Probe measurements of the space potential in a radio frequency discharge
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The dc and radio frequency (rf) components (and harmonics) of the probe potential have
been measured in the midplane of a 13.56-MHz parallel-plane rf discharge in argon over a wide
range of discharge voltages and at gas pressures between 10 mTorr and 1.0 Torr. f potential
measurements were made with different input capacitances to determine the true magnitude of
the rf plasma potential and the probe capacitance. For a symmetrically driven rf discharge, the

rf plasma potential ¥, is mainly composed of the second harmonic of the driving voltage ¥,
over a wide range of gas pressures. For high values of ¥, V,,=0.1 ¥,, while the dc probe
potential ¥ is about 0.4 ¥,,. These resuits are in good agreement with corresponding
theoretical predictions found in the literature. For an asymmetrically driven rf discharge with
equal electrode area, the rf plasma potential has an additional fundamental harmonic
component equal to half the rf driving voltage. Values of of plasma potential and probe
capacitance given bere allow us to specify the requirements on probe circuitry for different

kinds of probe measurements in rf discharges.

{. INTRODUCTION

A general problem encountered with probe diagnostics
in a radio frequency (rf) discharge plasma is the occurrence
of a of voltage component & across the probe sheath. This
voltage is due to an oscillation in the piasma potential with
respect ground, ¥ ;. The presence of © leads to distortion in
the probe characteristic because of rectification in the non-
linear probe sheath, and this results in an incorrect deter-
mination of the plasma parameters. This has been widely
discussed in the literature.'™

To avoid probe-measurement distortion in a rf dis-
charge plasma, ® must be minimized through proper design
of the probe and the probe circuitry. A general approach in
making an wndistorted probe measurement of the plasma
potential (both dc and rf components) is to minimize the
ratio of the probe-sheath impedance, Z,, to the total rf im-
pedance of the external probe circuitry, Z.. By following this
approach the rf plasma potential is almost entirely across Z,
allowing the probe to track the rf plasma potential with vir-
tually no rf voltage across the probe sheath.

The condition |Z, | > {Z,, | has to be satisfied to directly
measure the rf plasma potential ¥, with accuracy of
|Z./Z|. To obtain practically undistorted probe charac-
teristics,™® the following condition has to be fulfilled:

(ZW/Z | <(03-05)T,/V,, (H

where 7', is the electron temperature in volts.

Thus, the plasma potential ¥,; (for each frequency com-
ponent) and the probe impedance £, (at each frequency)
must be known to determine an acceptable vahue of the probe
circuit impedance for accurate probe measurements in 2 rf
discharge plasma.

To minimize the ratio Z; /Z., it is obvious thai Z
should be minimized and £, should be maximized. Z, may
be minimized by enlarging the probe surface,” shunting the
probe sheath with an auxiliary (large) electrode®” or by
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using an emissive probe®'™!! that is closely coupled with the
rf plasma. However, these techniques are limited by the in-
troduction of a significant plasma density distortion in the
vicinity of a large probe when its size is comparable 1o, or
larger than, the electron mean free path A,."? To maximize
Z., therfimpedance of the external circuiiry should be made
as large as possible.”'*'* Attempts to maximize the of circuit
impedance are limited by the input capacitance in the tip of
the rf voltage probe, which is difficult to make less than 1 pF.
In practice, these two limitations make it difficelt to attain a
ratio of Z, /Z, that is less than 10% and 20% which is,
indeed, the accuracy of the aforementioned measure-
ments” ! of ¥,.. It should aiso be noted that in some
works”'*** gnly the plasma potential oscillation at the fun-
damental frequency was considered, although there are sig-
nificant higher-order harmonics in the rf plasma potential
that have been demonstrated in experiments®'® and in f
discharge modeling.'"”

The main motivation of the present work is to specify
values of the probe circuit impedance Z, and sheath imped-
ance Z,; that satisfy the inequality (1), thereby making it
possible to make accurate measurements of the probe char-
acteristics in capacitive rf discharges. For this purpose the
plasma potential (dc and rf components) along with the
probe impedance are measured at the midplane of a symme-
trically driven rf discharge over a wide range of gas pressures
and rf discharge voltages.

