentally to be
the case. Tsui[8] developed a similar result in a quite dif-
ferent calculation.

DC potentials in an rf sputtering system

In the previous section the dc potential across a sheath
was related to the rf potential across that sheath by an
equation of the form

de

V.= -V, — Vk(V), %)

where V, is the magnitude of the floating potential in the
absence of any rf voltage and « is a function of the peak
amplitude of the 1f potential V . By applying this equation
specifically to the wall sheath, v, becomes V . the peak
if potential of the plasma. The dc potential of the plasma
relative to ground is then

VDd(: = VpoK(Vpo) + Vf’ (8)

Note that this potential is positive with respect to ground.
Likewise, the dc potential between the plasma and the
substrate is

Vo = [V x(V

psde

)+ V. &)

pso pso

The negative sign indicates that the substrate charges
negatively with respect to the plasma.

The measured dc substrate potential V. is the sum of
Vg and V

psde*

V

sde

=V, x(V,) = V «(V, (10)

pso pso) ‘

If the rf voltages are large, « is approximately unity, and

Ve = Voo = Visor

sde j
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Thus, the measured dc substrate potential may be ei-
ther positive or negative, depending on the rf potentials
across the wall and substrate sheaths.

Sheath impedance

Koenig and Maissel, in their treatment of the low pres-
sure 1f sheath, assumed that the dc bias across the sheath
determined the properties of the sheath. They used the
Child-Langmuir law [9] to relate the sheath dimension
(and consequently the sheath capacitance) to the dc volt-
age and the ion current density injected into the sheath.
The relationship for the capacitance is

— 2 —3/4 .
C=UPAIAV, + V)7
{ = 3/2Me,/2e)", (11

where A is the area of the sheath and V, is the floating
potential in the absence of an rf voltage, M/e is the mass-
to-charge ratio of the ion, and ¢ is the permittivity of free

space. For argon, { has a value of 107° farad-volt** per

cm-amp'”.

Although Koenig and Maissel considered the sheath to
be entirely capacitive, the equivalent parallel resistance
can be defined in terms of the power dissipation in the
sheath. Since the electrons drawn from the glow are
never accelerated across a large potential difference, their
power dissipation is negligible. The power dissipation is
almost entirely due to the ion bombardment of the bound-
ary and the consequent secondary-electron emission. The
power dissipation associated with the rf voltage across
the sheath is thus given [10] by

P =J(1+ y)AIAV, I, (12)

where y is the secondary-electron emission coefficient
(second Townsend coefficient) and AV is the change in
dc voltage induced by the rf voltage. The equivalent par-
allel resistance is

R = V2P = V2/2] (1 + y)AIAV, | (13)

These equations are valid only at low pressures where
the ions are not scattered as they traverse the sheath. At
higher pressures, both scattering and ionization within
the sheath tend to increase the space charge, and there-
fore the capacitance. Also, ionization causes an increase
in the current through the sheath and consequently de-
creases the parallel resistance. The analysis of these ef-
fects is treated in a companion paper and the equations
governing the sheath impedance are found there.

Ion current density within the sheath and plasma resistance
In the preceding sections it was assumed that the ion cur-
rent density injected into the sheath was known; this is
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not actually the case. The power dissipation is dominated
by the target sheath because that sheath has by far the
largest voltage across it. Consequently, if the power input
and the voltage across the target sheath are known or can
be calculated, Eq. (13) (or its more general equivalent in
Ref. [11]) provides an approximate value for J,. How-
ever, this value is correct only in the vicinity of the target
(or substrate, for usual geometries). It does not apply to
the more diffuse glow that typically pervades the rest of
the system,

The calculation of ton current densities is simplified by
dividing the glow into two regions: an intense region in
the vicinity of the target, and a more diffuse region per-
vading the rest of the system. This division is not arbi-
trary; it is based on empirical observation of the light gen-
erated by the rf discharge in typical sputtering systems.

We start with the assumption that the rate of creation
of ions is proportional to the energy input to the glow.
There are two contributions to the energy input and, thus,
to the rate of creation of ions, (dN,/df),, ;..- The two
contributions result from a volume term due to scattering
in the glow and a surface term due to secondary-electron
emission from the boundaries,

(dNi/dt)creation = (ep/Ei) J <JrfErf>t dU

+ Y (e,/ENJIV A, (14)

sheaths

where the integrand is averaged over time. In this equa-
tion, E| is the ionization energy, J, is the rf current den-
sity in the glow, E is the 1f field, v is the volume of the
glow, y is the secondary-electron emission coefficient, J,
is the ion current density in the sheath, V,_ is the voltage
across the sheath, and A is the area of the sheath. The
values €, and ¢, are proportionality coefficients closely
related to the first Townsend ionization coefficient [12],
and give the fraction of total energy dissipated that pro-
duces ionization.

