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Abstract. Electron energy distribution functions {EeDFs) have been measured in
low-pressure capacitive RF discharges over a wide range of well defined
{geometrically and electrically) discharge conditions. Measurements have been
made in argon and helium ranging in gas pressure between 3mTorr and 3 Torr
and in discharge current density between 0.1 mAcm~2 and 10mAcm™2. The
measurements show changes in the EEDF due to the occurrence of physical
phenomana such as stochastic electron heating and the effect of discharge
transition into the y mode. Substantial differences in the €EDF in Ramsauer and
non-Ramsauer gases are also demonstrated and discussed. To achieve these
results a higher level of perfformance was required from the measurement system
than had been attained in previous EEDF measurements in RF discharges. EEDF
measurements were made using a probe system specifically designed to remove
or reduce the severity of many problems inherent to such measurements in RF
discharges. The rationale and considerations in the probe system design, as well
as many construction details of the probe system itself, are discussed.

1. Introduction

Widespread application of low-temperature plasma de-
vices in modern technology has stimulated an extensive
study of low-pressure capacitive (E-type) RF discharges.
Typical RF discharges in such devices are characterized
by the following parameters: driving frequency
o = 13.56 MHz, gas pressure—electrode gap product pL
between 10 mTorrcm and 10 Torr cm, driving voltage ¥
between tens and hundreds of volts and discharge current
density J between a fraction and tens of mA cm ™2, Under
such conditions corresponding plasma parameters are:
plasma density n between 10® and 10'?cm ~* and mean
electron energy (&> between 0.1 and 10e¢V. In many
instances, low-pressure RF discharge plasmas display a
variety of non-equilibrium conditions. The electrons in
such plasmas are not in local or temporal equilibrium
with the space—time-variable rr field; they are also not in
energetic equilibrium with ions and neutrals, nor are they
in equilibrium within their own ensemble. Thus they
manifest an essential departure from a Maxwellian
distribution. Due to the extreme complexity of calculat-
ing the electron energy distribution function (EEDF), or
F(¢), in space—time variable self-consistent RF fields,
Boltzmann equation treatments and particle simulation
techniques require significant simplification (mainly by
omission of essential processes of electron and atom
interactions) and caleulated EEDFS are but qualitative in
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nature. Therefore, experimental study of EEDFs in RF
plasma is extremely important for understanding phys-
ical processes and calculating reaction rates, especially in
complicated chemically reactive plasma where particlie
interaction diversity coupled with uncertainties in corre-
sponding cross sections makes it extremely difficult to
realistically calculate the EEDF.

Langmuir probe diagnostic methods are ideally
suitable for plasma parameters encountered in low-
pressure gas discharges. A modification of this method,
known as the Druyvesteyn method [1], where the EEDF is
inferred from the second derivative of the probe
current/voltage characteristic, has been used for the last
three decades to measure EEDFs in many different kinds of
low-pressure discharge. An overview of different tech-
niques for measuring EEDFs in gas discharge plasma is
given in [2].

‘In the last decade, with increasing interest in the
electron kinetics of plasma processing reactors, there
have been many attempts to use probe measurements in
such devices, resulting in surprising contradictions in
plasma parameters obtained under apparently similar
discharge conditions. It appears that the contradictions
in the obtained results are a consequence of differences in
probe measurement systems, the probes themselves,
probe circuits, probe characteristic processing techniques
and, in some cases, uncertaintics in defining the RF
discharge conditions. In this respect, the issue of the



proper design of probe experiments in RF discharge
plasmas should be considered as no less (if not more)
important than the results themselves.

In what follows, problems generally encountered in
making EEDF measurements in low-pressure discharges
will be discussed, emphasizing the special problems that
must be faced when the measurements are made in RF
excited discharges and the correct application of the
Langmuir probes in RF discharge plasmas, The term ‘low
pressure’ as referred to Langmuir probe applications
implies a ‘collisionless probe’ regime (see section 2.1
corresponding to gas pressures lower than a few Torr. In
section 3 an experimental system specifically designed for
probe measurements in low-pressure RF discharges is
described. The system is designed to remove or reduce
the many problems inherent in EEDF measurements in
low-pressure RF discharge and to provide continuous
monitoring of the EEDF during RF discharge operation. In
section 4, EEDF measurements made over a wide range of
discharge conditions are presented along with a dis-
cussion of the different electron heating and ionization
processes and related physical phenomena that corre-
spond to the measured EEDFs. Improved overall probe
system performance has been attained and, for the first
time, the effect of stochastic electron heating and the
effect of discharge transition into the y mode on the EEDF
in Ramsauer and non-Ramsauer gases are demonstrated.

2. EEDF measurement problems in RF
discharges

The simplicity of the concept on which probe diagnostics
are based has promoted the widespread illusion that
measurement, processing and interpretation of probe
characteristics are commonplace and routine. Indeed,
“There is no plasma diagnostic method other than probe
diagnostics where the danger of incorrect measurements
and erroneous interpretation of results is so great’ [3]. In
measuring the I/V characteristic of a probe, it is import-
ant to realize that even small errors, which are tolerable
in classical Langmuir probe diagnostics, can result in
enormous distortion in EEDFs found through differenti-
ation of the probe’s I/V characteristics, due to error
magnification inherent in the differentiation procedure.
Therefore, when an EEDF is obtained from the Druyve-
steyn formula, special attention should be paid to the
accuracy of the probe measurements themselves and to
the correct application and limitations of traditional
probe techniques. Note that the Druyvesteyn formula is
only valid when the EEDF is essentially isotropic. Analysis
of recent works on EEDF measurements in RF plasmas
shows that the major problems in these works are related
not only to the specific behaviour of probes in the rF
plasma but also to the neglect of well established require-
ments and limitations for traditional probe methods, and
to archaic probe measuring and differentiation tech-
niques which were proved in the 1960s to be inadequate
for EEDF mcasurement.

Overviews of modern EEDF measurement techniques
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and a discussion of the specific problems encountered in
EEDF measurements in RF plasmas have been written by
one of the present authors [2,4]. So here, we will briefly
comment on some issues that have not been properly
addressed in recent publications on measuring the EEDF
in RF discharges and which are important to understand
the guidelines used in designing our experimental set-up.
More details about these issues can be found in [2,4] and
in the literature cited therein.

2.1. Probe design

One of the most common errors found in probe diagnos-
tics is the use of excessively large probes which introduce
plasma density and EEDF perturbations beyond those
normally accounted for in probe theory. The practice of
using large probes to obtain a ‘good-looking’ probe
characteristic (one with a clearly expressed saturation in
electron and ion current) has erroneously established the
Langmuir probe as an intrusive diagnostic method. To
be truly non-intrusive, as it is when it is used properly, the
probe must be small enough so as not to affect the
ionization and energy balance and the discharge current
distribution in the surrounding plasma. Note that not
only the collecting tip of the probe but also the insulated
probe holder adjacent to the probe tip should be suffi-
ciently smail. A very general requirement for Langmuir
probe application and validity of the Druyvesteyn for-
mula is collisionless electron motion about the probe

a, b, Ap « 4, (1

where a and b are the probe tip and probe holder radii
respectively, A, is the Debye length and A, is the electron
mean free path. When this inequality is not satisfied, the
plasma density is depleted around the probe since
electron diffusion from the surrounding plasma cannot
compensate electron collection by the probe [5] and this
condition leads to significant distortion in the low-energy
part of the EEDF [6]. Another kind of EEDF distortion by
large probes can occur when the generation rate of high-
energy electrons due to electron—electron interaction in
the surrounding plasma is too low to compensate for the
loss of high-energy electrons to the probe [7]). In low-
density and high-electron-temperature plasmas this may
appear as depletion of the EEDF tail.

In a probe designed for RF discharge diagnostics,
special care should also be taken to prevent electrical
contact between the probe tip and any sputtered con-
ductive layer on the insulated probe holder [8]. This may
cause unpredictable increases in the probe collecting area
and it may finally result in an exaggerated value of
plasma density being inferred from the probe
measurement.

2.2. Probe contamination

Probe contamination is a very common problem in
probe diagnostics of pDC discharges and it becomes
especially critical in EEDF measurements [2]. In RF disch-
arges this problem becomes even more severe due to

37



V A Godyak et af

sputtering of the RF electrode constituents. Contamina-
tion of the probe tip with low-conductivity layers intro-
duces additional resistance into the probe circuit that
leads to severe distortion at the peak in the measured
second derivative of the probe characteristic. This dis-
tortion appears as a suppression, or even as an absence,
of low-energy electrons in the measured EEDF.

Another contamination problem is the extremely
high sensitivity of the probe work function to the
condition of the probe surface, particularly the probe
temperature. Instability in the probe work function due
to a change in probe current (and so also in probe
temperature), or a change in the probe surface condition
due to continuous sputiering of the RF electrode, iesult in
distortion of the probe characteristics since under such
conditions the probe sheath voltage does not correspond
to the applied probe voltage. During probe measure-
ment, hysteresis in the probe characteristic and its
derivative usually indicates a change in probe work
function [2]. This generally occurs when the probe sweep
time is comparable to the characteristic time constant for
a change in work function (. & 1 s). An cflective remedy
to probe contamination is continuous probe cleaning (by
ion bombardment or by excessive electron current heat-
ing) together with a probe voltage scanning time that is
much smaller than ;.

