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ABSTRACT .

Using microwaves, absolute values of electron densities have been ob—
tained in a modified single wafer etch reactor. Using CF4 as the etch_gas
electron densities are found to be in the range of 2.10!4 to 5.1016 o~
the pressure range 5.1072 ——- 0.5 torr and powers of 5.10~2 —~' 1 -W/cm?2.
Also the decay time of the electron demsity has been measured and is. in
the range of 1.7 ——= 7 usec.

1. INTRODUCTION

Plasma etching is an increasingly important process technology in the
semiconductor industry ([e.g. 1] and stimulates the interest in

" investigations of the physical and chemical properties of the plasmas

used. In the present work a CF;,-plasma used, for the etching of Sioz,
is studied in a single wafer etch reactor.
2. THEORY

. Measuring electron densities with microwaves is a well known

technique [2,3]. The simplest method is to measure the shift of the
resonance frequency of a cavity when a medium with dielectric
properties differing from vacuum (i.e. a plasma) is inserted.

In the case of a low density plasma, Vv << w andw . << @ the frequency
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Since the method used is essentially integral, an assumption has to
made for the radial distribution of the electron density.

In figure, la we show the geometry of the cavity. Based on our
observations we make a distinction between the central part of the
plasma in front the RF electrode and the outside plasma.
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Fig.la : Plasma in the Fig.1b : Dimensional para-
cavity. meters.
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We assume that plasma is present in the entire cavity; in the central
region it has a density n_ and in the outer region another, normally
lower, density characterized by A (fig.  1b):

n(r)= n 0<r< p
n (r)=n_.A p<x<R
e
where p = radius of the electrode
= radius of the cavity
ng= electron density in the central region

A = form factor (0<A<1)

Equation (1) can now be transformed to:

2
=11, e — _ (1-A)I(p) + A I(R)
duo 2w ome ne I(R) . (2)
0
where I(p) = Iff Ez(r)d3r . .

0

R
I(R) ”f £2(r)dr
where A is,é form factor to be determined.
Simultaneously measuring the shift of different modes (different E(r))
allows for solving both ng, and the form factor A. In our experiment
only TM o ~modes have been used resulting in electron densities
averaged along the direction perpendicular to the RF electrode. A
correction for the nearly empty dark spaces has not been performed but
would lead to slightly higher values for'ﬁe .

3. EXPERIMENTAL

The measurements were performed in a specially designed 0.3 m diameter
etch reactor. Used in the single wafer etch mode, two electrodes
(0.069 m diameter) are inserted. The electrode distance can be varied
by means of a bellows device in the RP~powered electrode. For the
present experiments, the distance was taken to be 20 mm. For the
microwave measurements the grounded electrode, normally carrying the
wafer, is replaced by the cavity.

The RF~frequency used is 13.56 MHz with power flux levels up to 1 W/cm.

The gas flow (usually CFA ,HZ ) is controlled by two mass flow
controllers. The pumping system consist of a 250 m3/h roots blower
backed by a 30 m°/h rotary vane pump. A variable orifice valve permits
the independent adjustment of both pressure and gas flow.

The microwave set-up is very simple, similar to the one used by Biondi
and Brown [2]. Instead of the standing wave detector a circulator is
used to divert the energy reflected from the cavity coupler-to a
detector.

While the oscillator frequency is swept within the range of interest,

the dependence of the detector signal on the freguency is displayed on
an  oscilloscope. The detector signal, representing essentially the
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refléected power from the cavity coupler, shows dips at the resonant
frequencies of the cavity, indicating absorption of power. When the
plasma is ignited the dips in the spectrum shift ' to higher
frequencies. Although. the RF-electrode is part of the cav1ty a quality
factor of 600...3000 can be achieved using 1/4 chokes.

