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Abstract

This paper presents a new, high-performance silicon-on-insulator (SOI) MEMS gyroscope with decoupled oscillation modes. The gyroscope
structure allows it to achieve matched-resonance-frequencies, large drive-mode oscillation amplitude, high sense-mode quality factor, and low
mechanical cross-talk. The gyroscope is fabricated through the commercially available SOIMUMPS process of MEMSCAP Inc. The fabricated
gyroscope has minimum capacitive sense gaps of 2.6 wm and a structural silicon thickness of 25 um, and it fits into a chip area smaller than
3mm x 3 mm. The fabricated gyroscope is hybrid connected to a CMOS capacitive interface ASIC chip, which is fabricated in a standard 0.6 pum
CMOS process. The characterization of the hybrid-connected gyroscope demonstrates a low measured noise-equivalent rate of 90°/h/Hz!"? at
atmospheric pressure, eliminating the need for a vacuum package for a number of applications. R?-non-linearity of the gyroscope is measured to
be better than 0.02%. The gyroscope has a low quadrature signal of 70°/s and a short-term bias stability of 1.5°/s. The angular rate sensitivity of the

gyroscope is 100 wV/(°/s) at atmospheric pressure, which improves 24 times to 2.4 mV/(°/s) at vacuum. The noise-equivalent rate of the gyroscope

at 20 mTorr vacuum is measured to be 35°/h/Hz!?

© 2006 Elsevier B.V. All rights reserved.

, which can be improved further by reducing the electromechanical noise.
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1. Introduction

The need for high-performance micromachined gyroscopes
force the research towards dedicated mechanical designs com-
bined with improved microfabrication technologies and high-
sensitivity readout and control electronics. Among many micro-
machined gyroscopes, Coriolis vibratory rate gyroscopes have
demonstrated significant progress within the past decade sat-
isfying the requirements of several applications, such as guid-
ance, robotics, tactical-grade navigation, and automotive appli-
cations [1-4]. The performance of Coriolis rate gyroscopes
can be boosted further by implementing symmetric and decou-
pled structures that allow easy mode-matching, while reducing
the mechanical cross-talk between the drive- and sense-modes
of the gyroscope. Currently, such structures are reported with
completely symmetric mode shapes and mechanically decou-
pled suspensions [5—8]. The absolute symmetry in these designs
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requires linear comb-drives for both the drive- and sense-modes;
however, linear comb-drives prevent effective post-process tun-
ing of the resonance frequencies and reduce the mechanical
sensitivity of the gyroscope. In addition, the previous symmetric
designs use clamped-guided type suspension beams that limit the
drive-mode vibration amplitude to less than few microns, pre-
venting higher sensitivity. Furthermore, most of the symmetric
and decoupled gyroscopes in literature require vacuum packag-
ing, increasing the unit cost and reducing the number of eligible
application platforms. Therefore, there is a need to develop
a new mechanical gyroscope structure that can overcome the
limitations of previous symmetric and decoupled gyroscopes
[5-8], while keeping their advantages, so that the gyroscopes
can provide high-performance even at atmospheric pressure,
which is very important for reducing the packaging cost and
complexity.

This paper reports a new symmetric and decoupled silicon
microgyroscope structure [9] that has (1) varying-gap type sense
electrodes for improved rate sensitivity, (2) post-process electro-
static frequency tuning capability, and (3) symmetric and folded
suspensions for mechanical decoupling and large drive-mode
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vibration amplitudes. The structure is fabricated using a com-
mercially available high-aspect-ratio silicon-on-insulator (SOI)
micromachining process that allows high mechanical quality
factors. The mature fabrication technology together with the
improvements of the electromechanical design the gyroscope
demonstrates a high-performance even at atmospheric pressure,
eliminating the need for vacuum packaging for a number of
applications.