2.3. Probe circuit resistance

Since the discharge electrodes are usually a part of the
probe current path, it is important that their differential
resistance R, for probe current be much smaliler than the
differential resistance R, of the probe sheath. There is a
fundamental difference between RF and DC discharge
electrode systems which imposes significantly harsher
restrictions on the relation between the probe and the
electrode areas for probe measurements in RF plasmas
[4]. In pc discharges the conduction current through the
electrode (anode or cathode) sheath is equal to the
discharge current and the differential resistance of the
electrode sheath (which participates in the probe circuit)
is usually negligibly small when compared with the
minimal differential resistance of the probe sheath. This is
not true in RF discharges where conduction currents to
the rF electrode sheaths are much smaller than the rF
discharge currents. Therefore, at an equal plasma density
(i.e. similar rRr and Dc discharge currents and similar
probe currents) the differential bC resistance of the RF
electrode sheath is much higher than that of a similar pc
discharge. Thus the Dc resistance of the RF electrode
sheath R, can be comparable to the probe sheath
differential resistance R, and can thereby lead to distor-
tion in the measured EeDF of an RF plasma. This distor-
tion is most prominent in the low-energy part of the
measured EEDF, since R, =(dI,/dV,)™! = T./I, has its
minimum value when the probe potential is equal to the
plasma potential. Thus, R, & To/1eo o¢ Te/?/n, where
I, is the electron saturation current to the probe. The
worst situation occurs when the EEDF has a two-tempera-
ture structure, such as in the case of a low-pressure RF
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discharge in a Ramsauer-type gas [9]. In this case R,
is governed by the low-temperature electron group with
temperature T,;, while the pc floating voltage on the RF
electrode makes the electrode accessible to only the high-
temperature  electron group with  temperature
T.» (T,; » T,;), and consequently R, is governed by T,,.
To neglect the RF clectrode resistance, the ratio between
the collecting probe area A, and the reference RF
clectrode area A, must be extremely small, ie.

Ap/A: « (meTel/M'Tez)uzne/no (2)

where m and M are the electron and ion masses and n,
and n, are the plasma density at the plasma-—clectrode
nnnnnnnnnnnn -
Assuming a 3% distortion in the second derivative
measurements {which corresponds to R,= 001
R,mia) [2] and using data obtained in an argon RF
discharge [9] (n.~0.1n, and T,; ®0.1T,), the ratio
required to satisfy equation {2} is A,/A4, < 107°, which is
difficult to achieve without an extremely large electrode
area.

The gepF distortion discussed here can be introduced
by any additional stray resistance in the probe measure-
ment circuit if it is comparable to R ;- For RF discharge
probe diagnostics, an additional DC resistance can some-
times be inadvertently introduced by the probe circuit
elements. Specifically employed to prevent RF distur-
bance of the probe sheath, miniature RF filters may
introduce a pc resistance of about 10Q which can be
comparable to R, ., for RF discharges in the y regime,
where extremely large plasma densities and extremely
small electron temperatures are typical [10]. To our
knowledge, the issue of probe circuit resistance has never
been properly addressed for EEDF measurements in RF
systems.

2.4. RF distortion

RF interference with the probe sheath is a very common
problem for all probe measurements in RF plasmas. The
widely held opinion that the ion part of the probe
characteristic and double-probe characteristics are not
affected by r¥ distortion is not true {11]. The nature of
the problem stems from RF oscillation of the plasma
potential with respect to ground and the nonlinearity of
the probe sheath. Due to RF voltage rectification in the
probe sheath, these conditions result in distortion of the
probe characteristics and, to an even larger extent, of
their derivatives. The issue of RF distortion and its
elimination in EEDF measurements has been discussed by
many authors [2,4, 11-22] and partial solutions to the
problem have been achieved by some. Among the
approaches suggested to reduce RF distortion are: a tuned
RF filter in the probe circuit to increase the input
impedance of the probe measurements circuitry [1 1-13,
17, 21, 22] and biasing the probe with RF voltage having
the correct phase and amplitude to minimize the RF
potential across the probe sheath [15,19]. Such pro-
cedures have been usually performed for the fundamental
driving frequency of the RF discharge and in some cases
for the second harmonic also. However, just tuning a



filter, or filters, or adjusting the probe RF bias does not
guarantee that RF distortion is absent, or at least neg-
ligible. This procedure only attains the minimum level of
distortion for a given probe circuit design. As shown
experimentally [13] in a quiescent DC plasma by apply-
ing a controlled RF voltage with amplitude ¢, . into the
probe sheath, the relation ¢,. < 0.5 7, must be satisfied
to neglect RF distortion in EEDF measurements. For a
non-Maxwellian EEDF, one should use the minimal
.electron ‘temperature’ T, , taken from the steepest part
of the function In I”(V,). To achieve undistorted measure-
ments of the EEDF in RF plasma, a relationship between
the probe—plasma impedance Z,;, and the external probe
circuit impedance Z_, must be fulfilled [13]

Zsh/Zc “'<'~ 0'5 T::rnin/V ~ (3)
where V,

~ Is the peak plasma RF voltage referenced to
ground. It is essential to note that due to the nonlinear
interaction of the RF driving voltage with the rF electrode
sheaths, the plasma potential consists of the fundamental
frequency @ and also some harmonics which may be of
considerable amplitude. Therefore, to achieve undistor-
ted measurements, equation (3) must be satisfied for all
frequency components of the plasma potential.

In RF discharges the probe impedance is mainly
determined by the probe—plasma capacitance C, which
is the total probe capacitance including the probe holder
and any intentionally added shunting capacitance [12].
Shunting capacitance is added to increase the coupling
between the probe and the RF plasma and thereby to
lower the extremely high, normally unachievable, re-
quirement prescribed in equation (3) for probe circuit
(actually rF filter) impedance. Thus, the following con-
dition must be satisfied for each harmonic x of the
plasma potential V,, . to avoid RF distortion in the EEDF
measurement:

Zcx = 2 Vpx~/KmeT;min

where x is the harmonic number, Z_ is the rF filter
impedance at frequency wx and V.. is the amplitude of
the xth harmonic component of the rF plasma potential.
To our knowledge, condition (4) has never been shown to
be satisfied in any probe diagnostic experiments in RF
discharges to date.

for k=1,2,3... 4)

2.5. Low-frequency noise and drift

Low-frequency plasma potential noise and drift, mainly
due to instability in the rF supply voltage, can cause
distortion in the probe characteristics similar to RF
distortion. This problem is known for DC discharges [2].
However, it is much more serious in RF discharges, since
in the latter a large DC voltage usually exists between the
plasma and the RF electrodes which serve as a reference
electrode in the probe circuit. This bc voltage can be of
the order of the RF voltage applied to the RF electrodes
and may reach hundreds of volts. Therefore, even a 1%
instability (ripple or drift) in the RF driving voltage can be
a source of probe voltage noise and drift, which may be
comparable to, or larger than, the electron temper-
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ature, thus introducing intolerable distortion into the
measured probe characteristic. Instability in the plasma
potential becomes particularly critical for EEDF measure-
ments in RF discharges in the y mode, where driving
voltages can be over a few hundred volts and electron
temperature can be less than 0.1 V.

Apart from distorting the probe characteristic by a
high level of noise, even a smalt low-frequency noise,
originating in the discharge itself and/or in the power
supply, reduces the signal-to-noise ratio of measurcments
and the dynamic range of the measured EEDF (ie. the
ability to analyse the high-energy tail of the EEDF). This
problem can be partially overcome by using averaging
techniques [2]. Unfortunately, for a great majority of
plasma experiments, the interference noise is not random
and therefore using an averaging technique yields only
limited success.

A noise-suppression feedback system [22-25] in-
cluded in the probe circuit can be a radical solution to the
low-frequency noise and drift problem, but such a tech-
nique has not been used in probe experiments of RF
plasmas to date.

All the problems in EEDF measurements that have
been discussed here usually have similar consequences
and generally lead to widening and smoothing of the
probe characteristic and its derivatives over the energy
range in the vicinity of the plasma potential. The round-
ing of the second derivative I(V,) at its peak and the
large gap (AV> T.) between the peak and the zero
crossing of the second derivative, are usually signs that
one, or more, of the above-mentioned problems are
taking place. In this case the measured EEDF appears to be
depleted in low-energy electrons and the mean electron
energy deduced from this measurement appears to be
excessive.

2.6. Probe characteristic processing

Historically, the first attempts to find an EEDF from the
Druyvesteyn formula were through graphical differ-
entiation of the electron part I (V,) of the probe charac-
teristic I(V,). The function I(V,) was found as the
difference between the measured I, (V) and an extra-
polated (either linearly or parabolically) ion component
I(V,) of the probe current which was found at large
negative probe voltages where I,(V,) was assumed to be
negligible. Such a procedure is reasonable for inferring
the electron current corresponding to the main body of
clectrons with energies close to the average energy, but it
is inappropriate for defining I.(V,) corresponding to the
high-energy tail of the EEDF since I,(V},) found in this way
is a small difference between two large quantities 1.(V})
and I(¥,) both of which are known with only limited
accuracy. With this approach a huge magnification in the
error resulting from differentiation of this difference
makes it meaningless to analyse electrons with energies
higher than the floating potential |V, = (3-5) T,

Only about 30 years after the Druyvesteyn formula
was published, a breakthrough in processing probe data
was made with the introduction of an AC measuring (or
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probe modulation) technique based on the nonlinear
interaction of a small ac or RF voltage with the probe
sheath. Today, together with the pulse measuring tech-
nigue, the AC measuring technique has become one of the
main methods for measuring the EEDF [2]. One common
basis for both techniques stems from the fact that over a
large, although limited, range of probe voltage the second
derivative of the ion current I} is much smaller than that
of the electron current I, ie. I = I,. This allows one to
differentiate the total probe characteristic without dubi-
ous assumptions about the functionality of the ion
current. Following such an approach, a great number of
experimental EEDF studies have been performed in differ-
ent kinds of gas discharge plasmas over the last 30 years.
However, at large negative probe voltages I{ becomes
comparable to I; and puts an upper limit on the
dynamic range (or energy interval) where an EEDF can be
reliably inferred from probe measurements,

Recently, ubiquitous application of computers and a
deep faith in curve-fitting techniques have promoted a
reincarnation of the previously rejected manipulation
with ion current. Thus in recent works on EEDF measure-
ments in RF discharges the ion current (at all discharge
conditions) is fitted parabolically, i.e. I)(V,) oc | — V,|'/2
corresponding to the Langmuir orbital-motion-limited
{oML) theory. Apart from the inaccuracy introduced by
‘differencing methods’ and the error magnification due to
the differentiation that follows, the oML theory itself has
many assumptions which are difficult to satisfy under
actual experimental conditions. The following are some
of these assumptions along with comments:

(i) A small probe and rare plasma, a « Ap (4p is the
Debye length).

