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Passive external radio frequency filter for Langmuir probes
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A tunable passive circuit is introduced for radio frequefrgyfiltering of Langmuir probes used to
measure plasma properties. The circuit produces a high impedance between the probe tip and
ground so that the probe tip follows potential fluctuations in the plasma so that the probe bias
voltage with respect to the plasma is constant on the time scale of rf fluctuations. Filtering is
implemented at the fundamental frequendg.56 MHz in this caseand the second and third
harmonics. Representative probe traces and electron energy distribution functions from an
inductively coupled plasma are presented to demonstrate filter performanc200® American
Institute of Physics.[DOI: 10.1063/1.1376139

I. INTRODUCTION oscillating voltage sourcéi.e., the plasma A circuit dia-
gram showing the basic elements of typical passive ff filter,
Fluctuations in the plasma potential of radio frequencyalong with simplified circuit representations for the plasma
(rf) produced plasmas are well known to interfere with theand probe bias, is shown in Fig. 1. The oscillating plasma
use of Langmuir probes as a diagnostic tool to measurﬁotemiaﬁ/p is represented as a voltage sourge, is the
plasma properties such as plasma density and electron egheath impedanc@( o) is the impedance seen by the probe
ergy distribution function$.Conventional analysis of Lang- tip looking toward the probe bias circuincluding the stray
muir probel-V traces requires that, for each point on the capacitance of the probe body, in addition to the rf filter
|-V curve, the currenttbe measured for a fixed difference in components v, is the probe bias voltage, amlis a resistor
the electrical potential across the sheath between the probgiged to measure the probe curréhtye, andZajie; repre-
tip and the plasma. If the plasma potential fluctuates whilesent jJumped impedances associated with components of the
the potential of the probe tip is constant, the current meapassive rf filter. At rf frequencies, we can expect that the

sured is really an average for a range of sheath voItagegsci"ating component of the probe voltage will be
Because of the nonlinear characteristics of the sheath, this

has the effect of “smearing out” the probe trace. Conven-  _ ~  Z(w)
tional analysis of these distorted probe traces leads to un- Vprobezvpm-
physical values of plasma parameters; for example, the ap- °

parent average energy determined from distorted probg(w) must be high impedance at the frequency of plasma
traces may be substantially higher than the actual averaggstential fluctuation$13.56 MHz and its harmonics for our

energy. Numerous studies have made use of rf filters to aVOistten) relative toZ, to ensure thaV/,,peV, and a low
S| probe p

the effects of this distortion. Here we introduce a new Varia'lmpedance at lower frequencies to ensure that the piretde

tion on filter design with possible advantages for plasmag, e is accurately capture@( o) is typically constructed as
with plasma potential fluctuations at multiple frequencies. a “notch filter” or series of notch filters, parallel lumped-

Several methods exist to combat the effect of rf plasma,,mponentLC) combinations with a LC resonance at the
potential fluctuations on Langmuir probe measurements. Thgg|acted frequency.

approach we are taking is a new implementation of an estab-  fan Langmuir probes are mounted on a long shaft that
lished method: electrically force the probe tip to follow the yoqceg through the vacuum wall. Stray capacitance between
potential fluctuations present in the plasma so that, althougl,a \ire connecting to the probe and the wall material of the
both potentials are fluctuating, the sheath potential, which igpaft can lead to a substantial capacitance between the two.
the difference between the two, is constant so that conven; ihe outer shaft is groundedwe use a 0.64-cm-diam
tional analysis applies. Godyak and Popov showed that if thg .o \nded stainless steel tupehis creates a low impedance
amplitude of the fluctuation in the sheath voltage can be ke[%ath to ground at high frequencies. A stray capacitance of 40
below a value on the order of the electron temperature, thge \ya5 measured with a capacitance meter on the probe used
resulting error in the plasma parameters will be on the ordef, yhis study. The capacitive impedance can effectively short
of the uncertainty of the probe technigti@he approach of 4 fitters that are added in the most convenient way: exter-
using a “rf filter” to force the probe tip to track oscillations 5| to the probe shaft on the atmosphere side. Various meth-
in the plasma potential can be explained by considering thgs have been used to combat this problem. On approach is
probe and its sheath as a voltage divider responding t0 afy pjace filtersinside the shaft, as close as possible to the