For equilibrium, the rate of creation is equal to the rate
of loss of ions. Since recombination is negligible in argon
at low pressure, the rate of loss of ions is given solely by
the ion loss into the various sheaths. Thus,

@dN,/dn), . = > JAle. (15)

sheaths

We have assumed a system comprising two uniform re-
gions. The following arguments suggest that we can as-
sume negligible ion interchange between these two re-
gions. The current density entering the typical target
sheath must be of the order of 107 A/cm® if one is
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to explain the observed sputtering rates. The ion cur-
rent density calculated from the rate of injection from a
Boltzmann distribution is far lower than this for reason-
able ion densities and temperatures. It has been shown
[13], however, that electron diffusion creates large fields
at the edge of the glow, and these fields raise the ion ener-
gy to the order of £T,. Since the transition between high
and low density regions is broad, the field at the transition
is relatively weak. Consequently, any net particle inter-
change between the two regions should be small com-
pared to particle loss to the sheaths.

With these assumptions we can write (for the target-
substrate region)

(dNi/dt)creation = epliftf(D’ At)/ZEiep’eni
+ (J,/E)ey VA
sheaths ’
@dN,/dD),, = (J.Je) > A, (16)

sheaths

The function f, which depends on the distribution of rf
current in the glow, is evaluated approximately in Appen-
dix A; D is the target-substrate spacing, I, is the peak rf
current flowing through the target, and here, A_ is the tar-
get area. The use of an electron mobility u, is justified in
argon if E/p = 0.015 V/Pa-cm (>2 V/torr-cm). For argon
[14],
4.3 x 107
p

3.2 x 10°

i, (Pa-cm®/V-cm; p in pascals);

(torr-cm”/V-cm; p in torr), a7

where p is the pressure. At low pressures, where Eq. (16)
is valid, I, is given by [see Eq. (11)]
I, =wV,C = ol AV (18)

When this equation is combined with Eq. (16), the result
is

n = e’V f(D, A)A?

+2En, Y [A, - (ev,e,VAJE)] (19)
sheaths

This relationship is quite useful from a conceptual stand-
point because it shows that the low pressure rf discharge
is not sustained by secondary electrons liberated from the
target [15]. It is sustained instead by ionization in the
glow due to the large f currents flowing through the glow
[16]. These large currents are possible only because of the
capacitive coupling across the target sheath.

At low pressures, where secondary-electron effects can
be neglected, Eq. (19) can be used to obtain the ion cur-
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rent density. Since the ion energy is of the order of kT,
when it enters the sheath [12], Eq. (19), evaluated explic-
itly for argon, reduces to

2
J, = 1.5 x 107 w*(kT)'*V,* 4, }
P ¢ ° | 8D(A, + A T A

(p in pascals)

2
= 2 x 107 W (kT V" A }
8D(A, + A_+ A_)

(p in torr). (20)

To obtain this result, the approximate treatment in Ap-
pendix A was used. The units for J_ in Eq. (20) are Alem’;
for kT,, eV; for w, s™'; for V,, volts; and for the dimen-
sional factors, cm or cm”. In Eq. (20) A, is the wall area in
contact with the intense glow. Equation (20) is useful for
obtaining a rough estimate of the ion current density in-
jected into the sheaths in the intense region. This equa-
tion is not, however, sufficiently accurate for use in the
system analysis. Instead, a value of J is obtained that is
consistent with the known rf power and voltage applied to
the system.

The power dissipated in the glow can also be obtained
from these equations. From Egs. (14) and (15),

- JEi

€€

P

g

VA
CEY T ) @n

2 (AS_ E

p sheaths i

Again, the terms in y can usually be neglected at low pres-
sures. It is fortunate that P, is relatively small, for it is
difficult to determine how this power dissipation should
be incorporated into the equivalent circuit in Fig. 1. For
the sake of simplicity we will attribute P, entirely to a
plasma resistance R, in series with the target. In this
case,

R, =2P /I, 22)

and R, the plasma resistance associated with the sub-
strate, is zero. This completes the analysis of the intense
region.

The same arguments can be used to develop an ex-
pression for the ion density in the diffuse region. This
analysis is contained in Appendix B. Only the results, as
applied to argon, are given here. It should be noted that
because secondary-electron effects are always negligible
in the diffuse region, the validity of the results is not re-
stricted to low pressures.

