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This paper concerns a cost-effective method of obtaining intact, released poly-in-oxide
cantilever beams using bulk micromachining, within the constraints of simple post-
processing of a standard CMOS fabrication sequence. An extension to the basic cantilever
is used to prevent the main oxide/poly beam from bending upwards until the main
cantilever is completely released from the underlying Si. This prevents a likely device
failure mechanism. The cantilever and extension are designed based on etch anisotropy.
The connection tethers joining the main cantilever with the extension can be set at an angle
with respect to the underlying crystal structure such that the underetch rate of the etchant is
high. The devices are fabricated using a standard commercially available CMOS process,
and the beam-extension combination is released by postprocess anisotropic etching of
silicon using TMAH. The devices are tested by applying known forces to the beam tips and
determining the response of the piezoresistive poly element.

1. Introduction

The use of cantilever beams in microelectromechanical devices and systems is wide-
spread and well documented. We describe a cost-effective design method for obtaining
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intact released cantilever beams using simple postprocessing of a standard CMOS process.

Cantilever beam sensing elements are often made from stacked standard-process
layers, including polysilicon and/or metal(s), imbedded between several SiO, dielectric
layers. By the judicious placement of certain mask layers in a standard CMOS process,
areas of exposed silicon substrate surrounding the perimeter of the intended cantilever can
be readily defined.!? Thus-patterned wafers or die are then postprocessed in wet anisotro-
pic etchant to sacrificially etch the silicon underneath the cantilever.

However, there are often different residual stresses present in the various layers which
are commonly used as structural material for beams. Some of these stresses are impossible
to avoid, such as the stress in thermally grown field oxides, while others are more readily
controlled, such as those in CVD-deposited oxides. However, while microsystcms tech-
nology is now able to produce flat dielectric cantilever beams by judicious control of the
layers and their relative stresses, many commercial CMOS surface films are not designed
for micromechanical applications. Thus, without this explicit stress control it might be
impractical to implement certain structures in particular CMOS processes. Especially if
high differential stresses exist between the as-fabricated layers (over which the designer
has little or no control), the beam may bend severely during the release process. This may
compromise the resulting device because the cantilever will bend diagonally from each of
the two emerging free corners during the release process. If the bending is significant, it
can induce cracks at the center of the cantilever as it is being released. Furthermore, if
cracks occur during the release etch, imbedded polysilicon (poly) sensing elements sand-
wiched in the oxide cantilever would then be exposed to the silicon etchant, rendering the
sensor nonfunctional.

In the interest of preventing this device failure mode without introducing additional
complexity or constraints in the processing, we propose specially designed release-control
structures. These extensions serve to prevent the structure from bending upwards until the
main cantilever containing the polysilicon has been fully released from the bulk silicon
undermneath. In this way, the whole cantilever bends up only after the release-control
extension has been completely released. The cracks in the cantilever, and therefore the
damage to the imbedded poly lines, are thereby successfully eliminated. The release-
control extension can remain as part of the cantilever mass, or it may be removed if
necessary or appropriate. In this way, certain applications not needing high precision and
in-plane cantilevers (for example, inertial sensors for toys), can be implemented at low cost
in relatively inexpensive commercial CMOS processes not having low-stress dielectric
layers. More generally, by using a technique such as this, the device designer does not need
specific control of the stress in the CMOS layers.

The devices described by this paper are fabricated by a standard CMOS process, and the
beams are released by postprocess anisotropic etching of silicon in TMAH. The devices
are subsequently tested by applying known forces to the beam tips and measuring the
change in resistance of the imbedded piezoresistive poly.
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2. Background: Simple Cantilever without Extensions

Figure 1 illustrates a typical micromachined oxide cantilever structure fabricated on
<100> silicon and having an imbedded polysilicon piezoresistor. After the beam is
released via anisotropic etching, such a structure can act as an integrated sensor for
accelerations perpendicular to the surface of the silicon. However, in actuality there is a
problem in releasing this simple cantilever structure. This problem is caused by the
residual stresses present within the films comprising the cantilever structures, inherent in
the host process. The stresses are such that the structures tend to bend upwards out of the
plane of the wafer. Figure 2 shows some intermediate stages that the structure attains
during the release etch. Etching of the silicon under the cantilever begins at the convex
corners where the fast-etching planes emerge (Fig. 2(a)). As etching continues, the silicon
beneath the oxide obtains a sharp triangular profile (Fig. 2(c)). At this stage, the released
part of the oxide bends upward because of internal stress in the field oxide. Since this
bending occurs nonuniformly and from the two corners, severe deformations can occur
where the two bends meet, i.e., above the sharp apex of the triangular shape. As etching
proceeds, this sharp corner traces a line down the center of the cantilever and cracks occur
in the oxide along this line (Figs. 2(c) and 2(d)). These cracks can leave the imbedded
polysilicon exposed to attack by the silicon etchant. Clearly, this represents a catastrophic
failure for the device. Our release-control extension was designed to alleviate this problem
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Fig. 1. Top and cross-sectional views of an oxide cantilever with imbedded polysilicon released by
anisotropic etching of Si. If stressed, the oxide will bend upwards as shown.
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Fig. 2. Top view of a simplified cantilever structure. (a) After a short etch. (b) After an
intermediate etch; bending and cracks have begun. (c) Almost released; with many cracks. (d) After
the cantilever is completely released.

with a minimum of added complexity. A cantilever with an extension is schematically
shown in Fig. 3.

