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ABSTRACT

Reactive ion etching of silicon and poly-silicon, under normal opera-
tlng conditions (i.e. nominally 10-140 mTorr) with CF, + 4% 0y results
in etch profiles with a certain amount of undercutting. By operating
at lower pressures, in the range of 0.1 to 3 mTorr, near vertical wall
etch profiles with silicon and poly-silicon have been obtained, with
little to no redyction in the respective etch rates which are typical-
ly 260 and 370 A/min at a pressure of 3x10~4 Torr.

1. INTRODUCTION

Of the many parameters which require futher understanding before a re-
liable VLSI dry etch production process can be set up (1), perhaps the
most important parameter is that of pattern delineation and its depen-
dence on plasma pressure. Clearly, for best delineation an anisotropic
etch process with a volatile reaction product is essential. A process
which is very close to this ideal is reactive-ion etching with a fluo-
rinate hydrocarbon gas such as CFy» CHF3, C3 8* SFg etc. However even
with this process, as a result of the operating pressures used (i.e.
nominally 10 to 140 mTorr) the mean free path of the ions is of the sa
me order of magnitude as the dark space sheath thus resulting in an
isotropic etch process. Experimental confirmation of this model has
been reported by K. Suzuki et al (2), using microwave frequencies to
sustain a plasma discharge at a pressure of 5x10~% Torr, obtaining
good reproduction of the mask when etching a silicon substrate to a
depth of approximately 1/um with CF, + 47 0, gas.

As reported below similar results have been obtained using r.f. in-
stead of microwave excitation by means of a simple modification to a
standard diode system (3), enabling plasma discharge initiation and su
stainment at pressures as low as 1x10~4 Torr.
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2. EXPERIMENTAL

A schematic representation of the system used is shown in fig. 1. A
27.2 MHz r.f. generator (maximum power output 2500 Watts) and the impe-—
dance matching network are connected between the water cooled alumi-
nium cathode and the grounded chamber enclosure. The gas inlet and pum-
ping port are 180° apart, situated below the diode system. To enable
plasma initiation and sustainment at low pressures (i.e.<1 mTorr), the
system was modified such that a source of electrons other than those
emitted through secondary emission by ions from the electrodes, is pro-—
vided.

For low pressure operation in the range 0.1 to 10 mTorr the ionizing
efficiency of the available electrons is increased by means of the ma-
gnetic field shown (3), which can be varied from 2.8x107%4 to 1x1074
At/m. In fact for pressures in the range 0.1 to 1 mTorr maximum magne-
tic field is used, for pressures in the range 1 to 10 mTorr a field of
1x10~% At/m is used and for pressures => 10 mTorr the magnetic field
is set to zero.

The substrates to be reactively ion etched are placed on the aluminium
cathode whose area, used to convert input power to input power density,
is 260 cm?. The gas pressure is measured with a capacitance manometer
(M.K.S. Baratron) and the flow rate measured with a Brooks flow meter
and controlled by means of a needle valve between the flow meter out-
put and input to the vacuum chamber. The standard corrections appropria
te to the gas are applied, and as illustrated in fig. 2 by varying the
gas flow rate from 0.2 to 19 sccm (maintaing the pump speed constant) a
pressure variation ranging from 3x10~4 to 1x10~1 Torr respectively is
attained in the reaction chamber.

A line emission spectra (4) utilising an Oriel narrow-banwidth interfe-
rence,type filter having a pass-band centred on a peak wave lenght of
7040 A (corresponding to the fluorine spectral line) is used to monitor
the end-point of etch processes. This device is also used as an indica-
tion of the concentration of active fluorine produced by the plasma
discharge in the pressure range 3x10™4 to 1x10~! Torr. A typical chara-
cteristic of the fluorine concentration (proportional to detector output
current I.) versus gas pressure in the reaction chamber for a load po—
wer of IOS Watts is illustrated in fig. 3. A qualitative explanation for
this experimental result is as follows. In the range AB there is a gra-
dual increase in active fluorine due to the corresponding increase in
the number of CF, molecules. In this range due to confinement by the ma-
gnetic field and due to the large mean free path, electron energies are
relatively high resulting in a finite value of dissociation cross sec—
tion (5). In the range BC, the pressure is such that the electron mean
free path is reduced and thus due to the increase in number of colli~
sions the mean effective electron energy is reduced. At this reduced
energy, G4 (CF,) increases and with the increased concentration in CF
molecules and thus a maximum in the fluorine concentration is obtained.
In the range CD the electron energy tends to the threshold
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energy for dissociation (i.e.A15eV) and thus the fluorine concentra-—
tion decreceses.

A d.c. bias versus system pressure characteristic is also illustrated
on fig. 3. A qualitative explanation for this result is similar to
that for the fluorine concentration, the only difference being that
the ionization cross section must be considered instead of the disso-
ciation cross section. The apparent anomaly of decreasing d.c. bias
with increasing pressure in the range A'B' can be explained by the
fact that in this region the dark sheath distance is inversely propor
tional to the square root of the concentration of gas molecules and
thus the weighting factor for the d.c. bias.

Etch Rates

The etch rates of silicon, poly-silicon and 8i0; (thermal) in

CFy + 47 0, were measured as a function of input power and varying
system pressure. In the case of poly-silicon and SiO2 the etch times
for known thickness of material were measured by means of the end-
point detector. For silicon, the etch rate was measured by etching a
wafer (masked with chrome) for a predetermined time and then measu-
ring the etch thickness on a Talystep.

