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ABSTRACT

Commercially available probe diagnostics for rf plas-
mas are evaluated, and ideas for improvements are sug-
gested and tried. Work reported here includes testing
of small inductors used for rf filtering, fabrication of
carbon probe tips, and design of new probe circuitry.

1. SCIENTIFIC BACKGROUND

The principal method used to measure plasma plasma
properties, such as density and temperature, in dis-
charges used in semiconductor etching and deposition
(RIE, ECR, and RFI) has been the Langmuir probe.
The difficulties of using this diagnostic in an rf environ-
ment are mainly threefold: 1) rf pickup, 2) alteration
of the probe by the plasma, and 3) alteration of the
plasma by the probe.

Numerous authors have written papers on methods
for reducing or canceling out the rf pickup [1-8]. The
simplest of these schemes, the addition of a small rf
choke, was incorporated by PMT, Inc. in their Fast-
Probe system. This system also helps to solve prob-
lems (2) and (3) by pneumatically injecting the probe
so rapidly that it is subject to bombardment by plasma
ions for only a few tens of milliseconds at a time. The
FastProbe also enables an entire density profile to be
taken in one shot. This system is commonly available
for use by the semiconductor processing industry, but
its performance has never been independently assessed.
Our aim was to perform such an assessment and to sug-
gest improvements in the probe and circuitry.

Langmuir probes can be used for three types of mea-
surements, and the rf pickup problems are different for
each. When biased negatively to collect ion saturation
current, a simple low-pass filter anywhere in the system
can take out the rf pickup signal. Ion saturation cur-
rent is insensitive to fluctuations in plasma potential as
long as the bias potential is large enough. If the plasma
density varies, the ion current follows linearly, and the
filtered signal gives the proper average density. When
the probe is swept in voltage to get the electron I-V
curve, whose slope yields the electron temperature, the
rf fluctuations in plasma potential must be canceled

out, since the current varies exponentially with poten-
tial, and simple averaging will give the wrong result.
When the probe is floated to give the plasma poten-
tial distribution, a nonlinear region of the I-V curve is
used, and rf oscillations will affect the average potential
that is measured. Since floating probe measurements
(unless the probe is an emitting probe) require a high-
impedance load, stray capacitance will affect the mea-
surement by lowering the load impedance. To follow
the rf frequency would be extremely difficult, and even
following low-frequency fluctuations to study the sta-
bility of the plasma requires careful elimination of stray
capacitances, usually by capacitance neutralization.

The work reported here is confined to assessing the
use of the simplest and most common method for rf
rejection, an rf choke located near the probe tip. The
inductor should have an impedance at the rf frequency
which exceeds the effective output impedance of the
plasma, which is roughly the electron temperative (in
eV) divided by the ion saturation current. Under typi-
cal conditions (2 eV, 0.1 mA), this amounts to 20 kilo-
hms. If the inductive impedance is above, say, 10°
ohms, the probe tip will follow the potential oscilla-
tions of the plasma, and the applied bias voltage will
appear at the probe tip as a constant voltage relative to
the plasma, as is desired, and not relative to ground.
The low-frequency and dc signal, however, will see a
small impedance from the choke and will pass with-
out appreciable attenuation. How well this works in
practice depends on the details of the implementation.

2. MICROWAVE CALIBRATION

The plasma density n is usually obtained from the ion
saturation current I; by using the formula [9]

I = 0.5neA (KT./M)}* | (1)

where A is the probe’s surface area, KT, the electron
temperature, and M the ion mass. The factor 0.5 is
only an approximation based on more exact theories of
ion collection. This factor does not take into account
the probe shape or the voltage at which the ion current
is considered saturated, but it should be reasonably ac-
curate as long as the probe radius is much larger than



the Debye length. To check on this factor, we chose to
measure the density independently by microwave inter-
ferometry.

