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Chapter 5. RF Discharges

In current practice, glow discharge processes are almost always driven by high
frequency power supplies, usually in the megahertz range. Such discharges are in
some ways quite similar to, and in other ways very different from, the dc dis-
charges that were discussed in the previous chapter. In such systems there is no
real cathode or anode since the net flow of charge to either electrode is zero,
unlike the dc discharge, and there is no uniquely defined floating potential,
either.

WHY USE RF?

Charging of Insulator Surfaces

It often occurs, e.g. in sputter deposition or plasma etching (q.v.), that we wish
to cover an electrode with an electrically insulating material. But if we place this
insulator-covered electrode in an independently sustained dc discharge, the sur-
face of the insulator will behave in the same way as the electrically isolated probe
that was discussed in Chapter 3, “Sheath Formation at a Floating Substrate”: the
surface will charge up to floating potential, so that the fluxes of ions and elec-
trons to the surface become equal, regardless of the potential applied to the elec-
trode backing the insulator. These ions and electrons recombine on the surface,
thus reliéving the insulator of any need to conduct current, which it couldn’t do
anyway.

With the magnitude of plasma density (~ 10'®/cm?) found in the dc glow dis-
charge processes under discussion, the sheath voltages developed at insulating or
other electrically isolated surfaces are quite small, usually no more than 10 or 20
volts, and this may not be adequate for many purposes. We can see the problem
more clearly, and also the solution, by following the various stages that result if
one attempts to use an insulating target as the cathode in a dc discharge (Figure
5-1). In an equivalent circuit of this configuration, both the insulator and the
discharge can be regarded as capacitors. By definition, capacitance is stored
charge divided by the voltage across the capacitor plates (C = Q/V) and initially
both capacitors will be uncharged with zero volts across them. Since Q is propor-
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Figure 5-1. Surface charging of an insulating cathode
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tional to V, and it takes time to change charge levels (Q = i dt), then the volt-
1pe across a capacitor cannot be changed instantaneously.

In our example (Figure 5-1), this means that both faces of the insulator will
simultaneously drop to - Vg volts when the switch is closed, Vs being the supply
voltage. The glow discharge will be initiated and the negatively biased target will
begin to be bombarded by positive ions. The insulator will start to charge posi-
tively (not because it collects the ions, but because it loses electrons as the ions
are neutralized at its surface) and the potential V of the surface exposed to the
discharge will rise towards zero (Figure 5-1). If the current to the target were
proportional to V, then the potential rise would be exponential. Actually the
current will not decrease proportionately as the sheath voltage decreases, so the
form of the voltage rise will be more complex. But in either case, the discharge
will be extinguished as soon as the insulator surface voltage drops below the
discharge sustaining value.

The Use of AC Discharges

One proposal to deal with this problem was to use an ac discharge (Figure 5-2)
50 that the positive charge accumulated during one half-cycle can be neutralized
by electron bombardment during the next half-cycle. Conventional mains fre-
quency (50 Hz) was found to be not very effective because if the time during
which the insulator charges up is much less than half the period of the ac supply,
(hen most of the time the discharge will be off. Thus at low frequencies, there
will be a series of short-lived discharges with the electrodes successively taking
opposite polarities.
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Figure 5-2. An ac glow discharge
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Let’s estimate the time it takes to charge up the insulator by considering the
voltage rise across the capacitor in Figure 5-3. Although the current i to the
target will actually decrease as the target charges up, it will be sufficient for an
estimate to regard it as constant. Then the charge accumulated in t seconds
will be Q = it, and so:

o

and t = _V
i
The capacitance of a piece of quartz 1/8” thick is about 1 pF/cm?. Suppose that
the applied voltage V is 1000 volts, and the ion current density is 1 mA/cm?.
(It’s rather difficult to measure rf currents because of stray impedance effects at
such high frequencies, and even if they could be measured accurately there
would still be the problem of unravelling the ion current from the total rf cur-
rent. However, by observing sputtering rates, we deduce that average rf ion
currents are similar to dc sputtering currents, i.e. ~ 1 mA/cm?). These values
give t ~ 1 uS. This means that we can produce a discharge almost continuously
at frequencies above about 1 MHz. Actually the insulator will not charge up so
rapidly because the current will not be sustained at a constant value. In practice
we can maintain a discharge quasi-continuously for frequencies above about 100
kHz. Wehner (1955) used a similar rationale in proposing rf discharges for sput-
tering purposes, and his proposals were successfully implemented some time
later (Anderson et al. 1962).