The scattering in the diffuse glow gives rise to a plasma
resistance R in series with the diffuse glow wall imped-
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ance. From evaluation of Eq. (B4) in Appendix B,

R = 0.005¢ pE."/J A

|4 08 0w

(p in pascals)

=0.7¢, pE.*/J'/A,  (p in torr). (23)

As noted earlier, E_, the energy with which the ion enters
the sheath (in eV), is approximately equal to kT,. The ion
current density into the diffuse region wall sheath, J;, is

given by
J= 1.5 % 107%¢_ pw’(e,EL*V: — 0.07¢, pE,)/Vie

pos pwdce

(p in pascals)

=2 x 107 po’(e,EX*V? - 10¢,,pE,)/V2E

p o8 pwdc
(p in torr). 24)

As explained in Appendix B, ¢, is an effective length with
a value of about 40 cm; J_ is in A/em®, E  in eV, and V,
and V. involts. Theterm V. is the dc¢ voltage across
the sheath and is calculated from the rf voltage across the

sheath V__ by using Eq. (4); V, is calculated in turn from
V., =VIZ /R, +Z)I, (25)

p

where the notation is explained in Fig. 1 and Appendix C.
Equation (24) is used with Eq. (11) to calculate the capaci-
tance of the sheath, and with Eq. (13) to calculate the
parallel resistance of the sheath.

Because there is no explicit solution of these equations,
numeric techniques must be used for the calculation.
Note that J! is negative at very low values of V,. This
results from approximations in the derivation, and of
course is not physically possible. Consequently, J(; is as-
signed a zero value whenever V_ is low enough for Eq.
(24) to give a negative result. This expresses the fact (ex-
perimentally observed) that when V is very small there is
no ionization outside the intense region.

Network analysis
The analysis of the equivalent circuit in Fig. 1 can be
made by using standard techniques. For the rf plasma
voltage V,

ZZV, +ZZV

Vp = e 17’3 °d , (26)
ZZ,+72,7, +Z72727,

where Z, Z,, and Z, are the impedances of the target,
substrate, and wall branches of the network:

Z=Z,+Z +R, @7
Z,=7,+Z +R, (28)
and

Z,=Z,+R,. 29

The rf voltage across the substrate sheath is
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Figure 3 Calculated and measured dc substrate biases for a
tuned substrate system with large wall area. The abscissa is pro-
portional to the inductance of the series inductor in the tuning
network. Note that the stray capacitance from substrate holder
to ground must be accounted for in calculating the net impedance
to ground.

V=V, =V, =(V, - V)Z/Z,), (30)
across the target sheath it is

V, -V, = (V, - VIZ/Z), 3
and across the wall sheath it is

Vow = Vo Z,/Z,+ R ). (32)

Each of these equations for a sheath voltage is expressed
in terms of the plasma voltage and impedances, which are
in turn functions of that particular sheath voltage. These
sheath equations are also functions of the ion current den-
sity, the electron temperature (which fixes the floating po-
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tential), and other parameters that are specified at the
start. The problem is thus reduced to finding values for
the plasma voltage amplitude and phase that are consis-
tent with the known target voltage and power, the sub-
strate drive voltage and phase, or the substrate tuning im-
pedance. Because of the highly nonlinear character of the
sheath impedance, Eqs. (30), (31), and (32) for the three
branches of the network must be solved by numeric tech-
niques.

In most systems the intense region is in contact with
the walls to some extent (usually the intense glow extends
beyond the target rim for about 2 cm). Therefore, Eq. (29)
was generalized to include a wall sheath impedance in
parallel with the impedance of the diffuse region. This mi-
nor generalization does not change the character of the
solutions, and does not affect the numeric techniques
used in obtaining those solutions.

Numeric techniques for calculating system voltages

The details of the computer programming are too lengthy
to be reported in this paper. It might be noted, however,
that the programming was done in APL, an interactive
terminal oriented language. The use of this language
avoided much tedious automation of the iterative steps,
because the operator could follow the key final iteration
(where solutions are sometimes multiple-valued or non-
existent) and interrupt the program when it was not con-
verging.

A basic simplifying assumption was made in obtaining
solutions to the various equations. A value of the ion cur-
rent density in the intense region was obtained that was
consistent with the known rf power and voltage applied to
the target when the substrate was grounded [17]. This ion
current density was held constant in all subsequent calcu-
lations of the effects of varying the substrate tuning im-
pedance or drive voltage.