probe tip® This effectively moveg ;4 to the probe tip side
dElectronic mail: wendt@engr.wisc.edu of Csyay cOmpared to the configuration shown in Fig. 1. For
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plasma i . . r :
Sheath , stainless steel, alumina tubing,  Probe t|p7
Z robe ti| 1il ——— - -
o P L P ‘_.'_n?r to probe circuit stiff copper wwe’ tantalum
) ¢ _J_Cstray Vbias FIG. 2. Tip of Langmuir probe has been designed to reduce capacitive
Vp  Z(w) [~ Zzﬁner[] Aot impedance to the plasma.

Langmuir probe passes radially through a sliding vacuum
—— seal on the chamber sidewall. The tip of the Langmuir probe
FIG. 1. A simplified circuit model of the probe and plasma. A voltage was located approximately in the chamber center.
divic-ler.consistiﬁg oZg, (sheath impedan¢ar?d2(w) (rf fi’I)ter imp.edance, ’ We also chose a probe meChamca_l deS|_gn' that produces
including probe stray capacitance to gropdetermines how much of the rf @ relatively low value ofZg,. In a design similar to that
oscillating voltage in the plasmglp, appears at the probe tip. Ideally, described by Paranjpe, McVittie, and Séthe probe tip was
Z(w)>Zg, to minimize the voltage drop across the sheath. constructed to maximize the capacitance between it and the
plasma. The probe tip, shown in Fig. 2, is constructed of
tantalum rod, 0.32 cm in diameter. The rod is 3.4 cm long,
this method, the filter components must be very small to fitand its full length is covered snugly with an alumina tube of
in the probe shaft, anih situ tuning of the resonant filters is  outer diameter 0.48 cm, except for the flat end which is flush
virtually impossible. Active compensation is another ap-with the end of the alumina tube and serves as the probe tip.
proach: the tip of the probe is driven by a rf voltage sourcerhe capacitance through the alumina tube between the probe
(in addition to the dc probe bias voltageith a wave form  and the plasma is estimated at about 40 pF. At 13.56 MHz,
that mimics the fluctuations in the plasma poterﬁ%lt may that Corresponds to an impedance of about 80rhe im-
also be possible to reduce the production of plasma potentigjedance between the probe tip and the plasma consists of the
fluctuations to a level sufficiently low that they do not inter- jmpedance of the exposed tip in parallel with the series com-
fere with Langmuir probe operation. For example, Godyakpination of the capacitive impedance of the alumina tube and
Piejak, and Alexandrovich describe an inductively coupledhe sheath that surrounds it. Estimating the sheath thickness
plasma in which potential fluctuations are suppresseground the(electrically floating alumina tube to be a few
through the use of a Faraday shiéld. Debye lengths in a high density plasma, we obtain a capaci-
tance of roughly 40 pF, comparable to that of the alumina.
The combined capacitance of the series combination is thus
approximately 20 pF, corresponding to an impedance of
II. INSTRUMENT DESIGN AND IMPLEMENTATION about 600Q) at 13.56 MHz. As the probe bias voltage in-
creases toward the plasma potential, a substantial electron