(i)} No ion collisions in the probe sheath, Ap « 4; (4; is
the ion mean free path). Note, that orbital motion
is extremely sensitive to (and destroyed by) ion
collisions.

{iii) Cold ions in the surrounding plasma. Indeed in
some cases, the ion energy in the plasma can be
close to the mean electron energy.

(iv) A Maxwellian gep¥. Generally, ion current to the
probe depends on the EEDF.

(v) One-dimensional cylindrical probe sheath. At
high probe voltage the shape of the sheath around
the cylindrical probe tip approaches spherical for
which oML theory gives Ii(V,) oc | — V.

Note also that the ion current to the probe depends on
the particular ionization process in the surrounding
plasma.

The accuracy of oML theory or even the more sophist-
icated Laframboise theory [26] which differs from OML
theory by accounting for the final ratio of a/;, and T,/ T,
has been questioned in many works [27-29]. Although a
parabola can be fitted to represent practically any ion
current dependence, there is no proof that the chosen fit
precisely describes the ion current behaviour in the
region where it is extrapolated. For either flat, cylindrical
or spherical probes, this is a matter of luck in the choice
of an appropriate probe voltage range. An example of a
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mistakenly recognized oML regime can be found in recent
work [21] where the ion current ideally fits a parabola
over a large interval of probe voltage while the probe
sheath is in an apparently rr-distorted and collison-
dominated regime.

In many recent works on EEDF measurements in RF
discharges the use of parabolic fitting for ion current
makes the results questionable, at least in the high-energy
part of the EEDF where the results are so sensitive to the
assigned functionality of I,(},). In this same context, the
extremely large dynamic range (over six or more orders
of magnitude) of the reconstructed I;(V,) found in some
recent works seems to be overly optimistic.

Indeed, the dynamic range of an EEDF measurement is
limited by the ion current contribution which is of
maximal influence for light gases and small ratios of a/A,
[30]. For a/ip < 1, ion motion in the probe vicinity can
be considered to be close to the oML regime with
L(V)ac | —V|*? and corresponding calculations can be
used as a ‘worst-case’ estimate of uncertainty limit for
EEDF measurements [2]. Thus, the dynamic range of
second-derivative measurements limited by the ion cur-
rent influence is defined as the ratio between maximal
{extrapolated) value of I, at ¥,=0 and I at |V |> T for
which I;=I{ is about 10* for helium ions. For a
Mazxwellian FEDF, this dynamic range corresponds to the
maximal electron energy &,,,, =%T,. This means that for
an uncertainty threshold at ¢=¢,,,, the measured EEDF
may be overestimated by a factor of no more than two.

2.7. Undefined RF discharge conditions

All results published in the last decade on EEDF measure-
ments in RF plasmas were performed in plasma process-
ing devices or in experimental arrangements very similar
to processing reactors. The discharge conditions in these
experiments were characterized by the separation L
between the powered and the grounded parallel-plate
electrodes and by the transmitted RF power measured in
the cable connecting the RF power source to the matching
network located between a power meter and the disch-
arge reactor. This method of measuring RF power as-
sumes that the matching network is a lossless impedance
transformer and it implies that the measured transmitted
RF power is equal to the power dissipated in the disch-
arge. Indeed, as has been proven in many works (see for
example [31,32]), the rF power losses in the matcher
itself, in the connecting wires and in the reactor hardware
can account for more than 90% of the total measured
power. Due to the nonlinearity in the electrical character-
istics of the rF discharge, the power dissipated there is not
even proportional to the measured transmitted power.
Morcover, in low-pressure, high-voltage RF discharges
almost all rr discharge power (up to 95%) may go to ion
acceleration in the RF electrode sheaths [33). Thus, for
the reasons mentioned above, it seems that in EEDF
measurements the characterization of RF discharge con-
ditions by transmittéd RF power measurements is irrelev-
ant since a priori an unknown (possibly negligibly small)



fraction of the total measured RF power is related to the
electron heating process which governs the EEDF.

Another source of uncertainty in discharge (to be
precise, in the plasma) conditions is an undefined plasma
volume due to plasma diffusion and discharge current
branching out of the discharge gap towards the grounded
discharge chamber walls. This occurs in asymmetrically
driven RF discharges with a powered and a grounded
electrode of equal area and to even a much larger extent
in typical plasma processing devices where the grounded
wall works as the main grounded electrode. In this last
case the RF plasma volume depends on RF power, gas type
and gas pressure, and chamber geometry. Thus it is
poorly correlated with the actual electrode gap L.

Due to uncertainties in electron heating power,
plasma volume and discharge conditions, previous EEDF
measurements in RF plasma appear to be poorly defined.
Thus it is nearly impossible to relate measured EEDFs to a
precise discharge condition {discharge power density or
current density) and to compare results obtained with
different reactors and matching systems, The problem of
characterization of the basic electrical parameters of rRF
discharges (current, voltage and especially discharge
power) as well as plasma topology uncertainty still
remains an important concern in the plasma processing
commumnity.

3. Experimental probe system

3.1. Apparatus and measurement procedure

To address the problems listed in the previous section, we
have assembled an experimental probe measurement
system arranged as shown schematically in figure 1. This
probe measurement system complements our experi-
mental system for RF discharge studies [34,35]. The
arrangement is a modification of a previously developed
noise-suppression probe circuit with fast pulse measure-
ment of the probe characteristic followed by direct
analogue differentiation and digital signal processing
[25]. Shown in figure 1, the probe diagnostic—RF system
mainly consists of: a radially confined, symmetrically
driven rF discharge chamber with Langmuir probes at
the midplane, resonant RF filters to prevent RF distortion,
a probe measurements circuit with noise suppression and
discharge resistance compensation feedback, a probe
voltage generator, an analogue filter—differentiator, an
ensemble averaging device and a pc for data processing
and caiculation of the EEDF integral-based quantities such
as the plasma density ny, the mean electron energy (&)
and the effective electron temperature T, = 2<{&}/3e.
The pulse measuring technique [2] is adapted here to
measure and differentiate the probe characteristic. In this
technique the probe voltage is swept linearly in time
(V, = az) for a few milliseconds or less to keep the probe
temperature constant and thereby avoid a change in the
probe work function during the probe voltage sweep.
Under this condition the second derivative of the probe
current with respect to voltage is proportional to the
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discharge
=77 chamber
[ ]
rf probe filter-

filter measurement differentiator

circuit l

probe voltage averaging PC

generator device

Figure 1. Functional diagram of the EEDF measurement
system.

second derivative of the probe current with respect to
time through I"(V) = a™?1"(f). Differentiation of the
probe current signal is performed by an analogue filter-
differentiator consisting of two differentiating amplifier
stages and three Bessel-type two-pole low-pass filters.
The filters are placed at the input and the output of the
filter—differentiator and between the two differentiating
stages. The filter bandwidth may be conveniently
switched so as to be appropriate for the discharge
conditions. The probe voltage sweep rate can be varied
between 8 and 200Vms ™! and is generally chosen as
a compromise between high energy resolution and high
signal-to-noise ratio. The differentiator gain is also
variable and calibrated for each position of a switch. The
filtered output of the probe current I (¢) and its deriva-
tives I'(t) and I;(r) can be monitored on the scope face of
the digitizer as shown in figure 2. In conjunction with the
built-in gain variability of the stages, the real-time signal
monitoring makes it possible to adjust the signal levels in
each stage of the filter-differentiator to keep signals small
enough not to overload the differentiator and the digit-

E——
16 Vv l

' ' —

probe voltage

Figure 2. Typical traces of the probe current/voltage
characteristic, /,, its first derivative /, and its second
derivative /; in a helium RF discharge with p = 0.1 Ton,

L=67cmand V,=140V,
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izer, yet large enough to attain the highest possible
signal-to-noise ratio.

The second-derivative signal I,(t) is ensemble aver-
aged in an Analogic Corp., Data 6100, waveform ana-
lyser (wrA) working in a compressed 12-bit A/D conver-
sion mode. Each averaged I(¢) is usually based on 1000
probe sweeps and each digitized record has either 256 or
512 points. Depending on the number of averages and
the number of digitized points per sweep, the total
acquisition and averaging time for one averaged second
derivative curve takes only 1—2 min. Because of the short
time necessary to make a complete measurement,
inaccuracy due to slow drift in plasma parameters (which
is typical in gas dischaiges) is significantly rcduced.

