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Design and fabrication of bulk micromachined tunneling
gyroscope with fan-shaped comb drivers

WANG Ling-yun, LI Wen-wang, ZHUANG Gen-huang, SUN Dao-heng
(Department of Mechanical and Electrical Engineering , Xiamen University , Fujian 361005, China)

Abstract: A bulk micromachined vibratory tunneling gyroscope which employs the high displacement
sensitivity of quantum tunneling to obtain the desired resolution has been developed. The device con-
sists of fan-shaped comb drivers which can oscillate and an out-of-plane silicon cantilever linked up to a
substrate suspended by springs. Because of adopting a solid-mass silicon structure to get the larger
proof mass, the new ultracompact device can provide extremely high sensitivity and a wide dynamic
range. Based on the modal analysis by a Finite Element Method(FEM), the structure dimensions are
optimized according to resonant frequency matching of the driving mode and the sensing mode. Simu-
lation results demonstrate that the gyroscope owns the sensitivity of 0. 007 nm(°)/s at atmospheric
pressure, which also shows the Deep Dry Silicon on Glass (DDSOG) process can be used to fabricate
not only the micro-machined tunneling gyroscope but also other sensors and actuators.
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1 Introduction

With the emergence of MEMS technology Since
the late 1980s, the micromachined gyroscope as
a rate sensor has received considerable attention
for its applications in automotive and aerospace
systems due to its low costs, low power con-
sumption, low temperature drifts, small sizes,
long lifetimes and exciting market demands .
Various MEMS gyroscope designs have been re-
ported®". However, they failed to achieve per-
formance levels compared to their optical and
macro-mechanical counterparts in high-precision
application such as space and tactical/inertial
navigation. To achieve sub-deg/hr rate resolu-
tion, a vibratory gyroscope must adopt very sen-
sitive detection means in detecting small defec-
tion caused by Coriolis force besides very high
mechanical quality factors of both the driving
and sensing modes, large proof mass, a small
difference in the resonant frequencies of the two
modes and large drive amplitude. This calls for
innovative designs and radical advances in fabri-
cation technology™™. For the exponential de-
pendence of the tunneling current with electrode
gap separation, tunneling effect sensor has the
advantage over the more common capacitive, pie-
zoresistive, and piezoelectric displacement transduc-
ers in that the critical sensing area is greatly re-
duced. This allows the device to be scaled down
to extremely small size, without sacrificing elec-
tronic signal-to-noise. Based on these character-
istics of tunneling effect, many groups have rec-
ognized the utility of transforming the high dis-
placement sensitivity of the tunneling effect into
high sensitivity sensors, also including tunneling

[0 However, these earlier devices

gyroscope
were fabricated with surface process that was
difficult to provide large proof mass and yielded

failure primarily due to residual stress, thus lim-

iting commercial development. In an effort to e-
liminate these disadvantages and improve the
performance of microgyroscope, we have intro-
duced an out-of-plane, solid-mass silicon tunne-
ling gyroscope that incorporates large proof mass
per unit area, large amplitude change of silicon
tip per unit angular velocity and out-of-plane op-

eration with fan-shaped comb drivers.

2 Design and simulation of gyroscope

2.1 General description of tunneling gyroscope

A simple schematic diagram of the vibratory tun-
neling microgyroscope, which senses x-axis rota-
tion, is shown in Fig. 1. The microgyrsocope is
based on silicon-on-glass compound structure
through silicon-glass anodic bonding technique.
The DRIE technique is used for comb driving
finger etching. The anchor bonded with the
glass substrate supports the silicon cantilever
and comb drivers by sensing beam, which are
floating 4 pm above the substrate and free for
sensing and driving vibration. The deflection e-
lectrode under the proof mass, which is fabrica-
ted by spurting gold on the glass substrate,
could deflect cantilever into the tunneling posi-
tion. The silicon tip at the end of the cantilever
is used to sense the vibration of the silicon frame
at Z direction. The undeflected gap spacing be-
tween the silicon tip and detected electrode is
typical about 1 pm. During the operation, alter-
nating electrostatic forces on the movable fan-
shaped driving fingers induce vibration of the
proof mass along Y direction, which is called
driving mode. If there is an angular velocity a-
long the X direction, the proof mass will experi-
ence an alternating Coriolis’ force along Z direc-
tion. This in turn will excite the cantilever to vi-
brate along Z direction, which is called sensing
mode. The tunneling gap between silicon tip and

detected electrode will be changed due to the
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sensing vibration along Z direction. By measur-
ing the tunneling current change, we can get the

value of the angular velocity.

