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A technique has been developed for noninvasive monitoring of ion energy and ion current in
plasma reactors.  The technique relies on measurements of the applied rf bias current and voltage,
which are interpreted using a fundamental, physical model of the plasma and its sheaths.  By
fitting the model to measured electrical waveforms, the technique determines the total ion current,
the plasma potential and sheath voltage waveforms, and the ion energy distributions.

1. Introduction
Energetic ion bombardment is an essential

part of plasma etching and deposition processes.
Etch rates, selectivities, etch profiles, deposition
rates, damage, and deposited film properties all
depend on the flux (or current) and kinetic
energy of ions.  To obtain acceptable results, ion
current and energy must be carefully optimized
and controlled.  In practice, however, process
drift and other irreproducibilities make it difficult
to maintain optimal control of the ions.  Better
control could be obtained if in situ sensors for
ion current and energy were available.
Unfortunately, traditional methods for measuring
these parameters use invasive probes (e.g.,
Langmuir probes or ion energy analyzers),
which are incompatible with the manufacturing
environment.  Industrial plasma reactors often
lack the ports to accomodate such probes.  Also,
when exposed to real process conditions, such
probes often fail because of deposition or etching
at their surfaces.  Furthermore, materials
sputtered or etched from a probe could
contaminate the wafers being processed.

2. Technique
To avoid these problems, a technique [1] has

been developed for monitoring ion energy and
ion current noninvasively, i.e., without inserting
anything into the plasma reactor.  The technique
relies on measurements of the rf bias current and
voltage applied outside the reactor, which are
interpreted using a  fundamental,  physical model

0 20 40 60 80

io n e n e rg y (e V)

CF3
+

CF2
+

CF+

F+

Fig. 1 Ion energy distributions for a CF4 plasma
measured by the noninvasive technique.

of the plasma and its sheaths.  By fitting the
model to measured electrical waveforms, the
technique determines the total ion current, the
plasma potential and sheath voltage waveforms,
and the ion energy distributions (see Fig. 1) at
the biased as well as the grounded electrodes.

3. Validations
The technique has been implemented, tested,

and validated in an rf-biased, inductively coupled
plasma reactor, for CF4, Ar, and CF4/ A r
plasmas.  To validate the technique, results were
compared to independent measurements made by
Langmuir probes, a capacitive wire probe, and
ion energy analyzers.  The validations have been
performed at bare aluminum electrodes [1-2],
with a wafer present on such electrodes [3], and,
more recently, with a wafer on an electrode
covered by an insulating layer, similar to
commercial electrostatic chucks (Fig. 2).  The
noninvasive results typically agree with the
independent measurements within 20% in ion
current, a few volts in plasma potential or sheath
voltage, and a few electron volts in ion energy.
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Fig. 2 Noninvasive values of ion current (symbols)
compared to independent measurements (lines) at source
powers of 60, 120, and 350 W and bias frequencies of
1, 3, and 10 MHz, all at 1.3 Pa (10 mTorr), at a wafer on
an insulating chuck.
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Fig. 3 Effect of (a) variations in inductive source power
on (b) total ion current at the wafer surface, as measured
by the noninvasive technique, for a 50% Ar, 50% CF4
plasma at a pressure of 1.3 Pa (10 mTorr), a bias
frequency of 10 MHz and a bias power of 10 W.
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Fig. 4 Ion energy distributions from the noninvasive
monitoring technique, obtained during the experiment
shown in Fig. 3, at (a) 52 s and (b) 118 s after the start of
the experiment.

4. Process Monitoring
In one set of experiments, we monitored the

etching of silicon dioxide films in CF4/Ar
plasmas.  The noninvasive monitoring technique
was able to detect a small change in total ion
current during normal etch processing.  In
addition, to mimic the effects of equipment faults

during etching, perturbations were made in the
control parameters (source power, gas flow and
pressure) and the resulting effects on ion current,
sheath voltage and ion energy were monitored in
real-time (see Figs. 3 and 4).

The technique was also used to monitor long
term drift in the reactor caused by the deposition
of a conductive surface layer on the dielectric
window of the inductive source.  As this layer
grows, a greater fraction of the source power
excites currents in the layer, rather than in the
plasma, resulting in less efficient operation and a
reduction in plasma density and ion current.
These changes in turn affect the coupling of rf
bias power into the discharge, producing
changes in delivered bias power or voltage,
sheath voltages, and ion energy distributions.

Observed changes in ion energy due to drift
and equipment faults were, for some conditions,
as large as 100 eV, which is large enough to
cause damage, reduce selectivity, and lower
yield in many etch processes.  The mechanisms
that cause the changes in ion energy have been
identified, along with several ways to minimize
or eliminate unwanted variations in ion energy
during processing.  In particular, the stability of
the ion energy depends on the choice of the bias
frequency and the bias mode, i.e., whether the
bias power or bias voltage is held constant.
Operating at constant bias voltage was found to
produce more constant ion energies than
operating at constant bias power.

Further development of the algorithms used
by the technique now allow model computations
to be run ahead of time, rather than in real-time.
This improvement allows the cycle time required
to perform and analyze a measurement to be
reduced from a few seconds to much less than
one second.  It may also allow the use of more
complicated, computationally intensive models,
which would facilitate the extension of the
technique to additional types of processes and
reactors.
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