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Abstract. A Langmuir probe for the study of high-density RF discharges has been
developed and tested in a helicon discharge in which the ) potential (= 100V) is
mugh larger than the electron temperature (x4 eV). Garbon probe tips are used to
minimize eroslon by ion sputtering. Miniature RF chokes located close to the probe tip
present RF Impedances of 150kQ at the operating frequency of 27.12MHz and
300k at the first harmonic at 54.24 MHz. It is further necessary to drive the probe tip
1o follow the rF fluctuations by coupling it to a larger floating elecirode, We have been
able to measure T, values as low as 3.4V in argon plasmas of 10" cm™2 density;

these temperatures are 1.6 eV lower than ones measured by probes with chokes
alone, and 2.3 eV [ower than measured by uncompensated probes.

1. Introduction

Inductive coupling of helicon waves has been shown to
be a very efficient source of plasma production [1,2].
The high densities (10!3cm™3) obtained at low neutral
pressures (a few mTorr) has sparked interest in the use
of this technology for plasma etching [3,4]. As is the
case with all plasma sources used in etching, a low
electron temperature is desirable in order to improve
anisotropy, ie. reduce ion temperature, as well as to
minimize wafer damage. It is therefore important to be
able to measure the electron temperature accurately in
such discharges. Knowledge of the electron temperature
(and, in particular, of the electron energy distribution
function (EEDF)) is also required to understand the
jonization and excitation mechanisms of the discharge
and to find the operating conditions that optimize its
performance.

The effect of an oscillating plasma potential on
Langmuir probes has long been recognized as a major
difficulty in the interpretation of probe data [5,6].
Boschi and Magistrelli [6] have shown that a sinusoidal
time-varying plasma potential has the effect of distorting
the electron retardation region of the probe trace and of
shifting the floating potential towards more negative
voltages. It is well known that in Maxwellian plasmas
the average electron current in the presence of periodic
potential fluctuations still gives the correct temperature
as long as the current does not leave the exponential
region. However, if the RF excursions bring the electron
current out of the exponential region, the usual graphi-
cal methods of analysing electron currents overestimate
the electron temperature.

A pC probe trace would be obtained in such plasmas
if the probes were allowed to follow the plasma potential
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oscillations. Many authors have tried several methods to
accomplish this, Chen [7] measured the instantaneous
current and floating potential with a double probe and
displayed them on the y and x axes of an oscilloscope
without averaging. This method had a frequency re-
sponse below 1 MHz. Cantin and Gagne [8) fed the rF
voltage of a floating electrode to a probe in a 3.5 MHz
argon discharge through a unity gain amplifier and used
resonant inductors to increase the circuit impedance,
The major disadvantage of their method is the limitation
of the amplifier to RF voltages of only 9V peak-to-peak.
Braithwaite et al [9] applied the attenuated and phase
shifted voltage of the powered electrode in a 13.56 MHz
parallel plate discharge to a Langmuir probe. The am-
plitude and phase of the signal were varied until the
most positive floating potential was obtained. This
method does not allow for the presence of higher har-
monics in the plasma. Paranjpe et al [10] and Lai et al
[11] have both used a copper rod inside 2 glass holder
in series with a Langmuir probe to increase the coupling
of the probe to the plasma potential fluctuations. The
large rod required to implement this method in our
small diameter discharge would significantly disturb the
plasma.

In this paper we describe a probe designed to work
in a 27.12 MHz helicon discharge, The RF compensation
method is similar to the one adapted by Godyak er al
[12] to RIE {reactive ion etching) discharges. However,
the environment is quite different for a probe in 2
helicon source than in an RIE discharge. The strong
magnetic field causes the logarithm of the eleciron
current to deviate from linearity at potentials well below
the space potential, so that RF compensation needs to be
more accurate. The magnetic field also does not tolerate
obstacles much larger than the electron Larmor radius,



which can deplete the electrons in the blocked tube of
force. The harmonic content of the fluctuations can also
be different. There are small populations of fast elec-
trons, which may be hard to detect. On the other hand,
there are no violent sheath motions and plasma flows,
such as occur in RIE discharges, which may bring the
probe into the sheath region.