The instantaneous and averaged Ij(f) are propor-
tional to the electron energy probability function (EEPF)
or f(e) (where f(e) = F(e)e~'/?), which can be monitored
on the WFA screen in linear { x 1, x 10 or x 100), and also
in logarithmic scale, practically in real time, thus provid-
ing indispensable flexibility in the EEDF measurements
and in adjusting the probe mecasurement system. The
averaged second derivative can be stored in the wWFA and,
after transfer to a pc, used for further processing and
plasma parameter calculations. Signal processing in-
cludes re-scaling and coordinate shift and flip-over with
respect to the plasma potential. Calculation of the EEDF
and its integrals ny and {¢) are as follows

Fle)=2(e? 4,)™ '[(2m/ — e}V, 121t 2 —eV=¢

Snes L
ng =J. F(g)de ed=ny! I eF(g)de

0 V]
where e and m are electron charge and mass, ¥, is the
probe potential referenced to the plasma potential, the
plasma potential is found from the zero crossing of I;(V)?
and ¢_,, is the maximum clectron energy corresponding
to the dynamic resolution threshold in the I measure-
ments determined by noise or by the influence of the ion
second derivative. Since, ¢, > {£), the calculated values
of n, and (&) are insensitive to the particular value of

smnx'

3.2. Probe measuring circuit

The probe measuring circuit (pMc) is shown in figure 3.
Op-amp OP, drives the rF discharge electrodes with the
probe sweep voltage while measurement probe P; is
grounded through the current-to-voltage converter,
OP,. The floating-loop probe P, is in the same plane as
P, and senses Dc and low-frequency components of the
plasma potential. Being connected to the negative input
of op-amp OP,, the probe P, introduces the plasma
potential in opposite phase into the probe circuit, thereby
cancelling low-frequency noise and the large DC voltage
drop in the ®F electrode sheaths. The loop probe P; also
has another important function of Rrr-coupling the
measuring probe P, to the plasma so as to make probe
P, follow the RF plasma potential (see next section).
Thus, independent of the rectified voltage between the
RF electrode and the plasma, the measurement probe P,
is automatically biased by the probe driver OP, so that
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Figure 3. Simplified diagram of the probe measuring
circuit.

the voltage difference between probe P, and ground is,
with a high degree of accuracy, equal to 10V, where ¥,
is the driver input voltage referenced to ground and 10 is
the driver gain determined by the rRC voltage divider at
the negative input of OP,. Note that the feedback system
cancels any voltage between the reference probe P, and
the output of OP, (connected to the RF electrodes),
including voltage drift and voltage drop across the highly
resistive RF electrode sheaths due to probe current
{provided that the voltage spectrum is within the probe
driver’s bandwidth). The probe driver OP, (PA 88 of
Apex Microtechnology Corp.) supplies up to 400V with
a4 maximum probe current of 50mA and has a 30kHz
small-signal bandwidth that practically eliminates DC
drift (80 dB suppression) and low-frequency noise within
the operational spectrum of the filter—differentiator
having a bandwidth of 8§ or 20kHz.

The noise compensation circuit, however, does not
cancel the voltage drop localized between the measure-
ment probe P, and ground that is due to the DC
resistances of the rF filters F and the rF filtering choke at
the input of the current-to-voltage converter OP,. The
uncompensated probe circuit resistance R, is about 20Q
and in some discharge regimes it may be comparable °
to the minimum value of probe differential resistance
R, min thereby resulting in distortion at the low-energy
part of the EeDF. This effect is demonstrated in figure 4
where the second derivative of a Maxwellian EEDF is
shown as a function of normalized probe voltage cal-
culated with different values of the parameter
8 = R./Rymi,- Distortion is evident even for a small
uncompensated circuit resistance (5 = 0.1), leading to a
decrease in the low-energy part of the EEDF and giving the
appearance of an increased electron temperature. To
avoid this problem, the probe current-to-voltage conver-
ter is designed to be a gyrator [36] having a negative
input resistance equal to R, that develops at the conver-
ter input a voltage equal but opposite in phase to the
voltage drop across R,. Thus for all probe currents the
measurement probe appears to be at ground potential.

The waveform of the probe voltage is introduced to
the positive input of the driver from the probe voltage
generator and after being amplified ten times it is applied
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Figure 4. Second-derivative distortion due to final probe
circuit resistance R_. Here the second derivatives are
shown as functions of the normalized probe voltage V, /T,
for different values of the parameter 6 = R /R, nin-

to the RF electrodes as shown in figure 3. A typical time
and voltage scale of the probe (actually the rr electrode)
waveform is shown in the inset of figure 3. The ramp
pulse consists of a linearly rising and falling part. Thisis a
particularly convenient diagnostic option since many
different potential problems associated with electronics
and with discharge instabilities can be revealed by
comparing the probe current sweep in both directions.
Continuous probe tip cleaning is achieved through ion
bombardment by negatively biasing (30—60 V) the meas-
urement probe in the time interval between ramp
pulses. In the present experiment, this continuous clean-
ing technique appears to be the only way to maintain a
clean probe in high-voltage RF discharges with high
sputtering rates (such as in a v discharge) where, without
cleaning, the probe can be contaminated in a few
seconds,

3.3. Probe design

The probe system used in this experiment is shown in
figure 5. It consists of a small measurement probe (P, in
figure 3) and a wire loop reference probe P,. Both probes
arc placed in the midplane of the discharge gap and are
introduced into the midplane of the discharge chamber
via an ultra-torr vacuum feed-through sealed into the
glass chamber wall. The probes are designed to avoid
significant perturbation of the plasma up to the highest
gas pressures used in our work {p < 3 Torr),

Probe P, is a cylindrical tungsten rod, 6.3mm in
length and 38 um in radius, with a capillary sleeve
preventing electrical contact between the tip and any
conductive sputtered material on the probe holder. To
prevent plasma perturbation, the holder radius is made
smaller than the electron mean free path A, at all gas
pressures where the probe is to be used. The reference
probe P, is a thin (127 ym in radius) tungsten wire with a
30 mm loop radius. The reference probe dimensions and
shape are a compromise between smalk plasma distortion
in the vicinity of the probe and a large surface area for
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ultratorr feedthrough
connector

-
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~—~ filier cavity

glass chamber wall

Figure 5. Probe system. The positions a and b are given
magnified at the bottom to show a shielding sleeve
(position a) and epoxy vacuum seals {(cross hatched,
position b).

better coupling to the plasma. The reference probe P, has
two diverse functions. For pc and low frequency, it
senses plasma potential and introduces the feedback into
the noise-suppression circuit (OP,; in figure 3) while for
RF (mainly for the second harmonic in a symmetric
discharge), P, is coupled to the probe P, via small
capacitor and thus it markedly improves the coupling of
P, to the plasma so as to make P, follow the RF plasma
potential and, as mentioned earlier, reduce the stringent
requirement on the input RF impedance of the probe
circuitry, To perform these functions the reference probe
must be situated so as to be equipotential (for RF) with the
measurement probe,

Both probes are supported by two 0.5mm diameter
nickel rods covered by insulating capillary tubes of
0.7 mm diameter and are scaled with epoxy to the rE filter
cavity. The filter assembly plugs onto the probe wires
extending from the capiltaries. A detailed drawing of the
junction of the measuring probe and the rods and of the
vacuum sealing points is shown in figure 5.
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3.4. RF filter design

Minjature RF filters for the measurement probe and the
reference probe have been designed to avoid Rrr distor-
tion. The filters are inserted into a glass cavity that is
surrounded by plasma and that is in the same RF
equipotential plane as the probe wires (see figure 3).
Having filters within the plasma minimizes the rF cou-
pling between the probes and ground. The ®rr filter cavity
is sealed in a 0.25" Kovar tube which is affixed to the
glass discharge chamber wall via a vacuum feedthrough
connector as shown in figure 5. The RF plasma potential
V,~, its frequency spectrum and the reference probe
capacitance to the plasma have been studied in an argon
RF discharge at 13.56 MHz [18] and the design of the rF
filters used here is based on this work. Measurements
over a wide range of discharge conditions showed that
for a symmetrically driven ®F discharge the total
capacitance of the reference and measurement probe is
about 5-15pF depending on discharge conditions, and
V.~ is about 10% of the rF driving voltage [18], Typical
spectra of the plasma rr potential are shown in figure 6
for a symmetrical and an asymmetrical RF driving voltage
of about 100V. As seen in figure 6, the symmetrically
excited RF discharge appears to have a significant second
harmonic and small components of the fundamental and
the fourth harmonic, while the asymmetric discharge has
a large fundamental, a second harmonic equai to that in
the symmetric discharge and smail components of the
fourth and the sixth harmonic. Thus, the asymmetrically
driven RF discharge has almost an order of magnitude
higher RF plasma potential than that in a symmetricaily
driven discharge. Note that for asymmetrically driven r

10%
asymmetric excitation
10}
s
g 1
©
@
[«%
[}
S I 1
5 10 I I v Vi
g
o 10
5 symmetric excitation
a
Vi
L
WS 20 a0 60 @0
frequency (MHz)

Figure 8. Plasma potential spectra for asymmetric and
symmetric & discharge [18].
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discharges with unequally powered and grounded
electrode areas (typical for plasma processing devices) a
considerable level of odd harmonics should be expected,
although the fundamental harmonic may be smaller than
that for a discharge having equal-area clectrodes, There-
fore, me filtering that is adequate for a symmetricat
discharge could be inadequate for an asymmetrical disch-
arge and vice versa in some cases.

In our filter design we have combined a resonant
filtering technique (tuned probe) proposed by Gagne and
Cantin for a symmetrically driven ®F discharge at
3.5 MHz [12] and a resistive filter technique used in our
earlier measurements in RF discharges at 40 MHz (111
To achieve maximum filcer impedance we empioyed
microminiature (1.8mm  diameter x 6.2 mm length)
chokes with a self-resonance at 13.5 and 27 MHz for
probe P, and microminiature (1.2mm x 4 mmy} resistors
for probe P, as shown in figure a). The hlters are
positioned as shown in figure 3. They are connected to
the probe tips via a microconnector making filter re-
placement easy and simplifying adjustment and experi-
mentation with different kinds of RF filter. The filter
impedance versus frequency for the two filters in parallel
is shown in figure 7(b). The two resonances correspond to
the fundamental (which originates from a small im-
balance in the RF matcher) and the second harmonic,
Since probe sheath impedance decreases with frequency
and the filter bandwidths are fairly broad (low Q factor of
the filter system, 0 = 10), the ratio between the filter and
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Figure 7. Probe filter diagram and its
impedance/frequency characteristic for resistive and
resonant branches connected in paratlel,



the probe impedance is sufficient also to remove higher-
order harmeonics. Knowing the filter impedance for the
largest (second) harmonic (Z,, = 1.6 x 10°Q) and the
probe capacitance for the largest discharge voltage
(C, = 15 pF), the ratio between the discharge voltage V4
and the minimal electron temperature T, ;, can be
obtained from equation (4) for which an undistorted
probe measurement in a symmetrically driven RF dis-
charge is possible

Va/Tomin < 10Z,,Co00 ~ 2 x 10%, 5

This requirement is fulfilled in our experiments in argon
over a range of RF powers between 0.02 and 100W and
over a range of gas pressure between 3mTorr and 3 Torr.
This requirement is also satisfied in helium over a wide
range of powers and gas pressures except maybe for two
extreme conditions: the first of these is in the y regime at a
relatively large gas pressure (P = 1Torr) where the
electron temperature abruptly drops reaching values
close to room temperature;-the second of these is a high
voltage (V; & 1kV) rF discharge at the lowest possible
gas pressure {near extinction, when the two RF sheaths
nearly overlap). This discharge regime has the largest
electron temperature and the smallest plasma density,
whereby it presumably has a prove capacitance C,, that
may be too small to provide coupling adequate for the
probe system to follow the RF plasma potential.

