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Abstract

Micromachining on (111)-oriented silicon in various akaline solutions was studied. By means of spoke and donut-like etching
patterns, the experiment shows that {110) directions have the highest etch rate and the final emergent periphery is hexagon bounded on
the bottom surface plane. The six sidewalls are defined by {111} planes, which can be derived from its crystal geometry, having three
facets with inclining angles of 70.5° and another three with declining angles of 109.5° respect to the (111) surface plane. SEM pictures
show that aqueous KOH solution results in smooth surface morphology due to its higher etch rate of residual oxide existed in the silicon,
while the other etchants such as hydrazine (N,H,) and tetramethyl ammonium hydroxide (TMAH) induce seriously wavy roughness.
Moreover, various concentrations of KOH solution have been studied to determine the (110) /(111) etch ratio, and the ratio more than 100
were demonstrated. Using this method, suspended single-crystal silicon (c-Si) microstructures were fabricated for some potential uses
such as thermopile, silicon bolometer, mass flow transducer and other force microsensors. As an application example, shallow-gap
w-Pirani vacuum sensor demonstrated its high pressure measuring capability as high as 10° Torr. © 1999 Elsevier Science S.A. All rights

reserved.
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1. Introduction

Anisotropic etching of silicon has been used in the
semiconductor industry since it was first discovered in the
middle of the 1960s [1,2], especialy, applications in the
V-MOS [3] and SOI [4] related semiconductor devices
fabrication. This state-of-the-art technique is widely used
in MEMS for various types of sensors, actuators and
optical components [5].

Till now, most of reported etching characteristics or
related implementations have been based on the use of
(100)- or (110)-oriented silicon wafers because of mature
understanding of related etching behavior. For example,
V-groove etching techniques on (100)-oriented wafers are
characterized by the different etch rates of three major
crystallographic planes (100), (110) and (111). The slowest
etch rate always appears at {111} planes, which define the
final emergent facets if the etch time is long enough.
Therefore, V-shape and U-shape grooves bounded by four
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{111} facets can be obtained using (100)- and (110)-ori-
ented silicon, respectively. Nevertheless, few reports [6—8]
about anisotropic etching of (111)-oriented silicon were
announced due to its inherent hard etching of wafer plane
itself, and was thought to be uselessin MEMSS application.

This paper is to describe the bulk machining behavior
of (111)-oriented silicon in various alkaline solutions and
related applications including large-size floating ¢c-Si mi-
crostructures and shallow-gap p.-Pirani vacuum sensor fab-
rication. Using spoke and donut-like patterns, etching char-
acteristics of various crystallographic planes were ob-
served. Moreover, the (110) /(111) etch ratio was studied
for realistic applications and the optimal concentration of
KOH for this experiment was presented.

2. Crystal stereography

At atmospheric pressure, silicon has a diamond cubic
structure. Its anisotropic etching behavior strongly depends
on the crystal orientation. Fig. 1 is the crystallographic
projection of (111)-oriented silicon. The (111) axis of a
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Fig. 1. Crystallographic projection of (111)-oriented silicon.

cubic system is an axis of hexagonal symmetry. The {111}
planes projected from both the top (@) and the bottom
(O) hemispheres have been marked on this stereographic
projection. The three (111) planes (@) are 109.5° to the
surface plane, and they are 60° to each other. Another
three (111) planes (O) are 70.5° to the surface plane, and
also 60° to each other. At the periphery of the projected
plane, there are six (110) planes perpendicular to the
surface plane.

3. Experimental

All experiments were performed using p-type, (111)-
oriented, 4-inch silicon wafers. Various concentrations
(10-60 wt.%) of agueous KOH solution and other aniso-
tropic etchants hydrazine (80 wt.%), TMAH (22 wt.%)
were used to determine the etching characteristics on the
silicon wafers. Etching solution was kept in a Pyrex glass
vessel with reflux condenser and thermostat to maintain
the concentration and temperature of the solution constant,
respectively. The set-up temperature for KOH was 80°C,

hydrazine 100°C, and TMAH 80°C. No stirrer was used to
agitate the solution.

After RCA cleaning, nitride film was deposited on the
wafer by LPCVD. Then, the normal lithography and ni-
tride etch steps were done to produce desired patterns
including testing spoke, donut patterns. The lateral etch
rate was measured by SEM pictures observation and the
vertical etch rate was measured by step profiler. SEM
photographs were also used for the surface morphology
observation.

4, Results and discussion

Fig. 2 shows an after-etch SEM picture using a spoke
pattern in aqueous KOH solution. In this picture, the
arrows mean the < 110> direction. It is obvious that the
six < 110> directions corresponding to the six {110}
planes appeared at the periphery of the (111) surface plane
define the fastest etching fronts. The result is due to the
spirit of agueous KOH solution that has the highest etch
rate at {110} planes, and this feature is often adopted to
obtain deep U-groove on (110)-oriented silicon.
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Fig. 2. Etching profile of a spoke pattern on (111) silicon wafer. The
arrows correspond to {110) directions.

