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Abstract

Single crystal silicon was etched with mixwures of SF,. CBrF.. Ar and O.. using different electrode materials to obtain
deep trenches. The etch rates. both vertically and horizontally increase when the relative flow of SE, increases. When using
aluminium or stainless steel electrodes. the amount of SF, hus to be limited to 10% of the total flow of fluorine containing
gases to obtain wall profiles with an angle of over 80°. However, in all these cases considerable surface roughness is
observed. A solution to this problem is the use of a graphite electrode. which permits the use of SF, as the sole halogen
containing gas to obtain vertical walls, Depending on the Ar addition. processes with good anisotropy and without surtace

roughness can be obtained.

1. Introduction

Etching ol trenches in silicon has become un
important technology. In the first place trenches were
etched in silicon for applications in the integrated
circuits fabrication for isolation of transistors in
bipolar [1] and CMOS [2] technologies. Trenches are
also the basic structure for fabrication of capacitors
in DRAM memories [3]. These trenches have depths
of the order of a few micrometers.

For micromachining purposes. the vertical dimen-
sion of the trenches is of the order of several tens of
micrometers. In general. the horizontal dimensions
are also much larger., However. much of the other
requirements are approximately the same: vertical

" Corresponding author, Tel.: +35-11-8185660: fax: +35-11-
8185663: e-mail: patrick @lsi.usp.br.
" ITA. Sio José dos Campos. Brazil.

walls (over 807%). good uniformity. no surface rough-
ness at the bottom of the trench. good sclectivity
towards the mask. possibility to remove the mask
layer (and possibly other layers) afterwards, good
reproducibility.

Etching of trenches for IC fabrication is well
documented [1-3]. etching of deep trenches for mi-
cromachining has also received a lot of attention in
the literature the last years [4-7]. Most successful
etch processes in silicon have been developed with
chlorine containing gases [6.7] and most often not in
a simple RIE system. but in systems with increased
pumping capacity [4], or in an ECR system [6]
and /or using crvogenic cooling [5,7].

This puaper describes the processes used to de-
velop an etching process of deep trenches in silicon
using fluorine based gases. in a simple RIE system.
using only a water cooled electrode and a pumping
stack of a mechanical pump combined with a roots
blower. First tests on trenches of a few micrometer

0169-4332 /96 /515.00 Copyright © 1996 Elsevier Science B.V. All rights reserved.

PII SO169-4332(96)00343-1



584 RO, Munsano et al, 7 Applied Surtace Science [0 7 10 (19Y6) 383580

deep had given acceptable results [8]. therefore these
processes were used as the basis for a new investigi-
tion.

2. Experimental

The home built etch reactor is of the RIE type.
with power generated at 13.56 MHz [8]. Samples
were p type silicon (100). the resistivity was approxi-
mately 9 () cm. the total area was approximately 20
mm X 20 mm. The mask used was evaporated alu-
minium. which was patterned by wet etching of the
aluminium through a photoresist laver. Approxi-
mately 0% of the wafer was covered by the alu-
minium mask.

Etch rates were measured by a Dektak 3030 step
height meter. profiles were examined by 4 SEM 515
system ol Philips.

We define the anisotropy. A. of the ewch process
as: A=1-=0r,/r.) with r the honzontal ctch
rate and r ., the vertical cteh rate.

3. Results and discussions

The infTuences of the used gases and the electrode
material have been studied. Four different tvpes of
electrodes were used: silicon. aluminium. stainless
steel und gruphite. The following gases were used
with different flows: CBrF.. SE,. O.. and Ar. Toual
flow was always 25 scem. SF, and Ar flows varied
between 0% and 30% of the twtal flow. For these
tests. pressure was held constant at 50 mTorr. while
power was in general 100 W. for a tew experiments
increased up to 150 W,

The use of a silicon electrode was tested first. Its
advantage is that there will be no micromasking by
redeposited material from the electrode. Also the
loading effect and uniformity will be better. On the
other hand. the whole electrode is consuming the
free fluorine and bromine. This causes the etch rate
to become very low. too low even for this kind of
etching: typically 60 nm/min for a process with
pure CBrF,. Therefore. this electrode material was
not used anymore in further tests.

The second set of tests was performed with an
aluminium electrode. First tests were performed with

pure CBrF,. CBrF, i~n a gas which casily forms
polymers. This has a beneficial effect in the way that
it protects the sidewalls ol the trenches. in this way
increasing the anisotropy. Trenches of | pm deep
were successfully etched with a 100% CBrF, plasma
(8].

On the other hand. if the polymer grows too thick.
it can impede ecven vertical etching. This phe-
nomenon occurred after etching of approximately 3
pm of silicon. Increasing the power did not influ-
ence this result very much, On the other hand. no
micromasking from redeposited aluminium was ob-
served in the SEM.

A way o decrease the polymer formation is to
increase the F/C ratio [9]. Addition o SF, will
decrease the polymer formation and increase the etch
rate. On the other hand. if too much SF, is added.
horizontal etching occurs. A mixture of 90% CBrF,
and 109 SF, etches with a constant etch rate of 310
nm/min for at least 45 min. A very slicht undercut
was  observed immediately under the aluminium
mask. but afterwards a slope of approximately 70"
was observed. The bottom of the trench was slightly
howed. but no roughness was observed in the SEM.