3.5. Practical considerations

A most informative and convenient way to represent an
electron energy spectrum is to directly display the measu-
red second derivative I as a function of the probe
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voltage referenced to the plasma potential eV, on a semi-
logarithmic scale because [} is proportional to the
electron energy probability function (EerF), f(e). The log
I, versus ¥, allows observation of the EEPF over a large
dynamic range and it is easily compared with a Maxwel-
lian distribution (a straight line in this representation).
This representation also allows one to observe the second
derivative near its maximum and zero-crossing point
which is the plasma potential [2]. More importantly, the
energy differenice (A) between the peak and the zero
crossing of I is a sensitive indicator of the overall quality
of the experiment since, as mentioned previously, low-
frequency and RF interference, probe contamination and
stray resistance in the probe measurements circuit, and
plasma density depletion around large probes and at
high gas pressures, all lead to suppression of the peak in
I; and to widening of A. Even if all these issues are
properly addressed, a small ‘residual’ gap (for a good-
quality experiment A < eT,,;,) usually occurs and 7
must be extrapolated to avoid a hole in f(g) at small
energy. This ‘residual’ gap is probably a consequence of
electron reflection, secondary-electron emission, in-
homogeneity of the probe work function along the probe
collecting surface and the convolution effect usually
accompanying differentiation [2]. For analogue differ-
entiation in the time domain adopted in this work, the
convolution effect is caused by the limited bandwidth of
the low-pass filters. The bandwidth of the filter—
differentiator © is chosen in our set-up as a compromise
between high energy resolution (a small gap between the
peak and the zero crossing of Ip) and noise limiting which
affects the dynamic range (in the high-energy tail region)
of the eepr. The convolution effect is demonstrated in
figure 8 where log I is presented for measurements with

(V)

]
p

log T

probe voltage (V)

Figure 8. Second derivative versus probe voltage for different bandwidth of
filter—differentiator; x = 40 Vms ™7, Q=250 kHz {noisy curve) and {=20kHz
(smoathed curve). These data are obtained in the cathode glow region of a Ne—

Hg arc discharge.
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Figure 9. Second derivative and plasma density distortions due to limited
differentiator bandwidth: (1) Q = BkHz; (2) & = 20kHz; (3) Q = 40kHz; (4)
Q = 80kHz; (5) Q = 160kHz; (6) Q2 = 250kHz. Here nn is the plasma density
obtained by integration of convolute /, and n,, is the plasma density for

2 = 260 kHz when the second derivative is practically undistorted. Discharge

conditions are the same as for figure 8.

different bandwidths. As the bandwidth is reduced from
250 to 20kHz the analogue noise decreases and the
dynamic range of I increases from 50 to 70dB. At
20kHz, digital noise is duve to the limited dynamic
resolution of the digital waveform averaging. Improve-
ment in the signal-to-noise ratio, and likewise the
dynamic resolution, however, incurs a sacrifice in the
energy resolution, increasing the gap between the peak
and the zero of I, while the position of the zero crossing
(plasma potential) remains practically unchanged. With
better energy resolution, the trace of I, for 250kHz
indicates how to extrapolate I}, Thus, it seems natural to
extrapolate I} exponentially (linearly in semi-logarithmic
scale of figure 8) towards the plasma potential as shown
by the broken line in figure 8. Generally, it is rare to
measure an electron distribution which is coincident with
a Maxwellian over so large a dynamic range as in figure
8. In a majority of cases, the electron distribution can be
approximated by a Mazxwellian only for its low-energy
part within an energy interval close to its mean electron
energy. In general, the EeDF is not Maxwellian (the slope
of log Fy(V,) is not constant) and in this case it is unclear
exactly where on the Iy curve one has to start the
exponential extrapolation. Empirically, we have arrived
at a ‘deconvolution’ technique (there are too many
possible speculations involved in supporting this tech-
nique to discuss it seriously) where the energy of the
starting point of the extrapolation is assigned to be 2A (to
the left in figure 8) from the zero crossing of Ij. This
procedure has been programmed in the pc and is used for
calculation of the EEDF and its integrals.
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The effectiveness of such a deconvolution is demon-
strated in figure 9 where convoluted second derivatives
measured with different differentiator bandwidths are
shown in a linear scale. Plasma density (which, more than
(&>, is sensitive to low-energy behaviour of the EEDF)
calculated using the described ‘deconvolution’ technique
is given in the inset to figure 9. The error in the plasma
density obtained from the deconvoluted second de-
rivative is less than 10% provided that the convolution
parameter, £ = &/QT,, is less than 2. In practice £ is kept
< 1, thus ensuring negligible errors due to the limited
differentiator bandwidth. For Druyvesteyn-like distri-
butions when the measured second derivative has a
plateau (or even some decline) within small energies the
procedure described above is clearly not adequate. In this
case we used tangent extrapolation or, in some cases, no
extrapolation. Fortunately, differences in the calculated
values of ny and <z} using either of these metheds is no
more than a few per cent.

A typical experimental result for an argon RF disch-
arge is shown in figure 10 where the true EEDF is given in
a linear scale with a magnified high-energy tail, and the
EEPF i$ given in a semi-logarithmic scale which is more
informative and convenient. In what follows we will
represent our results as an electron energy probability
function in semi-log scale without reconstructive extra-
polation of its low-energy part. This representation
{(which we would like to sec in others’ works) atlows one
to rapidly judge the quality of the experiment and
sometimes to recognize the possible source of error in the
EEDF measurement.
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Figure 10. eepr and EEPF measured in argon RF discharge
Ff=1356MHz, p=01Tor, L =2cm,J =2.65mAcm™2
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The effectiveness of the probe measurement system
for low-frequency noise suppression is demonstrated in
figure 11. These results have been obtained in a noisy
Ne—Hg pc discharge. Single probe traces corresponding
to noise suppression and no suppression are shown on
the left side, while ensemble-averaged probe traces with
and without noise suppression are shown on the right
side. This example shows how important it is to remove
noise prior to averaging to avoid distortion in the
second-derivative measurements.

The effect of RF distortion caused by the second
harmonic (neglected in a majority of probe experiments
in RF plasmas) is shown for a He rr discharge at
13.56 MHz in figure 12, here the fundamental harmonic is
compensated due to the symmetry of the discharge itself.
Note that the sharp double maximum can only be
obtained for a clean probe compensated for stray circuit
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Ip
|
=3

probe voltage

Figure 11. Second derivatives obtained in noisy bC
discharge: 1, without noise suppression; 2, with noise
suppression. Single traces are shown on the left side.
Averaged traces are shown on the right.
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Figure 12. Second derivative obtained in He Rr discharge
of 13.86 MHz, p = 0.1 Torr, V, = 140V: 1, without
filtering of the second harmonic; 2, with filtering.

resistance. Otherwise, only a broad maximum can be
seen for a distorted I(V,) with a large voltage interval
between the maximum and the zero crossing {a typical
case found in the literature for EEDF measurements in RF
discharges).

4. Experimental results and discussion

4.1. Discharge conditions

EEDF measurements have been made in a radially con-
fined, capacitive-coupled rF discharge symmetrically
driven at 13.56 MHz. The EEDF measurements have been
made together with accurate measurement of the RF
discharge electrical characteristics [35, 37, 38] in a well
defined discharge geometry. All probe measurements
were performed in the midplane on the axis of an RF
discharge located between two parallel-plate aluminium
electrodes and radially confined by a Pyrex glass cylinder
with a diameter of 14.3 cm and a corresponding discharge
cross section A = 160cm? In some experiments the
electrode separation L is 2 cm but the majority of
measurements are done for L =67cm. The larger
electrode separation makes it possible to maintain a
discharge at considerably lower pressure and thus to
study ‘collisionless’ RF discharges dominated by stochas-
tic electron heating. Measurements were performed in
argon and hetium over a wide range of discharge con-
ditions: gas pressure between 3mTorr and 3 Torr,
discharge current density between 0.1 and 10mA ¢cm ™2,
discharge power flux between fractions and hundreds of
mW cm ~ 2 and discharge voltage between 20 and 1000 V.
Over this wide range of discharge parameters, different
ionization and electron heating mechanisms dominate in
the formation of the EEDF, the fraction of discharge power
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going into electron heating changes radically and the
electron heating process itself changes from a local to
non-iocal one [39].

For a fixed gas, electrode material, electrode gap and
driving frequency, the discharge operational condition or
mode can be characterized by gas pressure and discharge
current density.

