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A Lateral-Axis Microelectromechanical Tuning-Fork
Gyroscope With Decoupled Comb Drive
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Abstract—In this paper, a silicon bulk micromachined lateral-
axis tuning-fork gyroscope (TFG) with a decoupled comb drive
and torsional sensing comb capacitors is presented. The novel
driving comb capacitors are used to suppress the parasitic out-
of-plane electrostatic force and, hence, can decouple the mechan-
ical crosstalk from the sensing mode to the driving mode in
a simple manner. The torsional sensing combs are designed to
differentially sense the out-of-plane rotational moment and are
arranged centroidally to be immune to fabrication imperfections
for good linearity and electrostatic force balancing. The torsional
sensing combs adopted in the TFG help to lower the air damping
of the sensing mode while the driving mode of the gyroscope is
dominated by slide-film air damping; hence, it can work even at
atmospheric pressure. The process for this lateral-axis gyroscope
can also be used to fabricate z-axis gyroscopes; therefore, low-cost
miniature monolithic inertial measurement units can be realized
without vacuum packaging. The TFG is tested at atmospheric
pressure with a sensitivity of 17.8 mV/°/s and a nonlinearity
of 0.6% in a full-scale range of 1000°/s. The bias stability is
measured to be 0.05° /s (1o) in 30 min with an equivalent noise

angular rate of 0.02° /s/Hz'/2. [2009-0229]

Index Terms—Decoupling, gyroscopes, lateral-axis gyroscopes,
microelectromechanical systems (MEMS), out-of-plane motion
sensing, tuning-fork gyroscopes (TFGs).

I. INTRODUCTION

LTHOUGH there are still great gaps between the per-

formances of micromachined and traditional gyroscopes
such as the ring-laser, fiber-optic, and dynamically tuned rate
gyroscopes, micromachined gyroscopes have attracted more
and more attention in recent years [1]. Gyroscope application
fields are greatly extended because of micromachined gyro-
scopes’ low cost, small size, and low power consumption [2].
Micromachined gyroscopes experienced rapid progress in the
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past two decades particularly with the utilization of the comb
drive [3]-[5]. Several microelectromechanical system (MEMS)
gyroscopes have been commercialized [6]-[9]. As for structure
designs, tuning-fork gyroscopes (TFGs) are the most popular
choices since TFGs can realize differential Coriolis acceleration
sensing to improve the sensitivity and linearity as well as to
suppress the sensitivity to linear accelerations [4], [5], [9],
[10]. However, most of the previously reported lateral-axis
TFGs use parallel-plate capacitors to sense the out-of-plane
motion, which needs high-cost vacuum packaging to obtain
good performance.

As one of the main error sources of a micromachined gyro-
scope, the mechanical coupling or crosstalk between the driving
and sensing modes must be suppressed [11]-[19]. Three kinds
of methods have been developed to reduce such mechanical
couplings. The first, called mechanical insulation here for con-
venience, is a pure mechanical method that employs indepen-
dent beams and extra masses or frames to isolate the two modes
mechanically. This method was first proposed by Geiger et al.
[11], and several different gyroscopes using such method were
reported [11]-[13]. Mechanical insulation can efficiently de-
couple the drive-to-sense (DTS) mechanical coupling and has
been widely adopted in many MEMS gyroscopes [9], [11]-
[13], [17], [19]. The second method is named electrostatic-force
compensation which adopts electrostatic forces to adjust the
misalignment of the driving mode [5], [14]-[17]. Kawali et al.
employed an adjustable dc bias voltage to reduce mechanical
coupling [14], Sharma et al. used force-feedback balancing
circuits to null the quadrature error in their z-axis TFG [5], and
Park and Horowitz and Painter and Shkel proposed adaptive
control and self-calibration methods, respectively, to suppress
the coupling [15]-[17]. However, the methods using dc bias
voltage and feedback control are sensitive to parameter vari-
ations [15], while the adaptive control and self-calibration
schemes increase the complexity of the control system. The
third method is mechanical trimming which utilizes laser or
focused ion beams to trim the spring beams or proof mass so as
to change the stiffness and/or adjust the vibration imbalance [9],
[18]. The disadvantage of such post-trimming method is that it
is time consuming and unsuitable for batch production [16].

