Effects of chromium on the reactive ion etching of steep-walled trenches
in silicon
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Formation of vertical-walled, high-aspect-ratic, narrow trenches in silicon is often required in
submicron VLSI semiconductor processing. Present trench etching processes suffer from
undercutting of the mask and sloped or bulged sidewalls; and when using chlorine-based reactive
ion etching (RIE), there is frequently enhanced etching at the bottom corners of the trench. We
report here the effects of chromium on the RIE of silicon. We found that, compared to using a
Si0, mask only, using a mask consisting of a chromium layer on top of Si0,, in a Cl1,:8iCl;:N,
etching gas mixture, improves the trench sidewall angle relative to the vertical from 8° to 2°, and
almost eliminates the enhanced etching at the bottom corners. Furthermore, we found that, by
etching a sample partially covered with chromium in a Cl,:8iCl,:N, gas mixture, the trench shape
in the areas not covered with chromium depends on how far the trench is from the edge of the
chromium layer. Those areas, within 1 cm of the edge of the chromium layer, showed quite steep
sidewall angles that degraded (to 8°) at greater distances (few cm). Similarly, the size of the
grooves due o the enhanced etching at the bottom corners is reduced as the trench gets closer to
the edge of the chromium layer. It appears that the beneficial effect of the chromium is an indirect
chemical action, based on the suppression of the concentration of neutrals or the formation of an
inhibitor layer, rather than direct physical masking.

i INTRODUCTION

Reactive ion etching {RIE) of silicon has become a key pro-
cessing step in submicron VLSI technology, such as in the
fabrication of trench capacitors,’ trench isolation,” power
devices,>* or x-ray masks that employ the embedded absorb-
er structure.” Even though present trench etching processes
have been used to fabricate sub-100 nm trenches,®’ they of-
ten suffer from undercutting of the mask and sloped or
bulged sidewalls. Furthermore, the profiles of trenches
etched in processes using chlorine based chemistries exhibit
enhanced etching at the bottom corners of the trenches.®?
These probiems result in many undesirable effects such as
increased leakage current or lowered breakdown voltage in
trench capacitors, or severe linewidth control in x-ray lith-
ography. Moreover, the enhanced etching at the bottom
corners poses a serious technological challenge as to prevent-
ing void formation in the filling of the trenches. This paper
presents the effects of using a masking chromium layer on
the trench profiles formed in silicon by RIE.

. EXPERIMENTS

n all the experiments, a Zylin etcher, model ZLN20, op-
erating in the RIE mode was utilized to etch the trenches in
siticon. The starting wafers were 4 in. in diameter, #-type and
had a resistivity of 5 £ cm with (100} orientation. Initially, a
100 nm thick layer of $iG, was thermally grown. A thin (50
nm} layer of chromium was then evaporated on some of the
n-type wafers. The remaining wafers were used as contro}
wafers for comparison. For submicron line definition, the
patterning was done using either a Perkin—-Elmer MEBES-}
system or a custor built high resolution electron beam tool '
writing on ultrathin (15 nm) poly(methylmethacrylate)
(PMMA) deposited by Langmuir-Blodgett technique to
minimize electron scattering. The details of the deposition
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and characterization of the PMMA are discussed else-
where.!! For wider line definition, positive photoresist was
patterned using conventional optical lithography. The chro-
mium was then chemically etched in 2 CR-14 Cyantek solu-
tion for 30 s. The SiQ, was reactive ion etched in 2a CHF,/O,
plasma with 2 selectivity of more than 50:1 to chromium,
and more than 10:1 to positive photoresist. The photoresist
or the PMMA were stripped before the trench formatiosn.

The RIE of the silicon was mainly performed in two dif-
ferent gas mixtures, CL:SiCl;:N, and C1,:SiCi,;:He. The
etching gas pressure and seif-bias voltage were 40 mTorr and
— 500 V, respectively, and the f power density at 13.56
MHz was 2W/cm?. The cathode was kept at 40 °C during
the etching process. The etching conditions are summarized
in Table I. The sheath thickness was measured for both dis-
charges using a microscope micrometer, and was found to be
i cm. In contrast, the mean free path of the ions in the sheath
was estitnated to be 0.25 cm, indicating that these ions will
suffer collisions.

Another experiment was performed where two samples,

TaBLE I. Summary of etching conditions.

