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Mask shapes and etch anisotropy of Si in a particular etchant determine the final forms
of the etched structures. This paper considers the etching of <100> silicon in tetra-methyl
ammonium hydroxide (TMAH) having a concentration between 25 wt% and 15 wt% at
80°C. Etch anisowopy, as seen in the under-etched inclined planes and in fast and slow
etching planes, is found to be quite different in the two cases. In 25 wt% there is a deep
local minimum in etch rate at the {100} planes, while in 15 wt% there is a shallow local
minimum at the {110} planes. In between these two concentrations, more complex
behavior is observed. The addition of isopropyl alcohol to the TMAH etchant further
changes the etch anisotropy.

1. Introduction

Micromachining of structural features in bulk silicon relies on the fundamentals of
anisotropic wet etching.-1» This paper considers the etching of <100> silicon wafers, and
focuses on a relatively new etchant, tetra-methyl ammonium hydroxide (TMAH). TMAH
has received considerable attention recently>-') because of its relative nontoxicity and
compatibility with CMOS-based technologies.

Etch anisotropy is the variation of etch rate with direction in the crystal. In bulk silicon
micromachining, the interaction of the etchant with the different Si lattice surfaces
produces the anisotropic etch characteristic. Mask shapes and etch anisotropy of Si in a
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particular etchant determine the final shapes of the 3-dimensional structures achieved. For
example, convex vs. concave mask shapes yield completely different etched Si features. It
is generally known(-11%-22 that, because of geometrical considerations, etched concave
shapes tend to expose the slowest etching planes, whereas etched convex shapes tend to
expose the fastest etching planes. This phenomenon has been studied by many researchers
and used advantageously, for example, in the etching of micropiercing structures.??

The etching of an arbitrarily shaped concave mask pattern, such as that shown in Fig.
1(a), leads to the selection of slow under-etching planes. After a sufficient amount of etch
time, only the slowest under-etching planes will remain.!” These are the familiar {111}
planes. A convex shape such as that in Fig.1(b), on the other hand, exposes fast etching
planes, for example {411} or {212} planes. Note that the etched planes in the two cases
differ both in their intersection with the top masked surface, and in their angle of inclination
to the horizontal.

Etch anisotropy can vary substantially with etchant, etchant concentration, temperature
and additives, leading to widely differing etched shapes,®!4:1517-192-29) ip both concave and
convex structures. Specifically, Merlos et al.*'9 found that the addition of isopropyl
alcohol (IPA) to TMAH changed the shapes of the resulting etched Si swuctures.

While full characterization of etch anisotropy would require etching of a 3-dimensional
structure such as a sphere,”® this variation can be partially characterized by underetch
experiments.(!’-1” Many researchers have employed underetch experiments as a practical
method of obtaining information about etch anisotropy under particular conditions. Wagon-
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Fig. 1. (a) Cross-sectional and top view schematics of the etching of {100} Si having an arbiwarily
shaped concave mask opening. The dashed line indicates the edge of the opening in the masking
oxide. The etch exposes slow etching planes, such that the final structure is bounded by a rectangle
circumscribing the mask opening.
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Fig. 1. (b) Top and perspective view schematics of the etching of {100} Sihaving a circular convex
mask shape inside a concave square. Fast etching planes are exposed by the convex features, while
slow etching {111} planes are exposed by the concave features. The masking oxide is not shown in
the perspective view.

wheel patterns®® and triangle patterns!’-! have served to demonstrate differences between
various etchant compositions.

This paper looks at the variation of etch anisotropy, and the slow and fast etching planes
exposed, on masked <100> Si etched at 80°C in TMAH having a concentration between 25
wt% and 15 wt%. Experimental under-etch data is presented and discussed.

2. Etch Anisotropy in TMAH @ 80°C

Using a previously reported experimental procedure to characterize the etch anisot-
ropy," 1 n-type <100> Si wafers were oxidized and patterned. The mask pattern
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consisted of sets of right-angled triangles, with two sides aligned in <110> directions (one
of which was parallel to the wafer flat). The angle of the third side of each triangle was
varied from 5° to 45° in intervals of 1°. In this way, {111} planes were exposed on two
sides of each triangle, and the variation of the under-etch rate with mask-edge deviation
angle was studied by observing the behavior at the hypotenuse of each triangle.!’-') This
set was mirrored and repeated until the full 360° was covered.