Fig. 1 shows the apparatus used. The beam from a
65 GHz Gunn diode source was launched through the
plasma from a horn antenna and reflected by an alu-
minum plate on the far side. The reflected signal, after
passing through the plasma twice, is mixed with the
incoming signal, giving a detector output that varied
from maximum to minimum as the reflector is moved
1/4 wavelength on a micrometer stage. To reduce the
loss of signal by beam divergence, the horn and reflec-
tor were placed as close as possible to the 5 ¢cm diam-
eter quartz tube housing the discharge. The plasma
was operated at a density around 10?2 cm~3 in order
to keep the phase shift less than 360°. At this density,
which is an order of magnitude lower than normal, low-
frequency oscillations tended to arise; but by adjusting
the magnetic field and the pressure, it was possible to
find a quiescent condition with a fairly flat density pro-
file.

"

Figure 1: Experimental setup

The discharge was pulsed, and the detector output
was read before and during the pulse. The correspond-
ing curves of interferometer signal vs. reflector position
are shown in Fig. 2. Since no automatic peak-sensing
circuitry was used, the shapes of the curves can be seen.
They are not pure sine waves, and the distortion is dif-
ferent with and without plasma. We have fit the curves
to sine waves plus the lowest harmonics. By adjusting
the magnitudes and phases of the harmonics, we could
fit the data points with the curves shown. Both cases
can be fit by adding about 20% second harmonic and a
few percent third harmonic, but with different phases
relative to the fundamental. If the second harmonic
is present in the input signal, it would be possible in
principle to get density measurements at two frequen-
cies simultaneously, but unfortunately the phase shift
of the second harmonic did not yield a value that was
in reasonable agreement with the fundamental.
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Figure 2: Microwave interferometer signals with and with-
out plasma. The lines give Fourier fits to the data. The 2nd
and 3rd harmonic contents are 20.3% and 2.6% in the vac-
uum case, and 23.1% and 1.1% in the plasma case.

The phase shift of the fundamental alone, obtained
from the fit, was then used to calculate the density by
comparing it with that calculated using the measured
density profile. Comparing with the measured probe
current, we found that a value of 0.7 should be used
in Eq. (1) instead of 0.5. The probe and interferom-
eter were located 1n adjacent ports 12 cm apart. The
axial density variation in that distance should be less
than a few percent; and in any case, the correction is
opposite in sigh from what would be expected from an
axial density gradient. The electron temperature was
assumed from previous measurements to be 3 * 0.5
eV. The probe tip was 0.5 mm in diameter and about
1 mm long. Its area could be measured only to within
5% because of the jaggedness of the ceramic shield that
defines the collection area. The probe was assumed to
collect ions from both the sides of the tip and the end.
No correction was made for the width of the microwave
beam, which encompassed regions where the density
was lower than in the flat, central region. Thus, we
believe that the value of 0.7 can be trusted to within
about 10%.

3. TUNED PROBES

In this section, the effectiveness of a simple, commer-
cially available rf inductor is investigated. Our probes
are mounted on 6.4 mm diam. stainless steel shafts with
a 1.6 mm diam. alumina tube extending out the end
about 4 cm. A tungsten rod 0.5 mm in diameter pro-



trudes past the end of the tube by 1 to 1.5 mm to
form the probe tip. Just inside the stainless shield,
as close to the tip as possible, a cylindrical rf choke
is spotwelded to the tungsten tip, and the other end
is soldered to a copper wire which passes through the
vacuum seal to the probe circuitry. The inductors are
of the Minired (MR), Microred (MCR), and Nanored
(NR) series manufactured by Lenox Fugle Electronics,
Inc.

Four samples each of chokes of six different nom-
inal inductances and three different size series were
purchased. The resonant frequencies and maximum
impedances were measured tn situ in the same probe
mount. The nominal inductances and resonant fre-
quencies bear little relation to the measured re-
sults, which depend on the environment in which the
chokes are mounted. Fig. 3 shows the frequency and
impedance data for the Minired series vs. nominal in-
ductance. For some inductances all four samples were
measured to give an idea of the sample-to-sample vari-
ation. It is seen that the resonant frequency decreases
with increasing inductance, as expected; but there is
such a large sample-to-sample variation that the in-
ductors should be hand-picked, especially at the lower
inductances. The impedance values varied from 200 K
to less than 80 K, so that an off-the-shelf inductor will
not be effective at lower plasma densities.
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Figure 3: Performance of Minired series inductors vs.

nominal inductance: (a) self-resonant frequency; (b) max-
imum impedance.