ClL:SiICI:N,  CL:SiCl:He Cl,
Cl, flow 85 scem 85 sccm 85 scem
SiCl, flow 15 seem 15 scem e
N,/He flow 29 scem 40 scem
Si etch rates with Cr 90 nm/min 180 nm/min 90 nm/min
Si etch rates without Cr 150 nm/min 180 am/min 150 nm/min
Chromium etch rate 17 nm/min 17 nm/min 17 nm/min
$iQ, etch rate 17 nm/min 17 nm/min 17 nm/min
f power 2 W/em?® 2 W/em? 2 W/em?
pressure 40 mTorr 40 mTorr 40 mTorr
self bias — 500V — 500V — 400V
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with and without the chromium layer, were etched using
only Cl, gas. The etch conditions remained the same as in the
previous experiments with the exception that the dc bias
dropped to — 400 V wkhen the incident power was main-
tained at 2W/cm’. The sheath thickness was again measured
tobe 1 cm.

tii. RESULTS
A. Etch rates

The etch rates of Si(3, were determined using either an
ellipsometer (Guertner Scientific Corporation) or a Nano-
spec (Nanometrics/AFT). The silicon and chromium etch
rates were determined by measuring the trench depths using
a Dektak stylus and by examining the trenches using scan-
ning electron microscopy.

In the case of masking with a chromium layer, the etch
rate of silicon was found to be 90 nm/min in a CL,:SiCl:N,
gas mixture, and about 180 nm/min in a Cl,:SiCl,:He gas
mixture. The etch rate of silicon on the control wafers were
150 nm/min in a CL;:SiCl;:N, gas mixture, and about 180
nm/min in a Cl,:8iCl,:He gas mixture. The etch rate of the
Si0, and of the chromium in either gas mixture, were both
approximately 17 nm/min.

In the experiment where only Cl, was used as the etching
gas, the etch rates and trench profiles were found to be iden-
tical to those obtained using the C1,:SiCl,;:N, gas mixture
despite the drop in the dc self-bias.

B. Etching in a Ci:8iCl;:N; gas mixture or Ci,

The early experiments were performed without using the
chromium layer and resulted in a sidewall angle relative to
the vertical of approximately 8°, and in the enhanced etching
of the corners at the bottom of the trenches [Fig. 1(2}]. The
mechanisms that influence the shaping of the trench are nu-
merous, and many of them still remain unciear; however, we
suspected that the erosion of the edges of the 85i0, mask
during the etching, due to the selectivity (9:1) between SiG,
and Si, would degrade the sidewall angle. Initially, we chose
the chromium as an additional masking layer due to its rug-
gedness. However, we found that the etch rate of silicon was
reduced by almost a factor of 2 and that the sidewall angle
was reduced to about 2°. Furthermore, the enhanced etching
at the bottom corners seeras to have been eliminated. These
effects are illustrated in Fig. 1(b) which shows ! gm wide
trenches in silicon, 500 nm deep. The bottom of the trenches
show no enhanced etching and the sidewalls show an im-
proved sidewall steepness. Using the above process, trenches
70 nm wide, 500 nm deep, resulting in an aspect ratio of 7:1,
were fabricated.’ .

The combination of the raggedness in the lines due to e-
beam or optical lithography, along with the initial chemical
etching of the chromium layer, resulted in nonuniform
edges. This edge nonuniformity was transferred during the
dry etching processes to the underlying SiG, layer and subse-
guently to the silicon resulting in the formation of non-
smooth sidewalls [Figs. 1(a) and 1(b)].

To verify that the chromium is responsible for the im-
proved sidewall angles and flat bottoms, the etch time was
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F16. 1. (a) Current etching processes that use chlorine-based chemistries
often suffer from sloped widewalls and enhanced etching at the bottom
corners of the trench. This figure shows a 1 pm wide trench, that was
masked with a 100 nm thick 8i0, mask, and etched in a CL,:SiCl,;:N, gas
mixture to a depth of 500 nm. The sidewall angle with the vertical is 8° and
grooves have formed at the bottom corners due to the focal enhanced etch-
ing. {b) When using a mask consisting of a 50 nm thick chromium layer on
top of 8i(2, in a CL,:SiCl:N, gas mixture, we observed an improvement in
the sidewall angle from 8° to 2°. Moreover, the enhanced etching at the
bottom corners of the trenches is eliminated.