Qv

Figure 5-3. Charging of a capacitor
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The simple argument just presented might suggest that ion bombardment of the
insulator would occur for only half of each cycle at the most. Actually, nature is
kinder than that and the much greater mobility of electrons in a discharge en-
ables one to achieve almost continuous energetic ion bombardment if high
enough frequencies are used. As we saw in Chapter 3, “Electron and Ion Tem-
peratures”, the acceleration f of a particle of mass m and charge e due to an
electric field &, is given by f= & e/m, so that the lighter a particle is, the more

it will accelerate due to a given force, and the greater the velocity it will acquire
in a given time. But current is just the rate of flow of charge, and therefore
depends on the velocity of the latter. So the lighter the charge is,

® the more current it will carry for a given electric field (the force), or
@ the smaller field it will require to conduct a given current, or
® a combination of these.

In Chapter 3, we saw an effect of this behaviour: a biased probe immersed in a
plasma can draw a large electron current but only a very much smaller ion cur-
rent because of the much lower mean speed of the ions. This has a significant

effect in rf discharges. Consider the glow discharge circuit shown in Figure 5-4,
where C is the capacitance of an insulating target or is a blocking capacitor (the
need for which will become apparent later) in the case of a conducting target.

Let V5 be the (alternating) supply voltage, and let’s see how the voltage Vp on

S

Figure 5-4. Schematic of a high frequency glow discharge circuit
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the target surface varies. 10 simplify the argument, we’ll assume that the plasma
potential is close to zero (we’ll see later when this assumption is justified; it
wouldn’t qualitatively change the argument anyway).

We begin by considering the application of a square wave power supply to the
circuit (Chapman 1969). Let this have a peak-to-peak amplitude of 2 kV, so that
Vj follows the form shown in Figure 5-5. The capacitor is initially uncharged, so
that when Vj goes to -1 kV at time t = 0, then V}, takes the same value (the
voltage across a capacitor cannot be instantaneously changed). The discharge is
initiated, the target is bombarded by positive ions and the capacitor begins to
charge positively (Figure 5-5) so that the target potential Vp rises towards zero.
If the supply frequency is high enough, and in practice this turns out to be ~ 1
Mhz, then Vi, will not have changed very much at the end of the half cycle, 7/2;
assume that it has risen to — 800V. At this instant Vg increases by 2 kV, and
therefore so does Vi, in this case to + 1200 V. The positively charged target now
draws a large electron current so that Vi, decays towards zero much more rapidly
than when subjected to ion bombardment. This is an example of the electron
current being very much larger than the ion current for similar potential differ-
ences. Let’s assume that Vi, reaches + 100 V at the end of the first cycle (7) and
then as Vg switches, Vi, will drop to - 1900 V and begin to rise. But since the
ion current is small, Vi, will not rise far before switching by + 2 kV again. After
a few cycles, the voltage waveform will become repetitive with the main feature.
apart from some distortion, that it has been dramatically displaced towards the
negative, so that high energy ion bombardment of the target alternates with low
energy electron bombardment. This is a manifestation of a much smaller poten-
tial being required for electrons than for ions, in order to conduct a given cur-
rent.

The corresponding instantaneous current i will be something like that shown
in Figure 5-5. 1 don’t know quite what this waveform will look like; the principal
requirement, though, is that the total charge flow per cycle sums to zero, so that
the areas under the electron and ion portions of the current-time waveform must
be equal. The square wave excitation was used only to illustrate the mechanism.
The conventional sine wave excitation leads to the steady state waveforms shown
in Figure 5-6. These voltage waveforms can be measured by attaching a high
voltage probe to the electrode (the probe divides the voltage down to a safe and
manageable level) and observing the waveform on a high frequency oscilloscope.
V4, then has a sinusoidal waveform, again displaced to a negative value with a
mean known as the dc offset voltage. The target has acquired a self-bias, which
in this case will have a value equal to nearly half the applied rf peak-to-peak
voltage. In contrast to the square wave excitation, Vi, now is positive for only a
very short fraction of each cycle, and ion bombardment of the target is almost
continuous. As with the square wave, the charge flows during the positive and

kV) '—I/‘ v e
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Equal areas = zero
net current