For the driven substrate case, Eqs. (14)-(25) were used
as shown, with Z_ and R, defined to be zero. Once the
value of ion current density was determined, a value for
the plasma voltage amplitude and phase was found for
each specified substrate drive voltage, amplitude, and
phase that was consistent with the known target voltage.

A slightly different procedure was used to solve the
equations for the tuned substrate system (V, and R de-
fined to be zero). Again, J, was determined from the val-
ues of rf input power and voltage for the grounded sub-
strate condition. For that particular situation the rf input
power is completely determined if either the plasma volt-
age amplitude or the amplitude of the voltage across the
substrate sheath is given. Thus, the value of either of
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these voltages that is consistent with the input power can
be obtained by iteration. All iterations were carried out to
an accuracy of one part in 10°.

Comparison of theoretical and experimental charac-
teristics of rf sputtering systems

Three system types—tuned substrate, driven substrate,
and CARE —are considered.

Tuned substrate systems

In the tuned substrate system a variable inductor and a
blocking capacitor are placed in series between the sub-
strate and ground. Typically, the substrate holder has a
stray capacitance to ground of the order of 100 pF or
more. The tuning network is usually designed to adjust
over a range including both series resonance with the
blocking capacitor and parallel resonance with the stray
capacitance. If the inductor losses are reasonably small,
this allows a wide range of reactance between substrate
and ground [1].

Figure 2 shows the calculated and measured dc sub-
strate biases for a system with a target area of 670 cm’, a
substrate area of 507 cm®, and a wall area of 2400 cm®. Of
this wall area, 400 cm” was assumed to contact the intense
region of the glow. A 20% power loss was assumed to
occur in the impedance matching circuitry connected to
the target input [18]. Other parameters required [1] were:
w/2m = 13.56 MHz, ¢, = 40 cm (see Appendix B),
¥, = 0.2, V, =15V, ¢ = 0.4[12], stray capacitance in the
substrate holder = 115 pF, and tuning circuit series resis-
tance = 1.07 ohms. The value of v, was adjusted to give
the correct reactance for the point of instability of the tun-
ing curve; v, is probably too large, suggesting that power
losses in the impedance matching circuit were greater
than 20%. The calculated results are quite insensitive to
the value of V.

Figure 2 also shows the calculated dc voltages across
the wall sheath (Vp +) and across the substrate sheath
(Vpsdc). The sum of these two voltages is the measured dc
substrate bias. The agreement between measured and cal-
culated dc substrate biases is excellent, except for react-
ances beyond the instability, where the predicted bias is
more positive than that measured. The voltage across the
substrate sheath is a measure of the ion energies striking

the substrate surface.

The peak in negative substrate bias has been attributed
to series resonance between the inductive tuning network
and the capacitive substrate sheath. However, if the
losses in the substrate branch are not excessive, there are
two other possible resonances: a series resonance with
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the target sheath when the net impedance between
plasma and ground is inductive, and a parallel resonance
between the inductive substrate branch and the capaci-
tive wall sheath. Each of these three resonances contrib-
utes to the electrical characteristics of the system. The
series resonance with the substrate sheath causes a mini-
mum in the plasma impedance and thus in the plasma
voltage in Fig. 2. The series resonance with the target (a
very low ‘‘Q’’ resonance) causes a slight dip in the rf in-
put voltage near the point of instability. The parallel reso-
nance between wall and substrate branches causes the
maximum in the plasma voltage in Fig. 2. In order of in-
creasing tuning reactance, these three resonances would
occur as listed above. Because of the large wall capaci-
tance, the resonances occur over a very small range of
tuning reactance.

The instability, which occurs very near the parallel res-
onance condition, is caused by the voltage dependence of
the sheath impedance. As long as the voltage across the
substrate sheath increases when the tuning reactance is
increased, the capacitance of the substrate sheath tends
to decrease and the net change in reactance of the sub-
strate branch is small. However, when an increase in tun-
ing reactance causes the voltage across this sheath to de-
crease, the capacitance of the sheath increases and the
net inductance of the substrate branch grows rapidly.
This leads to the instability shown in Fig. 2.

Figure 3 shows the predicted and observed dc bias volt-
ages for a tuned substrate system that has a much larger
ratio of wall area to target area. This curve is for a 23-cm-
diameter target in a metal chamber about 46 ¢cm in diame-
ter. Both the predicted and experimental curves show
that the larger ratio of wall area to target area greatly re-
duces the maximum bias voltage that can be obtained.