Starting from the lowest gas pressure at which
an RF discharge with a given Lw is maintainable
(L/2 > S, oc @™ !, here S is the averaged RF sheath width
and o is the driving frequency), one finds a so-called
‘collisionless’ regime for plasma electrons where stochas-
tic electron heating in the oscillating RF sheaths at the
plasma boundaries dominates and collisional (ohmic)
heating in the bulk plasma due to electron—atom colli-
sion is small [39-44]. The collisionless regime is typically
where the electron mean free path i, is comparable to
or larger than the plasma half width d = /2 — S5. In a
collisionless regime the ¢lectron energy relaxation length
A, is much larger than 4 and the EEDF is not in equilibrium
with the local rF field. This situation is analogous to the
limiting case of infinite electron thermal conductivity
(grad T, ~ 0) and is treated in the literature as a non-local
regime in contrast to the opposite limiting regime of local
equilibrium between the ionization frequency and the r¥
field [45, 46]. The EeDF in the non-local regime is a
spatially homogencous function of the total (kinetic+
potential) electron energy & =&+ e, where ¢ is the pc
ambipolar potential [45]. A qualitative diagram of ion
density n;, and the time-averaged clectron density .
distributions together with the ambipolar potential
distribution are shown in figure 13 for a low-pressure RF
discharge. In the plasma region where n;=n, these
distributions are similar to those given by the Tonks-
Langmuir model [47], but they are considerably different
in the RF sheath region (n, < n;) where a much larger DcC
voltage occurs due to the RF field rectification.

— e

rf electrode

plasma midplane

Figure 13. Axial distribution of ion density r;, time
averaged electron density n,, ambipolar potential ¢,
ionization rate G and RF power density Q for electron
heating in an RF discharge at the lowest gas pressure
(non-local regime).
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For a typical capacitively coupled rr discharge where
the plasma frequency is much larger than the driving
frequency, in the bulk plasma the rr field distribution

. E,(x) is inversely proportional to the plasma distribution

n(x)=n;=n,, such that E(x)ocn™'(x). This results in
an inhomogeneous RF field (rising at the plasma bound-
ary), and hence leads to an inhomogeneous rate of
collisional electron heating nEZ oc n™'(x). However, at
low gas pressures, the main electron heating near the
plasma boundaries occurs via stochastic electron heating
in the rF sheath [42, 52, 53]. Figure 13 qualitatively
represents the spatial distribution of the electron heating
rate as it was found in RF discharge simulations [49].
Also shown in tigure 13 is the ionization rate distribution,
which is nearly proportional to the electron density
distribution, as expected for a rather homogeneous EEDF
with the ionization frequency z being nearly constant

. along the discharge axis. Qualitatively, a different picture

emerges for the opposite limiting case when the gas
pressure is high and A, « d and the plasma electrons are
in local equilibrium with the heating electric ficld. Under
such conditions, electron and ion motion in the plasma
body are collisionally dominated with the plasma spatial
distribution controlled by ambipolar diffusion and colli-
sional electron heating is the main RF power dissipation
process. Due to local coupling between the EEDF and the
R electric field, the ionization frequency is space depend-
ent resulting in a specific axial plasma density distri-
bution [50,51] which is rather homogeneous over most
of the plasma with a sharp fall within the plasma
boundaries as shown in figure 14. Since ionization and
excitation frequencies are sharp functions of the rF field
and E oc n™1, both the ionization rate and the plasma
luminosity peak within the plasma boundaries, as quali-
tatively shown in figure 14. The two limiting cases
described above occur in the present experiment at the
lowest (few m Torr) and the largest (few Torr) gas
pressures for relatively low discharge current when y
processes in the RF sheaths are negligible. In the inter-
mediate range of gas pressure a hybrid RF discharge
forms, bearing features of collisional and stochastic

if electrode
plasma midplane

Figure 14, Axial distribution of the plasma parameters
{given in figure 13) at high gas pressure (local regime).



electron heating and which can hardly be characterized
as purely local or non-local.

With increasing discharge current (voltage and
power) the RF discharge transits (smoothly of abruptly) to
the 7 mode [10] with a highly non-local (even at high
pressures) plasma electron heating process. In the y
mode, secondary electrons (born at the RrF electrode due
to ion bombardment) and other electrons (due to
electron avalanche or ion-ionization in the sheaths)
accelerate in the rF sheaths towards the plasma where
they perform intensive ionization and excitation. In the y
mode, the physical processes occurring in the RF sheaths
and the bulk plasma are very similar to those that occur
in the cathode sheath and the negative glow of a DC glow
discharge. The rise of the discharge current (whether or
not the discharge is in the y mode) also increases the
share of RF power going to ion acceleration in the
sheaths. Therefore, at the high discharge current (voltage
and power) only a negligible part of the total discharge
power may be transferred to the electrons [33].

In that which follows, a brief overview of results
recently obtained at GTE Laboratorics is given. Some of
these results were reported in conferences and are high-
lighted in [9,54]. Detailed results on probe measure-
ments of the plasma parameters and their relations to the
electrical characteristics of RF discharges will be pub-
lished in forthcoming papers.

4.2. EEDF in argon RF discharges at low pressure

Typical curves of the measured EEPF {electron energy
probability function) and the corresponding EEDF are
shown in figure 10 for the benchmark argon pressure
p = 0.1 Torr in a discharge with L =2cm and a dis-
charge current density J=2.65mAcm™ > The striking
result of these measurements is a significantly lower mean
electron energy (&> = 0.89¢eV than that found in probe
measurements carried out recently in argon RF discharges
driven at 13.56 MHz at similar pL parameters [15, 1921,
55]. The eeDF in figure 10 differs from a Maxwellian with
(&) =089eV and a corresponding effective electron
temperature T,.=0.59V in that it contains excessive
numbers of fast and slow electrons. The EEPF in figure 10
can be represented as a sum of two Maxwellian distribu-
tions with two electron temperatures: T,=0.34V and
T,~3.1V and corresponding electron densities of
ny, =1.32x 10'°cm™3 and n, = 1.3 x 10° cm ™ 2. The two-
temperature feature of the EEPF at low argon pressure
remains unchanged over a large range of discharge
current density as shown in figure 15 where the EEPF is
shown for J between 0.26 and 44mAcm™? and
p = 0.1Torr. Over the range of current density T, re-
mains the same, while T; changes with rising J from
0.23V t0 0.39 V. The change in T, can be explained by the
effect of electron—electron collisions which equalize the
temperatures of the two electron groups and whose
importance grows with increasing plasma density.

As shown in [9], the existence of two electron groups
in the low-pressure argon RF discharge results from
stochastic electron heating in the rRF sheaths enhanced by
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Figure 15. EEPF in an argon RF discharge for different
discharge current densities with L=2cm and p=0.1Torr.
p=01Torr.

the Ramsaur effect. Due to great temperature differences
and the large Ramsauer effect in argon these two electron
groups have essentially different properties and play
significantly different roles in the RF discharge.

The low-energy group with its temperature close to
the energy of the Ramsauer minimum (g, = 0.3eV) has
an extremely low electron—atom collision frequency v,,,
and A, »d=06cm. The slow clectrons are well
Maxwellianized due to the large electron—electron colli-
sion frequency v, ocnT,” 32 and the reduced rF field in
the plasma bulk [43]. Being trapped in the ambipolar
potential well, the slow electrons oscillate collisionlessly
in the weak RF plasma field (since v, < ®?) unable to
gain energy either from the rF ficld or from the oscillating
RF sheaths which are accessible only to fast electrons [9].

The high-energy electron group, having a large v,
(vZ,; » w?) and {g), effectively interacts with argon
atoms in elastic and ionization collisions and com-
pensates their energy losses through stochastic heating
on the oscillating plasma—sheath interfaces. Unlike low-
energy clectrons, the high-energy electrons easily
overcome the ambipolar potential barrier and collide
more frequently (than the slow electrons) with the axial
plasma boundaries.

4.3. Heating mode transitions

Figure 16 demonstrates the evolution of the EEPF as the
argon pressure is changed from 0.07 to 3.0 Torr at a fixed
discharge current density of 2.65mAcm™2 and for
L =2cm[9]. At L = 2cm the range of gas pressures was
limited by discharge stability (prior to extinction) near
50 m Torr where the rF sheaths from the two electrodes
nearly overlap, and by probe technique validity at the
upper pressure. As seen in figure 16, EEPFs vary consider-
ably in shape, being convex at high pressures and
concave at low pressures and rapidly changing from one
to the other at a threshold pressure p, = 0.35 Torr, This

49



V A Godyak et a/

eepf (eV ¥ om™)

o /
/PRI N VIR T U SO T

0 5 10 15
electron energy (V)

Figure 16. EEPF evolution with pressure in argon,
L=2cm, J=2.65mAcm 2 [9].

transition is accompanied by a sharp change in the
plasma density and mean electron energy, as is shown in
fiurc 17. For pressure p > 0.5Torr, the EEPFs are
Pruyvesteyn-like with éf/0e >0 as £ —0; these are
typical for an argon plasma in a C or low-frequency field
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Figure 17. Plasma density n,, mean electron energy (&>
and ratio of stochastic to collisional power £ versus argon
pressure. [ = 2em, J = 2.65mAcm™2 [9].
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(vZ, » ?) with no electron—electron interaction. The
flattening of the EEPF as ¢ —» 0 is a consequence of the
Ramsauer effect, when év,,/0c >0 and low-energy
electrons accelerate freely (without collision), thereby
escaping the low-energy region of the EEDF. An opposite
picture (the peaking of EEPF at small energy) takes place
at v2, « w? when the low-energy electrons oscillate with-
out collisions. Consequently they gain no energy, and
thus remain in the low-energy group. In the high-
pressure, or collisional heating mode (p > 0.5 Torr),
ohmic heating is the main RF power dissipation process
[9]. As the gas pressure decreases, stochastic heating
quickly becomes the dominant electron heating process.
As a consequence of {he non-iocal characier of the Ry
discharge energy balance at these low pressures [41,43],
the addition of stochastic heating at the oscillating
boundaries leads to a reduction in the bulk ®rF field. This
reduces the electron energy, and since in argon v,, o £¥/2,
it reduces the collisional bulk electron heating even more.
This kind of positive feedback provides an abrupt trans-
ition when the discharge changes from a collisional to a
stochastic heating mode as the gas pressure goes down,
As shown in [9], the threshold pressure p, corresponds
to a pyd product where collisional and stochastic heating
is nearly equal (as is seen in figure 17). Measurements in
an argon RF discharge with L=07cm and J=
3mA cm™? (shown in figure 18) demonstrate a similar
evolution of the EEPF with gas pressure, but the transition
ocecurs at a lower gas pressure (p, = 70mTorr) such that
the product p,d is very close to that for L = 2 cm. This, it
seems, confirms the scaling law for heating mode trans-
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itions found in [9] in argon ®F discharges at 13.56 MHz:
Pod = 0.2 Torr cm,