Figure 5-5. Voltage and target current waveforms when the circuit of Figure 5-4 is square
wave excited
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Figure 5-6. Voltage waveforms at generator (V) and target (V) in a conventional sinu-
soidally-excited rf discharge
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negative portions of the Vp, waveform must be equal and opposite; this time,
the electrons demonstrate the combination of higher current and lower potential
difference, than the ions.

An alternative approach to understanding the self-bias of an insulating elec-
trode is given by Butler and Kino (1963) and is illustrated in Figure 5-7. From
Chapter 3 we know that a probe at floating potential draws no net current. If a
voltage is applied to the probe, the current drawn will be given by the probe
characteristic. Figure 5-7a shows that when a probe is given an rf perturbation
symimnetrically about its initial potential, the asymmetry of the probe charac-
teristic causes the probe to draw a net electron current. This charges the probe
to a mean negative value with respect to floating potential, so as to draw a net
zero current as shown in Figure 5-7b. In practical glow discharge processes, the
if perturbation will be very much larger than indicated in Figure 5-7. Addition-
ally, Butler and Kino’s experiments were made on a dc discharge; with an f
discharge the plasma potential has an rf perturbation which complicates the
analysis.
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Figure 5-7. Self-biasing of a diclectric surface (Butler and Kino 1963)
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As well as giving the ability to bombard insulating surfaces, it also transpires that
the tf discharge is more efficient than its dc counierpart in promoting ionization
and sustaining the discharge.

This can be shown by applying an ac source to a discharge. At low frequencies,
this behaves like a2 double-ended dc discharge with similar limitations, particu-
larly with regard to minimum operating pressure. But as the frequency increases,
the minimum operating pressure begins to fall, reaching values of less than 1
mtorr at 13.56 MHz. There appears to be an additional mechanism occurring, or
at least, an additional source of electron impact ionization.

Another manifestation of the same effect is that, for a given pressure, the im-
pedance of a discharge decreases with increasing frequency, so that one can drive
more current through the discharge with a given voltage. The system referred to
in Chapter 4, “Architecture of the Discharge”, with the V-I characteristics shown
in Figure 4-1, has also been used as a dc sputtering system with an rf-induced
substrate bias (Figure 5-8). The bias technique is described more fully in Chapter
6, and consists essentially of introducing another electrode with voltage (rf or dc)
applied to it. Figure 5-8 shows how a comparatively small rf bias can increase
the dec discharge current significantly. The bigs voltage is conventionally taken as
the dc offset voltage resulting from the applied rf.

Let us now ponder how this enhanced ionization might come about. Consider
an electron oscillating along an x-axis in an ac field & of amplitude & and angu-
lar frequency w:

& = &pcoswt
Equation of electron mation is
mex = -efycoswt
. eg.o i
and hence X = - sin wt
Mgl
Ego
and X = —— coswt
Meadls

The electron energy will be given by % mex?. Clearly the field strength and fre-
Quency are important in determining the electron motion. For the 13.56 MHz
eXcitation frequency commonly used in sputtering, the electron amplitude and
Maximum energy are shown in Table 5-1 as a function of electric field strength.
As we saw at the beginning of this chapter, the much greater mass of the ion will
Prevent it moving far in the rf field, or of acquiring much energy, compared with
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Figure 5-8. DC target current for a de discharge in argon, vs. tf bias voltapge on the substrate
holder (Chapman 1975)

the electron. For an electron to acquire the 15.7 eV necessary to reach the ioni-
zation potential of argon, these values suggest that a minimum field strength

somewhat above 10 V/em would be required. However, from Figures 2-4 and 2-8

in Chapter 2, we know that the elastic collision cross-section of electrons around
this energy is about 107" cm?, whereas the ionization cross-section will be
nearly two orders of magnitude smaller. This would suggest that much larger
fields would be required. On the other hand, we know that the plasma will try
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to reduce any applied field in a time determined by the plasma frequency to be
around 1 n8, as discussed in Chapter 3. However, as discussed in many articles
on high frequency discharges, for example by MacDonald and Tetenbaum
(1978}, if an electron makes an elastic collision at an appropriate time with
respect to the phase of the electric field, then its velocity and energy would con-
tinue to increase. Ideally, the electron weuld make an elastic collision with an
argon atom, reversing its motion at exactly the moment the field changed direc-
tion. In this way, electrons could reach ionizing energies for quite weak electric

fields.

