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The effect of radio-frequency (rf) bias on electron density in an inductively coupled plasma reactor
was measured using a wave cutoff probe, in Ar, CF4, and Ar/CF4 mixtures.  At low source
powers, we observed an increase in plasma electron density caused by an increase in ionization
due to absorption of bias power by electrons via stochastic heating.  The increase in electron
density was proportional to the bias frequency and the square-root of the bias voltage.  To explain
these observations, the effect of bias-induced electron heating cannot be considered by itself;
rather, its effect on the efficiency of the inductive source must also be considered.

1. Introduction
Rf-biased, inductively coupled plasma reactors

allow better control of ion energy and ion flux
than is possible in traditional, capacitively coupled
reactors.  To vary the ion flux, one adjusts the
inductive source power; to vary ion energies, one
adjusts the bias power.  Nevertheless, even in such
reactors, it is unlikely that perfectly independent
control is achieved.  The bias power, instead of
being absorbed solely by ions, may in part be
absorbed by electrons. This bias-induced electron
heating will produce additional ionization, which
will increase plasma electron and ion densities and
ion flux.  Such changes, even if small, may have
important effects on sensitive processes that have
narrow "process windows."  Investigation of bias-
induced electron heating may thus help to further
improve control of industrial plasma processes.  It
may also provide new insight into fundamental
aspects of electron heating mechanisms [1].

In this study, we measured the effect of rf bias
on electron density in Ar, CF4, and 50% Ar, 50%
CF4 mixtures using a wave cutoff probe [2, 3].
Two types of bias-induced changes in electron
density were detected.  At low source powers, we
observed a bias-induced increase in electron
density caused by electron heating.   In contrast,
at high source powers, a slower, bias-induced
decrease in electron density was observed.  This
second effect is caused by a change in gas
composition as etch or sputter products are
liberated from the wafer surface during energetic
ion bombardment.  In this report, we discuss only
the first effect, the bias-induced electron heating.

2. Experiment
Experiments were performed in an inductively

coupled plasma reactor [4] equipped with a
Faraday shield to minimize capacitive coupling
between the inductive source and the plasma.  The
source was always powered at 13.56 MHz.  Rf bias
was supplied to the substrate electrode using either
a 13.56 MHz power supply and matching network
or a variable-frequency sinusoidal generator and
wideband rf amplifier.  A silicon wafer was always
present on the substrate electrode.  The bias

voltage, current and power at the electrode were
determined from voltage and current probe
measurements, accounting for stray impedance.

The cutoff probe consists of two probe tips
connected to a network analyzer.  A minimum in
the transmission between the two tips occurs at the
electron plasma frequency, from which the
electron number density ne is easily determined.
Difficulties in finding the true minimum produce
an uncertainty in ne that was typically 2% and at
worst 5%.

3. Results
Measurements of the electron density are

plotted in Fig. 1 as a function of bias voltage and
in Fig. 2 as a function of bias frequency.  The
measurements were made at low source powers
(60 W for Ar, 100 W for the other gases) slightly
above  the  minimum  power  at  which   inductive
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Fig. 1 Bias-induced change in electron density ∆ne vs.
the square-root of the peak-to-peak bias voltage Vpe1/2,
for CF4 and Ar/CF4, at a pressure of 1.3 Pa (10 mTorr),
a source power of 100 W, a bias frequency of 13.56 MHz,
and a position 8 mm above the wafer, within 1 cm of the
electrode center.  Values of ne measured without rf bias
were 2.8x1010 cm–3 for CF4 and 5.0x1010 cm–3 for
Ar/CF4.  The lines are fits to the data using a square-root
dependence, ∆ne α Vpe1/2.
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Fig. 2 The bias-induced change in electron density, ∆ne,
divided by the electron density at zero bias, ne, plotted vs.
bias frequency, for CF4, Ar/CF4, and Ar, at the indicated
source powers.  The pressure was 1.3 Pa (10 mTorr), the
peak-to-peak bias voltage was within 30 V of 215 V and
the probe was 6 mm above the wafer surface.

discharges could be maintained in each gas.  For
these low source powers, the bias-induced change
in electron density, ∆ne, is seen to be proportional
to the bias frequency and the square root of the
bias voltage.

4. Discussion
The results in Figs. 1-2 cannot be explained

by models that neglect the effect of bias on the
efficiency of the inductive source.  In such
models, the portion of the bias power that is
absorbed by electrons, Pe, produces an increase in
ionization that is balanced by an increased loss of
ions flowing out of the plasma.  Therefore,

  ∆ne = Pe /(uB Aeff ET), (1)

where uB is the Bohm velocity, Aeff is the area of
the surfaces that bound the plasma, and ET is the
average energy that must be absorbed by
electrons to produce one ionization [5].

If stochastic heating is the dominant electron
heating mechanism, then [5]

Pe ≈ 0.45 (me/e)1/2 ε0 A ω2 Te1/2 V, (2)

where me and e are the mass and charge of an
electron, ε0 is the permittivity of vacuum, A is
the area of the biased electrode, ω is the bias
frequency in radians/s, T e is the electron
temperature in volts, and V  is the fundamental
amplitude of the sheath voltage or the total bias
voltage. (For the conditions studied here, the
voltage across the rf-biased sheath is nearly equal
to the total bias voltage, as verified by a capacitive
probe.)

Together, Eqs. (1) and (2) predict that the
bias-induced change in electron density should be
proportional to bias frequency squared and linear

in bias voltage, ∆ne α  ω2V .  Indeed, in single-
frequency capacitive reactors the behavior of the
ion current (and presumably the electron density)
are found to be proportional to ω2V  [6].  But
Figs. 1-2 do not show ∆ne α  ω2V; instead they
show ∆ne α  ωV1/2.

This disagreement can be resolved by models
that include the effect of bias on inductive source
efficiency.  At low source power (low electron
density) the efficiency of any inductive source is
poor [5], because the inductive fields penetrate
throughout the plasma, allowing some inductive
power to be absorbed in conducting surfaces (e.g.,
the wafer or the vacuum chamber walls) instead of
being absorbed by electrons in the plasma.  At
low source powers, direct absorption of bias power
by electrons produces a small increase in electron
density that, in turn, makes the inductive source
more efficient.  More power will be coupled from
the source into the plasma, producing an overall
increase in electron density that may be much
larger than that produced from bias alone.

A quantitative prediction which includes the
effect of bias on source efficiency is obtained by
approximating the inductive source efficiency
function, Pabs(ne), described in Ref. [5], by a
second-order Taylor series expansion about the
initial, zero-bias operating point.  Solving for the
total change in electron density, we obtain

∆ne  α  Pe1/2. (3)

This equation, together with Eq. (2), predicts the
exact ∆ne α  ωV1/2 dependence that was observed
in the experiments.

The models used to derive Eqs. (2) and (3)
are quite general.  They are not limited to the
gases studied here.  Thus, the equations can be
used to estimate the effect of rf bias on electron
density (and ion flux) even in processes that use
different gases.  It is even feasible that the model
predictions could be incorporated into new
control schemes, allowing the bias-induced
changes in electron density and ion flux to be
counteracted, such that completely independent
control of ion energy and ion flux is obtained.
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