The predicted curve for this system shows good agree-
ment only in the region near the voltage peak. In measur-
ing the bias voltage it is observed that the rf voltage on the
substrate holder has harmonic content totaling almost 20
volts. This harmonic content may be partly responsible
for the error between the predicted and observed bias
voltages. One other factor which may affect the measured
dc substrate bias is the presence of an insulating film on
the substrate holder. Figure 4 shows a comparison be-
tween the observed and predicted bias voltages for the
same system immediately after a 3.2-mm-thick molybde-
num plate is placed on the substrate holder. Adding this
plate apparently improves the dc contact to the substrate
sheath, and may affect harmonic content as well. As is
seen in Fig. 4, excellent agreement between theory and
experiment is obtained over the whole region of the tun-
ing curve,
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Figure 4 Calculated and measured dc substrate biases after the
system characterized in Fig. 3 was modified to improve dc¢ con-
tact between the plasma and substrate holder.

Driven substrate systems

In a driven substrate system some of the rf power from
the generator is used to drive the substrate holder at a
given rf voltage and phase. Two synchronized generators
may also be used for driving the target and substrate.

Figure 5 shows the predicted dc bias and ion bombard-
ment voltage V versus rf drive voltage for a given sys-
tem geometry. The left-hand part of the plot corresponds
to driving the substrate 180 degrees out of phase with re-
spect to the target voltage; the right-hand part corre-
sponds to driving it in phase. When the substrate is driven
out of phase, the plasma voltage decreases and the bias
and ion bombardment voltages increase fairly linearly
with the rf drive voltage. The linear increase in dc sub-
strate bias has been observed experimentally in several
driven substrate systems.

The qualitative character of the substrate bias curve of
Fig. 5 can be easily understood from Eq. (10), which
shows that the net substrate bias is given approximately
by the rf voltage across the wall sheath minus the rf volt-
age across the substrate sheath. Since the plasma voltage
is nearly in phase with the target voltage when the sub-
strate drive voltage is out of phase, the net rf voltage
across the substrate sheath is the sum of the rf drive and
plasma voltages. Thus, the substrate bias is

Ve = Voo = WV, + V=~ V. 33)

sde

When the drive voltage is in phase, the voltage across the
substrate sheath is the difference between substrate drive
and plasma voltages,

Ve = Voo =W, —VI=2V -V,

sde D!

iV, >V,. (34

The decrease in plasma voltage as the out-of-phase sub-
strate drive is increased may be qualitatively understood

J. H. KELLER AND W. B. PENNEBAKER

from the fact that the rf plasma voltage is zero in a sym-
metric system when target and substrate voltages are
equal. The substrate bias is zero for zero substrate drive
because that corresponds to a grounded substrate.

An interesting glow intensification effect occurs with
in-phase substrate drive. Since the system is basically a
capacitive dividing network, the plasma voltage is nearly
in phase with the target drive. Consequently, as the sub-
strate drive is increased, the rf substrate current is first
reduced and then reversed in sign. The net rf current
through the wall sheath is thus increased as the in-phase
substrate drive is increased, explaining the rise in plasma
voltage. The increase in rf current to the walls also causes
an increase in ionization in the glow; however, this phe-
nomenon is not incorporated into these numeric solu-
tions.

Changes in ion current density have little effect on
the curves shown in Fig. 5, since those curves were
generated assuming constant rf input voltage at the target.
Just as in the CARE system model advanced by Koenig
and Maissel [5], the ion current density terms in the
sheath impedance cancel out in a calculation of the volt-
ages across the sheaths. Indeed, with the assumptions in
Ref. [5], BEq. (35) can be derived for substrate drive direct-
ly in phase (or, if the substrate drive voltage is negative,
out of phase) with the target voltage:

1/4
], (35)

A A Vv -V

14 _ 14 Mt s d D

Vv, =V, - V) " Iili(A_)V—Vp
t t P

where the positive sign holds when V,; > V , and the neg-

ative sign holds when V, < V. The area ratio approxima-

tion derived in Ref. [5] is a special case of this equation.

w

Equation (35) supplies useful approximate values of the
rf plasma voltage for given values of V, and V,. However,
the values predicted for V tend to be slightly low because
of approximations made in the calculation of the sheath
dimensions.