The effective electron temperature 7, = 2/3¢{e) has
different trends for collisional and stochastic modes.
Thus, for discharges with L = 2cm and L= 6.7cm, T,
in collision-dominated discharges (large pL) decreases
slightly with increasing pL and discharge current (as is
common in gas discharge plasmas). Quite oppositely, for
the stochastic heating mode, the temperature T,; of the
low-energy group, accounting for 90% of all electrons,
grows slightly with increasing pL and discharge current,
while the temperature T,, of the high-energy group
remains nearly constant. The increase in T, with growth
in the discharge current can be explained as the effect of
e—e collisions between the two electron groups and
whose importance grows with increasing plasma density.
Increases in T, with gas pressure may also be the result
of additional collisional heating,

Having measured the EEDF, the plasma density and
the discharge current, one can estimate (from plasma
conductivity) the collisional power deposition P, and
compare it with the total RF power transferred to the
plasma electrons P,,,,. The latter term can be found from
the measured power versus current characteristic, sub-
tracting the ion acceleration power in the RF sheaths
[33]. The ratio P,,,./P., found in this way is shown in
figure 19 for argon discharges with L =6.7cm and
J = 1mA cm™2. This ratio starts to differ considerably
from unity at the same argon pressure at which the EEPF
begins to change shape (see figure 20). At low pressure
P eas! Poot TEAches 103, evidently demonstrating the effect
of non-collisional stochastic electron heating.

A comparison of EEPFs measured in argon and helium
RF discharges under similar conditions (L = 6.7cm,
J=1mA cm™?)is shown in figures 20 and 21. In contrast
with argon, no peak in f(¢) is found at low energies in
helium discharges. Over all gas pressures in helium, most
electrons in the body of the EEPF have a Maxwellian
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Figure 19. The ratio between total and collisional rRF
power transferred to the plasma electron versus argon
pressure. L = 6.7¢cm, J =1TmAcm™=,
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distribution with T falling as the gas pressure grows
(similar eEPF behaviour in a helium RF discharge was
found in [17]), while in argon an abnormal behaviour for
T, .f¢ is observed as shown in figure 22 at L = 6.7cm and
J = 1mA cm ™~ ? (for both gases). Thus, the comparison of
the EEPF shapes and dependence of T, 4 on pressure for
argon and helium RF discharges seems to confirm that the
abnormal low clectron energy and sharp heating mode
transition is intrinsic to a Ramsauer gas.

The decisive role of the Ramsauer effect on the shape
of the EEpF in RF discharges has been demonstrated
recently through particle simulation of a helium RF
discharge with an artificially introduced Ramsauer-like
gieciron—atom cross seciion [56]. Wonetbeless, it 1s
possible that a low-temperature electron group may
develop in a non-Ramsauer gas like helium, occurring at
a much greater w/pd than in the present experiments.
Qur calculation (similar to those shown in figure 19) for a
helium RF discharge at L= 6.7 and at the minimal
maintainable gas pressure p.;, = 30mTorr showed that
the stochastic heating is comparable to or just a little
larger than collisional (ohmic} heating.

Another kind of rF discharge mode transition is
shown in figure 23 where the EEPF evolution with gas
pressure is given for a heliom RF discharge at
J = 3mA cm 2. At a fixed discharge current density, the
RF discharge voltage ¥, is a falling function of gas
pressure p, and at some intermediate pressure, between
0.3 and 1 Torr in figure 23, an appropriate combination
of pS, and ¥, occurs for an electron avalanche to develop
in the RF sheaths leading to a transition of the discharge
into the y mode. The functionality of pSy(V,) correspond-
ing to this transition is similar to a Paschen breakdown
curve. EEPFs in the y mode (p = 0.3 and 1 Torr) demon-
strate a Maxwellian distribution with cxtremely low
electron temperatures over a dynamic range of three to
four orders of magnitude. At lower gas pressures, there
are not enough electron—atom collisions in the Rr¥
sheaths for an electron avalanche to develop there, and
the EEDF is little affected by the secondary electrons
produced by ion bombardment of the RF electrodes. Only
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Figure 22. Effective electron temperature in argon and
helium RF discharges. L = 6.7cm, J = T mAcm™2,
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Figure 23. EEPF evolution with pressure in helium,
L =67cm,J=3mAcm™ 2

at very high RF voltages (V; > 1kV) can secondary
electrons and the electrons generated in the RF sheaths
due to ionization produced by the high-energy ions [57]
affect the EeDF in the plasma body. For a large gas
pressure (3 and 10 Torr in figure 23) at J = 3mAcm ™2
the RF voltage in the sheaths is too small to maintain an
glectron avalanche, and thus to initiate an RF discharge
transition to the y mode. EEDFs in the y mode are
considered in section 4.5.

Two different kinds of distortion in the measured
low-energy part of the EEPF (actually, the second de-
rivative of the probe characteristic) are observed in figure
23 for extremely low and high gas pressures. The first one
at 30mTorr apparently is RF distortion due to an
extremely large discharge voltage (see equation (5)) and a
small ny/T, ratio making the probe plasma capacitance
smaller than about 10 pF measured in argon discharge
where no/T, is much larger than in helium. The other
kind of distortion at 3 Torr and especially at 10 Torr is
due to high gas pressure where A, becomes comparable
to or even smaller than the probe radius a. In both
kinds of distortion (RF and ‘large probe’), the exponential
extrapolation technique mentioned in section 3.5 has
been used to calculate T.. and n,. It seems that this
extrapolation is only a reasonable remedy for weakly
distorted second derivatives. For 10 Torr, a real decon-
volution technique [58, 59] or a collisional probe theory
(see [60] and literature cited therein) is needed to
interpret the EEPF from probe measurements.



4.4, Super-thermal electrons and electron beams

EEPFs measured in argon at low pressure and in helium at
all pressures demonstrate an excessive number of high-
energy electrons, ie. more than that expected for a
electrons, are due to stochastic electron heating in the RF
sheaths, collisional overheating in the strong RF fields
near the plasma boundaries, secondary-electron emission
at the electrodes and electron avalanche {at higher
pressure) and/or ion ionization [57] (at lower pressure) in
the rF sheaths. The contribution of each of these pro-
cesses depends on the specific discharge conditions gov-
erned by the discharge’s external parameters: p, L, w and
J.

In any case, the excess of high-energy electrons in a
weakly ionized plasma generally results in cooling of the
main body of electrons, thus reducing the effective
electron temperature. This paradoxical effect of electron
cooling by introduction of hot electrons is a consequence
of the ionization balance of bounded non-equilibrium
plasmas. A pronounced and well known example of such
a cooling is the extremely low clectron temperature
found in the cathode glow region of a bc glow or low-
pressure arc discharge. Similar phenomena take place in
RF discharge in the y mode.

At the lowest gas pressure in argon where the RF
discharge is controlled by stochastic heating, the electron
cooling effect is most explicitly demonstrated as an
abnormally low effective electron temperature, but
electron cooling should also occur to some extent in non-
Ramsauer gases and also for collisional electron heating
localized at the plasma boundaries. Indeed, the electron
temperatures in helium RF discharge found from our
measurements seem to be smaller than those typically
found in the literature for the positive column of helium
pc discharges with a pR ~ pd, where R is the positive
column radius.

EEPFs measured in helium at low pressures (figures 21,
23) have peculiar ‘bumps’ on f(g) near & = 25eV, fol-
lowed by a zero crossing. This is shown for helium on a
linear scale in figure 24{a). Similar behaviour was found
for argon (figure 24(b)) after making a special effort to
increase the dynamic resolution of the measurement. The
bumps and negative values of I” were found to disappear
as the gas pressure grew, as shown in figure 24(c) for
a helium RrF discharge with L=6.7cm and J =
ImAcm~2,

The negative values for I” signify a high degree of
anisotropy in the EEDF where the Druyvesteyn formula is
not valid [61-63]. Therefore, the measured EEPFs for
energies of about 25-30¢V should be only considered as
qualitative. Note also, that the dynamic range of the EEPF
measurements is limited by the masking effect of the
second derivative of the ion probe current, especially for
light gases like helium. Nonetheless, the bumps and
negative values of [” point out a directed electron beam
having energy considerably higher (especially in argon)
than the mean electron energy. Recently, a high degree of
electron anisetropy in a low-pressure argon RF discharge

Measurement of EEDF in low-pressure RF discharges

0.4 — . e
. 0.1 Torr, 3mA/em®
w)
£ 02|
5 X200
g a
B& 0 _V/V
pL
-0.2 - . .
-40 -30 -20 -10 0
0.4 ——e
|} 0.01 Torr, 1.8 mAem®
o
202l
S X1000
g - b
- V
'0.2 B 1 1
-40 -30 -20 -10 0
0.4
-~ i i
Z 0.2/ ]
3
e T 1 ¢
2 9
-
'02 1 1 1
-40 -30 -20 -10 0

probe voltage (V)

Figure 24. Second derivatives in anisotropic RF plasma.
L =867cm.