In our method, a floating electrode exposed to the
plasma is coupled to a cylindrical Langmuir probe
through a large (4.1nF) capacitor. The electrode is
placed as near the probe tip as possible so as to sample
the local fluctuating plasma potential without any addi-
tional disturbance to the plasma. Miniature RF chokes
with impedances larger than 100kQ at the first two
harmonics are connected near the probe tip. Electron
temperatures as low as 3.4eV have been measured in
10'3cm ™3 plasmas at 1.6kWRF power, and 2.3eV at
400 W. Probes without the floating electrode and probes
with no compensation at all both overestimate the
temperature, the latter by the larger factor. The material
of the probe holder is not important as long as the
chokes are placed near the probe tip. The results also
show the importance of second harmonic compensation.

2. Probe design

2.1, Circuit design

Figure 1 shows the equivalent circuit of the probe,
sheath, and associated circuitry. Here ¥V, is the space or
plasma potential, ¥, the potential of the probe tip, V, the
probe bias voltage, and ¥, the output voltage across the
current measuring resistor R (1 k& here). The sheath
impedance Z;, consists of an equivalent resistance R, in
parallel with an equivalent capacitance C ;. The series of
chokes is represented by an impedance Z_,. The small
stray capacitance C,, is that of the short lead between
the chokes and the probe tip and large stray capacitance
C,, is that of the power supply and all the connecting
cables. The auxiliary floating electrode has an imped-
ance Z, consisting of R, in parallel with C,, and is
coupled to the probe tip by the coupling capacitor C,
mentioned above. The space potential is given by

I’; = VDC + f/{“;- (1)

where Vp is the RF oscillation about the mean value Ve
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Figure 1. Equivalent circuit for the probe, sheath, and
measurement system.
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2.1.1. DC signals. When V is zero, the DC current to
the probe, which is the quantity we wish to measure, is
given by

{=5L—1,
where
1, = ned p et¥s= VT, 3]
I~ dnedp, (3)
b, = (KT, /2nm)' 12 @)
v, = (kT /M) (3

with ¥, = V. The probe potential ¥, is equal to the
floating potential ¥; when [, is equal to I; this gives

=, — Ly, (%) ©
f 2e m

The effective sheath resistance is given by

1 dr dl,

Re v T dv @

Equation (2} then gives

kT

Rsh = e—lc.

®)

This varies with ¥, — ¥, since [, does, but at the floating
potential it has the unique value
KT, 24§

=—=ny .
" el oAU,

©

The last relation comes from Equation (3) and the
definition of Debye length

)»]25 = aokn/nez.

2.1.2. RF signals. We now let ¥V, = Ve + Wiy, where
|Vepl may be much larger than |V with respect to
ground. First, we neglect the compensation circuitry
represented by Z, and Z, so that V, will be constant at
W, and V, — ¥, will oscillate wildly. Since I, oscillates,
R, will also change duaring the rF cycle. In addition, an
rF current will now flow through the capacitance C,,
which we now calculate.
The dynamic sheath capacitance can be defined by