2. Electromechanical design

Fig. 1 shows the perspective view of the new symmetric
and decoupled gyroscope. The drive-mode of the gyroscope
is optimized for large amplitude and linear driving oscilla-
tions, whereas the sense-mode is optimized for increased rate
sensitivity and electrostatic frequency tuning. Suspension flex-
ures are designed symmetric along the drive- and sense-modes
for minimizing possible temperature-dependent drift. Undesired
mechanical cross-talk between the drive- and sense-modes is
minimized by proper design of suspension flexures and anchor-
age of the structure, restricting the motion of the movable drive
and sense electrodes to one degree-of-freedom (d.f.) and allow-
ing the two d.f. motion only for the proof mass element. In
addition, the vibrating mass is mechanically isolated from the
sense jigs by carefully locating the flexures so that the moments
and forces created on the sense jigs cancels the disturbing
torques acting on electrodes during linear drive-mode vibra-
tions. The advantages of the new structure include large sense
capacitances, large drive-mode vibration amplitude, and elec-
trostatic frequency tuning capability, while the symmetry of
the suspension beams and mechanical decoupling of the drive-
and sense-modes are still preserved as in [6—8]. These features
and improvements yield remarkable performance when com-
bined with the advantages of a standard SOI-MEMS foundry
process.

Fig. 2 shows the mode shapes of the designed SOI gyroscope
for (a) drive and (b) sense-modes, simulated using the Coventor-
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Fig. 2. Mode shapes of the designed SOI gyroscope for (a) drive and (b) sense-
modes, simulated using CoventorWare finite-element solver.

Ware finite-element solver. Clearly, the interaction between the
drive and sense electrodes of the SOI gyroscope is highly sup-
pressed as the sense electrode remains almost stationary during
the deflection of the drive-mode.

Fig. 1. Perspective view of the improved symmetrical and decoupled gyroscope structure.



36 S.E. Alper et al. / Sensors and Actuators A 135 (2007) 3442

(@)

Pad Suspended and Substrate
metal surface-doped contact
l epi-silicon
v
I I [ n\ I
Trench cavity Anchor region
SOl under suspending (Buried oxide)
Wafer structure

(b)

Fig. 3. (a and b) Typical structure and cross-section of a cantilever structure
fabricated through SOIMUMPS. The portion of the handle wafer underneath
the suspending structures is totally removed by DRIE from the backside of the
handle wafer.

3. Fabrication process

The gyroscope is fabricated using the standard SOIMUMPS
process of MEMSCAP Inc. [10]. The process includes frontside
and backside patterning of an SOI wafer using deep-reactive
ion etch (DRIE). The detailed process steps are not given
here, as it can be obtained at [10]. Fig. 3 shows the typi-
cal structure and cross-section of a cantilever structure fabri-
cated through the SOIMUMPS process, where the structural

Table 1

layer thickness can be either 10 or 25 wm. The portion of the
handle wafer underneath the suspending structures is totally
removed by DRIE from the backside of the handle wafer. The
thorough etching of the substrate under the suspended struc-
tures significantly reduces the air damping and yields high
mechanical quality factors. Another advantage of removing
the substrate layer under the suspended structures is that high
dc potentials can safely be applied to the movable structures,
as the effects of electrostatic levitation are almost completely
eliminated.

4. Characterization results

Fig. 4 shows the SEM pictures of the fabricated gyroscope,
which has a 25 pm-thick silicon structural layer. The capacitive
gaps are measured to be as large as 2.6 m, although they were
drawn to be 2 pm in the layout. Table 1 presents a comparison of
the designed, measured, and estimated electrical and mechanical
parameters for the fabricated SOI-MEMS gyroscope. In gen-
eral, the designed values agree well with the measured values
considering that the capacitive gap spacing and flexure beam
widths are slightly different than the design values due to fab-
rication tolerances. The drive and sense electrode capacitances
of the gyroscope are measured using Agilent 4294A precision
impedance analyzer as 991 and 1261 {F, respectively. These val-
ues agree well with the estimated values of 863 and 1378 fF,
respectively, considering 2.6 wm capacitive gaps. The parasitic
capacitances associated with the drive and sense electrodes are
in a close range about 3 pF, typical for any sensor built on an
SOI substrate.