CARE systems

The area ratio approximation should be reasonably accu-
rate for describing the operation of the CARE system at
low pressures, if the system is designed to produce a large
plasma voltage. Under these conditions, the real parts of
the various impedances are small, and the capacitive di-
vider model holds quite well. If the wall area is large,
however, the plasma voltage is sufficiently small that ap-
proximations made in the calculation of the wall sheath
impedance do not hold. In this case, deviations from the
area ratio approximation can be substantial, as shown in
Fig. 6. However, for most geometries and operating pa-
rameters, the error obtained by using the area ratio ap-
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Figure 5 Calculated dc voltage for a system with the substrate
driven either in phase or out of phase with the target.

proximation is little more than that likely to occur in esti-
mating the floating potential V.. Consequently, the results
obtained with the area ratio calculation are an excellent
first approximation of the results obtained with these nu-
meric calculations. The calculations in Fig. 6 were made
assuming all of the system walls to be in contact with the
intense region of the glow. This is a good approximation
when the wall area is not too large.

At high pressures, scattering and ionization in the
sheath decrease the distance across the sheath and in-
crease the current density. These effects are much more
pronounced in the higher-voltage sheaths. The high pres-
sure CARE system is thus an interesting, if somewhat in-
direct, method for testing the pressure dependences of
the sheath impedance equations.

In the high pressure CARE system the target dark
space thickness is comparable to or smaller than the
thickness of the usual 0.6-cm (0.25-in)-thick silica target.
The voltage measured on the electrode in back of the tar-
get can therefore be much larger than the voltage across
the target sheath. Figure 7 shows a comparison of the pre-
dicted and measured values of the voltage on the target
surface, V,, as a function of pressure for a system run at
constant rf power. The values of the rf input voltage, the
dielectric target thickness, the rf power, and the pressure
were used to calculate V,; the measured values were de-
termined by a retarding potential technique [5]. The pre-
dicted values of V, are quite sensitive to the values of the
Townsend coefficient and the secondary-electron coeffi-
cient. In this calculation a value of 0.1 ions/Pa-cm (14
ions/torr-cm) was used for the first Townsend coefficient,
and 0.2 electrons/ion was used for the secondary-electron
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Figure 6 Calculation of a typical CARE system, showing the
deviations from the area ratio approximation (curve 1) at low
plasma voltages; V, = (A/A,)'V,. When the area ratio is not
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Figure 7 Calculated and measured rf voltages on the surface of
the target (V,) as a function of pressure in a CARE system.

emission coefficient., While 0.1 ions/Pa-cm (14 ions/torr-
cm) may be a high value for argon [a better estimate is
0.08 ions/Pa-cm (11 ions/torr-cm)] [15], the need for this
value may reflect some ionization by energetic neutrals in
the dark space.
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Figure 8 Calculated and measured rf plasma voltages as a func-
tion of pressure in a CARE system.

In a CARE system the plasma voltage corresponds to
the ion bombardment potential at the substrate. Figure 8
shows a comparison between the predicted and experi-
mental values of the plasma voltage vs pressure for a
given area ratio. The experimental values were deter-
mined from curves of ion current vs retarding potential. If
the area ratio approximation held, the plasma voltage
would scale with the target potential, and would give the
dashed line in Fig. 8. However, when the effects of pres-
sure are included, the predicted plasma voltage increases
with increasing pressure, in agreement with experiment.
This increase in V is due to the reduction in target sheath
impedance by scattering and ionization.

Conclusions

A model of electrical behavior has been developed that
can be used for mathematical analysis of rf sputtering sys-
tem operation. Calculated and measured electrical param-
eters are generally in good quantitative agreement for sys-
tems of widely varying geometry.

The most sensitive test of the model involves the calcu-
lation of tuning curves for the tuned substrate system. In
this type of system the rf power and voltage applied to the
target determine the ion current density in the sheaths of
the intense region. The ion current density and the wall
and substrate areas in turn determine both the reactance
at which the tuning instability occurs and the dc substrate
bias. The accurate prediction of the measured tuning
curves is thus a very significant measure of the success of
the model.

The only significant discrepancy between the calcu-
lated and measured tuning curves occurs at reactances
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beyond the point of instability. In that region the theory
predicts a positive substrate bias that is too large. This
probably reflects the assumption that harmonics can be
neglected. In this region of the tuning curve the amplitude
of the fundamental rf signal across the substrate sheath is
very small. Thus, if harmonics are present, their effects
are most pronounced in this region. A similar problem
exists in the calculation of the driven substrate curves—
the predicted positive bias is again too large. Again, har-
monic effects are probably responsible. Discrepancies
can also be encountered if thick insulating films form on
the substrate holder, such that contact between the sub-
strate holder and the substrate sheath is affected.

