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ABSTRACT

We present a new fabrication sequence for integrated-silicon
microstructures designed and manufactured in a conventional
CMOS process. The sequence employs a post-CMOS deep silicon
backside etch, which allows fabrication of high aspect ratio (25:1)
and flat MEMS devices with integrated circuitry. A comb-drive
actuator and a beam resonator were fabricated using this process
sequence. Electrical isolation of single-crystal silicon was realized
by using the undercut of the reactive ion etch (RIE) process. The
fabricated devices were actuated electrostatically and flatness char-
acterized using interferometric measurements.

INTRODUCTION

Micromachined devices fabricated by CMOS-compatible fab-
rication processes are attractive because of the possibility to inte-
grate high-performance on-chip signal conditioning circuits and
digital readouts, and expected multi-vendor accessibility and short
design cycle times. Currently, most CMOS-compatible microma-
chining processes are polysilicon or poly-Ge surface micromachin-
ing processes that use silicon oxide as the sacrificial material and
typically involve a wet etch for releasing micromechanical
structures [1,2]. Even though vapor HF is often used, protection of
integrated circuits and sticking problems during. release are still
major concerns [3]. Moreover, the relatively large parasitic capaci-
tance in many integrated polysilicon processes degrades perfor-
mance of capacitive sensor designs.

In prior work, post-CMOS surface micromachining processes
use composite microstructures made from combinations of alumi-
num, silicon oxide, and silicon nitride thin films [4]. For these pro-
cesses, the silicon substrate acts as the sacrificial material and is
undercut for release (Fig. 1). The resultant multi-conductor micro-
structures provide wiring flexibility and low parasitic capacitance to
the substrate. Both lateral and vertical CMOS accelerometers [S5,6]
with fully differential full bridge capacitive interface circuits have
been fabricated by using this post-CMOS micromachining process.
A tri-axial microstage has also been realized [7].

However, all of the microstructures discussed above are made
of thin films, either homogeneous or multi-layer. Thin-film deposi-
tion processes generate residual stress and stress gradients which
cause curling. This limits the maximum thickness and size of
microstructures, which are critical dimensions for inertial sensors.
Moreover, release holes and unwanted curvature of microstructures
degrade their applications in optics.

Deep RIE (DRIE) technologies have advanced significantly in
recent years. By alternating passivation and etching cycles, the
Bosch advanced silicon etch (ASE) process [8] can typically
achieve high aspect ratios of 20~30:1. For example, a bulk silicon
comb-drive actuator with 100 wm deep comb fingers and 15 um gap
spacing has been fabricated by using the ASE process [9]. Because
silicon etch rate of the ASE process is relatively high (~3pum/min),
it is feasible to release microstructures by through-wafer etching,
instead of by undercutting the silicon substrate [10]. However,
given a typical wafer thickness (~500 um), a minimum gap spacing
of 20 um would be needed to retain anisotropy. Such a spacing is
too large for either effective sensing or actuation.
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Our solution is to combine the maskless post-CMOS micro-
machining process [4], ASE and backside etch. The backside etch
is used to control the thickness of the final, released, microstruc-
tures, which allows optimization of design parameters and simpli-
fies the packaging process. The new process sequence (Fig. 2)
provides high-aspect-ratio and flat microstructures. It incorporates
all the advantages of CMOS composite microstructures with the
excellent mechanical properties of single crystal silicon.

In this paper, 2 new CMOS DRIE micromachining process
will be described and contrasted with the previous post-CMOS sur-
face micromachining process. Characterization results of two
example devices fabricated using the new process flow will be pre-
sented and some process issues will be discussed.

CMOS MICROMACHINING PROCESSES

CMOS surface micromachining process

The previous post-CMOS micromachining process [4] con-
sists of an anisotropic dielectric etch for defining the microstruc-
tures and an isotropic silicon etch for release. Fig. 1 shows the
cross-sectional view after the process is completed. The etching
masks are interconnect metals from preceding CMOS processing,
so no post-CMOS photolithography is required. An aspect ratio as
high as 4:1 can be achieved. The microstructures consist of up to
three metal layers that are electrically isolated by dielectrics, which
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Figure 1. Cross-sectional view of the thin-film post-CMOS
micromachining processing.
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Figure 2. The process-flow for the modified CMOS microma-
chining. (a) OS-chip with backside etch. (b) Anisotropic

dielectric etch. (c) Anisotropic silicon etch for release.
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enables a variety of wiring configurations within the moving
microstructures [5-7]. One issue ‘with CMOS-MEMS is that the
residual stress and thermal coefficient mismatch in the embedded
layers cause curling or bending [11]. Vertical curling can be com-
pensated to first order through a curl matching frame [5], but the
maximum size which can be compensated is limited and design
complexity is increased.

CMOS backside micromachining process

In order to overcome some of the drawbacks of thin-film
microstructures without losing the advantages of the multi-conduc-
tor structures, we propose a new process sequence building on the
previous post-CMOS micromachining process. The basic idea is to
introduce a single-crystal silicon (SCS) layer underneath the
CMOS multi-layer structures in such a way that the mechanical
properties are dominated by the SCS layer and electrical connec-
tions are provided by the CMOS microstructure layer.