Fig. 5 shows the measurements of drive- and sense-mode
resonance characteristics for the fabricated gyroscope using the
Agilent 4395A network analyzer and Karl Suss micromanipu-
lator probe station. The resonance frequencies of the drive- and
the sense-modes of the fabricated gyroscope are measured to
be matched at about 5.3 kHz for a dc polarization voltage of
8.4V is applied to the proof mass. Both the measured drive- and
sense-mode mechanical resonance frequencies are close to the
expected values of 5.42 kHz. The voltage required to match the
mode frequencies is somewhat higher than the design value of

Comparison of the designed, measured, and estimated electrical and mechanical parameters for the fabricated SOI gyroscope

Parameter Designed for 2 pwm capacitive gaps Measured for fabricated Estimated for fabricated
capacitive gaps capacitive gaps

Drive Sense Drive Sense Drive Sense
Capacitive gap (p.m) 2 2 2.4 2.6 24 2.6
Capacitive anti-gap (pwm) N/A 6 N/A 6.3 N/A 6.3
Capacitance (fF) 1036 1792 991 1261 863 1378
dC/dx (F/m) (2.58)x 107 (6.72) x 1077 (179 x 1078 387)x 1077 (2.15)x 1078 (3.98)x 1077
8%C/x* (F/m?) N/A —0.6980 N/A —0.2965 N/A —0.3177
Mechanical spring constant (N/m) 138 185 131 161* 132 1592
Average beam width (pm) 6 6 59 5.7 59 5.7
Mechanical resonance frequency (Hz) 5424 6074 5275 5667* 5289 56242
Parasitic capacitance (fF) <10.7° <3.2b 3.17 2.87 - -
Voltage required for frequency matching (V dc) N/A 7.3 N/A 8.4 N/A 7.6

2 Includes only the extracted mechanical spring constant.
b Anchor size for the drive electrode is larger than that of the sense electrode.
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Fig. 4. SEM pictures of the fabricated gyroscope, showing (a) 25 wm-thick comb fingers with 2.6 wm capacitive gap, and (b) suspended sense-electrode of the

fabricated gyroscope.

7.3V, simply because of the capacitive gaps enlarge from 2 um
design values to 2.6 wm during fabrication process reducing the
effective electrostatic spring constant associated with the sense-
mode.

The quality factors of the SOI gyroscope for the drive- and
the sense-modes at atmospheric pressure are then measured to be
462 and 11, respectively. The lower quality factor of the sense-
mode is a result of higher air damping along the sense-mode due
to the high-aspect-ratio varying-gap type sense electrodes. Still,
the removal of the substrate portion under the vibrating mass
prevents a further reduction of the quality factors and yield sig-
nificant performance even at atmospheric pressure, as discussed
next.

The fabricated gyroscope is hybrid connected to a single-
ended CMOS capacitive interface circuit [7]. Fig. 6 shows the
schematic view of the CMOS capacitive interface circuit. The
capacitive interface circuit has high input-impedance in order to
buffer the high-impedance sensor output. High input impedance
is achieved by minimizing the parasitic capacitance associ-
ated with the CMOS chip using bootstrapping method, whereas
the parasitic capacitance associated with the gyroscope chip is
already minimized due to insulating substrate. The designed
capacitive interface circuit is fabricated in XFAB 0.6 pm CMOS
process and measures only 0.7 mm x 1.3 mm. Fig. 7 shows the
photograph of the fabricated SOI-MEMS gyroscope hybrid con-
nected to the CMOS capacitive interface circuit inside a 40-pin
DIL package.

Fig. 8 demonstrates the effective frequency tuning for
the sense-mode of the SOI-MEMS gyroscope. The sense-
mode resonance frequency of the gyroscope can be reduced
from 5.55kHz at 5V dc down to 4.72kHz at 13V dc by a
negative electrostatic spring constant. The total electrostatic
spring constant of the fabricated gyroscope is found to be
—(0.2965)V?, where V is the dc voltage across the varying-
gap type sense electrodes. The measured electrostatic spring
constant is in close agreement with the theoretically expected
value of —(0.3177)V? calculated for 2.6 wm capacitive gap
spacing.