Moreover, the DTS mechanical coupling that causes quadra-
ture error has been paid much attention, but the sense-to-drive
(STD) mechanical coupling, another nonideal sensor behavior
[13], has not been well investigated particularly for TFGs [4],
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[5], [10]. Geiger et al. used the mechanical insulation method
to decouple both the DTS and STD couplings, resulting in a
doubly decoupled gyroscope with one proof mass [13], [19].
However, decoupling both the DTS and STD couplings using
mechanical insulation requires a sophisticated structure [19].
Furthermore, since the out-of-plane motion is involved, such
doubly decoupled structures become even more complicated
for lateral-axis gyroscopes which are key components in tri-
axial monolithic gyroscope integration and miniature inertial
measurement units (IMUs) [2], [20].

In order to realize lateral-axis TFGs that can operate at
atmospheric pressure, low-damping out-of-plane displacement-
sensing capacitors are needed. The commonly used gap-
variable capacitors not only have drawbacks of small dynamic
range and possible pull-in instability when open-loop sensing is
used but also have large squeezed-film air damping [21]. There-
fore, they are not suitable for sensing at atmospheric pressure.
On the other hand, for overlap-area-changing mechanisms,
large gaps between the proof mass and the substrate can be
used to lower the squeezed-film damping without sacrificing the
sensitivity; thus, a large dynamic range can be achieved. Several
kinds of comb capacitors have been developed for out-of-plane
displacement sensing using overlap-area-changing mecha-
nisms, some of which were designed to sense the displacements
differentially by carefully arranging the comb fingers [20]-[24],
[27]-[33]. Selvakumar and Najafi reported a comb capacitor to
sense the torsional out-of-plane motion of a z-axis accelerom-
eter, but it can neither distinguish the acceleration directions
nor sense the rotational displacement differentially [21]. A
rotational sensing comb capacitor with different thicknesses of
neighboring fingers at the lower side has been developed in our
previous work to sense the out-of-plane displacement differen-
tially [20], [22]. A similar vertical comb capacitor was also pro-
posed by Tsuchiya and Funabashi [23], where the thicknesses
of neighboring fingers are different at the upper side. Although
such capacitors can differentially sense vertical motion, they
have large nonlinearity [23]. Xie and Fedder also reported a
vertical comb capacitor formed by multi-thin-film structures
fabricated by a CMOS-MEMS process [24], but it has the disad-
vantages of small capacitance and large temperature sensitivity.

Novel vertical or torsional comb capacitors with rotor and
stator fingers having the same thickness but different vertical
positions have been used either as vertical actuators to obtain
large out-of-plane displacement [25], [26] or as vertical or
torsional sensors to further improve the linearity of out-of-plane
sensing comb capacitors [27]-[33]. However, the gyroscope re-
ported in [29] and [30] is structurally asymmetrical and, hence,
in principle, is sensitive to z-axis acceleration. The gyroscope
in [27] and [28] has the same issue. In our more recent designs
[31]-[33], symmetrical lateral-axis MEMS gyroscopes with
torsional sensing combs were proposed, but the proof mass of
the gyroscope in [31] and [32] is relatively small and the beams
are double clamped. The thinning of the movable drive combs
in [33] results in a large critical dimension (CD) loss and poor
reliability.

In this paper, by adopting the torsional sensing comb ca-
pacitor design reported in [31]-[33] and introducing a special
driving comb capacitor design, a lateral-axis TFG that can
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Fig. 1. Schematic diagram of the TFG.

decouple both DTS and STD mechanical couplings and operate
at atmospheric pressure is presented. Moreover, folded sensing
beams are used to provide the freedom of out-of-plane torsional
displacements for the gyroscope. Because of its symmetric
structure and the arrangement of the torsional sensing comb
capacitors, the TFG can detect the out-of-plane rotation differ-
entially and be insensitive to external acceleration disturbances.
Furthermore, the centroidal topology of the torsional sensing
combs makes the TFG have good linearity with large full-scale
range even if some fabrication imperfections exist. The silicon-
on-glass (SOG) process for the TFG is also fully compatible
with the z-axis gyroscope process [27]-[34].

This paper is organized as follows. The design and working
principle of the TFG will be described in Section II, where the
decoupling principle and decoupled comb drive as well as the
torsional sensing capacitors used in the TFG will be discussed
in detail. Section III briefly introduces the fabrication process,
and test results will be given in Section IV followed by the
conclusion in the last section.