Data for the Microred and Nanored series are omit-
ted to save space. For these, the resonant frequencies
were more consistent, and the scatter in the impedances
seemed also somewhat smaller. However, the absolute
value of the impedance, around 50-60 K, is so low that
the probe tip will not float with the rf at plasma den-
sities much below 1012 cm~2.

We would not advise putting the chokes closer to
the probe tip, in the unshielded ceramic section, where
they can have capacitive pickup from potential fluctua-
tions in the p plasma. The small inside diameter of the
ceramic shield would furthermore necessitate using Pi-
cored series inductors, which have such a small Q that
they are hardly effective.

We have also taken probe characteristics with and
without the rf chokes, to see how much the rf fluctu-
ations actually change the electron temperatures ob-
tained from the I-V curve. This was done in a heli-
con discharge, where the rf electric fields are relatively
small, and where there is a relatively large population
of fast electrons accelerated by the helicon waves. The
results can be expected to be different in RIE dis-
charges, where the oscillating electrostatic fields are
much larger. Analysis of the results cannot be given
here.

4. CARBON PROBES

It was necessary to bias the probes to —200 V in order
to repel the primary electrons and collect saturation ion
current. The high incident ion energies cause sputter-
ing of the probe tip. Continued operation at densities
above 10'3 cm™3, even in pulsed discharge, eroded the
tungsten probe tips so that the effective area charged
with time. We have found that carbon probes are more
stable against sputtering. A convenient source of car-
bon is ordinary pencil lead, available in 0.5 and 0.3 mm
diameters. The conductivity is quite low and is higher
with the harder grades of pencil lead.

We have devised a method of mounting the fragile
carbon tips so that they are protected against break-
ing. A schematic is shown in Fig. 4. First, a hypoder-
mic needle, complete with plastic end holder, is filled
with conducting epoxy, using the syringe that normally
comes with it. An 0.3 mm diam. piece of pencil lead,
which can be obtained only in grade HB, is inserted into
the epoxy and nestled into the plastic needle holder. An
alumina tube, .062" od by .031"” id, is then slipped over
the hypodermic needle so that the carbon tip protrudes
by about 1.5 m, and the end of the needle is recessed by
about 1 mm to act as a centering device. This prevents
the probe tip from contact with any conducting coat-
ing that can be deposited on the ceramic. The stainless



steel needle is magnetic, but we do not expect the field
from this to perturb the probe measurements.
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Figure 4: Schematic of carbon probe.

5. OPTICALLY COUPLED PROBE
CIRCUIT

The current measuring resistor in a probe circuit can
be placed either on the ground side or the hot side of
the voltage generator supplying the probe bias. If it
is on the ground side, it is properly terminated to the
oscilloscope or other detector; but the power supply
has so much stray capacitance to ground that all but
the lowest frequency currents are likely to reach ground
before seeing the resistor. If the resistor is on the hot
side, the power supply is properly grounded, but the
resistor is floating, and the voltage across it must be
read differentially. This is risky in an rf environment,
because the rf pickup can be different on the two sides
of the resistor, due to different stray capacitances.

To alleviate these problems, we have built a circuit
with a 50 ohm measurement resistor and differential
op-amp inside the probe shaft, within 2 cm of the &f
choke filter. The circuit is designed for ion currents
only; floating potential measurements will require ca-
pacitance neutralization. The amplifier stage is floating
at the probe bias potential of —200 volts, and the power
for the op-amp is optically coupled to the driver stage
through an LED. A separate lead is required for the
output stage because it is on the ground side. Schemat-
ics of the circuit and the component layout are shown
in Fig. 5. The circuit itself is rather straightforward,
but the choice and placement of components was crit-
ical. The entire circuit is fit inside the 0.25" od probe
shaft; the op-amp had to be taken out of its case and
filed down to fit. First tests of the circuit showed a
large amount of rf pickup. It will require several trial
versions before a reliable system is developed.
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Figure 5: Schematic of miniature probe circuit
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