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Chapter 5. RF Discharg®

In current practice, glow discharge processes are almost always driven by high-
frequency power supplies, usually in the megahertz range. Such discharge$ ‘j"el
some ways quite similar to, and in other ways very different from, the d¢ f_hs'
charges that were discussed in the previous chapter. In such systems there 1S no
real cathode or anode since the net flow of charge to either electrode is 2¢70,
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 w€ W‘Sh.
to cover an electrode with an electrically insulating material. But if we place th!
insulator<overed electrode in an independently sustained dc discharge, the suf'be
face of the insulator will behave in the same way as the electrically isolated Efo
that was discussed in Chapter 3, “Sheath Formation at a Floating Substrat¢ -
surface will charge up to floating potential, so that the fluxes of ions and elecs .
trons to the surface become equal, regardless of the potential applied to the ¢l
trode backing the insulator. These ions and electrons recombine on the surfac®
thus relieving the insulator of any need to conduct current, which it couldn’t ¢°
anyway. ' .
With the magnitude of plasma density (~ 10'® /cm®) found in the dc glow ol
charge processes under discussion, the sheath voltages developed at insulating o
other electrically isolated surfaces are quite small, usually no more than 10 or
volts, and this may not be adequate for many purposes. We can see the pr oble™®
more clearly, and also the solution, by following the various stages that result’
one attempts to use an insulating target as the cathode in a dc discharge (Figu™
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

. r-
both capacitors will be uncharged with zero volts across them. Since Q is P op?
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Discharge Circuit

Electrical Equivalent

Switch
Closed t

Time dependence of V, )
surface potential of the insulator.

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 = f i dt), then the volt-
Age 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, Vg 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 in3ulator 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)
S0 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,
then 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.

| %
| 7

A
]

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 t.he current 1 to the
target will actually decrease as the target charges up, it will be S}lfﬁment for an
estimate to regard it as constant. Then the charge accumulated in t seconds
will be Q = it, and so:

<o

it
\%

a

A%
and 1. = =
i
The capacitance of a piece of quartz 1/8” thick is about 1 pl'?/cm2 . Supposc; that
the applied voltage V is 1000 volts, and the ion current den§1ty is | 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 s
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 fqr 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 54,
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 Vg be the (alternating) supply voltage, and let’s see how the voltage Vp on

Iligure 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 Vj increases by 2 kV, and
therefore so does Vp, in this case to + 1200 V. The positively charged target now
draws a large electron current so that Vp 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 Vy, reaches + 100 V at the end of the first cycle (7) and
then as Vj switches, Vp, 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. I don’t know quite what this waveform will look like; the princi
requirement, though, is that the total charge flow per cycle sums to zero, $0
the areas under the electron and ion portions of the current-time waveform m
be equal. The square wave excitation was used only to illustrate the mechanis
The conventional sine wave excitation leads to the steady state waveforms sh
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
manageable level) and observing the waveform on a high frequency oscillose
Vt then has a sinusoidal waveform, again displaced to a negative value with
mean known as the dc offset voltage. The target has acquired a self-bias, W
in this case will have a value equal to nearly half the applied rf peak-to-pea
voltage. In contrast to the square wave excitation, Vi now is positive for
very short fraction of each cycle, and ion bombardment of the target is ali
continuous. As with the square wave, the charge flows during the positive

Pliiro 5.5

wave excited

+1

Equal areas = zero
net current
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negative portions of the Vi, 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
symmetrically 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
rf 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 rf

discharge the plasma potential has an rf perturbation which complicates the
analysis.

I-V Curve
1-V Curve
Excess
Electron
Current
Current
Zero Net
Current
g g
e DC Shif
> -
RF Signal q RF Signal
t t

(@) Voltage (b)

Figure 5-7. Self-biasing of a dielectric surface (Butler and Kino 1963)
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As well as giving the ability to bombard insulating surfaces, it also transpires that
the rf discharge is more efficient than its dc counterpart 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 a 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
ut 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
0, and consists essentially of introducing another electrode with voltage (rf or d¢)
upplied to it. Figure 5-8 shows how a comparatively small rf bias can increase
the dc discharge current significantly. The bias voltage is conventionally taken as
the dc offset voltage resulting from the applied rf.