The slope cun be explained by an increasing
deposition of carbon on the wall of the reactor.
masking it in this way and impeding u verticul
ctching. An increase of ion bombardment is expected
Lo improve the result,

Tests were performed with o mixture ol 80
CBrF,. 109% SF, and 109 Ar. The vertical cteh rate
imereases up to 420 nm/ min and remains constant
for at least 30 min. The walls are more vertical. but
they remain slightly bowed and in the upper 3 pm.
some undercut occurs. In general. spaces of less than
10 wm width had a smooth bottom surface. Larger
spaces however showed a much rougher surface.

Fig. | shows the profile of a 10 wm wide trench.
etched for 30 min. The undercut in the upper 3 um
can be explained by a catalytic reaction at the sur-
face of the aluminium mask which increases the
concentration of atomic fluorine [10]. This leads to a
local increase of the F/C ratio. thereby decreasing
the polymer protection of the sidewall.

A series of tests was performed with a stainless
steel electrode. First tests were performed with the
80% CBrF,, 10% SF, and 10% Ar mixture. again at
50 mTorr and with 100 W rf power. The etch rate
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Fig. |. Profile of a 10 pm wide trench with the lollowing cteh
process: $09% CBrF, flow, 10% SE, flow. 10% Ar llow, 100 W

power, aluminium electrode. cteh time 30 min.

decreased to 220 nm/min. but the walls were verti-
cal, without any bow or undercutting. Unfortunately.
the bottom of the trench was quite rough: peaks up
to 10% of the total etch depths were found.

The reduction of etch rate. compared to the alu-
minium clectrode. cun be explained by the fact that
on a stainless steel surface. the catalytic reaction
which increases the fluorine atom concentration at
the aluminium surface. does not occur (or at least in
a much lesser degree) [10]. With a stainless steel
clectrode. less atomic fluorine is generated, thereby
decreasing the silicon etch rate and the F/C ratio.
More polymer will be formed to obtain a vertical
wall profile.

To increase the etch rate, the power was increased
up to 150 W: in an effort to decrease the roughness.
the mixture was reduced to 90% CBrF, and 10%
SE.. This change resulted in an etch rate increase of
approximately 50%. The walls remain vertical. but
once again the bottom of the trench remains rough.
Immersion in a 80%H,SO,-20%H .0, mixture re-
moves some of the surface roughness. indicating it
consists partially of a polymer. but even so. silicon
peaks up to 10% of the trench depth remain. Fig. 2
shows a profile of a 10 wm wide trench. etched for
30 min.

More tests were done in which the relative flow
of SF, was varied. while retaining 10% of Ar flow.
The higher the SE, flow. the higher the vertical etch
rate. but also the more undercutting occurred. Sur-
face roughness seems to be inversely proportional to

T A e WS
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Fig. 2. Profile of a 10 wm wide wench. with the following etch
process: V0% CBrE, [ow. 10% SF, flow. 100 W power, stainless
steel electrode. eteh time 30 min. 100 nm of PECVD oxide was

deposited to enhance the contrast.

undercutting. i.c. when large undercutting occurs. no
surface roughness is observed. but when the walls
are vertical. the bottom surface of the trench is much
rougher.

Some tests were performed adding oxygen in
place of Ar. but this resulted in considerable under-
cutting: the oxygen (even when only 10% of the total
flow) removed the polymer formed on the walls.
allowing horizontal etching.

A new series of tests has been performed with a
eraphite electrode using only SF, + Ar. The carbon
necessary to form the sidewall comes from the
araphite.

The influence of Ar addition on etch rate and
anisotropy is shown in Fig. 3. Ar addition decreases
the etch rate. but maximum anisotropy can be found
at an Ar flow of approximately 50% ot total flow.
For this process. the silicon etch rate is 1.2 um/min
and the anisotropy is 0.75. The surface roughness

2000 1
=
g ' 2
E )
M
~ 1000f : 10.5 &
-2 =]
Y B FEtch rate e
f'll ® Anisatropy
o}
] : g : 0
1] 20 40 60

Argon flow (% of total Mow)

Fig. 3. Silicon etch rate and anisotropy as a function of Ar content
in a SF, —Ar plasma with a graphite electrode.
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remains very good for all these processes: it can not
be detected. nor by SEM. neither by measurement of
the bottom layer with a step height meter. One cun
conclude that if there are silicon peaks at the bottom
surface of the trench. their height is less than 5 nm.
on a total etch depth of over 10 pm.

When adding Ar to SF,. several phenomena oc-
cur. In the first place. the fluorine containing
molecule density decreases for these processes. caus-
ing a reduction in etch rate. At the same time. the
DC bias voltage becomes more negative and ion
bombardment becomes more intense. More carbon
atoms will be sputtered away from the graphite
electrode. These atoms will deposit and can protect
side walls from horizontal etching. With pure SF,.
little curbon is sputtered away from the electrode and
a pure isotropic etch process is the result. Increasing
the Ar flow increases the ion bombardment and
thereby the anisotropv. A reduction ol anisotropy
was observed for all processes with more than 50%
Ar. This must be caused by another. for the moment
unknown. mechanism.

4. Conclusions

Etching of deep trenches in single crystal silicon
was investigated. It was shown that vertical walls
can be obtained using CBrF, us an etch gas. with
additions of SE, and Ar. Surface roughness was
observed when the sidewalls are vertical and without
undercutting.

Processes with a graphite electrode and no carbon

containing gas result in steep wall profiles with no
surface roughness.

Depending on the requirements of the resulting
structure, one of these processes can be used to etch
deep trenches.
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