In this article we present an approach in which passivecurrent flows across the sheath which may also contribute to
filtering is used external to the probe shaft, but which incorthe sheath impedance. This can be treated as a resistance in
porates the probe stray capacitance into a resonant circytarallel with the sheath capacitance. As the bias voltage ap-
that produces an overall high impedance to ground. The filteproaches the plasma potential, this resistive component will
was developed for Langmuir probe measurements in an indominate the sheath impedance, resulting in a value that is
ductively coupled plasma which exhibited unexpectedlysmall compared to the capacitive impedance of the alumina.
large plasma potential fluctuations, most likely due to capaciin that case, the value of the effective sheath impedance will
tive coupling between the induction antenna and the plasmde reduced, so that the 6@D figure can be considered an
The plasma is powered by a spiral induction coil driven by aupper bound.
rf current at 13.56 MHz. The chamber is over 60 cm in With the tantalum probe tip, probe cleaning by ion bom-
diameter, with a quartz window opening of over 50 cm and abardment was employed to greatly improve reproducibility
thickness of 3.6 cm. The height of the chamber is 19 cm. Aof the probd -V curves.(Because of the relatively high ther-
radially spoked grounded Faraday shield has been includemial conductance of the rod, probe cleaning by resistive heat-
just inside the quartz window for two reasons. The first is toing of the probe tip biased to collect electron saturation cur-
reduce capacitive coupling between the induction antenneent was not an optiopn.Use of a 0.23-mm-diam tungsten
and the plasma by shorting out electric field lines associatedire extension as a cylindrical probe tip emerging from the
with the rf voltages on the antenna. Because the entire chanend of the tantalum rod was also attempted. Such a probe tip
ber bottom is an electrode that can be floated and most of this readily cleaned through resistive heating as described
chamber top is quartz and therefore always floating, the Faiabove. However, the wire glowed white hot at collection
aday shield was located inside the chamber in order to ineurrents less than the electron saturation current, raising con-
crease the grounded wall area in the chamber. However, theerns that the probe tip was thermionically emitting elec-
Faraday shield used was apparently not adequate to entirefgons, which would lead to a distortion of the probeV
suppress capacitive coupling between the antenna and tieeirve® For cleaning, a bias voltage of 100 V is applied to the
plasma; potential fluctuations of 20 V peak to peak haveprobe tip while it is exposed to the plasma. lons from the
been observed in this system. The lower electrode waplasma are accelerated through the 100 V sheath and bom-
grounded in the experiments presented here. The shaft of thard the probe tip. lon bombardment sputters contaminants
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and ground at 13.56 MHz and its second and third harmonics. 0 S :
0 10 20 30 40 50