Table 5-1

Amplitude and maximum Kinetic energy for an electron oscillating in an rf field

without collisions

Field Strength Amplitude Velocity Energy
{V/em) {cm) {cm/sec) eV}
0.1 0.02 cm. 2.110° 1.13107°
1 0.24 cm. 2.1 107 0.11
10 2.42 cm. 2.110° 1.3
. 100 242 cm. 2.1 10° 1130
1000 242  cm. 2.1 10'° 1.1310°

* - . .
Ignoring relativistic effects

?Fhis mechanism seems to be accepted as the dominant ionization source in
microwave discharges. At such frequencies, of the order of a few GHz (10° Hz),
the amplitude of electron motion becomes quite small even for large fields. [n
addition, a large applied field can exist for a longer period before the plasma
screens it out,

T Sl;ﬁh high frequencies are used in glow discharge processes, for example in the

Oshiba microwave plasma etching system discussed in Chapter 7. However, we
Ell(m mf)stly concerned in this book with excitation frequencies around 13 MHz/
exoin}g a‘md‘ Ma.issel‘ (1970) and Maissel {1970) invoke this same mechanism to
callz::lllm{‘lomzatlon in rf sputtering. But Holland et al. (1974), making similar
are s rr?‘ tlcms to those shown above, conclude that the secondary electrons which
Sheathl' ted from the walls and target. z%nd are accelerated across the positive ion
clocs into t.h‘e plasr?'la, act as an additional supply of electrons. In this case,

¢tron collisions with the wall take the place of elastic collisions in the micro-
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wave discharge. The explanation of Holland et al. is essentially that of the
phenomenon of multipacting, which is discussed by MacDonald and Tetenbaum,
and relies on secondary electron emission from the walls. If the electric field
reverses at the right time, this can lead to efficient ionization; it can be a
resonance phenomenon. MacDonald and Tetenbaum report the work of Hatch
and Williams (1958); apparently the lower limit of the product of the frequency
f and the electrode spacing d, for multipacting to occur, is 70 MHz cm. Many

if sputtering systems would be on this bottom end, but according to the pre-
dicted values, resonance would not occur until fd had a value of several hundred,
for an rf peak to peak voltage of 1000 V.

Jackson (1970) also has discussed the conditions for rf sputtering discharge
initiation and maintenance. He refers to the mutipacting phenomenon, and also
to the electric field amplification ideas of Vacquie et al. (1968) which also are
based on secondary electron emission from the walls. Keller and Pennebaker
(1979) reject the possibility of ionization by fast electrons from the target, and
conclude that ionization is instead due to the large rf currents flowing through
the glow or to electrons surf riding on the oscillating edge of the sheath.
Apparently (Keller 1978) this surf riding effect, which must be distinguished
from the analogy used to describe electron trapping in Chapter 4, relieson a
result we derived in Chapter 1, “Energy Transfer in Binary Collisions™: the rf
field causes the electrode sheaths to grow and decay, modulating the sheath
voltage and sheath length. So the sheath edge has an effective velocity vy. An
electron in the glow coming under the influence of the repulsive field at the
edge of the moving sheath, would regard the encounter as a ‘collision” with a
massive particle. If the electron velocity perpendicular to the sheath edge is vel,
then by thinking in terms of relative velocity and using the result that a light
particle striking a very heavy particle speeds away at twice the impact velocity,
then we find that the velocity of the electron after impact is ve] + 2vy back
into the glow;i.e. the electron has picked up energy from the oscillating sheath.