The data taken with the high pressure CARE system
appear to corroborate the sheath impedance equations.
However, a somewhat high value of the first Townsend
coefficient is required, possibly indicating ionization in
the sheath by high energy neutral particles. It is unfortu-
nate that no data are available on tuned substrate system
operation at high pressures. As noted above, the tuned
substrate system offers the most critical test of the model.

While the model is already capable of a number of
quantitative predictions, it is still not in a form which al-
lows complete a priori calculation of rf sputtering system
operation. A few refinements are necessary before that
becomes possible:

1. Inclusion of magnetic field effects. These should be in-
corporated in terms of a magneto-plasma resistance. A
magnetic field would not only increase the wall imped-
ance, but might cause a variation in the resputtering
rate across the substrate holder.

2. Refinement of the model for ion density in the intense
region. The principal reason for this refinement is the
prediction of glow intensification when the rf current
through the substrate is small (or reversed, in the case
of the driven substrate system). The model, at pres-
ent, permits only a qualitative understanding of this
phenomenon.

3. Inclusion of harmonic effects. This is perhaps the most
difficult refinement to make. Changes in harmonic ef-
fects are caused by seemingly minor variations in sys-
tem design. Fortunately, the effect of harmonics typi-
cally appears to be small.

Perhaps the most fundamental assumption in this
model is that the equivalent dc sheath can be used to cal-
culate the rf impedance of a sheath. This particular aspect
of the model is solidly verified. Another significant part of
the model is the two-region approximation in analyzing
the ion density in the glow. This part of the model appears
to be verified by our ability to accurately calculate the
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tuning curves using real system geometries. These tuning
curves are moderately sensitive to the value of the wall
area. Thus, if the two-region model were seriously in er-
ror, the tuning curves would not be correctly calculated.

In calculating the various curves, a number of parame-
ters could only be estimated, for the most part from val-
ues given in the literature. One parameter which could
only be guessed was the electron temperature I, (which
in turn specifies the floating potential V; and the ion en-
ergy as it enters the sheath). Fortunately, the results of
these calculations are virtually independent of the value
of T_ for any reasonable choice of that parameter, unless
the sheath voltages are very small.

Appendix A: Estimate of the function f

Equation (16), in the section on ion current density in the
sheath, contains a function f which can be approximately
evaluated.

We make the following assumptions:

1. The rf current flow through the substrate is negli-
gible; the rf current therefore flows from the target
to the walls.

2. The plasma voltage is sufficiently uniform that the rf
current density in the target sheath is uniform.

3. The target and substrate are of equal area, and no
walls contact the intense region.

Then the volume integral in Eq. (14) becomes

L. Ju 24 Al
2new, ), (AD

where J . is the peak rf current density in the intense
glow.
For a cylindrical geometry, the integrated rf current

density at a radius » from the target center is

_ A

J.= . A2
rf 2AtD ( )

Substituting this in Eq. (Al) and integrating gives

f=1/8D. (A3)

Appendix B: Calculation of the ion current density in
the diffuse region

Starting with Eq. (14), and using the same reasoning that
leads to Eq. (A1), one can write for the diffuse region

() () &
dt creation ep ™ Aw e’LeN,iei’

where I, is the rf current to the walls of the system, N/ is

IBM J. RES. DEVELOP. & VOL. 23 4 NO. | & JANUARY 1979

the ion density at the edge of the wall sheath, and ¢, is an
effective length defined by

¢ 2 N
o WEN, @
A, o LN,

w 1

where v, represents the diffuse region volume, and N, is
the ion density at any given point in the diffuse region.
This can be approximately evaluated as follows: Assume
that the equipotential surfaces in the diffuse region have
spherical symmetry, at least in the region where the in-
tegrand in Eq. (B2) is large. Let {) be the solid angle defin-
ing the region where J, is large, and assume that J, is
approximately constant for any radius r in that region.
Finally, assume that the ion density varies as 1/r". Then

€ |
b s L[ ooy
A Qr, ),

w

1

Noting that the wall area A is given by QrZ,

forn = 0, €o= 2 —r,;
r
1
r
forn=1, €w=r21n(—2),
Vol
ry ry
for n > 2, €, = ===
n—1 r,

A typical system might have a 50-cm diameter and a 15- to
30-cm-diameter intense glow region. (The intense glow
extends visually a few centimeters beyond the edge of the
target.) Thus,

forn=0, ¢, =76-27 cm,

i

forn = 1, ¢, =30-13 cm;

for n = 2, ¢, ~ 18-10 cm.