was demonstrated in measurements with a single-sided
flat probe [64]. It is belicved that the existence of directed
clectron beams in low-pressure RF discharges was first
found using polarization spectroscopy [65,66]. Recent
experiments with spatial-temporal-resolved emission
spectroscopy [67] and particle simulation experiments
[49, 68, 69] also show the existence of super-thermal
directed electron beams in low-pressure RF discharges.
The directed high-energy electrons are accelerated
during reflection from the moving plasma—RF sheath
interfaces at the moment of maximum sheath velocity. As
follows from emission spectroscopy and particle simula-
tions, the ballistic electrons cause ionization and excita-
tion waves propagating along the RF discharge. It is
interesting to note that in particle simulation experi-
ments [69] carried out for an argon RF discharge
(w/2n = 13.56 MHz, L= 10cm and p = 3mTorr) the
maximum in the anisotropic electron velocity distribu-
tion was found at v, ® 4 x 103cms™?, which is very
close to that in our experiments: v, =3 x 10°* cm s~ 1,
Some excess of high-energy electrons seen in helium
RF discharges at relatively high pressures of 1-5Torr
may result from the collisional overheating in the vicinity
of the plasma boundaries as well as from super-elastic
collisions of thermal electrons with metastable excited
helium atoms and Penning ionization processes with
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participation of two excited helium atoms. Such pheno-
mena were demonstrated for helium and argon plasmas
by direct measurement of the EEDF in the after-glow stage
where in absence of the heating electric field the super-
elastic collisions and Penning ionization were the only
sources of high-energy clectrons [70]. Note that the mid-
plane region of a parallel-plate rF discharge with ionizat-
ion, excitation and electron heating processes localized at
the plasma axial boundaries and with some reduced rF
field in the midplane can be thought of as a ‘spatial
afterglow’. Again, due to the masking effect on the second
derivative of the ion current at high electron energies, any
speculation about the actual behaviour of the EEPF in
helium found in the present work for a dynamic range of
more than three or four orders of magnitude is
questionable.

4.5. EEDF in the y mode

Having a probe measurement system with improved
energy resolution we were able to demonstrate, for the
first time, the EEDF evolution during the RF discharge
transition into the y mode [54]. Figure 25 shows the
evolution of the Eepr with discharge current density in
argon RF discharges (L = 6.7cm and p = 0.3 Torr). Cor-
responding integrals of the EEDF, the plasma density n,
and the effective electron temperature T, 4, together with
corresponding discharge parameters, voltage and power
density, are shown in figure 26. The same diagrams for RF
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Figure 25. eepr evolution during RF discharge transition
to the y mode. L =6.7 cm; argon at p= 0.3 Torr [54].
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discharges under similar conditions in helium are shown
in figures 27 and 28. Figures 25 and 27 show that at
relatively small currents the EEPF in argon resembles a
Druyvesteyn distribution while in helium it is more like a
Maxwellian. Over a limited range of increasing discharge
current, the EEPF does not change shape appreciably, T, .
remains fairly constant and the plasma density grows
linearly. The differences in the EEPFs for both gases in the
energy interval below the inelastic threshold energy
(11.6eV for argon and 19.8eV for helium) are due to
differences in the functionality of the elastic clectron—
neutral collision frequency v.,(¢) for argon and helium
{71,72].
................

lead to an abrupt change in the EEPF shape with a
corresponding drop in the T, and a rapid increase in
plasma density. For both gases, the EEPFs become
Mazxwellian over a large dynamic range (three orders of
magnitude). This is a consequence of a sharp increase in
electron—electron collision frequency, v, oc ng/T2? to-
gether with the reduced plasma rF field, E, oc J/n, [54].

The transition point where the discharge switches
from the « mode to the y mode, defined as the steepest
part of the T,{J) dependence, corresponds to a trans-
ition current density J,, and a transition voltage ¥, of
SmAcm~?* and 200V for argon and 2mAcm~2 and
180V for helium, respectively. These transition voltages
are comparable to the normal cathode fall voltage in a
pc glow discharges. For both gases ¥, correlates well
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Figure 26. Discharge and plasma parameters for argon RF
discharge [54].
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Figure 28. Discharge and plasma parameters for helium
RF discharge [54].
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with a change in the discharge colour (luminosity) ob-
served in experiment. However, as one can see in figure
28 for helium, the departure from linear current/voltage
characteristic (which further leads to the discharge vol-
tage saturation) takes place somewhere between 400 and
500 V which is more than twice the ¥, found from the
T..(J) dependence. No trend in the discharge voltage
saturation is seen in argon, although changes in the EEPF
and in the discharge luminosity were evident.

The abrupt changes in the EEPF and in the plasma
parameters are well known in RF discharge literature
as the transition into the y regime. In the y regime
ion bombardment initiates secondary-electron emission
from the RF electrodes: electron acceleration and multi-
plication in the large electric fields within the RF sheaths
produce intensive ionization in the plasma body, accom-
panied by a sharp growth in plasma density and a drop in
electron temperature.

The transition into the v regime and the correspond-
ing plasma parameter behaviour shown here is very
similar to that first found in helium RF discharges at
3.2MHz and described in an analytical hydrodynamic
model of an RF discharge in the y mode based on the
assumption of two electron groups [10]. The electron
kinetics in the bulk plasma of the y mode is similar to that
in the cathode glow of a DC glow discharge, since in both
cases ionization is maintained by a swarm of hot
electrons generated in the cathode (rF electrode) sheath
while the electric field in the plasma is significantly lower
than that in a self-sustaining plasma.

. It was not possible to analyse the high-energy y
electrons which presumably perform ionization and gas
excitation. Having an energy comparable to the RF
sheath voltage, the y electrons accelerated in the RF
sheaths have a high ionization efficiency and thus the
ionization balance of an RF discharge in the y mode
requires only an extremely small number of y clectrons
[10]. The limited dynamic resolution (about four orders
of magnitude) in the second-derivative measurement and
the masking effect of the ion current make detection of y
electrons with probe techniques highly problematic.

The electron temperature of the main body of
electrons measured in a well developed y mode (at
J = 10mAcm~Z%, L = 6.7cm), when T, reaches its mini-
mum value T, ., are shown in figure 29 as a function of
the helium gas pressure. The fall in the electron temper-
ature with increasing gas pressure is a consequence of the
change in the electron energy balance mainly due to a
drop in the electron heating power [54].

In the y mode developed at relatively high gas
pressure, the swarm of fast y electrons generated in the R¥
sheaths quickly decays in the plasma, providing ioniza-
tion only near the plasma boundaries. From there, the
cold electrons produced by the y electrons diffuse to the
plasma centre and vanish due to radial diffusion and/or
recombination. The last process is very probable due to
the extremely low electron energy [73—75]. The picture
described here is equivalent to that in the Faraday dark
space of a DC glow discharge.

The electron temperature of 52 mV (or 600 K) meas-
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Figure 29. Electron temperature in a well developed y
mode. L =6.7cm. J=10mAcm™2 [54].

ured in a helium &F discharge at 3 Torr is close to that
typically found in the negative glow of a bc discharge (see
(76] and literature cited therein) and it is close to the
radiation temperaturc in a helium r¥ discharge
(p=0.5Torr, f=25MHz) found from microwave
diagnostics [77].

QOur experience with EEDF measurements has shown
that an RF discharge in the y mode is the most deman-
ding circumstance for probe diagnostics. The largest dis-
charge voltage and the smallest electron temperature
(Vy/T, < 10%), both of which are typically found in the y
mode, make it difficult to attain sufficient energy re-
solution in the measurement. At large discharge voltages,
intensive probe contamination with sputtered RF
electrode materials makes it impossible to perform mean-
ingful probe measurements without continuous probe
cleaning. An additional complication in the EEDF measu-
rements in the ¥ mode is that T, can be considerably less
than the voltage gap between the maximum and the zero
crossing of the second derivative I(V,). This gap, which
is due to inhomogeneity of the probe work function and,
possibly, electron reflection of the probe surface and
limited bandwidth of the probe circuitry, prevents the
majority of electrons of the distribution with low electron
temperature from being analysed. Such a situation is
shown in figure 30 for EEPF evolution at the discharge
transition to the y mode corresponding to p=1 and
3Torr. Here, the smoothing of the second-derivative
maximum is evident at the highest discharge currents.
For these cases, the relatively large gap AV makes it
meaningless to exponentially extrapolate the second
derivative I;(V) at the zero-crossing point, since it leads
to an increase in Iy(V,) by several orders of magnitude
and to an exaggerated value of n,. Fortunately, in these
-cases I5(V,) is an exponential function over two to three
orders of magnitude. That, together with a strong case for
a Maxwellian distribution (an extremely large ny/T,
ratio), makes the evaluation of the electron temperature
rather certain. The plasma density can then be easily
found from probe I/V characteristics, which manifest
well pronounced electron current saturation, since for
such a dense and cold plasma even a small-radius probe
works as a flat one (Ap « a).

Note that the electron temperatures found here from
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EEDF measurements in the y mode are significantly lower
than those found in [10] using traditional Langmuir
probe techniques. The main reascen for this difference is
essentially an improvement in the developed probe dia-
gnostic system which allows us to address the variety of
problems encountered in EEDF measurements in RF
plasmas.

5. Conclusion

EEDF measurements in RF plasmas are a most difficult and
challenging case in probe diagnostics requiring incorpo-
ration of a great deal of experience accumulated since
Langmuir’s time and special attention to many details in
the design of the probe measurement system. Many of
the problems in EEDF measurements in low-pressure
RF-driven plasmas have been discussed and a probe
measurement system specifically designed to avoid these
problems has been described here in some detail. It
should be pointed out that no new techniques have been
introduced here that have not been considered elsewhere.
However, this may be the first time that these techniques
have been incorporated into one measurement device,
resulting in significantly improved overall performance
of the probe diagnostic system.

With this probe system a systematic experimental
study of the EEDF has been carried out in capacitively
coupled kF discharges in argon and helium over a wide
range of gas pressures and discharge currents. The
measurements readily show the specific changes in the
EEDF that occur due to stochastic clectron heating and
discharge transition into the y mode, as well as the
substantial differences in the EEDF of Ramsauer and non-
Ramsauer gases. For the first time, the evolution of the
EEDF resulting from changes in the discharge-sustaining
mechanisms has been demonstrated.
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