l.et 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:
& = &g coswt
liquation of electron motion is
mex = -e&gcos wt
: e&o
ind hence X = - —— sinwt
mew
ego
und X = —, coswt
MeWw

The electron energy will be given by % mex?. Clearly the field strength and fre-
(uency 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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to reduce any applied field in a time determined by the plasma frequency to be
around 1 nS, 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 would 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

[?held Strength Amplitude Velocity Energy
(V/em) (cm) (cm/sec) (eV)
0.1 0.02 cm. 2.1 108 113107
1 0.24 cm. 2.1 107 0.11
10 2.42 cm. 2.1 108 11:8
100 24.2 cm. 2.1 10° 1130
*1000 242 cm. 2.110'° 1.13 10%

"lgnoring relativistic effects

This mechanism seems to be acce
IMicrowave discharges. At such fre
the amplitude of electron motion
Addition, a large applied field can

Alteens it out.

pted as the dominant ionization source in
quencies, of the order of a few GHz (10° Hz),
becomes quite small even for large fields. In
exist for a longer period before the plasma

Figure 5- et current for a dc ch e in argon, vs. rf bia voltage on the substrate
5-8. DC tal‘g t ren dc dis arg gon, v§ S g
gu -

fialifler-[Chopman: 1975) Such high frequencies are used in glow discharge processes, for example in the

Toshiba microwave plasma etching system discussed in Chapter 7. However, we
W0 mostly concerned in this book with excitation frequencies around 13 MHz.
“mulu and Maissel (1970) and Maissel (1970) invoke this same mechanism to

the electron. For an electron to acquire the 15.7 eV nef:ta'ssary tgell'za:t}:et:;t t1lom
zation potential of argon, these values suggest that a mmfx‘mumFi o
somewhat above 10 V/cm would be requlrec.l. However, Tom fg1 S
i 2, we know that the elastic collision cross-section o electror
IE'C:?e)rte)r' is, about 10™'% cm?, whereas the ionization cross-section :,”l“ b:r
;elasrly tvfo orders of magnitude smaller. This would sugie:stt tt}l::t F;Sur;a ;lrlgl v
fields would be required. On the other hand, we know tha p

loulutions to those shown above, conclude that the secondary electrons which
sinitted from the walls and target and are accelerated across the positive ion
ith into the plasma, act as an additional supply of electrons. In this case,

lion 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

rf 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 multipacting 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, relies on 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] + 2vyy, 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 larger. Although there are portions of the
rf cycle when electrons can freely escape to the boundaries — in fact must do so
to ensure zero net current — during 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 rf sputtering
and plasma etching discharges, the detail of the process is not all clear. Unfor-

RF SHEATHS — COLLISIONS AND MODULATION

tunately, although there have been many experiments on dc discharges anc.
microwave discharges, the sputtering and etching discharges have received
comparatively little attention. This is a frequent source of difficulty in trying t\
understand some of the strange effects that occur in ‘our’ discharges.

RF SHEATHS — COLLISIONS AND MODULATION

For sputtering purposes, in order to avoid gas phase scattering, rf systems are
usually operated at the lower end of their operating range, from 1 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 10~ ®)(1) = 0.09, where we have used the
maximum value of the ionization cross-section. However, the charge exchange
cross-section 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 occurring 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
¢V 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,

There is a paper by Tsui (1968) which is frequently referred to. It considers
(he 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
Aissumptions 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-
Creases 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-
though the high frequency dynamic sheath modulation makes this uncertain, The
model also assumes that the ion velocity on entering the sheath is nj ci/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 constant, 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 rf 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 voltage at 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 rf 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 instantaneous
potential, whereas a heavy particle transits the sheath during several cycles and
is aware only of the average potentials. This behav1or is substantiated by the
results of Figure 5-9, where the energy width of Eu* (molecular weight 151)
is very narrow, 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 obtam accurate values of Vp, Coburn
and Kay used the energy distribution of Ar,t; 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.

Eu

+
H3

+
HZO

G 20 40 60 80| 100 }120 140 160 180
—AE—{ lon Energy (eV)

Figure 5-9. Energy distribution of H, ,H o' ,and Eu at the substrate plans in a confined
discharge. 13.56 MHz rf power = 100 W, argon pressure = 75 mTorr, target =
5-cm diam. (Coburn and Kay 1972)
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[t’s common practice to use a matching network between the rf generator and
the glow discharge (Figure 5-10). The purpose of this network is to increase the
power dissipation in the discharge, and to protect the generator.