Fan-shaped movable comb drivers and proof mass

%Combh
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Sensing beams ‘
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Fig. 1  Schematic diagram of bulk- micromachined

tunneling gyroscope

2. 2 Electrostatic driving in fan-shaped comb
drivers

Many choices are available for microgyroscope

driving. Among them, fan-shaped electrostatic

driving is the most attractive for its large al-

lowed displacement at the out of the radius and

constant driving moment unrelated to the vibra-

tion angle. As shown in Fig. 2, Movable driving

Fig. 2 Schematic diagram of fan-shaped electrostatic

driving

fingers extrude from the edge of the proof mass.
Electrical driving voltage V is applied between
fixed and movable fingers. Assume the overlap
of finger angle as 0, finger gap as g, finger
width as w, device thickness as &, the first inner
finger radius as R,, and there are n number of
movable fingers in each side of proof mass. The

electrostatic driving moment is:

M, = ) S@Z'[le + 4k —3) (wt @) + 2w] .
k=1

(D
2.3 Dynamic analysis of the microgyroscope
Assume ¢ and ¥ are the rotation angle of proof
mass I, and Iy and are the moment of inertia a-
long Z and Y directions separately. D, and D,
are the damping ratio of the driving and sensing
modes separately, £, and ky are the spring con-
stants of the driving and detection modes sepa-
rately. M, is the amplitude of the driving mo-
ment. » is the frequency of the driving force.
The angular velocity 2 is along X direction. As-
suming linear springs and damping, for a MEMS
vibratory microgyroscope, the mathematical
model can be represented by the following two

differential equations-" ;

I,a+Dya+ka=M,sin wt , (2)

Ly +Dyy +hyy=210a (1) . (3)

Assume the vibration max angle of the driving

mode is ay. Solving above differential equations

we can have the vibration angle ¥, of the sensing
mode as;

7.= 20awwq .

(@) T g ()

Where wq and w, are the resonant frequencies of

the driving and sensing modes separately. Q, is
quality factor of the driving mode.

For the tunneling current sensing structure,
when there is a displacement change A, in the Z

direction, the detected tunneling current will

bel?
A=AV, /Pe “0®A _, (5)

Where V., is tunneling bias voltage across the e-
lectrode,A is a constant,d, is the original tunne-
ling gap, and @ is the tunneling barrier height.
The tunneling current Al is proportional to the
value of vibration amplitude A, in the Z direction
as well as the input angular velocity Q. There-

fore the angular velocity 2 can be measured by
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determining the tunneling current. Assume L is
the distance of tunneling tip to the anchor. So
the sensitivity of the vibration tunneling micro-
gyroscope Sy, which is an important feature of

all sensors, can be described as:

_dar_ 24V Lariwa /@

dQ ; wi\' 7T wr )’
NERIEER
(6)

This equation indicates that in order to ensure

Sd e*/\doﬁ.

enough sensitivity, it is very vital to precisely
match the resonant frequencies of driving and
sensing modes. Increasing quality factors of the
vibration can also help to improve the sensitivi-
ty.

2.4 Performance of the gyroscope

The mechanical behavior of the microgyroscope
was analyzed using a lumped-mass and FEM
models simultaneously. According to above a-
nalysis, an optimized design for the mcirogyro-
scope is proposed. ANSYS simulation is used to
extract the resonant frequencies of driving and
sensing modes. The resonant frequencies of the
driving and sensing modes are 7 019 Hz and 9
730 Hz separately for optimized design gyro-
scope. We intentionally set sensing frequencies
to be 27. 8% larger than driving frequencies to
electrostatic stiffness

tolerate the softening

effect of sensing beams and expect a proper

bandwidth"'*, The frequency of the third mode
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Fig.3 Calculated amplitude of tip at different angu-

lar velocity

is 25 718 Hz, three times larger than the former
modes. As shown in Fig. 3, the amplitude of sil-
icon tip deflection produced by a distributed Co-
riolis force is linear with angular velocity input.
The simulated device performance parameters at
the atmosphere pressure are listed in Tab. 1.
These results demonstrate that the gyroscope
has the sensitivity of 0. 007 C (°)/s, which is

larger than that fabricated by surface process/!.

Tab.1 Simulated performance for gyroscope

Performance parameters Values
Driving mass 46.4 pg
Sensing mass 70.6 pg

Rotary stiffness of driving mode 2.45X10° uN « pm

Spring constant of sensing mode 260.9 pN/pum
Driving mode resonant frequency 7 019 Hz
Sensing mode resonant frequency 9 730 Hz

Displacement sensitivity 0.007 nm(*)/s

3 Fabrication

This microgyroscope fabrication is based on
DRIE of single crystal silicon on glass substrate.
It is different from other groups using surface
process due to small Hooke's constant in the out-
of-plane direction, but the DRIE process, which
has the distinct advantages of large proof mass,
lower residual stress and single silicon structure,
has been used for an out-of plane tunneling gyro-
scopel’ ™ The deep dry silicon on glass
(DDSOG) process, which includes silicon etch-
ing, electrodes on the glass, anodic bonding, the
silicon thickness reduction and silicon deep etch-
ing on the back side, has finally been utilized to
fabricate the tunneling microgyroscope. SEM
picture of gyroscope and silicon tip are shown in
Fig. 4 and Fig. 5 and a close-up view of fan-

shaped comb drivers in Fig. 6.
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Fig.4 SEM photo of a micromachined tunneling gyroscope
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Fig.5 Silicon tip
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Fig. 6 Close-up view of fan-shaped comb drivers
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