This result brings up another point. In Chapter 4, we saw that electrons tend to
be trapped in the glow by the positive ion sheaths at the electrodes. In rf dis-
charges, the effect is likely to be much Jarger. Although there are portions of the
tf cycle when electrons can freely escape to the boundaries — in fact must do so
to ensure 7ero net current — dusing most of the cycle the barrier to escape will
be much larger than in dc discharges. This results from the larger plasma poten-
tials generally extant in rf systems. Electron ‘reflection’ will occur at both target
and counterelectrode sheaths, and will presumably be enhanced by Keller and
Pennebaker’s ‘surf riding’ effect at both sites.

So we have various possibilities for glow space ionization in rf discharges. But
without clear experimental evidence, which is notably lacking for 1f sputtering
and plasma etching discharges, the detail of the process is not all clear. Unfor-
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tunately, although there have been many experiments on dc discharges and
microwave discharges, the sputtering and etching discharges have received
comparatively little attention. This is a frequent source of difficulty in trying to
understand some of the strange effects that occur in ‘our’ discharges.

RF SHEATHS - COLLISIONS AND MODULATION

For sputiering purposes, in order to avoid gas phase scattering, rf systems are
usually operated at the lower end of their operating range, from ! mtorr up to
about 40 mtorr. The dark space thickness is much less dependent on pressure
than in the dc case, and is usually around 1 cm down to a pressure of a few
mtorr, when it starts to increase. The comments in Chapter 4 about collision
phenomena in dc sheaths being fairly independent of pressure apparently does
not apply to rf sheaths.

Let’s make some educated guesses about what happens in an rf sheath.
Assume an argon pressure of 10 mtorr and a dark space length L of 1 cm. The
probability of ionization for a secondary electron ejected from the target will
be less than nql. = (3.54 10'%) (2.6 107'%)(1) = 0.09, where we have used the
maximum value of the ionization cross-section. However, the charge exchange
cross-sectton is about a factor of 10 higher, giving a charge exchange probability
of 1. So even at 10 mtorr, the sheath will not be collision-free, although there
will not be any significant amount of ionization eccurring there. So ionization
is confined to the glow.

Although the lower frequency of collisions in the sheath will lead to less attenu-
ation of the ion energy, the energy distribution of the ions will be considerably
affected by the rf modulation of the sheath voltage and sheath thickness. A 500
eV argon ion has a velocity of 4.9 10° cm/sec, which means that it would take
200 nS to travel 1 cm. But the period of a 13.56 MHz oscillation is 74 nS, and
therefore the ion will undergo several oscillations on its way across the sheath.

Thn.ere is a paper by Tsui (1968) which is frequently referred to. 1t considers
the time-dependent ion and electron motions in an rf sheath, first to calculate
the time-independent (dc offset) component of the sheath voltage, and then to
calculate the energy distribution of ions at the cathode. Unfortunately the
assumptions on which the analysis is based do not seem very realistic. It assumes
that there are no collisions in the sheath over the range 2 — 20 mtorr, whereas
there will be some charge exchange collisions, and that the electric field in-
flieases linearly across the sheath; this would seem to be even less acceptable at
these dark space distance than in the Davis and Vanderslice (1963) analysis, al-

ough the high frequency dynamic sheath modulation makes this uncertain. The
Model also assumes that the ion velocity on entering the sheath is nj /4,
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although this is somewhat offset by the further assumption that Tj =~ Te.
Finally it appears to treat the sheath thickness as a consiant, and the plasma
potential as constant and zero.

Coburn and Kay (1972) have made measurements of the energy distributions
of various ions incident on a grounded electrode in an of discharge. Their appara-
tus, which is conceptually the same as that used by Davis and Vanderslice, will
be discussed further in Chapter 6. The sheath voliage al a grounded electrode
should be numerically equal to the plasma potential. Therefore the energy of
singly charged ions on the ground plane will be equivalent to the plasma poten-
tial, modulated by the tf component of the plasma potential, and attenuated by
charge exchange collisions. Figure 5-9 shows the energy distributions of several
jons at the ground plane, obtained by Coburn and Kay for a situation where
the plasma potential was 100 V. Coburn and Kay quote several references to
other relevant work and compare their results with a theoretical expression for
the energy spread AE of the ion distribution, which predicts that AE « M™%,
where M is the mass of the reterant ion. The basic rationale is that a fast light
charged particle transits the sheath rapidly and responds to the instantane'ous
potential, whereas a heavy particle transits the sheath during several cycles and
is aware only of the average potentials. This behavior is substantiated by the
results of Figure 5-9, where the energy width of Eu’ (molecular weight 151)
is very narsow, whereas that of H3+ is very large. Measuring the distributions of
a range of ionic species, they obtained reasonably good agreement with AE &
M-%, although there were some problems near the origin.