Matching
Network
il B
rf Generator /\D

e Chamber &
Eloctrodes

Figure 5-10. RF sputtering circuit with matching network

We can understand this better by considering the dc 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. The current in the circuit is E/(r +1) und
therefore the power P dissipated in R is given by:

_E’R
(r + R)?

The power P will vary with the value of R. The maximum value of P is obtalned
by differentiation:

dP E%(r+ R)? - 2(r + R)E2R
dR (r+R)?

This differential has a zero value for R = r, which is for maximum P. Therelore
to dissipate maximum power in a load, we match the resistance of the load (o
the resistance of the power supply.

There is an ac counterpart to this dc maximum power theorem. If the a¢ power
supply in Figure 5-12 has an internal (also called output) impedance of a + fb
ohms, then a similar calculus argument suggests that the impedance Z of the
load must be equal to a-jb ohms (i.e. the conjugate of the generator output
impedance) for maximum power transfer. The conjugate impedance 1§ required
s0 that the total load (internal plus external) is purely resistive. The equality
of the resistive parts of source and load follows from the d¢ proof,
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Figure 5-11. DC circuit with load R
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Figure 5-12. RF circuit with load impedance Z

) . . ol
In practice, to avoid large rf currents flowing round a circuit, generators are d

signed to have purely resistive outputs with a value that is us'u?lly. 50 ohms. An h;fh
discharge normally has a pumerically larger and partly capacitive impedance whic

we cannot adjust without compromising the discharge process. We therefore sim-

ulate a load 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 twlo3
components. A typical matching network configuration is shown mlFlgu.re 5-13.
Logan et al. (1969) have measured the impedance of an tf sputtering dlscharfe
in argon, and have employed the values obtained to design a mfitchmg network.
Their technique was to use a matching network to tune their discharge to .ah
generator of 50 Q outpyt impedance, and then to replace .the generator with a
50 € load and measure the input impedance of the matching netv‘vork (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.
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? Process
Chamber

Figure 5-13. A typical rf matching network

Logan et al. found that the glow impedance was always capacitive, with little
apparent dependence on power level (although there was some conflicting
evidence on this point). The capacitance values (of a parallel capacitor-resistor
representation) ranged from 0.08 pF/cm? at 5 mtorr to 0.12 pF/cm? at 20 mtorr,
but increased at both pressures up to a value of 0.25 pF/cm? with an axial mag-
netic field of 150 gauss; 0.1 pF is equivalent to 1.2 1052 at 13.56 MHz. The
parallel conductance ranged from 1.4 micromhos/cm? (i.e. the reciprocal
0f 7105 for each cm?2, presumably of the target in this case) at 5 millitorr
up to 1.8 umhos/cm?2 at 20 mtorr, and then increased with magnetic field up to
values of around 4 umhos/cmi? at 150 gauss.

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

WHY 13.56 MHz?

Muny rf glow discharge processes operate at 13.56 MHz. There is nothing
Agle’ about this number as far as the glow discharge is concerned. It just
Iens to be a frequency allotted by international communications authorities
Which one can radiate a certain amount of energy without interfering with
Munications. Unfortunately this isn’t such a great help for rf glow discharge
10 because the glow discharge has so many nonlinear effects that it
Hites many harmonics of the fundamental frequency, and the radiation
liements 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 systems 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 to 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 to 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 mj come from the glow space and traverse the dark
spaces without making collisions, and with a space charge limited flux jj:

Kv3 /2
lAD2

m i

ji=

where K is a constant.

Vi=V,

Figure 5-14. Voltage distribution — without blocking capacitor

(%))

Figure 5-15., Voltage distribution — with blocking capacitor

ey
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Generalization of the Koenig Model
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a. The glow density can vary considerably throughout the volume of a system
and sometimes will be confined essentially only between the electrodes, So
there is a difference between the total geometric areas of the electrodes, and
the areas as they appear to the plasma.