f (MHz)

and oxide developing on the surface which can interfere withFIG. 4. LC rf filter impedancgincluding effects of probe stray capacitance
the probe operation. The probe is cleaned in this manner foﬁhows peaks at 13.56 MHz and its second and third harmonics.
30 s bhefore each probe sweep, as well as for 1.5 s before
each data point is measured. probe versus frequency was computed and plotted to ob-
The filter is inspired by designs by Paranjpe and co-serve the peaks corresponding to the three resonances. Also
workers and Shimizu, Hallil, and AmemiyaThe latter em- included in the impedance calculation were resistive ele-
ploys transmission line segments as inductive and capacitiveents based on measurements of cir€uitComponent val-
circuit components in order to produce highresonances at ues were then adjusted to shift the frequencies of the reso-
13.56 MHz and its harmonics. Both designs employ thenances to 13.56 MHz and its second and third harmonics,
probe stray capacitance as part of the circuit. The design ofthile maximizing theQ of the resonances. Since each of the
Paranjpe and co-workers uses lumped components, but proemponents affects all three resonances, there is some flex-
duces a high impedance only at the fundamental frequencybility in the component values. In addition to maximizing
The filter design of Shimizu and co-workers makes use othe heights of the peaks, another consideration was to keep
coax cable transmission line segments at inductive and cdahe component values in a practical range. The calculated
pacitive circuit elements which can be tuned by changing thenagnitude of the filter impedance is shown in Fig. 4. The
length of the segment. However, this filter design was foundmpedance at 13.56 MHz is more than an order of magnitude
to produce a high impedance between the two ends of thkigher than the impedance of the transmission line filter mea-
filter at the frequencies of interest, but the impedance tesured using a network anlayzer.
ground is too low for our probe. Measurements with a net-  An iterative process was also used to tune the filter to
work analyzer revealed an impedance to ground at 13.5froduce a high impedance between probe tip and ground at
MHz of 333 () for the transmission line filter, and imped- 13.56 MHz and its second and third harmonics through an
ances at the harmonic frequencies were significantly loweiterative process. First, the capacitors were all preset to val-
In order to produce a high impedance between the probe tipes close to what was needed, as determined by numerical
and ground at 13.56 MHz and its second and third harmoneptimization of the circuit design. A variable frequency sine
ics, we have implemented a notch filter of a different designivave generator was connected to the probe end of the filter
from that of Shimizu and co-workers. Using lumped ratherthrough a series of 10(k resistor. Voltages at both ends of
than transmission line components, the design compensatdse 10 K) resistor were monitored on an oscilloscope using
for the effects of the probe stray capacitance. The design i$0X oscilloscope probes. Because the capacitance of the os-
shown in Fig. 3. Dashed line boxes indicate the portions otilloscope probe is non-negligible, the one measuring the
circuit included to add high impedance to ground at the funvoltage at the Langmuir probe end of the fil{®f.) must be
damental, second, and third harmonics, respectively. In thkeft in place for the experiments after tuning is completed.
absence of the second and third harmonic filters, the desigRemoval of the scope probe would detune the Hgreso-
is very similar to that of Paranjpe and co-workers. Becaus@ances, reducing the impedances at the frequencies of inter-
the 1000 pF capacitor introduces a low impedance to groundsst by substantial amounts. Sharp maxima/jg; were ob-
the 1.2uH inductor forms a parallel resonance with the strayserved as the frequency of the input test signal was swept,
capacitance. The 12 pF variable capacitor is added to the firsbrresponding to the three resonances in the circuit. The
stage of the filter to permit tuning of the resonance to 13.56hree resonant frequencies were recorded, and the capaci-
MHz. The two additional parallel stages add resonances aance values of the three capacitors were tweaked until the
the second and third harmonics. The inductors were hantesonances shifted to the desired frequencies. This was a bit
made with relatively heavy copper wi@ mm diameterand  tedious, but with practice one gets a feel for the effect of the
an air core(lower resistanceto enhance th€) of the reso- three capacitors on each of the resonances, speeding up the
nance. process. Once the filter design was finalized and the filter
Values of the inductors and capacitors comprising thewvas tuned, measurements of filter impedance as seen from
filter were selected through an iterative process. Starting witlthe probe tip were measured to be 64 &t 13.56 MHz, 1.5
initial guesses of appropriate component values, the imped() at 27.12 MHz, and 1.2Q at 40.68 MHz.
ance of the filter(including the stray capacitance of the There is a trade-off associated with the sharpne$§3 afr
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Ill. RESULTS AND DISCUSSION