The fabricated gyroscope is excited into self-resonance along
the drive-mode at atmospheric pressure using an electronic
positive-feedback loop. The estimated vibration amplitude of
the gyroscope is about 18.8 wm without introducing a significant
non-linearity, owing to its stress-relieving suspensions. Next, the
rate sensitivity of the gyroscope is measured using a single-axis
rate table. Fig. 9 shows the measured sense-mode raw output of
the SOI-MEMS gyroscope prior to demodulation, in response
to a sinusoidal angular rate input with an amplitude of 27°/s
and having a frequency of 10 Hz. At atmospheric pressure, the
mechanical rate sensitivity and total RMS electromechanical
noise floor are measured as 100 wVpeak/(°/s) and 2.5 wV/Hz!”2,
respectively. The noise-equivalent rate of the gyroscope then
corresponds to 90°/h in 1 Hz measurement bandwidth, which
is a remarkable performance for operation at atmospheric pres-
sure. The measured quadrature signal at the sense-mode output
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Fig. 5. Measurements of (a) drive and (b) sense-mode resonance characteristics
for the fabricated gyroscope using Agilent 4395A network analyzer and Karl
Suss micromanipulator probe station.

is less than 70°/s without applying any balancing scheme for
quadrature cancellation, owing to the fully decoupled structure
of the gyroscope.

The raw output of the gyroscope shown in Fig. 9 is then
demodulated by a carrier sampled from the output of the self-
resonating drive-mode of the gyroscope, and the resulting signal
is filtered through a simple first-order low-pass filter, providing a
dc output voltage proportional to the applied angular rate input.
It should be noted that the circuit blocks other than the CMOS
capacitive interface circuit are all constructed on a printed-
circuit-board (PCB), using off-the-shelf IC multiplier, op amps,
and passive components. Fig. 10 shows the measured dc out-
put of the gyroscope in response to constant angular rate inputs
from zero-rate up to £100°/s using 10°/s steps and then back to
zero-rate. Clearly, the gyroscope yields a repeatable response in
each measurement step and turns back to its original zero-rate
state without a significant hysteresis.

o "o HHE

o
-
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Fig. 6. Schematic view of the CMOS capacitive interface circuit.

.
o

Fig. 11 shows the input rate versus the output dc voltage
characteristics of the gyroscope. The gyroscope demonstrates a
scale factor of 15.2 mV/(°/s) in ameasurement range of £100°/s,
with 40 dB amplification of the raw sense output. The zero-rate
offset of the output is less than 20°/s, which is limited by the
demodulation phase error, arising due to the use of a low-cost
analog multiplier as a demodulator and due to the signal routing
on PCB. Using a balanced demodulator and improving signal
routing would yield the offset below 1°/s. The R?-non-linearity
of the measured scale factor is better than 0.02% within £100°/s
full scale. The remarkable linearity of the output is basically due
to the stress relieving flexures that provide linear deflections.

Fig. 12 shows the measured random variation of the out-
put bias of the fabricated SOI-MEMS gyroscope for a zero-rate
input. Bias stability of the fabricated gyroscope is above 1°/s for
short-term (100 s) navigation, which is dominated by the phase-
error and the drift of the low-cost demodulating electronics. The
fluctuations in the dc bias of the SOI handle wafer also affect
the overall bias stability, which can be minimized by using suf-
ficient number of optimally located substrate contacts in future
designs. The overall bias stability of the gyroscope is better than
7°/s for long-term (3 h) measurements.