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

¢. The version of the Child-Langmuir used in the derivation is for a collisionless
sheath where the ions free-fall (see Chapter 4). This is generally untrue in ¢f
sheaths except at very low pressures ~ 1 mtorr or perhaps a little higher if
change transfer does not impede ion motion. At higher pressures, one should
use a mobility-limited or ionization-limited version of the space charge
cquation. For example, the former would suggest a voltage division varying
as the cube of the area ratio if other assumptions remained unchanged, How-
ever, the existence of collisions in the sheath implies power absorption there,
50 that the sheaths can no longer be regarded as purely capacitive, and the
equivalent circuit also has to change.

Exporimental Test of the Voltage Distribution Model

Cobum and Kay (1972) have measured the relationships between target and
Mibstrate sheath voltages in a rf diode system operating at 13.56 MHz, as a
linetion of area ratio. The plasma potential Vp was measured by the energy

#alysls technique mentioned in “RF Sheaths — Collisions and Modulation”,
Hhe nrea ratio was changed by using a series of pyrex confining cylinders of
Wil helght and a range of radii. (Figure 5-16). A parameter R was defined as
110 of the carbon target area to the total area of all other surfaces in

Uil with the plasma. This is not strictly the situation addressed by Koenig
Malssel, since the pyrex cylinder is insulating and therefore not part of the
il (grounded) electrode. Coburn and Kay plotted the results they obtained
Mibstrate sheath voltage against the target sheath voltage Vp = Vi, and

i fumily of straight lines for different values of R (Figure 5-17).
Koenig model predicts that the ratio of substrate to target voltage should
Mt for given area ratio, and this appears to be well substantiated by the
Wil of Figure 5-17, although the lines appear to have a common

Which 1s not at the origin. The Koenig model also predicts that the
Lo ratio should be proportional to the fourth power of the inverse
I the context of Figure 5-17, that would translate into the slope
Itio) being proportional to R (the inverse area ratio) to the

I, In fuct, the values obtained by Coburn and Kay suggest that the
1160 should be much closer to unity rather than the fourth power
0 1eason for this disagreement is not at all clear. Although the
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range of area ratios tested was quite small, and could not be considered an
exhaustive test, the magnitude of disagreement is striking. The plasma potentials
obtained are much larger than predicted; for example Vp -V{=300V and
R = 0.289 should give Vp =2.1 V compared with an actual value of 101 V.
These values are for the smallest containing cylinder, when the plasma should
have been most aware of the wall and probably most uniform.

The overall conclusion seems to be that although the target and substrate
sheath voltages are linearly dependent, and their ratio dependent on the inverse
area ratio of their electrodes, both as predicted, there is some doubt about the

power of the dependence.

Application to Sputtering and Reactive lon Etching Systems

In a sputter deposition or etching system (Chapter 6), we want sputtering to be
confined to specific electrodes. We do not want wall materials to be sputtered
since these will act as contamination sources in a sputter deposited film. We
therefore prefer to keep wall sheaths down to about 20 volts, which is a typical
threshold for sputtering. This is achieved by making the target area much smaller
than the wall area, with the resultant voltage division we saw previously.
Reactive ion etching systems (Chapter 7) are almost identical to sputtering
systems, and the same rationale applies. This virtually guarantees electrode
material being sputtered and backscattered onto the substrates, so compatible

materials must be used.
|——5 cm ——‘

\ Water-Cooled Target Holder g;lll(r;ded
Carbon Target
o
Pyrex Confining
5 // Cylinder
Aperture :
Assembly
To Energy
Analyser and
Quadrupole
Mass Filter

Figure 5-16. Chamber configuration for the area ratio experiments of Coburn and Kay

(1972)
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There is a tendency with these systems to make the target (sputtering) or
wafer electrode (reactive ion etching) larger and larger so as to increase the |
system capacity. This reduces the area ratio of the electrodes so that the wa
sheath voltage increases and sputtering inevitably results (Bresngck 1979) — con-
taminating the wafer surfaces. Microcircuits are extremgly S?nSlt.lVe to certain
materials, such as fast-diffusing metals — Cu, Fe, and Ni; quite tiny amounts

can ruin devices.

Application to Planar Diode Reactors

In Chapter 7 on plasma etching, I have described a typeA of plasma regc.tor, ’?‘;tfen
known as a planar diode reactor, which is used for etching and deposmon.d dlS
type of reactor typically has two large electrod.es of equal area, one grounbe ;
inside a chamber of not-much-larger internal dlamete-r; the chamber may be
grounded or insulating (Figure 5-18). This configuration approaches the other
extreme to the asymmetric sputtering system.