_A0
Co=%7 (10

where V =V, — ¥, and Q is the charge on either side of
the capacitor. Since measurements are made near the
floating potential because the I-V curve is distorted
by the magnetic field elsewhere, the probe will nearly
always be sufficiently negative with respect to the
plasma that a Child-Langmuir sheath forms adjacent to
the probe surface. We can therefore caleulate AQ from
the surface charge on the probe. The other side of the
capacitor is the transition to the Debye sheath (the
transition to the quasi-neutral region) and is not well
defined. This approximation fails if the rRF fluctuations
bring ¥, so close to V; that the Debye sheath extends to
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the probe. We also neglect the potential drop in the
Debye sheath compared with the total sheath drop.
Implicit in this approach is the assumption that the
sheath comes to equilibrivm at each phase on the RF
cycle. This assumption is justified if the RF frequency is
much smaller than the ion plasma frequency [13]. The
physical reason for this is that the sheath can adjust
itself on the timescale for an ion to traverse the sheath.
Since the sheath has dimensions of order 2z, while the
tons have velocities of order v, this time is of the order
2n2p/v, which is just 1/f,;. For n =10"3cm™3, £ is of
the order of 100 MHz for argon, so that this condition
is barely met at 27 MHz. At lower densities, this condi-
tion can still be met at 13.56 MHz with a lower ion mass.
At frequencies above 27.12MHz and lower densities,
higher harmonics can be generated by the oscillating ion
motion, an effect neglected here. Assuming a thin sheath
so that planar geometry holds, we have from equation

(10)

A V=£°E’ﬂ —3"?117 dx

C A AE d /dV
sh Ps ( ) (1 1)
B

A
where ¥V = ¥, — V, and the boundary condition on the
probe surface gives the surface charge p,. The right-hand
side of equation (11) can be evaluated from the Child—
Langmuir formula, modified by the incident ion velocity

v,, which can be derived as follows.
Energy conservation for the ion gives

Wy=tMuZ=iMv* +eV (V<) (12)

while continuity of ion flux and Poisson’s equation give

ny, z%gvs =ny (13)
dazv
== (14)

Combining these, we obiain

VAV eng(, e\ irdv
Ax dxF T 2% W, dx’

(15)

The first integral yields (d¥/dx)?, and the appropriate
root is

12 12
v__, "OWO)UZ[(l _EK) - 1} . (16)
dx 230 Wo .

Taking the derivative with respect to ¥ and inserting
into equation (11), we obtain, for [, /eV] « 1

/2 =-3/4 1/2
§ﬂ=f(f‘ﬂ (_i‘i) [1+l( Wo) ] an
A 2\2W, A 2\—eV

In terms of the incident ion current density

s=le _M(%)”Z

2 %=\ M
(18)
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this is

Ca _ 1{M\'* _ 1/ W, 2
=alm) e (25)"]

p (19

in which the W, correction term is usually small. As V,
oscillates with RF, the sheath capacitance changes, so
harmonics in the probe current will be generated even if
Var is sinusoidal.

The magnitude of the second harmonic can be esti-
mated as follows. Let ¥, = Ve + Vypsinewt. Then V in
equation (19) is given by

V=V, - V=V — Ve~ Varsinwt. (20}

The capacitance C, in the absence of Wy is

C, 1/M\Y*

';47: = 5("2;) o) PV~ V)™ (21)
which, together with equation (5) and (18), takes the
simple form

_ &od, [elVoc — V)T
CO - 27/4)“)[ kT; ‘ (22)

The instantaneous capacitance is then given by
Can _ 14 Vepsinwe ™3
Co

Voc =,
The current i = C(dV /d¢) into the probe is then

P
Vosin @)™ 3*
P ] 4 JRF
I Co( - VDC_V)

14

(23)

(— Vapewooswe)  (24)

The second harmonic at 2w is experimentally found to
be dominant. This can be found by expanding the —3/4
power in a Taylor series:

. 3 V;“_- Siﬂ wt
i=C, (1 - Z—m)(-— Veetwcoswt).  (25)

This current will give rise to voltages at w and 2w across
the resistor R_, and the relative magnitude of the
harmoric to the fundamental is

S 3 _Wee
Co 8-,

Normally, this is so large that the expansion is invalid;
but with proper RF compensation, V, follows the oscilla-
tions Vig, so that Vin eqguation (20) is constant, and
therefore C,,, does not fluctuate, and there are no har-
monics at all unless they exist in Ve,

: (26)

