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Abstract

This paper reports a novel design concept that aims
to increase the detection and actuation capacitances in
micromachined devices beyond the fabrication process
limitations. The approach is based on designing the
stationary components of the electrodes attached to a
moving stage that permanently locks into the desired
position before the operation of the device, to minimize
the electrode gap with a simple assembly step. The con-
cept has been implemented in bulk-micromachined pro-
totype gyroscopes, and the experimental results have
successfully demonstrated the feasibility of the assem-
bly concept. It is experimentally shown that over an
order of magnitude of capacitance increase is achieved
in the same foot-print of the device, without additional
fabrication steps.

INTRODUCTION

In the micro-domain, capacitive sensing and actuation offer
several benefits when compared to other sensing and actua-
tion means (piezoresistive, piezoelectric, optical, magnetic,
etc.) with their ease of fabrication and integration, good DC
response and noise performance, high sensitivity, low drift,
and low temperature sensitivity.

The performance of micromachined sensors employing ca-
pacitive detection is generally determined by the nominal
capacitance of the sensing electrodes. Even though increas-
ing the overall sensing area provides improved sensing ca-
pacitance, the sensing electrode gap is the foremost factor
that defines the upper bound. Similarly, the force gener-
ated by the electrostatic actuation electrodes (comb-drives
or parallel-plates) is limited by the minimum gap attain-
able in the fabrication process. In electrostatically actuated
devices such as micromachined gyroscopes, the nominal ac-
tuation capacitance determines the required drive voltages.
For a small actuation capacitance, large voltages are needed
to achieve sufficient forces, which in turn results in a large
drive signal feed-through.

Various advanced fabrication technologies have been re-
ported to minimize electrode gap, based on deposition of
thin layers on electrode sidewalls [1, 2, 3]. For example, in
one reported approach, high aspect-ratio polysilicon struc-
tures are created by refilling deep trenches with polysilicon
deposited over a sacrificial oxide layer. Thick single-crystal
silicon structures are released from the substrate through
the front side of the wafer by means of a combined direc-
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Figure 1. SEM images of post-release positioned comb-drives
integrated in a micromachined gyroscope. The resulting finger
gap after the assembly is 1um, while the process minimum gap

requirement is 10pum.

tional and isotropic silicon dry etch and are protected on the
sides by refilled trenches. This process involves one layer
of low-pressure chemical vapor deposited (LPCVD) silicon
nitride, one layer of LPCVD silicon dioxide, and one layer
of LPCVD polysilicon [2]. However, this process and simi-
lar approaches require additional expensive fabrication steps,
and increase the resulting cost.

The post-release assembly technique presented in this paper
aims to increase the sensing and actuation capacitances in
micromachined devices, without any modification in the fab-
rication process. With a simple additional assembly step, the
performance and noise characteristics are enhanced beyond
the fabrication process limitations.



Enhancement of Comb-Drive Capacitance
Interdigitated comb-drives are one of the most common actu-
ation structures used in MEMS devices. The primary advan-
tages of comb-drives are long-stroke actuation capability, the
linearity of the generated forces, and the ability of applying
displacement-independent forces for high-stability actuators.
Linearized drive forces along the x-axis can be achieved
by appropriate selection of voltages applied to the oppos-
ing comb-drive sets. A balanced interdigitated comb-drive
scheme is imposed by applying V1 = Vpc + vac to one set
of comb drives, and V5 = Vpeo — v4¢ to the other set, where
Vpe is a constant bias voltage, and v4¢ is a time-varying
voltage. Assuming negligible deflections along the y-axis,
the net electrostatic force reduces to [4]

N
Fcomb = 4€0z0

Vbevac. (1)
where 2 is the finger thickness, and yq is the finger separa-
tion. It should be noticed that, the net force along the x-axis
is independent of the displacement along the x-axis, and the
overlap length.
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Figure 2. Comparison of a conventional comb-drive structure,
and the post-release positioning approach (before and after as-
sembly) designed for the same fabrication process. Notice the
difference in the resulting gap, and the number of fingers per unit

area.

In conventional interdigitated comb-drives, the gap between
each stationary and moving finger is determined by the
minimum-gap requirement of the fabrication process (Fig-
ure 2). For example, if the minimum gap is 10um, the gap
between the conventional comb-drive fingers is 10um.

In the presented post-release positioning approach, the fin-
gers attached to opposing electrodes are designed initially
apart, and interdigitated after the release. Thus, the gap be-
tween the fingers after interdigitating can be much smaller
than the minimum-gap requirement (Figure 2). For the same
example, if the width of one finger is 8 4m and the minimum
gap is 10um; the resulting gap between the stationary and
moving fingers after the assembly is 1 um. This results in 10
times increase in the force per finger. Furthermore, the num-
ber of fingers per unit area is increased by allowing smaller
gaps. In this example, exactly 2 times as many fingers can be
used in the same area, resulting in a total of 20 times increase
in the drive-force.