extended beyond the 3 min necessary to completely etch the
50 nm chromium layer. As shown in Fig. 2, a bowing of the
sidewalls is observed due to a change in the angle at a depth
of approximately 270 nm. This is attributed to an initial steep
angle resulting from the presence of the chromium layer; but
as soon as the chromium is etched away, the slope is degrad-
ed and the sidewalls at the bottom of the trench form a larger
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F1G. 2. To double check that the chromium is responsible for improving the
sidewall angle and eliminating the enhanced etching at the corners, a trench
was etched in a CL:SiCLi:N, gas mixture for 5 min, 2 min longer than the
time necessary to completely etch away the chromium layer. The trench
sidewall became bowed indicating a change in the angle at a depth of 270
nm, at which the chromium layer was totally etched. Furthermore, en-
hanced etching at the bottom corners was observed, therefore verifying that
chromium eliminates this phenomenon.

angle with the vertical. In addition, enhanced etching at the
bottom corners of the trenches is observed after the chromi-
um is completely etched away, confirming that the presence
of the chromium eliminates this phenomenon. '

Nonlocal effects were investigated by partially covering
few samples with chromium, and etching the trenches in a
CL,:SiCl:N, gas mixture. It was found that the sidewall an-
gle of the trenches in the uncovered regions, but within { cm
from the edge of the chromium layer, remained quite steep
(Fig. 3); the angle degraded to approximately 8° at a dis-
tance of a few cms. Moreover, the size of the grooves formed
by the enhanced etching at the corners, was reduced as the
separation between the trench and the edge of the chromium
layer became smaller.

It also appears that the trench profile is independent of
heavy boron doping. Trenches were etched using the same
conditions in a heavily boron doped wafer, with a surface
concentration of ~3 X 10°® cm ? formed by predeposition
in a BBr, source at 1100 °C for 3 h. The trench shapes were
similar to the ones etched in the n-type wafers.
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F1G. 3. A sample was partially covered with chromium and etched in a
C1,:81CY,: N, gas mixture. It was observed that the sidewall angle within 1
cm from the edge of the chromium layer remained steep, but degraded to 8°
over few cms. This finding indicates that the chromium effect is an indirect
chemical action rather than physical masking.

C. Etching in a Cl:SiClsHe gas mixture

Figure 4(a) shows a trench in a sample etched in a
Cl,:8iCl:He gas mixture without the masking chromium
layer. There is clear enhanced etching at the bottom corners
of the irench, however, unlike etching in a Ci,:SiCl,:N, gas
mixture, the sidewall angle is steep {~3°). Figure 4(b)
shows a trench etched in the sample with the chromium lay-
er. The enhanced etching has been greatly reduced but both
the etch rate and the sidewall angle seem to be unchanged.

When the flow of the He gas was increased to over 60
scemn, the formation of rough surfaces (black silicon) was
observed in: the etched regions.

The etch rates and trench profiles also appear to be inde-
pendent of the heavy boron doping (surface concentration of
~3%10* cm™?).

V. DISCUSSION

The fact that the effects of the masking chromium layer
are nonlocal, and extend over a distance of a few cms, is an
important finding. Its significance lies in determining that
these effects are related 1o an indirect chemical action, rather
than direct physical masking. In addition to the nonlocal
effects, three other findings need to be addressed: (1) the
improvement in the sidewall angle when using either Cl, gas
or a ClL,:SiCl,:N, gas mixture; (2) the elimination of en-
hanced etching at the bottom corners; and (3) the sharp
reduction in the etch rate. This leads us to examining the
mechanisms of etching silicon and the dominant chemical
reactions in plasma and RIE.

These mechanisms have been studied in previous works
and models have been proposed to explain various aspects of
the etching process such as the occurring surface reac-
tions,*~*% and the enhanced etching at the bottom corners®
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FIG. 4. (a) Changing the etching gas mixture to CL:SiCl,:He results in a
higher etch rate and improved sidewall angle. However, the enhanced ctch-
ing at the corners does not disappear, a characteristic of chlorine based
chemistries. (b) The enhanced etching at the corners, observed in (a) is
greatly reduced by using a chromium layer on $i0,. The sidewall angle
remains steep.

that often exists in chlorine based chemistries. It is believed
that the etching is achieved by the ions (such as Cl*) and
neutrals (such as CL, and Cl) chemically reacting with sili-
con, and by the incident ions also promoting a reaction
between the neutrals that have adsorbed onto the surface
and the silicon atoms.''” The latter reaction, commonly
referred to as ion assisted etching,'* is generally attributed to
momentum transfer between the incoming ions and the sur-
face atoms and is believed to be the dominant etching pro-
cess. 17,18
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Since the sheath thickness was found to be larger than the
ion mean free path, the ions will suffer collisions resuiting in
the broadening of the angular distribution of the ions and
their energies'”. Therefore, there will be a flux of ions reach-
ing the sidewall surfaces and initiating a reaction between
the adsorbed neutrals and the silicon atoms. The resulting
etching will cause an increase in the sidewall angle {as mea-
sured to the vertical ).