For small sheath voltages, the thickness of the sheath is also quite small, thus
minimizing charge exchange collisions. To obtain accurate values of Vp, Coburn
and Kay used the encrgy distribution of Ar, ' compared with Ar*, this has
higher mass and hence lower AE, and a smaller charge exchange cross-section.
Theory and experiment seem to be in comparatively good accord in this case.
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Figuse 5-9. Lnergy distribution 01'113+. H, 0+, and Eu+ at the substrate plansin a confine
discharge. 13.56 MHz of power = 100 W, argon pressure = 15 mTorr, target =
5-cm diam. (Coburn and Kay 1972}
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MATCHING NETWORKS

:ltls common practice ‘to use a matching network between the «f generator and
e glo“i d¥sch?rge.(F1gure‘ 5-10). The purpose of this network is to increase th
power dissipation in the discharge, and to protect the generator )

Matching
MNetwork

rf Gengrator @

EEEEE

ottt

Figure 5-10. RF sputtering circuit with matching network

' We can understand this better by considering the d¢ counterpart (Figure 5-11)
in which a cell of emf E and internal resistance r is supplying power to an

external load of variable resistance R. Th i i
. The current in the circuit is Ef(r +
therefore the power P dissipated in R is given by: > E/(rrRyand

- ER_
(r+R)?

The power P will vary with
the val i ¥ i i
hy di“ereﬂr : : 1y ue of R. The maximum alue of P is obtained

dP _ E*(r+R)* -2r+R)E’R
dR (r +R)?

T H z .

toh:;) i;tlifl;f:tr:r:rtllal ‘has a zero valvue for R = r, which is for maximum P. Therefore

(he restommocy a;;l;l;lum power in a load, we match the resistance of the load to
There is o e pawer supply.

supply in Fin atr: C;Jl.mterpart to this dc maximum power theorem. If the ac power

ohms. ther aguSi :_:n 1» 12 has an internal (also called output) impedance of a + jb

load mmusy b & 1al ar calcu.lus argument suggests that the impedance Z of the

impedance) fo:-:lu t‘o a-jb ohms (i.e. the conjugate of the generator output

50 that the totalr?ax‘;m’um power transfer. The conjugate impedance is required

of the resiut oad (internal plus external) is purely resistive. The equality

ive parts of source and load follows from the dc proof.
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Figure 5-12. RF circuit with load impedance Z

In practice, to avoid large rf currents flowing round a circuit, generators are de-
signed to have purely resistive outputs with a value that is usually 50 ohms. An rf
discharge normally has a numerically larger and partly capacitive impedance which
we cannot adjust without compromising the discharge process. We therefore sim-
ulate a lead equal to the generator output impedance by combining the discharge
load with a variable matching network load. The two loads will be reactive, and
the matching network is therefore placed close to the discharge chamber so as to
avoid power losses due to the large reactive currents flowing between these two
components. A typical matching network configuration is shown in Figure 5-13.

Logan et al. (1969) have measured the impedance of an rf sputtering discharge
in argon, and have employed the values obtained to design a matching network.
Their technique was to use a matching network to tune their discharge to a
generator of 30 £} output impedance, and then to replace the generater with a
50 §2 load and measure the input impedance of the matching network (as seen
from the discharge end) for the same dial settings. The value obtained should
be the conjugate of the discharge impedance. This also follows from the maxi-
mum power theorem.