As illustrated in fig. 4 the etch rate of $i0, at a power demsity of
0.5 W/cm? and a pressure of 3x10“f Torr is approximately 370 &/min,
increasing to a maximum of 900 A/min at a pressure of 10 mTorr and
then gradually decreasing with increasing pressure above 10 mTorr to
a value of 670 A/min at 100 mTorr. This etch rate, considering

that a low pressure is used, is well within practical values, being
of the same order of magnitude as other reported results (3, 6, 7) u-
tilizing pressures in the range 30-60 mTorr.

The etch rates of silicon and poly-silicon, illustrated in figures 5

and 6 respectively, follow a similar trend as with SiO,. For a power

density of 0.5 W/cm? both attain a maximum in etch rats at a pressure
of approximately 20 mTorr. Again the etch rate at low pressures (i.e.
3x10~4 Torr) is comparable with reported values for pressures in the

range 30-60 mTorr (3, 6, 7).

Etch Profiles

The etch profiles on silicon, poly-silicon and Si0, were obtained by
masking the respective substrates with chrome. The mask used was an
Electromask Caliper 9 test reticle which enabled a study of fine geo-
metries as small as 1,um. Figure 7 illustrates the various etch pro-—
files obtained by operating in the low pressure region (i.e. 5x10~4
Torr) and also in the normal operating conditions (i.e.~ 20 mTorr) .

Etching of silicon at a pressure of ~20 mTorr results in slight under
cutting (fig. 7a) when the substrate is placed on the cathode (i.e.
RIE) and under similar conditions predominant undercutting (fig. 7b)
when the substrate is placed on the anode of the diode system.

For figure 7a the chrome mask is~'2/um wide with an etch depth of
~42/um, and for fig. 7b the chrome mask is~12.5/um wide with an etch
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depth of ~ 0.7/um.

The spike formation on the etched silicon substrate illustrated in

fig. 7a has also been observed by Schwartz et al (8) and is attribu-
ted to residue formation of the non erodable mask which inadvertently
covers portions of the substrate as a result of sputtering and redepo
sition of the etch mask. -

Etching of silicon at a pressure of 5x10~%4 Torr results in etch profi
les with no undercutting as illustrated in fig. 7c and 7d. -
In fig. 7c the mask width is~2/um with an etch depth of ~ 1.5,um and
in fig. 7d the mask width in~ 1l,um with a similar etch depth. The
abrupt change in the side wall taper as illustrated by both silicon
etch profiles has also been observed by Schwartz et al (8) and like
these authors, we do not understand the cause and futhermore cannot
predict when it will happen. Note that under low pressure conditions
the spike formation on the etched silicon substrate is absent. An ex—
planation for this phenomen is that at lower pressures although sput-
tering of the mask is still present redeposition is much reduced thus
eliminating completely the spike formation.

The results of poly-silicon are very similar to those for silicon and
as illustrated in fig. 7e vertical walled etch profile is again obta-
ined. In this case the mask width is «tl.Z/um and the etch depth is
~0.6/um.

As reported by other authors (8, 10) reactive ion etching of SiO) in
the pressure range 20-100 mTorr results in a vertical wall etch profi
le. This is in agreement with our experimental observations and clear
1y no futher change in etch profile is expected when operating at a
pressure of 5x10~% Torr., Figure 7f shows the etch profile of SiOz mas
ked with chrome (AJl/um wide) and etched to a depth of an.S/um.

3. DISCUSSION

From the experimental work it is apparent that the etch mechanism for
silicon and poly-silicon in CF, + 4% O, can be divided into three dis
tinct regions depending on operating pressure. For low pressure opera
tion (i.e. 3x104 toa 1 mTorr) the etch mechanism is primarily one of
reactive ion sputtering. In the pressure range 1 mTorr to ~~ 20 mTorr
since the fluorine concentration has increased and since the d.c.
bias is relatively high the etch mechanism is one of physical and che
mical etching. In this region one would expect a certain amount of
undercutting due to the isotropic nature of chemical etching, as illu
strated in fig. 7a. For the pressure range 20 to 100 mTorr since the
fluorine concentration is still relatively high and since the d.c.
bias drops rapidly then chemical etching predominates tending to plas
ma etching conditions and thus isotropic etch profiles as shown in
fig. 7b.

This latter mechanism also explains the reduction in etch rate for
pressures > 20 mlorr, an experimental observation which is confirmed

by Bondur's work (9).
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In the case of SiQ, since the etch mechanism is one of ion assisted
dissociation at thé substrate surface (10), then it is expected that
in the pressure range where the mean free path of the ions A., is
less than the dark space distance d_, the etch profiles will have
vertical walls. The condition for K. < d_ holds true for pressures
in the range of 100 mTorr and thus vertical walled etch profiles un-
der reactive ion etching conditions are expected for the entire pres
sure range 5x10™4 to 100 mTorr. For pressure in excess of 100 mTorr
$i0, etch profiles with undercutting have been obtained (11).

4. CONCLUSION

As illustrated by the experimental results, operating at low pressu-—
res in the range 5x1074 to 1 mTorr, vertical walled etch profiles
can be obtained for silicon, poly-silicon and Si0, etched in

CF, + 47 0,. The advantage of operating under sucfi conditions is that
although tﬁe pressure is reduced by a factor of ~» 100 in comparison
to normal reactive ion etch conditions the etch rates are still
within acceptable production line values.
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Fig. 7: Etch profiles for Silicon (a) to (d), poly-silicon (e), and
Si0., (f) obtained at a power density of 0.36 W/cm® in
CF4+AZ 02.