The findings that the sheath thicknesses, when etching in
Cl, gas or CL:SiCl,:N, or CL:8iCl:He gas mixtures, are
equal, and that the self-biases, when using the latter two gas
compositions, are also similar, suggest that the chlorinated
specics are dominating in all three discharges.

A, improvement of sidewall angle

In general, we can represent the total etch rate R of either
the bottom or sidewall surfaces as the sum of the individual
contributions of the etch rate due to the incoming ions R,
and the etch rate due to the neutrals spontaneously reacting
with the Si, R, , and the etch rate due to the reaction of the

adsorbed neutrals promoted by the incident ions R
R - Rion —+’ Rnr + R

At the bottom surface of the trench, R, is a function of
the flux of incident ions, @™ reachin g that surface, R is
afunction of the concentration of neutrals, [NR],and R oom
is a function of both [ NR| and of the flux Ppotom At the
sidewalls, R,,, depends on the flux of jons @tidewails reaching
the sidewall surfaces; R, then depends on [NR], and R prom
depends on [NR] and ®{2*™ The improvement of the
sidewall angle by using chromium can be attributed to a
further reduction in the total lateral etch rate R of the
sidewalls; such a reduction would be related 1o either (i) a
reduction in ©J0°™ or (ii) the formation of an inhibitor
layer or (iii) a reduction in [ NR] or a combination of there-
of. A reduction in P is unlikely because it would resuit
in a change in the sheath voltage and thickness. The forma-
tion of an inhibitor layer on the sidewall surfaces brings
about improved anisoiropy, and its formation on the bottom
surface may cause a decrease in the total etch raie at the
bottom surface. Similarly, a reduction in [ MR} would result
in the decreasc of the etch rates at the sidewalls and the

bottom surface.

prom: *

prom °

B. Elimination of the enhanced giching at the bottom
corners

The enhanced etching at the bottom corners is generally
the result of (i) stress at the corners, or (ii} excess etching
species. However, since stress is a local effect and masking
with chromium was shown to have a nonlocal action (Fig.
3), we conclude that this phenomenon is not related {o
stress.

The increase in the etching species concentration at the
corners is brought about by either the refiection of the in-
coming ions off the sidewalls or the diffusion or migration of
the neutrals to these corners.®!’

When an ion hits a sidewall surface, elastic scattering is
the dominant process because inelastic scattering will most
likely result in: the generation of a single phonon whose ener-
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gy is much smaller that the incident ion’s energy. Incoming
ions at an angle with the vertical, would have similar ener-
gies and therefore would all be reflected along a similar di-
rection because of the little or no loss of energy suffered upon
their collision with the silicon atoms. Hence, if the enhanced
etching were due to ion reflection, the shape and the location
of the groove would depend on the sidewall angle. However,
no such dependence was observed when etching in
C1,:8iCl;:N, and Ci,:8iCl,:He gas mixtures which yielded
sidewall angles of 8 and 3°, respectively, hence indicating
that ion reflection is ot responsible for the enthanced etching
at the bottom corners of the trenches.

A modei has been presented® where the neutrals are as-
sumed to be mobile. These species may migrate down the
surface of the sidewalls to the corners where their reaction
with the silicon is greatly enhanced due to the higher flux of
incident ions at the bottom surface. The increased local con-
centration: of the neutrals results in the enhanced etching.
The effect of masking with a chromium layer may be attrib-
uted to either a reduction of the neutrals thereby suppressing
the enhanced etching of the corners, or a decrease in the
mobility of the neutrals by modifving the nature of the

9

sidewall surface, such as the formation of an inhibitor layer.

VY. SUMMARY

It was found that using chromium as a masking layer im-
proves the sidewall angle of trenches in silicon etched in a
C1,:81C1,: N, gas mixture. Furthermore, it was found that it
eliminates enhanced etching at the bottom corners when ei-
ther a C1,:8iC1:N, or C1,:8iCl ;:He gas mixture is used. Both
effects also were observed in regions unmasked with chromi-
um but within a few cms from the edge of a chromium layer
masking an adjacent region.

Preluminary experiments indicate that these effects may
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be brought by the reduction of the neutrals or by the forma-
tion of an inhibitor layer.
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