The measurements show that in & symmetrically driven
rf discharge, the rf component of the plasma potential con-
sists mainly of the second harmonic of the driving frequency.
Measured values of ¥, and ¥, (the dc component of the
plasma potential ) are compared with corresponding results
found from rf discharge modeling and are demonstrated 1o
be in good agreement. Data from the measurement of the
magniiude of the spectral components of ¥, have been ob-
tained for symmetric and asymmetric discharge excitation
and, along with measurements of Z,, they can be used in a
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probe circuit design to assure the measurement of undistort-
ed probe characteristics.

. SYSTEM DESCRIPTION

This discharge system has been described in detail else-
where,”® so only a brief description will be given here. Mea-
surements were made in a capacitively coupled, parallel-
piate, symmeiric, rf discharge enclosing the ends of a pyrex
glass cylinder with a 14.2 cm i.d. The electrodes were alumi-
num with an elecirode spacing of 6.7 cm. A balanced
matcher was used to drive the discharge symmetrically such
that the electrodes were 180° out of phase with each other
when measured with respect to ground. The electrode vol-
tages were samples directly on the rf electrades by two vol-
tage dividers fed into a waveform analyzer. The advantage of
such a driving scheme is a reduction in the amplitude of the
rf space potential of the plasma relative to an identical dis-
charge driven singie ended with the other electrode ground-
ed. When driven symumetrically each 1f electrode was tied to
ground through a rf choke, as shown in Fig, 1.

The de and 1f components of the plasma potential were
measured with a floating wire loop probe axially centered in
the midplane of the discharge. The wire has a 0.125 mm
radius and has g circular shape with a 6.0 cm diameter. Hav-
ing a long wire with its radius smalier than an electron mean
free path, a large probe surface area is attained without plas-
ma density distortion about the wire. A wire extending nor-
mally to the loop and in the same plane is fed through a glass
to metal feedthrough which is held vacuum tight by an o-
ring fitting as shown in Fig. 2. The overall length of the wire
in contact with the plasma is about 22 cm with an overali
surface area of about 1.8 em?”. Upon exiting the discharge
chamber the probe is immediately terminated in the tip of 2
100:1 capacitive voltage divider with an input capacitance
C,= 1.5 pF and is fed to a 16-bit accuracy, 1-GHz band-

FiG. 1. Simplified diagram of a symmet-
ric discharge system and probe potential
measurement configuration.

pay
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" loop probe

FIG. 2. Diagram of probe feedthrough into discharge chamber.

width, waveform analyzer. The dc plasma potential {actual-
ly the dc floating potential, ¥, ) was measured through a
fow capacitance { =0.04 pF) miniature resistor (I MJ{})
connecied in series with the probe. This resistor is located
where the probe exits the discharge chamber and isolates the
probe from the capacitance of the dc voltmeter. Note that
under conditions of the experiment, with the driving fre-
quency f = 13.56 MHz being much higher than the ion plas-
ma frequency, the immpedance of the floating probe actually is
determined by the probe sheath capacitance C, ie,
[Z4] = (0C4 ) ', and thus

Zs‘h/Zc = Cl /Csh' (2)

To measure the rf plasma potential along with the probe
sheath capacitance, two successive voliage measurements
are made, with two different input capacitances in the vol-
tage divider, C, =C, =15 pF and C_ =C,=6.5
pF = | 4 5 pF as shown in Fig. 3. Having readings of vol-
tage ¥, and V, corresponding to input capacitances, C, and
C,, the following expressions can be evaluated for the true «f
plasma potential ¥,; and the probe sheath capacitance C,
from Fig. 3:

Vie = Vi Vo (Cy — C NGV, — C V), (3)
Vrf sh V1,2
§L
L] RN

FIG. 3. Circuit diagram for rf potential measurement in rf discharge.
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Csh :(Cz VZ '“CI V] )/(Vl - VZ)‘ (4)

From these equations it appears that this method of measur-
ing ¥, does not require an extremely large ratio of C, ,/C,,
to achieve accurate measurements, however, the input ca-
pacitance of the voltage divider has to be small enough to
prevent a significant rf current flow to the divider. This cur-
rent may change the sheath capacitance due to the rf voltage
drop across the probe sheath and rectification of this voliage
by the probe sheath or it may change the rf plasma potential
V., if it is comparable to the discharge rf current. Note that
for the worst case of C;,, = C, = 6.5 pF and at the lowest gas
pressure, the rf probe current was between a fractional per-
centage and 5% of the discharge current. The influence of f
probe current on the probe capacitance the dc potential mea-
surements will be discussed later after presenting the ob-
tained resulis.