2.1. Under-etch rates

Figure 2(a) shows the under-etch rate of (100) silicon as a function of the mask-edge
deviation angle, 6. In this figure, 6 is measured from the intersection of a vertical (001)
plane with the horizontal wafer surface. This intersection (6= 0) is at 45° from the <110>
wafer flat. Because of the symmetry in the Si lattice, a plot of é from 0° to 45° completely
characterizes the under-etching of masked features on a <100> surface. However, a 90°
span is shown here, so that the local minimum at § = 0 can be clearly seen. The under-etch
rates for fresh, unstirred TMAH at 80°C, for 25 wt%, 21.2 wt% and 15 wt% are shown, as
well that for 21.2 wt% with 15 vol% IPA. (The case of 21.2 wt% without IPA was prepared
by diluting 25 wt% TMAH with DI water, while the case of 21.2 wt% with IPA was
prepared by diluting 25 wt% TMAH with 15 vol% IPA. Note that 25 wt% was the
maximum available concentration, and therefore 21.2 wt% was the maximum concentra-
tion that could be practically achieved after the addition of 15 vol% IPA.) All four curves
have deep minima at § = £45°, corresponding to the slowest etching {111} planes, and
have maxima at about =15 -25° and local minima at & = 0°.

2.2. Under-etched inclined planes

Figure 2(b) shows the graph of under-etched inclined planes for the cases described
above. At § = £45°, the same {111} planes (i.e. 35.3° to the vertical) are exposed in all
cases, while the sets of results are strikingly different for each case at other deviation
angles. In 25 wt%, the exposed planes vary monotonically from the {111} to the vertical
{100}, while in 15 wt%, the exposed planes vary monotonically from the {111} to the 45°-
tilted {110}. In 21.2 wt% with IPA, the exposed planes are at almost exactly the same
angles as those found at 15 wt%.

2.3. Derived etch rates
While Fig. 2(a) shows maxima and minima in under-etch rates, actual etch rates of the
inclined planes can be derived from Figs. 2(a) and (b) using the formula:

(etch rate of under-etched plane) = (under-etch rate) x cos(inclination angle)

These calculated inclined plane etch rates are plotted in Fig. 2(c) for the cases of 25 wt%,
15 wt% and 21.2 wt% with IPA. By inspecting the local maxima and minima in Fig. 2(c),
and using the inclination angles at those extrema, fast etching and slow etching directions
are found. Table 1 summarizes the differences between the cases.
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Fig. 2. (a) Under-etch rate, (b) inclined plane angle and (c) derived etch rate, versus deviation angle
of oxide mask edge for lightly doped n-type Si etched in fresh TMAH at 80°C. Deviation angle is
measured from the intersection of (001) and (100), which is 45° from the wafer flat. The error in the
under-etch measurements and etch rates represented above is estimated to be 3 pum and +4 um,
respectively (after the curves have been smoothed).
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Table 1
Anisotropy of Si etched in TMAH at 80°C.

Slowest-etch Slow-etch Fast-etch
25 wt% very deep min. deep min. at =0 high max. at § ~ £20°
at {111} planes in <100>-direction near <522>-direction

(vertical sidewalls)

21.2 wt% very deep min. min. around 6= 0 max. not well defined
at {111} planes (both <100>- and at 15°<161<30°
<110>-directions)
21.2 wt% wIPA  very deep min. shallow min. at §=0 slight max. at § ~+20°
at {111} planes in <110>-direction near <552>-direction

(45°-incl sidewalls)

15 wt% very deep min. shallow min. at =0 slight max. at 6 ~+20°
at {111} planes in <110>-direction near <552>-direction
(45°-incl sidewalls)

2.4. Comparison of under-etched planes in 25 wt% and 15 wt%

Figure 3 illustrates the different under-etched inclined planes and features at 6= 0. In
15 wt% TMAH, the sidewall is at 45° to the horizontal,a {110} plane. As seenin Fig. 2(c),
the etch rate of this {110} plane is about 26 pm/hr, substantially less than the 36 ym/hr etch
rate of the horizontal {100} base plane. In 25 wt% TMAH, however, the situation is quite
different. The sidewall is vertical for most of its height. A small footing is present, inclined
at ~45°. The etch rate of the vertical {100} plane is, as expected, very close to that of the
horizontal {100} base plane, about 25 ton/hr.