The performance of the gyroscope is also evaluated at
20 mTorr vacuum ambient, using an amplitude-controlled drive-
mode resonance vibration amplitude of 18.9 wm. Fig. 13 shows
the measured sense-mode raw output of the gyroscope at
20 mTorr vacuum ambient, in response to a sinusoidal angu-
lar rate input with an amplitude of 27°/s and a frequency
of 10Hz. The rate sensitivity of the gyroscope improves to
above 2.4 mVpeak/(°/s), however, the RMS noise-floor also
increases to 22.4 MV/HZI/ 2. due to increased mechanical cross-
talk between the drive- and sense-modes at vacuum. These
measured values correspond to a noise-equivalent rate of 35°/h
in 1 Hz measurement bandwidth. The increase in the RMS
noise-floor due to the mechanical cross-talk at vacuum lim-
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Fig. 13. Measured sense-mode raw output of the gyroscope at 20 mTorr vac-
uum ambient, in response to a sinusoidal angular rate input with an amplitude of
27°/s and a frequency of 10 Hz. The rate sensitivity of the gyroscope improves
to above 2.4 mVpeak/(°/s), however, the RMS noise-floor also increases to
22.4 wV/Hz!?, due to increased mechanical cross-talk between the drive- and
sense-modes at vacuum.

its the performance improvement of the fabricated gyroscope
during vacuum operation. The increased mechanical cross-talk
is believed to be due to the susceptibility of individual sense
electrodes to rotational vibrations. The performance at vacuum
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Fig. 14. Measured real-time outputs of the drive and sense electrodes of the
gyroscope in the absence of an applied angular rate. Clearly, there exist a time-
varying signal at the sense output, and this signal has a frequency twice that of
the drive-mode resonance frequency.

can be increased significantly by further reducing the mechan-
ical cross-talk between the drive- and sense-modes with the
use of a more-rigid sense-frame, which is considered for future
designs.

Fig. 14 shows the measured real-time outputs of the drive and
sense electrodes of the gyroscope in the absence of an applied
angular rate. Clearly, there exist a time-varying signal at the
sense output, and this signal has a frequency twice that of the
drive-mode resonance frequency. Fig. 15 describes the source
for the double-frequency motion. The sense-mode electrodes of
the decoupled micromachined gyroscope structure of Fig. 1 are
quasi-stationary during the drive-mode oscillations, i.e., they do
not cause any motion along the sense-mode with a frequency
identical to the drive-mode frequency. However, the drive-mode
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Fig. 15. Source for the frequency-doubling at the sense-mode. The sense-mode electrode is pulled down twice during the completion of a single cycle of drive-mode

oscillations.
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oscillations cause another type of motion of the sense electrode
with a frequency twice that of the drive-mode oscillations, which
arises due to the small but finite axial stresses induced in the
flexible beams attached between the sense electrodes and the
proof mass. Fortunately, the double-frequency motion causes
a common-mode capacitance change at both sense electrodes,
which can be suppressed to a great extent by differential sensing
scheme. Still, it might be considered in future designs to build
a rigid mechanical connection between the differential sense
electrodes in order to suppress this double frequency motion,
which is another possible source for increased mechanical cross-
talk at vacuum.

5. Conclusions

This paper reports a new, high-performance SOI-MEMS
gyroscope with decoupled oscillation modes, demonstrating a
minimum-detectable angular rate of 90°/h/Hz"/? at atmospheric
pressure. This performance is impressive considering that it is
at atmospheric pressure, and it eliminates the need for vac-
uum packaging of the gyroscope for a number of applications.
The gyroscope provides a scale factor non-linearity of 0.02%
within £100°/s measurement range and has a low quadrature
signal of 70°/s. The bias stabilities of the gyroscope are deter-
mined to be better than 1.5 and 7°/s for short-term (100 s) and
long-term (3 h) measurements, respectively, dominated by the
demodulating electronics and substrate bias fluctuations. The
measured performance of the gyroscope at 20 mTorr vacuum is
35°/h/Hz!2, which can be further increased by improving the
mechanical structure to have a more rigid sense frame in the
future designs, by using on-chip balanced demodulators instead
of low-cost analog multiplier ICs, and by increasing the number
of substrate contacts.
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