1. RESULTS AND DISCUSSION

All measurements were made in argon discharge at
13.56 MHz with a gas pressure between 10 mTorr and 1.0
Torr. Typical traces of the tf voltage measured with the in-
put divider capacitance C, = 1.5 pF in the midplane for a
symmetric and an asymmetric rf discharge are shown in Fig.
4, along with the driving voltage. An asymmetric discharge
was made by allowing the driven electrode to float and
grounding the opposite electrode. In both cases the total vol-
tage across the electrode was 105 V (amplitude). In the case
of the symmetric discharge, only the second harmonic com-
ponent is apparent and its magnitude is about an order of
magnitude less than the driving voltage. For the asymmetric
discharge, the measured rf voltage is about one-half the driv-
ing voltage and is compased mainly of the driving frequency
as would be expected for a discharge with equal area elec-
trodes. Figure 5 shows the log of the magnitude of the mea-
sured plasma potential in the frequency domain for symmet-
ric and asymmetric discharges. This figure gives more detail
about the harmonic content found in the plasma for signal
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FIG. 4. A typical waveform of the rf driving voltage V. (denoted by 1) and
the rf potential measured with a loop probe in an asymmetric rf discharge
(2) and in a symmetric rf discharge (3).
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FIG. 5. The plasma potential spectra in & symmetric and an asymmetric rf
discharge.

levels as low as — 60 db with respect to the driving voltage.
Note that the plasma potentials given in Figs. 4 and 5 are
about 20% lower than their true values because of the finite
ratio of C;, /C, in these measurements. As shown in Fig. 5,
the symmetric discharge appears to have a second and a
fourth harmonic and a small fundamental component while
the asymmetric discharge has a large fundamental compo-
nent, a second harmonic equal to that seen in the symmetric
discharge and smail components in the fourth and the sixth
harmonic. The appearance of the second harmonic in the
symmetric discharge is due to electrode sheath modulation
under the action of the rf discharge driving voltage while the
fundamental harmonic is a consequence of either a small
{about 1%) imbalance in the matcher or a siight misalign-
ment of the loop probe from the midplane of the discharge.
Ideally, for a balanced discharge an absence of odd harmon-
ics is expected. For the widely used asymmetrically driven rf
discharge configuration, and especially for discharges with
different rf electrode areas, the plasma potential is normally
enriched with higher-order harmonics. Although the non-
linearity in the rf discharge behavior generally grows with
increasing elecirode area ratio, the absolute value of the rf
plasma potential (and thus the rf voltage across the of
sheath) generally decreases as the grounded electrode is en-
larged with respect to the driven one.

The probe-sheath capacitance and the rf plasma poten-
tial (actually composed of mainly second harmonic) are
shown in Figs. 6 and 7 for a symmetrically driven discharge
at different gas pressures. The resulis are based on the probe
potential measurements using formulas (2) and (3). As
shown in Fig, 6, the probe sheath capacitance changes only
stightly while the rf driving voltage and gas pressure vary by
two orders of magnitude. The small change in the probe
sheath capacitance is due to its logarithmic dependence on
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FIG. 6. Probe-sheath capacitance vs rf driving voltage.

the sheath width surrounding the probe. The capacitance of
the wire loop can be evaluated using a formula for a cyiindri-
cal capacitor with length L = wrd, where d is the diameter of
the wire loop. The appropriate formula is C