To observe the time dependent electron density in the afterglow, a
modification of this technique, well known for earlier afterglow
experiments [2,3] is applied. The microwave generator is set to a
fixed frequency between a resonant frequency of the empty cavity and
the corresponding shifted frequency of the plasma filled cavity. After
interrupting the supply of RF power .the passage of the resonant
frequency of the cavity across the oscillator frequency is observed on
an oscilloscope. By repeating the experiment for different oscillator
. fréquencies a plot of the frequency shifts of the cavity as a function
the time after cut off of the discharge .is obtained. This represents
the decay of the electron density. Decay time constants are easily
obtained from these plots. .
4. RESULTS - - -

The electron den51t1es measured in a CFA-plasma are shown in figure 2
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Fig.2 : Electron density in CF, as a function of pressure and
total discharge power.
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For various power levels there is a maximum in the measured electron
density at a pressure of 0.2 torr. A theoretical investigatiohi presented
in these proceedings [Vallinga et all also indicates a maximum at ~ 0,2
torr (A, %~ 10 cm). For comparison electron densities have been measured
in an argon discharge (see figure 3), and prove to be a factor of 10
higher than for CF4, also no maximum is found. For the CF4 discharge
A-values are ~ | indicating a homogeneously filled cavity, for argon A- .
values are ~ 0.3. To investigate the feasibility of negative iondetection
in an afterglow technique, also the decay of the electron density has been
studied. The results are presented in the form of loss rates.

To investigate the pressure dependence of the electron density in CFy,
the electron density in another molecular gas (e.g. N3) has been
measured., The electron densities for N, are a factor of 5 lower than

for CFj,, and show a similar pressure and power dependence as argon. In

the case of nitrogen also no maximum is found in the same parameter range.
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Fig.3 : Electron density in Ar as a function of power and
pressure.
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Fig.
different pressures
with

4a shows the electron loss rates (inverse lifetimes) obtained for
in CF4. The electron loss rate strongly increases
increasing pressure. The electron loss rate did not depend on the

RF power fed into the -discharge, or the RF pulse rate,

Fig. 4b

These are
loss decreases with
dominated by diffusion.

shows for comparison loss rates obtained in argon afterglows.

considerably lower then corresponding CF4 data, moreover,
increasing pressure, as
The loss rate at low pressures is however

expectéd for a loss

higher than that expected in a clean argon afterglow at an assumed gas
temperature of 400 K by a factor of roughly 7 [4].
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5. DISCUSSION AND CONCLUSION

Using simple microwave techniques, electrpnvdesities can be measured
in an accurate and reliable way. For pressures in the range of 0.05-0.5
torrand RF power fluxes of 0.05 to 1 Watts/cm2 electron densities in a
CF, ~-discharge range from 5.1014 o 5.1017 p-3 . At the electrode
separation of 20  mm, which was used “throughout the present
investigation, the electron dénsity rises monotonically with
increasing RF-power. As a function of pressure however, the electron
density shows a maximum around 0.2 torr. ’

The afterglow experiments show that a loss mechanism for electrons far
more efficient than ambipolar diffusion is present in the CF
-afterglow. The loss rate remains unchnged while the power .supplied
during the discharge pulse is modified by a factor of 6. The increase
of the loss rate with increasing pressure indicates, that electrons
are lost by attachment to electronegative species. Recombination is
ruled out as a possible mechanism by order of magnitude estimates and
by the observed exponential decay of the electron density. The
evidence obtained from other investigations [5-8] shows however, that
dissociative attachment to ground state CF4 is very slow at electron
temperatures below 2.5 ev.

The electron loss in argon decreases with increasing pressure, as
expected from a loss mechanism dominated by diffusion. The difference
in absolute magnitude of the observed loss rate and literature data
obtained in specially designed ultra high vacuum systems might be
explained by impurity ions wich have generally a higher coefficient of
diffusion than argon ions themselves, by a slower rate of cooling of
the electrons. than expected or by a disturbance produced by the large
amount of positive space charge present in the active RF plasma or
possibly by any combination of the effects mentioned above.
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