2.1.3. RF-compensation. To avoid the large swings in
V. — V,, it is customary to add resonant inductors near
the probe tip which can present a large impedance to the
RF signals but not to low-frequency signals. Since Vp
can contain a large second harmonic, these chokes have
to resonate at both e and 2. Since the chokes must be
placed in the probe shaft, it is critical to find chokes that
are small enough to fit but still have a large enough @
to give the required impedance. Neglecting for now the



auxiliary electrode Z, and the stray capacitance C,; in
figure 1, we see that Z_, and Z_, form a voltage divider
such that

vV =__ﬁk_._
° Zsh+zck

Since V, — ¥, must be held, in the presence of large Vgr
swings, to much less than kT, /e in order to resolve
features in the I-V characteristics and to prevent excur-
sions into the electron saturation region, we require

Ve 27)

Zr:k k'T:e
m[fipl« e {28)
or
e| Vel
zZ Z. -1 29
ck b .\h( kT‘; 1 ( )

1t is unavoidable to have at least 1pF of stray
capacitance C,, to ground of the lead from the chokes
to the probe tip, and of the chokes themselves. The
impedance Z,, = 1/jwC,, must also satisfy equation
(29), so that Z_, in {29} should be interpreted as the
parallel combination of £, and Z,,. For large RF
potentials, it is generally not possible to satisfy this
condition, but one can add an auxiliary electrode as
close as possible to the probe tip. This electrode should
have an area 4, much larger than the probe area 4 and
be coupled to the probe tip through a capacitor C,,
which is so large that it is a short circuit for RF signals
but small enough that it does not pass low-frequency
signals. In that case, the probe tip will be driven to
follow the rF fluctuations through an impedance Z, that
is identical to Z, (both real and imaginary parts) but
much smaller in magnitude. The dominant impedances
must therefore satisfy

e|Verl|
Z.» Zx( oy 1) . 30

where Z, is the smaller of Z, and Z,,.
2.1.4. Low-frequency signals. Real oscillations in plasma

density and potential may occur in the 1-1000kHz
regime because of instabilities and other effects in the

discharge. These oscillations can be seen by proper

design of the chokes and the coupling capacitor so that
Z,, is effectively zero and Z, effectively infinite for these
signals. A density fluctuation will manifest itself as a

modulation of R, (equation (8)) because of the varn-

ation of the » factor in I, (equation (2)). A low-frequency
flctuation in ¥V, will also meodify I, through the ex-
ponential factor in equation (2). The coupling of these
signals through C,, and C,, should be negligible. How-
ever, these signals will not appear across the measuring
resistor R, if the stray capacitance C,, is so large that
1/R_C., is smaller than the low frequency being
observed as is usually the case if ¥, is supplied by an
electronic power supply. To measure low-frequency fluc-
tuations, one normally needs to take pains to minimize
C,, cither by floating R,, above V, and optically coup-

RF compensated probes for high-density discharges

ling the signal out, or by using for ¥, batteries mounted
away from the walls of the RF shields. When large values
of R, are used to measure floating potential fluctu-
ations, C,, consists of the cable capacitance, since no
power supply is needed. In that case, capacitance neu-
tralization may be necessary to make R_C,, sufficiently
small.