= 27dey{In(1 + s/a)] ', where g is the probe radius and
sis the sheath width which for a floating probe is on the order
of a few Debye lengths, s = (2-3) A,. Estimations of s based
on electrical characteristic measurements®' showed s>a
even for the highest plasma density. Therefore, an order-of-
magnitude change is s (corresponding to a change of plasma
density of two orders of magnitude) affects the probe sheath
capacitance by a significanily smaller amount. The consider-
able scatter { + 159%) in the observed values of C, given in
Fig. 6 is a consequence of the rather large C,, /C,, ratio at
which the scatter in the capacitance is about C, /), times
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FI1G. 7. ef potential vs driving voltage in a 13.56-M¥iz argon discharge at
three gas pressures.
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the measured scatter in the probe potential. For example,
with T, = 11 pF and C,, = C, = 1.5 pF, just a 2% disper-
sion in probe potential measurements corresponds toa 15%
dispersion in the calculation of £, . Inaccuracy in determin-
ing €, actually affects the calculated values of the rf plasma
potential very little as shown in Fig. 7. Here the amplitude of
the second harmonic of the plasma rf potential ¥, is present-
ed as a function of the driving voliage amplitude ¥, across
the rf electrodes for different gas pressures. For large driving
voltages, where the rf voltage drop across the plasma V), can
be neglected, the rf plasma potential in the plasma midplane
is proportional to the driving voltage and has been measured
0 be about 8%-12% of ¥, . These values are close to those
predicted theoretically for an ion-matrix model'” and for a
highly collisional'? rf capacitive sheath model with large
driving voltages and driving frequencies far greater than the
ion plasma frequency. The corresponding values for the
V./ ¥V, ratio determined by these models are 9.8% and
9.7%, while a collisionless rf sheath model'® yields 6.1%
which is about twice less than observed here. It seems rea-
sonable to consider the rf sheath in the present experiment as
being collisional rather than collisionless because, even for
the minimum gas pressure of 10 mTorr, the risheath width is
still two to three times larger than the ion mean free path.

The de potential of the floating loop probe was also mea-
sured for different gas pressures over a wide range of driving
voltage as shown in Fig. 8. A qualitative diagram of the axial
de potential distribution is shown in Fig. 9 to facilitate the
following discussion. The measured de voltage ¥, consists
of several terms (see Fig. 9):

Vie =¥y + Vpo ~ Vi — AV, (3)

J
where V, is the dc voliage across the rf electrode sheath
mainly due to rectification of the driving rf voltage; ¥, is the
dc voitage drop between the midplane and the axial plasma
boundary, Vo = T, In (n/n, ) = (1-2)7,, and n, and n,
arc the plasma densities at the midplane and the plasma
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FIG. 8. dc probe potential vs rf driving voltage in a 13.56-MHz tf discharge
at three gas pressures.
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1f electrode

FIG. 9. Qualitative diagram of the dc potential distribution in a rf dis-
charge.

boundary, respectively; ¥, is the undistorted floating probe
voltage,

ViomiT, In (8 2am) — T, In(a,/a) = (3-4)T,,

where M and m are the ion and the electron masses and g, is
the effective ion collection radius, ¢, ~a + s; and AV is the
change in the floating probe voltage due to rectification of
the rf probe voitage ®, where AV~ 7, in £, ($/T,yand i, is
a modified Bessel function.

The true dc plasma potential ¥V, = ¥V, + V, is always
somewhat higher than the measured voltage. For
high rf driving voltages such that V>V, >7,
V.=V, =V, -+ AV. The floating voltage shift is governed
by the rf component of the voltage across the probe sheath @
which depends on the ratio of C;, /C,, such that

®:Vrf(1+c‘;h/cin) Fl" (6)

The value of AV can be evaluated using (5) and (6). For (a
typical case} p = 0.1 Torrand ¥, = 500V from Figs. 6 and
Tweget ¥ =50V and C,, = 10pF. Assuming the electron
temperature to be 7, = 3 V and taking the input capacitance
tobeC,, =C, = 1.5pF, wecobtain®, = 6.5 Vand AV, =3
V. For input capacitance C, = 6.5 pF we obtain &, =20V
and AV, = 14 V. Thus, for this case with ¥, = 500V and
V,. = 200V the values of AV account for 1.5% and 7% of
V. corresponding to an input capacitance of C, = 1.5 pF
and C, = 6.5 pF.