When a donut-like pattern was used, the etching result
is depicted in Fig. 3. The fina emerging periphery is
hexagonal (outer). This outer hexagon, which is bounded
by six {111} facets on the bottom (111) surface, has an
equal angle of 120° and equal side length. The inner
hexagon is the remaining silicon island bounded by six
{110} facets corresponding to the < 110> directions
(arrows). (Because the photograph is not in good contrast,
we represent these hexagons with drawn dot line.) This
inner hexagon implies {110} planes dominate the etching
profile, which agrees with the result from Fig. 2. Fig. 4 is

Fig. 3. Etching front observation with a donut-like open. The outer
hexagon is bounded by {111} planes and the inner hexagon is, neverthe-
less, defined by {110} facets corresponding to the (110) arrow directions.
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Fig. 4. The upper drawing is the simplified scheme of Figs. 1 and 3. The
lower one reveas the paralelism of the opposite facets following the
arrow direction.

the simplified drawing of Figs. 1 and 3, and the side view
follows the arrow direction in this figure. Any pair of
opposite facets of the outer hexagon is paralel, and any
two neighboring facets have inclining and declining angles
with respect to the surface plane. That means the boundary
line between any two neighboring (111) facets is not sharp
and straight, but complicated and twisted from inclining
(declining) to declining (inclining) plane. This result is
quite different from the anisotropic etching profile on
(100) and (110) orientation wafers. Fig. 5 is the SEM
picture of a cleaved sample that shows the parallel effect
following the arrow direction described in Fig. 4.

One application of the etching technology mentioned
above is to form floating ¢-Si microstructures [6—8]. The
process is schematically shown in Fig. 6 and briefly de-
scribed as: first, a masking material such as LPCVD
silicon-rich nitride [9] is deposited on the silicon for its
low-stress characteristic and amost attack-free from
anisotropic etchants. The first lithography step defines the
first etch windows. The nitride film is etched using reac-
tive ion etching (RIE) system, and then the naked silicon is
etched to a desired depth using the same RIE system. The
following process is to deposit second layer of nitride on
the silicon wafer. The second lithography step was done
with the second open windows that has a few micrometers
shrinkage from the corresponding first etch window edge.
Also, dry etch step removes the unwanted nitride film and
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Fig. 5. A cleaved sample that shows the parallel effect following the
arrow direction described in Fig. 4.

the remaining nitride to protect the top and the side of the
preferred silicon microstructures with preformed thickness.
Another RIE step is used to etch the naked silicon to the
second desired depth for final anisotropic etching. This
final RIE step is to etch trench with vertical walls so as to
expose the {110} planes to the anisotropic etchants. During
the etching, the underside of the floating silicon structures
is protected because it is a (111) plane and etches very
sdowly. Fig. 7(a) is a SEM photograph of suspended c¢-Si
microstructures with membrane dimensions of 50 X 50 and
100 X 100 wm?. Note that the white particles appear on
the etch window is due to the KOH residue, and it can be
easily removed by filtering the etch solution before using
it. A particle-free picture is therefore shown in Fig. 7(b) to
demonstrate the filtration result, on which white KOH
residues are not seen on the bottom surface anymore. At
the same time, the after-etch surface morphology due to
various solutions was aso studied and is shown in Fig. 8.

Nitride

(111)-Silicon

Fig. 6. Brief process steps for fabrication of floating c-Si microstructures.
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Fig. 7. SEM picture of floating c-Si microstructures. Note that the white
particles appear on the etch window is due to the KOH residue. (b) A
close-up view of particle-free picture results from filtering KOH solution
before using it.

It is obvious that KOH etching results in smooth surface
due to its higher etch rate of residual oxide existed in the
silicon, while the other two etchants such as hydrazine
(N,H,) and tetramethyl ammonium hydroxide (TMAH)
induce seriously wavy roughness.

In order to obtain large-size floating ¢c-Si structures, the
(110) /(111) etch rate ratio is the key parameter to success.
From the literature [10], it was said that a KOH solution
has very large (110) /(111) ratio more than 400 however,
our experiment has the ratio value no more than 120 that is
consistent with the other report [6]. Nevertheless, this is
good enough to use it to obtain large-size silicon mi-
crostructures, which is suitable for thermopile, silicon
bolometer, mass flow transducer and other force microsen-
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Fig. 8. After-etch morphology on (111) surface plane due to various solutions, left KOH, middle TMAH and right hydrazine.

sors uses. Fig. 9 is a relation of various KOH concentra-
tions vs. (110)/(111) ratio. A dlight difference from the
reported data [3,5] has indicated that about 45 wt.% KOH
solution has the highest ratio to apply in this experiment.