2.1.5. Design Values. In the following computations, we
assume a frequency of 27.12 MHz, a probe tip 0.3mm in
diameter and 1.5mm long, and an argon plasma with
kT, =4eV and n = 10"cm™*. These values give @ =
1.7x10%, A =14x10"°m? »,=31x10°ms™", and
I,=3.47mA. Equation (6) then gives V,— V;=535kT,/e
=21.5V, while equation (9} gives R, = 12kQ and
equation (22) gives C, = 0.22pF (Z , = 26.7k2} at the
floating potential. Thus |Z,| =~ 1kQ. Though R, is
smaller than Z_, here, this will not be true at all
densities. Since Z, ocn™Y? while Ry ocn™!, Ry, will
dominate at n < 2 x 10'%em™3, If |Wg] =~ 200V while
T, = 4eV, equation (29) requires that Z, be much
Jarger than 50kQ, or of the order of 500kQ. This is
impractical, 125kQ being the largest value consistently
obtainable. Moreover, this impedance is shorted out by
the stray capacitance C,,, unless the latter is much less
than 0.5 pF. For a realistic value of 1 pF, Z_,, is of order
6 k82, which does not satisfy equation (29) except with
small voltages V. It is therefore necessary to add an
auxiliary electrode with impedance Z,. If, for instance
the area A, of this electrode is 50 times larger than 4,
the impedance Z_ will be 50 times smaller than Z, or
about 20€). (As in the case of the probe, the electrode’s
Z,, value is larger than R,.) Using Z, = 200, we see
from equation (30) that adequate compensation is ob-
tained for |V € 12kV if Z.~Z_, =6kQ and for
| Veel € 25kV if Z, ~ Z_, = 125kQ. Finally, we consider
the coupling capacitor C,, which should be much larger
than C,. If C, =50C,, =~ 11pF, we may take C_, to
about inF.

22. The helicon discharge

Figure 2 shows a schema of the discharge in which the
experiments were conducted. The plasma is confined in
a 1.6m long, 5cm diameter quartz tube, surrounded by
12 magnetic field coils, which provide a maximum
uniform axial field of 0.13 T. There are three sets of three
ports for diagnostics and gas feed as shown. The power
is provided by a 2kW Henry Radio amplifier operating
at 27.12MHz and coupled to the plasma through a
[12cm long, half-wavelength right helical antenna [2].
Power matching is achieved with a double-stub tuner
made of 1.2 cm diameter rigid coaxial cable. The neutral
gas is fed into the tube through one of the ports located
at the centre of the tube and its pressure monitored with
a Convectron®™ gauge located at the end of the dis-
charge. Typical operating conditions had argon press-
ures between 7.5 and 10mTorr, transmitted powers of
about 1.5kW, reflected powers of less than 40 W, and
magnetic fields of ~0.08 T. Both the magnetic field and
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Langmuir probes
L main coils

to pumping l
system

T o

F

gas feed

quartz tube
end coils

right helical
antenna

Figure 2. Schematic diagram of the apparatus.

the RF power were pulsed for approximately 50 ms, with
about 2% duty cycle.

2.3. Probe design

Diagrams of the probe designed to work in the helicon
discharge are shown in figure 3. The probe tip is made
of 0.3 mm diameter graphite and has a length of 1.5mm.
It is glued with conducting epoxy adhesive inside a
0.74 mm ob hypodermic needle. The needle is inserted in
a 1.6mmobD ceramic tube, with the graphite not touch-
ing the inside the walls for at least 3mm from the end of
the ceramic. Tungsten wire 0.127mm in diameter is
closely wound 20 times around the ceramic tubing,
starting at the probe tip end. The wire is run through a
separate ceramic tube and electrically connected to the
hypodermic needle through a 4.1nF capacitor. The
capacitor, as well as four miniature RF chokes in series
with it, are located as close as physically possible to the
needle, inside the main body of the probe holder, which

(a)

12.7 cm QD
51cm D
grounded brass
flange

4.7 cm
iD
glass

FrIIIr I IIIIN)
™ Langmuir probe
Y

e
#

sl 0.74 mm OD X
<0127 mm hypodermic ~
Py oD L oiosearth 6.35 mm OD N
f glass ~

tungsten 1
20windings 4 g mm
oD

1.5 mm ceramic

Y

i _—
T A

N

27 27
iz N cof| T MHz MHz
(< e
[ =y 5 HH Y
0.3 mm : < e \ R 54 54
0D L 4T Mz MHz
graphite L Tornr — nF N
Seal 7 LS AT 7777)

(b)

Figure 3. Mechanical design of the probe: (a) the entire
probe drawn to scale, and (b) details of the probe tip area.
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consists of a 15cm long, 6.35 mm oD glass tube. The last
choke is followed by miniature coaxial cable which goes
to the electronics. The effective area of the auxiliary
electrode (half the area of the tungsten wire, or the part
exposed to the plasma) is about 14 times the probe area.