(a)  Grounded
Chamber
Wall

(b)  Insulated
Chamber
Wall

NOSSNINNNNY
NNNNNNNNN

i__

[

Figure 5-18. Planar diode reactors for deposition and etching
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In these planar diodes, the wafer is placed on the grounded electrode. This
appears to have caused some confusion and has mistakenly led some people to
believe that only low energy ion bombardment can occur there. The Koenig
model described earlier makes it clear that sheath voltages, and hence ion
energies, can be quite substantial at a grounded wafer in such systems. The
higher pressures (typically 500 mtorr) used might seem to ensure low ion
energies due to the large number of collisions per unit length of travel, even
though the sheath voltage is substantial. However, the sheaths at the electrodes
are extremely thin at such high pressures, so that the total number of collisions
attenuating the ion energies might not be so different from the low pressure
case. Indeed we need quite substantial ion energies to explain directional plasma
etching (q.v.) in such systems.

There are considerable advantages to being able to place wafers on a grounded
clectrode. However, we must recognize that it is easy to sputter material from
both electrodes and from the wall, if too much power is applied. Vossen (1979)
has identified aluminium contamination in a planar diode.

SYMMETRICAL SYSTEMS

Itis interesting to look at this type of system in rather more detail, to get some
idea of the sheath voltages involved. Consider the truly symmetrical system in
Figure 5-19. The system retains its electrical symmetry regardless of the posi-
tion of the matching network and regardless of the position of the system
pround — both of which the discharge would be unaware of. Assume that the
bottom electrode is well grounded (and this is a non-trivial matter because
connecting wires can easily have a considerable impedance at radio frequencies),
Let the (time dependent) voltage on the top electrode be V ¢ (Figure 5-19). Let
(he two sheath voltages, which will be equal in magnitude (the symmetry
demands that) although not in phase, be Vg and V' as shown, measured from
(heir respective electrodes; each will have a dc component and an rf component,
and the two rf components will be 180° out of phase as the sheaths alternate,
80 V¢ will not have a dc component, as expected for a symmetrical system,

ind can be represented by

Vif = Vifop sin wt

s shown in Figure 5-20. If we assume that the glow is equipotential and of value
V',. then we also have

Vs = Vp -0
Vs' = Vp = Vif
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Figure 5-19. Schematic of a symmetrical rf system. | Vg 1= 1Vl
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Figure 5-20. Sheath and electrode voltages in a symmetrical system
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The symmetry of the situation requires that V,, must exceed the potential V
of the upper electrode at 7/4 (1 = period) by exactly as much as it exceeds the
potential of the lower electrode (OV) at 37/4. So the amplitude of Vp, and
hence of Vg and V', must be exactly half of that of the applied rf in this
symmetrical system, as shown in Figure 5-20, with a positive dc offset of
Vspc- This offset will be approximately equal to V ¢,/2; its precise magnitude
will be determined by the electron current required during the portions of

the cycle when V. is close to the potential of either electrode.

The waveform of Vp is uncertain; a sinusoidal function has been assumed in
Figure 5-20.

From the symmetry of the system, it is clear that the sheath voltage is
just as large at the grounded electrode as at the ungrounded electrode. This
is a very important point, and would apply just as well to a symmetrical system
with insulated electrodes. We therefore have a clear distinction between the de
and rf cases. In the dc case, an insulator would charge up to floating potential
(see Chapter 4) so that the sheath voltage was just a few volts. In the rf case,
the sheath voltage at the insulator can be very substantial. It doesn’t matter
whether the plasma potential Vp is substantially dc and the potential of an elec-
trode backing the insulator is rf powered, as in the example (“Self-Bias of RF
Ilectrodes™) earlier in the chapter; or whether the backing electrode is grounded
and the plasma has a substantial modulation, as in the present example,

To illustrate the point further, we could build an assymmetric system for sput-
lering purposes, rather like a conventional system except that the insulating tar-
ket would be grounded instead of the walls (Figure 5-21); provided that the target
Area is smaller than the wall area, the larger sheath voltage will still be developed
il the target, regardless of the position of the electrical ground.