Figures 1 and 3 present the microscope photographs of the
assembled post-release positioning comb-drives integrated
in a micromachined gyroscope. It is observed that excellent
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Figure 3. The scanning-electron-microscope images of post-
release positioning comb-drives integrated in a micromachined

gyroscope, before and after assembly.
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Figure 4.

release positioning comb-drives integrated in a micromachined

Microscope photographs of the assembled post-

gyroscope. The gyroscope is successfully driven into resonance in

the drive-mode with the assembled comb fingers.
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Figure 5. Microscope photographs of the ratchet structure uti-

lized as the locking mechanism for post-release positioning.



positioning is achieved, providing uniform gaps across the
comb-drive structure. Also, the gyroscope proof-mass is
successfully driven into resonance in the drive-mode with
the assembled comb fingers (Figure 4).

Figure 6. The assembly sequence of the post-release positioning

comb-drives using thermal actuators.

Thermal actuators have been successfully used in the fabri-
cated prototypes (Figure 6) for displacing the moving stages
and assembling the devices, and other actuation means are
possible. The explored locking mechanisms include ratchet
structures (Figure 5), and bistable mechanisms (Figure 7). In
the prototype gyroscopes, the gyroscope proof-masses were
successfully driven into resonance in the drive-mode with the
assembled comb fingers, verifying that both the ratchet and
bistable lock-in mechanisms provide the required alignment
and uniform finger spacing.

Enhancement of Parallel-Plate Capacitance
Parallel-plate actuation provides much larger forces per area
compared to comb-drives, with the expense of limited stable
actuation range, and non-linear actuation forces. The net
force generated by a parallel-plate actuator is
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Figure 7. The assembly sequence of the post-release positioning
comb-drives with the bistable lock-in mechanism, using thermal

actuators. The gyroscope is successfully driven into resonance in

the drive-mode with the assembled comb fingers.

where £y = 8.854 x 10~ F/m is the dielectric constant, A
is the total actuation area, d is the electrode gap, and Vp¢ is
the DC bias voltage. The non-linear electrostatic force pro-
file in parallel-plate actuation electrodes is usually exploited
for resonance frequency tuning. The negative electrostatic
spring constant that reduces the resonant frequency with in-
creasing DC bias can be found by taking the derivative of the
electrostatic force F,, with respect to displacement

_OF,,
0z d3 (3)

Thus, the shrinking the electrode gap enhances both the ac-
tuation force, and the electrostatic frequency tuning range.
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Capacitive Detection

In micromachined inertial sensors, differential capacitance
sensing is generally employed to linearize the capacitance
change with deflection. Defining yg as the finger separation,
[ as the length of the fingers, and ¢ as the thickness of the
fingers; the differential capacitance values become

eotl eotl
Cot = Nyo :Fy’ AC=Csq —Cs- = 2N¥y (4)

Itis observed that the capacitance change is inversely propor-
tional to the square of the initial gap. Thus, the performance
of the sensor (i.e. sensitivity, resolution, and signal to noise



ratio) is improved quadratically by decreasing the initial gap
of the sensing electrodes.

Similarly, the post-release positioning concept is implemented
on parallel-plate detection electrodes by attaching the sta-
tionary fingers of the sensing electrodes to a moving stage
that locks into the desired position before operation. Fig-
ure 8 presents the scanning-electron-microscope images of
the post-release positioning sensing electrodes integrated in
a micromachined gyroscope, before and after assembly. It
is observed that excellent positioning is achieved, providing
uniform gaps across the sensing electrode structure. Elec-
trode gaps in the order of 1-2pm have been achieved with
100pm thick structures (Figure 9), while the minimum-gap
requirement of the fabrication process is 10um.

" Paraflei-plate
Electrod

Figure 8. The scanning-electron-microscope images of post-
release positioning sensing electrodes integrated in a microma-

chined gyroscope, before and after assembly.

IMPLEMENTATION IN A MEMS GYROSCOPE

The post-release capacitance enhancement technique has
been successfully implemented on the comb-drives and the
sensing electrodes of bulk-micromachined prototype gyro-
scopes. System identification algorithms applied on the
electrostatically acquired drive-mode frequency responses
of the gyroscope revealed that 7.22 times larger actuation
force is achieved compared to conventional comb-drives im-
plemented on the exact same gyroscope structure. With the
assembled comb-drives, 12m drive amplitude was achieved
with 10V DC and 1V AC actuation voltages in air. The gyro-
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Figure 9. Electrode gaps in the order of 1-2um have been
achieved with 100pum thick structures, while the minimum-gap

requirement of the fabrication process is 10um.

scope with assembled comb-drives and detection electrodes
exhibited a sensitivity of 0.91 mV/° /s, excellent linearity,
and a noise floor of 0.25°/s/v/Hz at 50Hz bandwidth in
atmospheric pressure.
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