The RF chokes are Lenox-Fungle subminiature
shielded inductors. These inductors have 10% induc-
tance tolerance and an unavoidable parallel capacitance
which determines the resonant frequency. The DC resis-
tance is about 2 Q. Impedance—frequency curves have to
be measured for each inductor individually before selec-
tion. The impedance—frequency curve for the chain of
four inductors used is presented in figure 4. The imped-
ance is 146kQ at 27 MHz and 296 kQ at 54 MHz.

We have measured the oscillating ®rF plasma poten-
tial with a calibrated capacitive probe. The signals at @
and 2w are strongest and of the order of 100V peak-
to-peak. The probe design satisfies the conditions for
cancellation of these signals according to the preceding
discussion. Neglecting the effect of C,,, which cannot be
measured, we estimate that the ratio of sheath imped-
ance to circuit impedance is 5 x 10 "* and 2 x 10™* at
27MHz and 54 MHz respectively. At these densities and
RF fluctuation levels, we should be able to resolve
temperatures of approximately 0.05eV. The stray
capacitance C,, would reduce the effectiveness of the
chokes. Even if we assume that Z, ~ Z_ , = 6kQ, we
should be able to resolve temperatures as low as leV.
The probe voltage is supplied by a floating +100V
sweeper, which is floated above ground with a variable
+ 100V power supply. The probe current is measured as
a voltage drop across a 1kQ resistor, and the probe
voltage is measured between the probe and ground. The
current—-voltage trace is monitored and signal averaged
on a digital oscilloscope and then transferred to a
personal computer for data analysis. The sweeping time
in these experiments was approximately 20ms. The
probe is swept during the second half of the RF pulse,
which ensures that the discharge sampled is stable.

300 2 —
—
/
[ \1
250 [ ".
/ "5
200 \ {
E | | I| |
g | [ [
2150 1 I |I |
e | i /
g | [
&100 || \ f
E |\
|
50 - .'I
)
71 — FSRE—— :
0 0 20 30 40 50 60 70

Frequency (MHz)

Figure 4. Impedance against frequency curve of four RF
chokes in series used to increase the probe circuit
impedance to ground.



3. Results

Strong magnetic fields can significantly affect the
current—voltage characteristics of Langmuir probes.
Sanmartin [14] and Stangeby [15] have studied probe
current collection in dense (4, « r) magnetized plas-
mas. They have shown that the electron current is
reduced by the ficld, and it departs from the character-
istic exponential behaviour in the retardation region of
the trace. This effect is more pronounced with increasing
ratio of probe dimensions to Larmor radius. Only for
very negative voltages, corresponding to electrons with
a large Larmor radius, can the current be expected to
increase exponentially with increasing bias voltage. We
have therefore analysed the section of probe traces near
the floating potential only.

In order to extend the electron current data avail-
able, it is necessary to subtract the ion contribution to
the total probe current. We have found that the square
of the ion current is proportional to the probe voltage,
as expected in the high-density regime [16]. We have
made linear fits to the square of the ion current and used
them as baselines to obtain pure electron current. Figure
5 is a plot of the electron current to three Langmuir
probes. Probe 1 has no RF compensation: it is construc-
ted as described above, but it has neither chokes nor a
floating electrode. Probe 2 has four chokes providing an
impedance of 91kQ at 27 MHz and 198 kQ at 54 MHz,
but no floating electrode. Probe 3 has the full compen-
sation circuitry described above. All probes have holders
made of glass and were inserted to the centre of the
discharge, one at a time. Each occupies one of the
insertion ports shown in figure 2. The effect of the rF is
obvious. As the RF compensation increases, the probe
traces shift towards more positive voltage values. The
curvature of the electron retardation region decreases as
well. The lines on the figure correspond to exponential

Electron Current (mA)

oS

60 70 80 BD 100 110 120 130 140
Probe Voltage (V)

Figure 5. Semi-logarithmic plots of electron currents

collected by three different probes in a 7.5 mTorr, 1.5kW,

27.12MHz helicon discharge in argon. Probe 1 has no rF

compensation; probe 2 has rF chokes; probe 3 has RF .

chokes plus an auxiliary fioating elecirode, as shown in

figure 4.