Matching
Network

Figure 5-21. RF sputtering system with grounded target
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Hence my comment at the beginning of the chapter that there is no uniquely
defined floating potential in an rf system. Although it is generally accepted that
an insulator backed by a conducting rf powered electrode will not charge up to
floating potential (otherwise sputtering of insulators would not work!), it is not
generally realized that an insulator backed by a grounded conducting electrode
is in qualitatively the same situation if the plasma potential has an rf modulation.
The magnitude of the modulation is important, of course. It may well be that
the asymmetry of a conventional sputtering system results in a small enough
plasma potential modulation that raising the plasma potential without changing
the modulation does not increase the ion bombardment energy on an electrically
isolated substrate, as observed by Coburn and Kay (1972), but this is generally
untrue and particularly untrue for the symmetrical system.

Let’s return to the symmetrical system and re-examine the assumption that all
waveforms were sinusoidal (Figure 5-20). In this case the mean values of Vp, Vs,
and Vg would be equal to Vifo/2 plus the minimum amount by which Vp ex-
ceeds zero (at t = 37/4 in Figure 5-20). This minimum amount could be negative,
but is unlikely to be significantly different from zero. So the plasma potential
will be closely equal to Vfol2, or one quarter the rf peak-to-peak voltage.

But will the plasma potential waveform be sinusoidal? Let’s consider, in
Figure 5-22a, what will happen to the plasma potential Vp in a low frequency
ac discharge, which is just like a double ended dc discharge. Initially (t = 0) there
is no discharge and Vp = 0. As Vg increases, it will reach, at t,, a large enough
value to initiate the discharge and Vp will rise to become a little more positive
than V. This continues until t, when V¢ is no longer large enough to sustain
the plasma, and Vp drops to zero. At low enough frequencies, the times for

establishment and extinction of the discharge will be negligibly small, so that Vp

will change comparatively instantaneously.

The situation is essentially the same through the next half-cycle; the discharge
exists between t3 and tq, during which time V remains just above OV, i.e.

a little more positive than the counterelectrode. Note that this waveform for V.
satisfies the equal amplitude requirements of Vg and V' (Figure 5-19).

Two effects become significant at higher frequencies. The time for the dis-
charge to decay can no longer be ignored. Decay occurs by diffusion of ions
and electrons to the wall, recombining there, and by recombination in the gay
phase. Such decay is studied in afterglow measurements; i.e. the discharge
driving force is suddenly removed, and the resultant decay of plasma density
observed. Diffusion effects lead to an exponential decay of density; recom
tion is proportional to the square of density and so is more significant at h
densities where it may sometimes dominate. Decay times can be quite signi
and are probably of the order of 1 msec for a sputtering discharge.

SYMMETRICAL SYSTEMS
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Figure 5-22b would lead to a mean plasma potential Vp of about % the rf
peak-to-peak, whereas Figure 5-22¢ would suggest about 1/8 peak-to-peak. One
would expect that this could be resolved by measuring Vp, but only the mean

is currently accessible and measurements by Vossen (1979) on a quasi-symme-
trical system suggest mean values for Vp higher than either of the above. The
above predictions would be wrong by the extent to which Vp exceeds ground
potential at 37/4, and we may be wrong to ignore this. Vossen’s measurements

were made by conventional probe me asurements. This technique must be
re-evaluated in dealing with systems with large modulations of Vp; the nonlinear
effects on ion and electron flow make it dangerous to assume that modulation of

V., will be averaged out, and it seems that the capacitance to ground of the
probe will have a sizeable effect on the results.

ASYMMETRIC SYSTEMS AND MEASUREMENT OF PLASMA POTENTIAL
s directly to a method of measuring plasma potential
proposed by Christensen and Brunot (1973). If we measure the voltage Vfin a
symmetric system, then it will be symmetrical about zero, and the mean target
voltage V will be zero. As the system becomes asymmetric, then V f also be-
comes asymmetric and V becomes negative, as we saw in the earlier example
(““Self-Bias of RF Electrodes”). The resultant waveforms for Vif which would
be observed on the ungrounded electrode are shown in Figure 5-23. Christensen
and Brunot use the electrical equivalent circuit of Koenig and Maissel (1970) to
conclude that the plasma potential varies sinusoidally as shown in Figure 5-23.
It is implicit that the minimum by which the plasma potential Vp exceeds the
electrode potential is negligible at certain points (7/4, 37/4) during the cycle,
and that when insulating targets are used, the voltage drop across them is also

negligible. The latter assumption is questionable.
If the mean target voltage is V, then Figure 5-23 predicts that the mean plas

potential will be given by:

The discussion above relate

- Vifo + VT

This gives an alternative to probes for the measurement of plasma potentinl.
requires only an oscilloscope to observe the target waveform, or, as Chris
and Brunot propose, electronic techniques to automatically measure Vifo
Vr, and hence calculate Vp', they report good agreement between this tee
and conventional probe measurements.
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Figure 5-24. Equivalent circuit of an

EQUIVALENT CIRCUITS OF RF DISCHARGES m

has an effect on the reactive current flowing through the matching network and
therefore has an effect on the power losses in the network.

It is not a trivial matter to electrically ground an object in an rf system; even a
straight piece of conducting wire will have some inductance L which can lead
Lo sizeable voltage drops along the wire because of the large reactive currents
involved. With increasing frequency, the reactance wL of the inductance will
increase whilst its resistance will also increase because of the reduced skin depth
(o which the current is confined. In the equivalent circuit, this impedance is
represented by ng.

Sometimes one wishes to minimize Zg,, and then special precautions are
laken. However, one can also positively control the dc offset voltage on the
substrate holder by controlling Z,, for example to control the bias voltage in
Il sputtering system. This is done in the funed anode system of Logan (1970).
Figure 5-25 shows the dc substrate potentials developed with inductive and
tapacitive values of ng. The larger effect with an axial magnetic field is interpre-
(ed as due to the constraining effect of the magnetic field which increases the
Impedance Zy,, to the wall and forces more current through Zg,. The success of

Ihis upproach is a further confirmation of the earlier contention that there is
I uniquely defined floating potential on an insulator in the presence of a
Muodulated plasma potential, and that the ‘floating’ potential is determined by
the Impedance to ground.
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hutinto bius dependence on substrate tuning impedance. I'requency 13.56
lig, power density 3.9 W/em? | argon pressure 15 mtorr (Logan 1970)
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PLASMOIDS REFERENCES
There are certain subjects that rarely are discussed in glow discharge articles,

but are common knowledge amongst folks who play regularly with these
systems. Such subjects include things such as initiating a discharge with a transi-
ent burst of pressure or voltage, things that seem too obvious to mention (but
only in retrospect!). Another common observation is of plasmoids, and these
seem not to be discussed because of lack of comprehension, though 1 might be
wrong. A plasmoid is generally described as a volume of more intense glow than
its surroundings. Some plasmoids are easy to explain, including those inside
hollow cylindrical regions such as entry portsin a chamber, where the enhanced
glow is due to a hollow cathode effect: the normal ejection of electrons by the
sheath field around the inside of a cylinder causes an enhanced electron density
along the axis and in the glow. But more mysterious are those plasmoids that
oceur in the body of the glow. They sometimes occur in groups symmetrically
arranged about the axis of the discharge at about the target radius, or sometimes
as a single plasmoid similarly located, and are either stationary or rotate in
either direction, with continuous motion or regular discrete jumps.

The only reference to these plasmoids in the sputtering literature that I
know of, is by Lamont and DeLeone (1970). They compare the form of the
plasmoids to the spokes (1,2,6 and 8) of a wagon wheel, either stationary Or
rotating. They report that plasmoids were observed and named as early as 1930,
and briefly mention some mechanisms and give some further references. I
haven’t studied these and can’t elucidate the proposed mechanisms. Of practical
import, Lamont and DeLeone propose that the plasmoids increase the current
density at the periphery of a sputtering target and thus have an effect on the
thickness uniformity across a substrate.

The plasmoids are believed to be due to some type of plasma instability ; plass
mas are very rich in instabilities and a goodly amount of plasma literature is
concerned with them. Apparently these instabilities can be reproducible, thou
and rf processes can achieve reliable and reproducible output when plasmoids
are present. My own experience is that the incidence of plasmoids in sputteri
and plasma etching systems is higher in California than anywhere else, but 1
not sure how to interpret that observation yet!
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