The process flow is given in Fig. 2. We start with a deep aniso-
tropic backside etch leaving a 10 to 100 um thick SCS membrane
(Fig. 2 (a)). This backside etch step is used to control the thickness
of microstructures as well as to form a cavity to simplify the pack-
aging process. Next an anisotropic dielectric etch is performed from
the frontside (Fig. 2 (b)). Then in contrast to the prior work on post-
CMOS processing, we use an anisotropic instead of an isotropic sil-
icon etch for release (Fig.2 (c)). Therefore, a thick SCS layer
remains underneath the CMOS layer, resulting in a totally flat
released microstructure. Thus, no curling compensation is needed
and a microstructure can be designed to an arbitrary shape. Further-
more, the proof mass and comb-finger capacitance for CMOS-
MEMS based inertial sensors is significantly increased. Fig. 3
shows the SEMs of a comb-drive actuator fabricated by using the
new process. Both sides are flat (no visible curling). In a later sec-
tion, we will discuss the optical and electrical characterization of
this device in detail.

Figure 3. SEMs of the comb-drive actuator fabricated by using
the new process. (a) Front-side view. (b) Backside view.
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Design considerations

Since there is no fixed electrode undemneath the microstruc-
tures, this technology is mainly suitable for sidewall capacitive
sensing and actuation. Suppose there are two side-by-side beams,
e.g., a pair of comb fingers, as shown in Fig. 4. The sidewall capac-
itance change versus displacement in the longitudinal, transverse
and vertical directions have the following relationships,
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where [, g, h and w are the engaged length, gap, height and width of
the comb fingers, respectively, and L is the total length of the comb-
finger area. The total number of comb fingers is thus L{g+w). The
gap aspect-ratio is /g, which is fixed for the ASE process. If a fixed
area is assumed, i.e., L is fixed, then the smaller the gap, the larger
the capacitance change in all three directions. The height of the
comb fingers may be set by the minimum possible gap. Thicker
comb fingers would require a larger gap and result in a reduction in
capacitive sensitivity. However, there is a minimum SCS layer
thickness that just eliminates the stress-induced curling. Note that
this minimum thickness value depends on the size of the designed
microstructure as well as the thickness control accuracy of the deep
RIE process. For inertial sensors, mass is a critical parameter that
dictates resolution. For inertial applications, the SCS layer should
be as thick as possible and there is a trade-off between the gap spac-
ing and the structural thickness.

There is a small undercut in the deep RIE, which actually can
be advantageous. If the width of a beam is smaller than two times
the undercut, the SCS layer underneath this beam will be etched
away. Through complete undercut of the silicon, released areas of
bulk silicon can be electrically isolated. In addition, soft springs can
be obtained by using the same principle. An electrically isolated
SCS block is shown in Fig. 5, where the beam width is 0.8 um and
the CMOS bridge provides mechanical support as well as electrical
wiring. To further guarantee the electrical isolation, the to-be-
undercut silicon region is implanted as n-well (for p-silicon sub-
strate) to form a p-n-p junction in case there is still a remaining thin
layer of silicon.

Fabrication

We used single-chip processing to demonstrate the DRIE
release sequence. The square CMOS chips (2 mm by 2 mm) are
made in the Hewlett Packard 0.5 um three-metal n-well process
available through MOSIS.

The chips come with an unpolished backside. Prior to the deep
etching process the backside was patterned in a photolithography
step with a backside release mask using a 10 um layer of a high vis-
cosity photoresist (Shipley AZ 4620). The exposure was performed
with a Karl-Suss MA 56 mask aligner. There is no need for a high
backside-frontside alignment accuracy. The patterning has to guar-
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Figure 5. SEM of an electrically isolated SCS block



antee that a sufficient silicon frame for mechanical support of the
silicon membrane remains after the deep etch. The chips were
mounted on a 4” silicon wafer covered with photoresist. The back-
side ASE etch for defining the silicon membrane was performed in
a Surface Technology Systems (STS) ICP etcher. The etching-pro-
cess employed is a typical ASE process [8] with an etching rate of
2.9 um / min for a small silicon load. The main plasma parameters
for the etching part of the cycle are: 600 watt coil power; 12 watt
platen power; 130 sccm SFg flow; and 23 mT chamber pressure.
The passivation is performed at an identical plasma power and
12 mT chamber pressure with 85 sccm of C4Fg with no platen
power. The duration of the etching cycle is 12 seconds and in the
passivation cycle we deposit the fluorocarbon polymer for
8 seconds. The major demands for the etching process are good sta-
bility of the etching rate, low surface roughness and a sufficiently
uniform structural thickness. A polishing of the chip backside prior
to the backside deep etch improves the smoothness of the resulting
silicon membrane surface but is not necessary. The backside etch
step defines the thickness of the remaining silicon membrane and
high accuracy measurements of the thickness of the chips and the
etch depth are necessary. We employ an optical microscope to per-
form these measurements. By using a 50x microscope objective,
accuracies of 3 pm can be achieved. After removal of the chips
from the carrier wafer and an oxygen plasma clean of the chip fron-
tside, the oxide RIE etch of the CMOS-micromachining process
(Fig. 2(b)) is performed in a Ptasma-Therm 790 reactor.