RrF compensated probes for high-density discharges

fits to the most negative linear regions in the logarithmic
scale. As long as the fits are confined to this region, they
agreed well with one another and all give electron
temperatures of the order of 4eV. As the RF compensa-
tion i§ increased, the range for which the currents fit an
exponential function of the probe voltage increases. If
we force an exponential fit to the entire electron current
range up to 20mA for each probe, as shown in figure 6,
the temperatures, as well as the floating potentials,
depend on the degree of RF compensation. We see that
the probe without chokes overestimates kT, by 1.8eV,
while the probe with only chokes overestimates by
l.leV.

Figures 7 and 8 demonstrate the importance of
second harmonic compensation. Two probes with
chokes that provide similar impedance for the first
harmonic (100 kQ and 88 kQ2} but impedances that are
different by a factor of 15(193kQ and 12kQ) for the
second harmonic have been used to measure &T,. Figure

26

Probe 3
35ev —

—~
@

Probe 1 _..,_,.
57V @

Electron Currert (mA)
’ =

il

Probe 2
5.0 &V

i

e

0 90 160 110 120 130
Probe Voltage (V)

60 7I'0
Figure 6, Exponential fits to electron currents collected by
tha three probes described in figure 5. The curves shown are
the best fit over the entire current range, which is the same
for all probes.
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Figure 7. Electron I-V characteristic, as in figure 5, for two
probes with different chokes. Probe 1 has large impedances
for w, while probe 2 has a large impedance for bath @ and
2.
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Figure 8. Electron /- V characteristics, as in figure 8, for the

two probes described in figure 7.

7 shows currents collected by these probes in a logarith-
mic scale. The probe with strong second harmonic
compensation (probe 2) yields a trace that is shifted
towards more positive voltages. Exponential fits to the
linear sections yield similar temperatures (~4eV) for
both probes. However, when the fits are made over
equal current ranges, as shown in figure 8, the probe
with weak second harmonic impedance (probe 1)
overestimates the electron temperature by 0.9eV.

The effect of different probe holder materials is
shown in figure 9. Two probes are compared: probes 1
and 2 have both chokes and floating electrodes but have
probe shafts made of glass and grounded stainless steel
respectively. The material of the probe holder seems to
have little effect on the accuracy of the temperature
determination. The reason for this might be that both
holders fit snugly inside grounded brass flanges, which
provide a capacitance to ground even for the chokes in
a glass shaft. If the RF compensation is adequate to
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w Probe 1
34 eV
o4

72 78 80 84 88 92

Probe Voltage (V)
Figure 9. Electron [-V characteristics, as in figure 5, for two
probes with full RF compensation. Probe 1 is mounted in a
glass shaft, and probe 2 in a stainless steel shaft.
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- cancel the effect of C,, in the worst case, then the shaft

material will not be important.

4, Conclusions

The probe design used in these experiments has allowed
us to measure electron temperatures of about d4eV,
which are comparable to the temperatures found in
other RF discharges used for plasma processing. The
floating electrode incorporated in the design has the
advantage of reducing the sheath impedance by coup-
ling to the oscillating plasma potential near the location
of the collection probe without appreciable perturbation
to the plasma. The lowest temperatures are obtained
when the floating electrode is combined with rF chokes
that increase the circuit impedance. This design can be
used in any RF discharge, even one with strong magnetic
fields. We have also shown that the second harmonic
generated in the probe sheath or in the helicon discharge
needs to be annulled in order to obtain accurate
temperature measurements, and that the conductivity of
the probe shaft is immaterial if the RF compensation is
strong enough.
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