36 pmvhr overhanging 25 wm/hr

B 28

footing

Fig. 3. Schematic of cross section of under-etched inclined planes at 6= 0°. At left is a 45°-inclined
{110} plane, while at right is a vertical {100} plane, with a small ~{110} footing.
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The variation of the inclined plane angle with § in TMAH 15 wt% at 80°C is very
similar to the findings for 15 wt% at 50°C using a high dissolved silicon concentration
reported inref. 19. That variation has been modelled® to arise from a low rate of attack of
<101>-directed ledges in the silicon lattice. In other words, the under-etched inclined
planes are made up mostly of intact <101> ledges for all 8. On the other hand, the
formation of the vertical {100} walls, and the variation of the inclined plane in the 25 wt%
case, can only occur by a rapid rate of attack of such ledges. The development in ref. 19
implies that the rate of attack of kinks must be greater than that of ledges in the 25 wt%
case. Inview of the above, these two cases are used to analyze the 21.2 wt% cases below.

2.5 TMAH 21.2% without IPA — An intermediate case

In TMAH 21.2 wt% without IPA, the situation is quite complicated, and can be viewed
roughly as a combination or transition between the two cases described above. There are at
least three regimes of deviation angle, 30°< 151 < 45°,15°< 151 <30° and 0 <101 < 15°,

Within 15° of the {111} planes (30°< 151 < 45°), the under-etched inclined planes have
an angle of about 35° from the vertical, similar to both the 25 wt% and the 15 wt% cases.
In the range 15°< 161 < 30°, the under-etched inclined surface is so rough that it cannot be
called a plane. An example of this is shown for = 18° in Fig. 4(a). In the range of 0 <I5|
< 15°, the under-etched surfaces are made up of two sub-planes. There is a steeper plane at
the top and a shallower plane at the bottom of the under-etched surface. An example of this
is shown in Fig. 4(b). The shallower plane inclination angles follow roughly the same curve
as the 15 wt% case described in Fig. 2(b), and the steeper plane inclination angles follow
roughly the same curve as the 25 wt% case. Figure 4(c) schematically illustrates the two
planes and their proportions. The projection of the steeper plane onto the vertical is shorter
than the projection of the shallower plane onto the vertical. For example, at § = 0°, the
vertical {100} plane extends down from the top surface to about 40% of the etch depth,
while at 6 = 10°, the top plane (about 5° from vertical), extends down from the top surface
to about 25% of the etch depth. This percentage decreases monotonically as d increases.

The above-described three regimes can be seen to loosely match the features of the
under-etch curve for 21.2 wt% in Fig. 2(a). In the range 30°< 16! < 45°, the under-etch rate
is close to that of the 25 wt% case. In the range 15°<181< 30°, it appears to track the 15
wt% case, and in the range 0 < |51 < 15°, it generally follows the 25 wt% curve. At §=0°,
it may tend to approach the 15 wt% case.

2.6. The influence of IPA

The case of TMAH 21.2 wt% without IPA can be compared with the case of TMAH
21.2 wt% with IPA. At this concentration, the presence of IPA in the etchant solution
reduces the under-etch rate and under-etched plane etch rate substantially, at all values of
deviation angle (&), and significantly alters the under-etched inclined planes. As shown in
Fig. 2(b), with IPA, the plane inclination angles follow the 15 wt% case, consistent with a
relatively low rate of attack of ledges. Since the case of 21.2% without IPA can be seen to
be in wransition between the 25 wt% case (a relatively higher rate of attack of ledges) and
the 15 wt% case, this suggests that the presence of IPA has reduced the rate of attack of
ledges. Further testing of this phenomenon is underway.
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(a) (b)
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Fig. 4. Scanning electron micrographs of <100> wafer after under-etch experiment in TMAH
21.2%, and subsequent removal of masking oxide: (a) showing the very rough side of the etched pit
of the triangle at 6 = 27°; (b) showing (at the right side of the picture) the two-faceted side of an etch
pit having & ~ 0°. (c) Schematic showing the two facets of under-etched planes etched in TMAH
21.2% without IPA.

3. Conclusion

The following conclusions were noted:
* Anisotopy of silicon etched in TMAH 15 wt% —25 wt% at 80°C has been characterized
by under-etch experiments, with and without TPA.
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* While all cases exhibit a deep minimum in the etch rate at the {111} planes, other local
minima and maxima in etch rates and under-etch rates vary substantially over the various
cases studied.

* The 25 wt% and 15 wt% cases yield dramatically different under-etched inclined planes,
likely stemming from relative rates of attack of ledges and kinks. These can represent two
fundamental cases for the study of anisotropic etching of Si.

* The case of 21.2 wt% TMAH without IPA can be seen as a transition between the above
two fundamental cases, in both the under-etch rates and in the under-etched inclined
planes.
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