For performing the anisotropic silicon release step (Fig. 2 (c))
in the STS ICP etcher, the chips were mounted on a 4”° photoresist-
covered silicon wafer. The top metal of the CMOS layers served as
the mask. We observed no degradation of the top metal layer even
for etching durations of several hours. We could not detect any per-
formance decrease of the ICP etcher due to use of the Al mask.
Only die-sized samples were processed, which limited the amount
of aluminum exposed in the chamber.

The SEM in Fig. 6 shows
the depth differences for three
trench-widths due to well
known micro-loading effects of
the ASE process [12]. The
trenches with a larger width are
etched faster. Therefore the
large open areas are etched
through to the backside first
before the narrow gaps. This
results in polymer-deposition
on the remaining silicon back-
side during the passivation
steps of the ASE.

Fig. 7 (a) shows a close-
up of the backside of a comb
drive actuator after performing

Figure 6. Microloading effect
of the ASE process.

polymer
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(@
Figure 7. SEMs of the backside of the comb-drive actuator.
(a) No oxygen plasma clean step during the anisotropic release.
(b) Smooth and clean backside after oxygen plasma cleaning.

(b)
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the anisotropic etch step. The polymer deposited on the backside of
the SCS layer due to the relatively early etch-through of the wider
gaps forms a residual structural layer that cannot be etched by con-
tinuing the ASE process. The polymer layer is removed by using a
zero-bias oxygen plasma clean at the end of the process flow after
the natrow gaps ate etched through to the polymer film. Fig. 6 (b)
shows the backside of a clean device after an oxygen plasma step is
used at the end of the release procedure.

CHARACTERIZATION

Beam resonator

In order to investigate the mechanical properties of the com-
posite microstructures with stacked CMOS and SCS layers, a
110 um-long and 3.0 pm-wide cantilever beam was designed.
Fig. 8 shows the released beams. The gap is 2.1 um, which limits
beam thickness to 2 maximum of 55 um for an aspect-ratio of 25.
The fabricated beam thickness is 45 um. In the figure, the typical
scallops of the ASE process and an undercut of about 0.4 um were
observed. The measured resonant frequency is 254 kHz, which is in
good agreement with the finite element simulation of 249 kHz. The
Young’s modulus of the SCS layer is assumed to be 168 GPa [13]
and the CMOS layer has an effective Young’s modulus of 63
GPa [11].

Comb-drive actuator

Fig. 9 is a close-up of the comb-drive actuator shown in Fig. 3.
The gap of the comb fingers is 1.2 pum and thus the underlying SCS
layer has been thinned down to 25 pm thick for an aspect-ratio of
~25. The lateral displacement versus the applied DC voltage
squared is plotted in Fig. 10. The plot shows that the stiffness of the
serpentine springs is increased by a factor of 4 by the underlying
thick SCS layer. Note that the underlying SCS beam width is
~0.8 um narrower than the CMOS microstructure due to the 0.4 um

gap
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Figure 8. SEM of the beam-resonators

Figure 9. Close- ;7 of one corner of the comb-drive
actuator (see Fig. 3).



1.0 " N +

o8l - _Spn’ng' without SCS silicon’

0.6

'
'
'
¢
)
'

0.4 7 Spring with SCS silicon *

Displacement (um)

2000 3000 5000
V2 (volts squared)
Figure 10. Measured displacement of comb drive actuators

versus squared voltage.

0 1000 4000 6000

undercut. Also note that the underlying SCS is not electrically iso-
lated from the silicon substrate in this comb-drive actuator.

To evaluate the topography of the released structures, we
employed a Linnik-type Michelson interferometer with LED illu-
mination (A=610 nm). The topography is calculated from a series of
fringe patterns using a phase shifting technique. We achieved a
measurement accuracy of better then 40nm for the z-curling.
Fig. 11 (a) shows the measured topography of a comb-drive actua-
tor with no underlying SCS layer. The peak-to-valley curling mea-
sured on the whole device is 1.2 um. For a device with underlying
SCS, we found a curling of 0.15 pm -- nearly an order of magnitude
decrease (Fig. 11 (b)).

sr@d,&

“ 9

Figure 11. The topography of the released comb-drive
actuator (see Fig. 3) (only one quarter is shown) obtained
by using phase shifting interferometry. (a) Conventional
release. (b) Backside release.
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CONCLUSIONS

The new post-CMOS micromachining process is demonstrated
by using a beam-resonator and a comb-drive actuator. This process
is CMOS compatible and can generate flat and thick microstruc-
tures with optimized gap spacing. The unique electrical isolation of
the silicon and multi-conductor features provide high expectations
for capacitive sensing and actuation. The resultant large mass and
increased comb-finger capacitance will give rise to high resolution
and high sensitivity for inertial sensors as well as larger forces for
microactuators.

The microloading effect is crucial in this process, which can
be used to realize electrical isolation of silicon and soft springs. The
silicon membrane thickness control is another important issue
which is under further active investigation.
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