0z 0.2 T 0 o1 os os All measurements reported were made in a 20 mTorr
argon plasma with 700 W rf power. The probe floating po-
tential (Fig. 5 gives direct information about the ability of
FIG. 5. Langmuir probe measurements of plasma floating potential fluctuathe probe to track fluctuations in the plasma potential. Mea-
tifonTShiif; ﬂggr;”d;icstigﬁ'ﬁg&féidtlr)]'jst'::rl] 5%5{?5?3? f[ga”;:&f ﬁ;%ognznﬁgoo YWurements of probe floating potential were made by observ-
Es.olid line) fiIFt)ers demonstrates the improvement in filter impedance ob-N9 the voltagg on the probe e_nd of both the transmission line
tained by switching from the transmission line filer to the LC filter. The (TL) and LC filters on an oscilloscope through ax18cope
lower impedance of the transmission line filter leads to the seemingly loweprobe, while the other end of the filter was disconnected
floating potential fluctuation amplitude. from the probe bias power supply and left as an open circuit.
The magnitude of the potential fluctuation is nearly twice as
high with the new LC filter compared to the TL filter, con-
the resonance peaks shown in Fig. 4. Thelepends on the sjstent with a higher impedan@ ) in the circuit depicted
resistive impedance of the circuit elements: the lower then Fig. 1. In the case of the transmission line filter, the low
resistance, the higher tig, and the sharper the resonance.impedance to ground “loads down” the measured probe
Because our goal is a high filter impedance, a hi@ghs  yoltage.
desirable. However, a higQ also means that the tuning of Using the amplitude of the floating potential fluctuation
the circuit is sensitive and potentially subject to detuningas an estimate of the amplitude of the plasma potential fluc-
which would lead to a significant reduction in filter imped- tuation, we can check, using Godyak and Popov’s critérion
ance. Although the tuning process was repeated on a daibtated in the Introduction, whether the filter impedance is
basis while measurements were being made, the impedanggequate to avoid unacceptable distortion in the prehé
was found to be quite stable and many times no adjustmenturve. Considering the behavior at 13.56 MHz, we compare
were necessary. an estimate of the sheath voltage oscillation with the electron
Although the filter impedance is lower at the harmonicstemperature. Treating the sheath/filter combination as a volt-
than at 13.56 MHz, we believe that it is sufficient to provide age divider, and using the worst case sheath impedance esti-
adequate filtering. First, the plasma floating potential fluctuamate of 6002, along with a filter impedance of 6.4kand
tions are dominated by the fundamental frequency, as can lgtasma potential fluctuation of 20, yields a sheath volt-
seen in Fig. 5, so that the degree to which the harmoniage oscillation of less than ¥,_,. As shown below, the
components must be suppressed is smaller than for the fuelectron temperatures in this system are above 2.5 eV, so the
damental. In addition, the capacitive component of thecriterion that the sheath voltage oscillation is lower than the
sheath impedance is inversely proportional to the frequencyelectron temperature is satisfied, and we can expect the un-
Since the sheath impedance is lower for the harmonics, eertainties in plasma parameters determined from probe mea-
lower filter impedance is sufficient to get the same reductiorsurements made using the filter will not be dominated by rf
in the sheath voltage fluctuations at the harmonic frequendistortion.
cies. Probel-V traces made with and without the filter are
Performance of the tunable, lumped element filter waslepicted in Fig. 6. The presence of the filter results in a
compared with that of a transmission line filter based on theprobe trace with a sharper transition between ion saturation
design of Shimizu and co-workers. The transmission line fil-and electron saturation. In the absence of a high rf imped-
ter consisted of eight cascaded stages, four for the fundameance between the probe tip and ground, the effect of the rf
tal (and third and fifth harmonigstwo for the second har- fluctuations in the plasma potential is to smooth outlthe
monic, and two for the fourth harmonic. The filter curve, so we take this result as another sign that the filter is
components were constructed out of B0RG-58 c/u coax working as expected.
cable. Electron energy distribution functionSEEDF9 were

time (usec)
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computed from the second derivative of the Langmuir probe
|-V curve,d?l/dV2. Smoothing was necessary to suppress
signal noise when computing the derivatives. This was
achieved by taking the Fourier transform of the curve and«’.v; 2
processing it with a numerical low-pass filter. In taking the T !
Fourier transform, a modified form of the probeV trace is 8 0
extended beyond the measurement range of bias voltage tgzz's
crate a periodic function of bias voltage. That is, we assumes,
the same curve repeats over and over, beyond the range w 4
bias voltage over which the trace was originally measured. o5
The curve is tempora_rlly n_10d|_f|ed to avoid the dlscgntlnufcy O i35
that occurs at the points in bias voltage where neighboring Electron Energy (eV) Electron Energy (V)
traces meet. To eliminate this discontinuity, the data are sub-
tracted from a straight line passing through the two end!G: 7- (& The electron energy distribution functidEEDF) and (b) the

. bef h f . f d d added b EPFs for a 20 mTorr argon plasma operating at 700 W when the rf filter is
points e.ore the transtorm Is per c_)rme » ana a e ac place, andc) and(d) the corresponding results with the lower impedance
after the inverse transform. Otherwise, the smoothing protransmission line filter design.
cess would result in distortion of the shape of the prbbé
curve in the regiqn of thg discontinu'it(yh'e beginning and  ACKNOWLEDGMENTS
end of the tracewithout this step. Derivatives are computed
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