The diffuse glow is visually fairly uniform, corresponding
to something between n = 0 and n = 1. Thus, the value
for ¢, is probably somewhere between 20 and 60 cm. In
the third section, £ = 40 cm was chosen as the best ap-
proximate value. If the system dimensions are sub-
stantially different from those used for this calculation,
the value of ¢, must be adjusted accordingly. Fortu-
nately, the calculations are not very sensitive to the value
of .

The rate of loss of ions from the diffuse region is given
by

dN. JA
(-—) = 2 (B3)
dt 1088 €

where J(') is the ion current density injected into the wall
sheath. Summing loss and creation rates, N ’i, the ion den-
sity at the edge of the wall sheath, is
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In calculating I, , the plasma resistance must be included
in the impedance. The plasma resistance R is obtained
by equating the power dissipation in the diffuse region,
R I, | to the rate of loss of energy in the glow, as in-

pwo rfw?

ferred from Eq. (B1). Then, noting that
N’ — 5 ﬁ
! e) 2E
where J; is the ion current density in the wall sheath, M is

the ion mass, and E is the ion energy as it enters the
sheath, the plasma resistance is

2 1/2 ¢ E1l2
R, = (—) e (B4)
M) ud A,

It can be shown that whenever the real part of the wall
impedance becomes comparable to the reactive part, the
plasma resistance in turn is much larger than the real part
of the wall impedance. Therefore, to a good approxima-
tion,

e Vio’Co
rfw 1 + w2R2 CZ

bw W

2
I, I° =

where C_ is the capacitance of the wall sheath.

Combining these various equations then gives

, wB’y

J = s BS
o K(pr + Vf)S/Z ( )
where g is a function of V ;
ee f 2E /M)'PVE  20°E
g(vp) — D 0S p _ oS (B6)

ZEiM’e Mﬂ’tza ’

and recall that « is a function of V. These equations,
together with Eq. (B4), the circuit equations in the section
on ion current density in the sheath, and the sheath im-
pedance equations (7) and (9), can now be used to calcu-
late the various parameters in the diffuse region.

Appendix C: Notations

AL AL A, electrode areas of target, substrate, and
walls

sheath capacitances; subscripts as above

target-substrate spacing

ionization energy of gas

energy of ions as they enter a sheath

rf electric field in plasma or glow

electronic charge

a function evaluated in Appendix A

a function defined in Appendix B

zeroth-order modified Bessel function of
the first kind

a

P
=

O

=3

TR TS M o0
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zx
Z

R

eV

~ N

NNNNNN

N

%)
w

N

b

= NN NN

pt? “ps’ T pw

rf current flowing through the target elec-
trode

rf current flowing to the grounded walls

saturation electron current density

ion current densities into sheaths in in-
tense and diffuse glow regions

rf current density in the intense glow

electron current density defined by Eq. (2)

time average of electron current density
through a sheath

Boltzmann’s constant

an effective system dimension evaluated
in Appendix B

ion mass

ion density in intense and diffuse glow
regions

f power dissipated in the sheath

rf power dissipated in intense glow region

pressure

equivalent parallel resistance of sheath

plasma resistances associated with the
target, substrate, and wall

electron temperature

time

voltage

change in dc potential across a sheath due
to the presence of an rf voltage

volume

floating potential in absence of rf across
the sheath

rf voltage applied to external target con-
nection

rf voltage on surface of target

f voltage at intense plasma region

rf voltage at edge of wall sheath

rf voltage on surface of substrate

if voltage between plasma and substrate
surface

rf substrate drive voltage

(If any of the above voltages occur with a

subscript o (e.g., V). the quantity in-

volved is the peak rf voltage. If the sub-

script dc occurs, the quantity is the dc

voltage at the given point.)

impedance

external impedance in target branch

external impedance in substrate branch

target sheath impedance

substrate sheath impedance

wall sheath impedance

see Eqgs. (27), (28), and (29)

the ratio of AV to the rf potential across
the sheath. See section on dc potentials
in an rf sputtering system.

IBM J. RES. DEVELOP. ¢ VOL. 23 ® NO. { ® JANUARY 1979




~ U

m _Mm
=)

He
)
Q

a constant defined in Eq. (11)

second Townsend coefficient

permittivity of free space

€ fraction of electron energy producing ioni-

zation—p refers to the electrons in equi-
librium in the plasma, s refers to the en-
ergetic secondary electrons emitted
from the bombardment surfaces

electron mobility

angular frequency of rf voltage

solid angle defining the region where J  is
large
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