WHY 13.56 MHz? 155

Figure 5-13. A typical rif maiching network

Logan et al. found that the glow impedance was always capacitive,.wi‘th little
apparent dependence on power level (although there was some confhctmg
evidence on this point). The capacitance values (of a parallel capacitor-resistor
representation) ranged from 0.08 pF/em? at 5 mtorr to 0.12 pFicm? at ?O miorr,
but increased at both pressures up to a value of 0.25 pFfcm® with an axial mag-
netic field of 150 gauss; 0.1 pF is equivalent to 1.2 10°$2 at 13.56 MHz. The
paraltel conductance ranged from 1.4 micromhosfem? (i.e. the recipro.ca'l
of 7 10582 for each cm?, presumably of the target in this case) at 5 millitorr
up to 1.8 umhosfcm? at 20 mtorr, and then increased with magnetic field up to
values of around 4 pmhosfcm? at 150 gauss.

It is a condition of this analysis that the power losses in the matching network
should be small, and unfortunately this is unlikely to have been the case. How-
ever, a design exercise based on the impedance values obtained gave good agree-
ment between calculated and empirically found values of the matching network

Components.

WHY 13 56 MHz?

Many if glow discharge processes operate at 13.56 MHz. There is nothing
‘Mmagic’ about this number as far as the glow discharge is concerned. 1t just -
happens 10 be a f requency allotted by international communications au th(')ntles
at which one can radiate a certain amount of energy without interfering .wnh
Communications. Unfortunately this isn’t such a great help for of glow Fhscharge
Systems because the glow discharge has so many nonlinear effects that. 1t.
Benerates many harmonics of the fundamental frequency, and the radla‘tlon
Tequirements on the harmonic frequencies are far more stringent. The sixth
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harmonic falls in the VHF broadcast band, and the seventh and eighth fall in
aircraft communication bands. At the Allen Clark Research Centre in North-
ampton, the converted ‘hot dog” machine with which we powered an early rf
sputtering system incapacitated the internal radio paging system. So it goes.

There seem to be two schools of thought regarding operating frequencies. One
school restricts itself to the magic 13.56 MHz or to multiples at 27.12 MHz and
40.68 MHz, with the oscillator crystal-controlled at this frequency. The smaller
school prefers to use frequencies that can be chosen to optimize performance ;usu-
ually the load is made part of the oscillator circuit so that the operating frequency
may change during a process (Jackson 1970, Vossen and O'Neill 1975, McDowell
1969). These systemns tend to have greater stability as they remain ‘tuned’ over a
broader range of operating parameters, i.e. they have a lower Q, and are less
susceptible 10 damage when running untuned; however they do require more
careful coupling and shielding. Their stability advantage is also somewhat offset
now by the availability of improving automatic tuning systems.

VOLTAGE DISTRIBUTION IN RF SYSTEMS

In the first part of this chapter, in illustrating the action of an rf discharge,
we made the assumption that the plasma potential was close 1o zero. This is
relatively true for most sputter deposition systems, but quite untrue for other
systems, such as a high pressure parallel plate plasma etcher.

The *classical” treatment of voltage division in an rf discharge is by Koenig and
Maissel (1970} and Koenig (1972). They considered the relationship between the
unequal areas A, and A, of two electrodes, and the sheath voltages and thick-
nesses V), and V;, D, and D, respectively, developed at the electrodes due to an
rf discharge. If we make the assumption that the glow is equipotential, then the
configuration of Figure 5-14 would suggest that V, =V, since these are the only
dc voltages in the system and must therefore be equal and opposite. However, a
blocking capacitor (Figure 5-15) changes that situation and is commonly used in
glow discharge systems just to create asymmetry. Koenig and Maissel treat this
situation by making the following assumptions:

1. That positive ions of mass m; come from the glow space and traverse the dark
spaces without making collisions, and with a space charge limited flux jj:

Kv3 i2
j_ =
! mil’QD2

where K is a constant.

®

Vi=V,

Figure 5-14. Voltage distribution — without blocking capacitor

)

Q

(%))

l'igure 5-15. Voltage distribution — with blocking capacitar
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9. That the curren
electrodes, Combining this with 1.,
Vl3!2 - Vg:ﬂi

D12 Dz'l

oss a dark sp
al to the dark space thickness:

A
C‘xﬁ

t density of the positive jons is uniform and is equal at both

3. That the capacitance act ace is propostional to the electrode area
and inversely proportion

4. That the if voltage is capacitively divided between the two sheaths:

Vi G
Vi 1
combining 3. and 4. gives:
Vi A Dy
v, D2 A

and substituting this into 2.,
2
Vit oDl (AN
v,3? D,* Ay Vs

4
s _\.{_1 = (_&)
V2 Ay

This result suggests several things:

e The larger voltage sheath appears at the smaller electrode

e The fourth power dependence exaggerates t

metric systems.