The dc probe voltage measurements shown in Fig, 8
were performed through a resistor with low parasitic capaci-
tance {(a few hundredths of a pF) which corresponds to
C,/C,, > 100 and AV < 0.02 V. As shown in Fig. 8, the dc
probe potential measurements for all three gas pressures {all
on the same line which corresponds to a linear dependency
where ¥,, = 0.4 V.. This is very close to the theoretical
results found in the collisionless rf sheath model,’”® ¥,
=0.414 ¥V, and in the highly collisional rf sheath model, "’
where ¥, = 0.392 V.. Somewhat worse agreement is found
with an ion matrix model rf sheath model'” where ¥V,
= (0.375 ¥,, and with a resistive sheath model’>** where
Vy =V, /7 =0318V, , although the last model is ap-
plicable to low-frequency discharges where the driving fre-
quency is much lower than the ion plasma frequency.
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At low driving voltages and high gas pressure (in Fig. §
atp = 1.0 Torr) V, issmaller than 0.4¥ .. Thatis a resuit of
the considerable rf voltage drop ¥, across the plasma body
with a corresponding reduction in the rf electrode sheath
voltage V', which actually determines the quantities ¥, and
V.. The value of ¥V, is related to driving voltage ¥, by the
equation'’

V. = V,o/vg + (V2 — V27, (N

where v, is the effective electron-neuiral collision frequen-
cy.t’

From (7) it can be seen that ¥, drops sharply when ¥,
appreaches ¥, while for the high voltages implicit in the
above-mentioned models V. = V,,. Although the rectifica-
tion effect on the loop probe only slightly affects the de probe
potential measurements in our experiment, it can signifi-
cantly change the de voltage across the probe sheath and
thereby change its capacitance. Indeed, in the example
above, with V,, = 500 Vand C,, = C, = 6.5 pF, theshift in
the de probe voltage A¥ = 14 V is close or even larger than
the undistorted probe floating voltage V=47, = 12 V.
This should not significantly change the probe sheath ca-
pacitance due to its logarithmic dependency on the probe
sheath thickness {as discussed earlier), but even if C,
should change constderably this would hardly affect the cal-
culated 1f plasma potential ¥, providing that C,, remains
small compared to C,,,.

IV, CONCLUSION

Having measured the magnitude of the rf plasma poien-
tial and the value of the probe capacitance, the minimum
input impedance of the external probe circuitry £, needed
for probe measurements with reasonable aceuracy can be
evaluated. The requirements on Z, depend upon the ohijec-
tives of the probe measurement. Typically, these are mea-
surement of the rf and dc plasma potentials, measurements
of the eleciron energy distribution function {(EEDF), or
measurement of the integral of the EEDF, i.e., 2 convention-
al Langmuir probe measurement.

Thus to make direct measurements of the plasma poten-
tial in high-voltage rf discharges with a relative errorof e <€ 1,
the input capacitance of the measuring device has o be
smaller than eC,, for the V; measurements and smaller than
4eC,, for V,. measurementis. In a practical probe with a
small probe holder to minimize plasma disturbance, the total
probe capacitance is on the order of 1 pF and the tolerated
input capacitance of the measurements circuit must be on
the order of 0.01 pF. This can be achieved in the de potential
measurements using a low-capacitance miniature resistor as
an rf filter. The practical approach to measure ¥, may be a
combination of an enhanced probe coupling to the rf plasma
along with ¥ measurements with different input capaci-
tances as has been done here.

It is much more difficult to make undistorted EEDF or
probe characteristic measurements. According to formula
(1) and the values for the fundamental and second harmonic
of the rf plasma potential (obtained in this work), ¥/ and

7, an extremely large impedance in the probe circuitry
{actually the impedance of a rf filter between the prebe and
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the probe circuitry) is needed for reliable plasma parameter
measurements. To prevent probe characteristic distortion in
an asymmetrical high-voltage rf discharge with equal elec-
trode areas (V[ =0.5V,, and V [ = 0.1V}, ) the appropriate
filter must have the impedance Z | for the fundamental fre-
guency w, such that

L2225V i/ T, =V /{(T,0C,), (8)
and the impedance Z ! for the second harmonic must be
ZIZ2ZLV /T, =01V, /(T 0C,), 9

sh

For a balanced symmetrically driven discharge, only the
condition on the second harmonic is considered. This makes
probe diagnostics in these discharge significantly easier since
there is no component of the fundamental frequency and the
input impedance restrictions are not as stringent
(27 =0.12). To our knowledge the conditions (8) and
{9), or the more general condition (1), have not been shown
to be satisfied in any probe diagnostic experiments at 13.56
MHz that have been published in the last decade. This we
believe is one of the reasons for so much controversy regard-
ing basic plasma parameters obtained from these measure-
ments.
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