3. Design of Release-Control Extension Structure

The extension was designed to keep the main cantilever flat until it is completely
released from the underlying silicon. This is accomplished by setting the dimensions of the
extension such that it becomes completely underetched only after the main cantilever has
been completely released. In this way, the extension will hold down the main cantilever
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Fig. 3. Right: simplified schematic of a cantilever with a release-control extension. Left: schematic
of features used to derive the time required to completely underetch a release-control extension.

(keep it flat) during the critical time when bending could cause damage.

In order for this method to be successful, detailed information on the etch anisotropy is
required. For example, for the case of 25 wt% TMAH at 80°C, it is known from previous
research®® that the angle at which mask undercut is fastest is 20 —25° from the wafer flat
(the wafer tlat is <110>-oriented, 45° from the intersection of {111} planes with the wafer
surface). The etch rate at this angle is approximately 2.2 times the etch rate at 45°. This
angle varies little for TMAH at 15-25 wt% between 50°C and 90°C. For 5 wt% TMAH
with a high dissolved silicon content (in order to protect Al pads in a CMOS process), this
angle is close to 40 —45° from the wafer flat.*” For a KOH-water solution, this angle
would be about 30°® from the wafer flat.

Figure 3 also shows the relevant parameters in the calculation of the time required to
release the extension. The rectangular oxide extension ABCD is aligned with intersections
of {111} planes and the wafer surface. Therefore, rapid underetching begins only at the
convex cormmers, as depicted at corners A, B, C and D. Lines EF and FG indicate the
emergent planes at corner A. After some time, the etch front FG will disappear and only EF
will remain. Line AJI has been drawn parallel to EF. In order to completely underetch the
rectangle ABCD, it is necessary for the etch front EF to travel a distance JO to reach point
O. This distance can be calculated as follows:

JO = (I0)cos( £JOI)
10 = [(AD/2) tan( L IAD) + (AB/2)].
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Since ZIAD = £JOI,
JO = [ADssin( LIAD) + AB cos( LTAD)] /2.

By using the variables shown in Fig. 3, it can be seen that the time needed for release of the
extension structure is

ty=[w;cos ¢+1,sin @]/ 2E, | (1)

where @ is the angle that the fastest underetching planes make with the wafer flat, and E, is
the underetch rate at that angle. For example, in 25 wt% TMAH at 80°C, E, ~ 55 pn/h is
the etch rate at the fastest etch angle of 24°.64

In order to calculate the time required to completely release the main cantilever, one
must consider that first the tethers must be completely underetched before the convex
corners of the main cantilever begin to be undercut. The time required to undercut the
tethers is

Ihh=w; / 2E9 ) (2)

where 0 is the tether angle and Ej is the etch rate at that angle. In order to minimize this
time, #,, 6 should be such that the tether is in a fast-undercutting configuration. While 6 ~
24° is the optimum tether angle, angles in the range of 15° < 6 < 45° also give a
satisfactorily low t,.

After the tethers are undercut, the time to release the main cantilever is given by

ty=[w, cos ¢+ 2l, sin ¢] / 2E, 3)

Therefore, for a successful release operation such that the main cantilever is released
before the extensions, (¢, + t;) should be less than f,, that is, (¢, + t3) < f;.

4. Device Fabrication and Testing

The devices having the following layer thicknesses were fabricated using a standard 1.5
Um commercial CMOS process:

« field oxide ~ 0.9 um thick,

« interpoly oxide ~ 0.05 um thick (under sensor poly),

e poly ~ 0.3 um thick,

e overlying CVD-deposited oxides totalling ~ 2.1 um thick,

* passivating nitride ~ 0.5 um thick.
The poly line was designed to be 2 um wide and was folded 20 times on the main beam,
such that the overall length of the sensing poly resistor was approximately 4,500 um. Since
the typical (nominal) sheet resistance of the poly was 20 €2/sq., the expected resistance (R)
was 45 kQ.
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The device dimensions were as follows.

* main cantilever length (I,): 198 um

* main cantilever width (w,): 96 um

e extension length (;): 1060 yum

* extension width (wy): 60 um

« tether width (ws): 20 um

« tether angle (6): 40°

The die fabricated using the standard process was subsequently etched in TMAH to
release the cantilever and extensions. Release etches were conducted in TMAH using a
variety of compositions. For example, using the above dimensions, egs. (2) and (3)
indicate that in 25 wt% TMAH at 90°C, the main cantilever should be released in 1.5 h, and
eq. (1) indicates that the extensions should be released 1.2 h later. Accordingly, a 3 h etch
was sufficient to completely release both the cantilever and the extension in this example.