5. Shallow-gap p-Pirani vacuum sensor

Owing to the very slow etch rate on the (111) surface
plane and high etch rate in the lateral direction, besides the
suspended silicon microstructures formed in Fig. 7, an-
other interesting feature is shallow gap formation under the
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Fig. 9. The relation of (110)/(111) etch ratio and various concentrations
of agueous KOH solution. In this experiment, 45-wt.% KOH solution has
the ratio value as high as 120.

floating structure. The shallow-gap technique in microfab-
rication is usualy defined by a sacrificial layer, and its wet
etching removal [10,11]. The sacrificial layer thickness
determines the final spacing between the upper floating
device and the lower substrate. Thinner sacrificia layer
will suffer a sticking effect between the microstructures
and the substrate due to surface extension force of liquid
after wet etch of the sacrificial layer, but larger spacing has
the problem of step coverage when the upper structure and
sensing material cross over the sacrificia layer. Using the
micromachining technique on (111)-oriented silicon, we
can solve the sticking problem effectively by forming a
larger spacing between the floating structure and its related
substrate to reduce capillary force. One thing is noted that
this gap can be tuned to be larger or smaller by post-etch
control through selection of the etching solution and con-
trol of the etching condition including temperature and
time. Furthermore, this method is a full planar process. It
does not suffer the same step coverage problem that
happened in the sacrificial layer process. Fig. 10 is a SEM
picture showing the shallow gap of about 1 pm between
the upper floating structure and the lower substrate. In this
figure, the displayed *Y value is the distance between the
two parallel dash lines that denote the margins of the
suspended structure and the underneath substrate. Also, the
white particles on the bottom are the KOH residues whose
elimination is discussed above.

To readlize the application of this shallow-gap forming
methodology, Fig. 11 shows a fabricated p.-Pirani vacuum
sensor based on this technique. This sensor has an active
floating element of 300 X 300 wm? for gas pressure sens-
ing and an on-substrate dummy for temperature compensa-
tion [12]. Its brief process flow is introduced as: the
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Fig. 10. Shallow gap formation using (111) silicon wafer. Note that the
gap can be as smal as around 1 um as denoted by the displayed *Y
value.

floating membrane was made of low-stress silicon-rich
nitride with a thickness of 0.4 wm deposited by LPCVD.
Platinum film of 0.15 wm in thickness was deposited on
the nitride membrane by E-gun evaporation for both the
sensor and the dummy. PECVD nitride of 0.8 wm thick
was used for passivation. Each kink-shape lead has a
length of 150 wm and a width of 20 wm, and the sensor
has a resistance of about 3 k(. A wheatstone bridge
constant bias circuit including partial temperature compen-
sation method was arranged for the vacuum pressure mea-

T T T T T

10"

T T T

T

N
o
o

Signal voltage [V]

Ll

R EETT] R R TTT| B RS W R TTT] B R TTT R

10
10" 10° 10" 102 103

Pressure [torr]

Fig. 12. High-pressure measurement using shallow-gap p.-Pirani vacuum
sensor. The circles (O) are those measured with a gap of 3 wm, another
10 pm-gap sensor is depicted in square symbols (0O).

surements. A more complete configuration is referred to
the previous report [12].

Fig. 12 shows the measuring result in the high pressure
regime. The circles (O) are those measured with shallow
gap of 3 wm formed by 45 wt.% aqueous KOH solution. It
is obvious that the detectable high pressure is up to 103
Torr. When we use another concentration of aqueous KOH
solution, another 10 pwm-gap sensor can be obtained. Its
pressure measurement result is also depicted in Fig. 12
with square symbols (O). Compared to the 3-p.m-gap
sensor, it is less sensitive in the high-pressure measure-
ment. This comparison result is mainly due to variationsin

Fig. 11. Fabricated w.-Pirani vacuum sensor with shallow gap formed underneath the floating membrane.



B.C.S Chou et al. / Sensors and Actuators 75 (1999) 271-277 277

the transition pressure, the physical definition of the high-
est detectable pressure, being inversely proportional to the
spacing between the hot resistor and its substrate heat
sink [12].

6. Conclusions

Anisotropic etching characteristics of (111)-oriented sil-
icon wafer and related applications were studied. Experi-
mental results show that the highest etch rate appears in
the (110) directions, and the (110) /(111) ratio can be as
high as 120 using 45-wt.% agueous KOH solution. Float-
ing c-Si microstructures can therefore be obtained for its
many potential applications. A new shallow-gap formation
method is also demonstrated to fabricate -Pirani vacuum
sensor with high pressure measurement capability, and this
method makes the shallow gap tunable simply using
‘ post-etch control’ —selection of the etching solution and
control of the etching condition including temperature and
time.
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