® A substantial sheath voltage ca

grounded, Either of the electro
ough normally the chamber
ake that electrode the larger in a system.

n be set up at an electrode even when it is
des could be grounded in the preceding €X-
ample, alth is part of the grounded electrode
and helps m

Generalization of the Koenig Model
The area ratio model for sheath voltage distribution was developed for rf
sputtering systems operaling at a few mtorr. Three problems accur in its

application, particularly at higher pressures:

he effect of geometrically asym-
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a. The glow densi i
and sometimes.lt\?\(ri;;a};1 vary considerably throughout the volume of
here 1o s difforon be r:onﬁned essentially only between the ele::)t fl);ystem
etween the total geometri rodes. So
the areas as they appear to the plaSma_g ric areas of the electrodes, and

b. The assumption that i
the ion iy
questionable. current density is equal at both electrodes is

c. The version of the Child-Lan i i
e vorson . gmuir used in the derivation is fi isi
sheath excep:!; iv(:;ns Eree-fall {see Chapter 4). This is genera?l;aui(:“m?mess
——— doesrj:l (l)w pressures ~ I mtorr or perhaps a little h'me N 4
e b 4] 1.mp_cdel10n motion. At higher pressures igher if
equation. For exampl::}l?fl:fr:: :l ;:fimiltded st o space ‘;h(::;:h‘)lﬂd
cavation | - the fi ould suggest a voltage divisi i
e ex;; {et:;e a;v;z:: r?]t'“-} if ovther assumptions remainegd 3::;;1;.); V;’Ymg
ot e aponce of ¢ o 1s[10ns in the sheath implies power absor 3?) ' }1110“"
e ilon oot no longer be regarded as purely capaciti Fnd the
o has 1o change. pacitive, and the

Experimental Test of the Voltage Distribution Model

Coburn and Kay (1972) have m

substrate : casured the relationshi

e L e S Y
analysis techni T — potential Vy, was measu :

Tlfe areacil;:gu:ra:lzzuonw . “BF Sheathsli Collisions l:“ddbgk:gzl:ltlf(:g
equal height and a ran :Ilgfe'd by using a series of pyrex confining cylinde lf
the ratio of the carbo Bl of radii. (Figure 5-16), A parameter R was defi rsdo
contact with the plasr?la a;‘g}f-t area to the total area of all other surfaces Ef ®
and Maissel, since the . This 1s_not s.trictly the situation addressed by Koeni
second (grounded) ele[?tyrex cylinder is insutating and therefore not irt fl:;lg
for the substrate she 1;’] roce- CObufﬂ and Kay plotted the results thtl: otftai N
obtained 3 ity Ofat \follag.e against the target sheath voltage V _yV ::]led

The Koenig model s raclight lines for different values of R (Figureps-l'i;’ v
be constant for give predicts that the ratio of substrate to target volta sh
linear resuits of Fi n area ratio, and this appears to be well substantiatgfisb e
intercept which isiUre 5-17, a]rthf)ugh the lines appear to have a com caby the
sheath voltage ratio :}tl at ltcllw origin. The Koenig model also predicts trl;]:tﬂth
area ratio, In the cont ou be'pr0portiona] to the fourth power of the i e
(sheath voltage rati ext of Figure 5-17, that would translate int he lope
fourth power. In f;gz bt;l:g plroportjona] to R (the inverse area ra(t)i(lj)isl?]f:
Pow : values obtain
Tal:s; gfg;"'gﬁnce should be much (;l(:rsz‘lEl tt:)yu(l:‘l(i)tt;u::tfl:ftllfa y suggest that the

- Ihe reason for this disagreement is not at all clezr; tal‘;?ttf;zUI;hh trl)-lower
. u e