The devices were subjected to rudimentary electrical and mechanical tests, comparing
their behavior before and after release. The end-to-end electrical resistances of the poly
lines were measured by probing the aluminum bonding pads. The piezoresistive response
of the devices was measured by applying known weights, from 0 to 40 mg, to the free end
of the main cantilever, 10—15 um from the tip end, using a profilometer.

5. Results and Discussion

Figures 4(a) and 4(b) show optical micrographs of the results of etched cantilevers with
release-control structures. Figure 4(a) shows the tethered main cantilever after etching for
1 hin25 wt% TMAH at 90°C. Itis underetched to an extent between the conditions shown
in Figs. 2(b) and 2(c). Since the micrograph is in total focus, it is clear that the cantilever
is not bending upward at this release etch stage. It is also clear from the figure that the
cantilever and imbedded poly lines are undamaged. Figure 4(b) shows the subsequently
fully released cantilever. It has bent upward after full release of the main cantilever, and
the imbedded poly lines are clearly undamaged by etching.

The end-to-end resistance (R) of poly lines was measured on 4 samples before etching
and found to be 46.9 kQ + 0.1 kQ. This is well within the specifications published for the
host CMOS process. After full release of the same samples by TMAH etching under the
condition shown in Fig. 4(b), the vertical deflection of the tip of the main cantilever was
measured to be approximately 20 pm, and R was measured to be 44.8 k2 + 0.1 k€. Thus
the after-etch deviation in resistance (AR) was 2.1 k€, and after-etch AR/R = 4.48%.
Figure 5 shows the response of two different beams to the applied weights. In all cases, the
deformation was proportional to the applied weight, AR was positive, and the maximum
measured AR was 0.9 kQ in response to a 40 mg applied weight.

The expected piezoresistive response and deflection of the beam obey the relations
below. The relative change in poly resistance (AR/R), in response to the strain in the poly
layer and the vertical deflection of the beam tip (D), are given by®
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(a)

(b)

Fig. 4. Top views of a cantilever structure after etching in 25 wt% TMAH at 90°C: (a) the main
cantilever and tethers after etching for 1 h; (b) the same main cantilever after full release. The poly
lines are undamaged. Magnification = 200x.
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Fig. 5. Piezoresistive response of two beams under applied weights of 0—-40 mg.

G x (applied load at beam tip) X (1,) X -
AR/ R= (Gx )= S @pplied load at beam tp) X () X e = Yooty), )

Epolylpoly + Em'llnit + onloxl + on[0x2

and

(1/3)(applied load at beam tip)(l, )

(Epolylpoly + Enitlnit + on [oxl + on[ox2) ,

®

where G is the gage factor of the polysilicon, ¢ is the strain in the polysilicon, Ee,, E; and
Eqy, are Young’s modulus of each layer, and Iy, Loy, Iox2 and I, are the second moments
of inertia of each layer about the beam’s neutral axis (y,e,).*” Using the device dimensions
given above and the mechanical constants given below, y,.,, was calculated to be 2.28 um
from the bottom of the beam, approximately 1.18 um above the middle of the poly layer

(ypoly)'
* Young’s modulus of polysilicon: E,oy = 1.5 x 10" N/m?1®
* Young’s modulus of silicon dioxide:  E., =0.73 x 10"! N/m*!}
* Young’s modulus of silicon nitride: E.i.=3.8 x 10" N/m?>!D

Mechanical constants for CMOS process layers, such as G, E, E,;, and E,,, can vary
with the fabrication conditions. For example, values of G between —15 and —25 have been
reported for n-type polysilicon.? For the cantilevers reported in this paper, the after-etch
deflection (20 tm) and AR (2.1 k) were found to correspond to G = 15, calculated using
the above equations. The measured AR of 0.9 k€ in response to a 40 mg applied weight
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was found to be consistent with G = -15 and the above equations.

If appropriate, the extensions can be removed by simple mechanical force. In the
devices fabricated in this work, the extensions were easily broken off by applying a force of
approximately 10 mg near the center of the release-control extension.

6. Conclusion

Effective release-conwol structures for commercial CMOS-based cantilever microsensors
were designed by taking into account the precise anisotropy of the etchant to be used. The
cantilever was extended with an extension segment (as shown in Fig. 3), in order to prevent
device failure related to bending due to process-induced stresses. At the beginning of the
etching, the etchant undercuts the tethers and begins to attack the area under the main
cantilever, at the same time attacking the area under the release-control extensions. The
dimensions of the structure should be designed based on detailcd knowledge of the etchant
to be used.
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