II. TOPOLOGY DESIGN AND WORKING PRINCIPLE
A. Structure and Operational Principle of the TFG

The schematic of the presented TFG is shown in Fig. 1. It is
a symmetrical structure with dual proof masses. The movable
comb fingers of the comb drives are rigidly connected with the
proof masses which are connected to a gimbal through several
driving beams. The movable sensing comb fingers are rigidly
connected to the gimbal which is linked to the anchors via
four sensing beams. The two proof masses are electrostatically
actuated to vibrate in opposite directions along the z-axis.
When there is an external rotation about the y-axis, the induced
Coriolis acceleration will force the proof masses to vibrate
oppositely along the z-axis and the torsional comb capacitors
can differentially sense the displacement.

The folded sensing beams are adopted to provide the freedom
of out-of-plane rotational displacements for the gyroscope. The
folded sensing beams are important for the TFG to obtain high
linearity, large dynamic range, and good bias stability because
they can release residual stresses [3], [4], [35].

Although high working frequencies are helpful to reduce
vibration and acoustic effects, high resonant frequencies also
reduce the sensitivity or require higher driving voltage partic-
ularly for those operating at atmospheric pressure [2], [16]. In
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Fig.2.  Working-mode simulation by ANSYS. (a) Driving mode (frequency =
3.23 kHz). (b) Sensing mode (frequency = 3.33 kHz).

order to achieve high sensitivity, the working frequencies are
designed to be about 3 kHz which are just above the typical
environmental noise bandwidth (> 2 kHz) [2]. The driving
and sensing modes are simulated using ANSYS, as shown in
Fig. 2. The driving and sensing mode frequencies are 3.23 and
3.33 kHz, respectively.

B. Decoupling Principle

Two different decoupling methods are adopted in the pro-
posed TFG. The DTS mechanical coupling is suppressed us-
ing the aforementioned mechanical insulation while the STD
mechanical coupling is decoupled through the newly designed
decoupling comb drive. The decoupling principle of the TFG
is schematically shown in Fig. 3. Fig. 4 shows the schematic
sectional view of the TFG to illustrate the decoupling principle
of the proposed comb drive in the device.

As shown in Figs. 3 and 4, the movable driving fingers
together with the proof mass are electrostatically driven to
resonate in the x-axis but the movable sensing comb will not
vibrate because of the constraint of the 1-D sensing beam.
Therefore, the sensing mode is decoupled from the driving
mode when there is no angular rate input. Upon a y-axis angular
rate input, the proof mass will vibrate along the z-axis because
of the induced Coriolis force and, at the same time, force the
movable sensing comb to move together. The movable driving
comb will also move with the proof mass along the z-axis in the
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Fig. 3. Schematic diagram of the decoupling principle used in the TFG.
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Fig. 4. Schematic sectional view of the TFG.
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Fig. 5. Schematic diagram of the doubly decoupling principle [13] adopted in

a lateral-axis gyroscope.

sensing mode since they are rigidly connected. As the movable
fingers are symmetrically higher than the fixed comb fingers,
when the displacement along the z-axis is within a certain
range, there will be almost no changes in the capacitance of the
comb drive. Therefore, nearly no electrostatic force along the
z-axis is applied on the movable driving comb. Hence, the STD
mechanical coupling can be suppressed. A detailed analysis
and discussion of this decoupling method will be given in the
following section.

As a comparison, the doubly decoupling principle based on
mechanical insulation in a lateral-axis gyroscope is schemati-
cally shown in Fig. 5, which is adopted from [19] and [27]-[31].
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Fig. 6. Schematic of the comb drive and the sectional view of one unit.

The movable comb of the comb drive together with the proof
mass is electrostatically actuated to resonate in the z-axis.
Because of the constraint of the sensing beam, the movable
sensing comb will not vibrate in the z-axis; thus, the DTS
mechanical coupling can be suppressed. Under an angular
rate along the y-axis, the proof mass will vibrate along the
z-axis because of the induced Coriolis force and will force
the movable sensing comb to move together through the 1-D
beam between the proof mass and the movable sensing comb.
However, the movable comb of the comb drive cannot vibrate
along the z-axis due to the constraint of the 1-D driving beam.
Hence, the STD mechanical coupling can be decoupled.

From Figs. 3 and 5, a conclusion can be drawn: Reducing the
STD coupling by the decoupled comb drive has two advantages
over the mechanical insulation method mentioned previously.
First, it can simplify the structure of the device particularly for
lateral-axis gyroscopes because two groups of 1-D beams and
the driving mass [13] become unnecessary in the decoupled
comb drive design. Second, the movable driving combs are also
parts of the proof masses; therefore, the total mass is increased,
which helps to improve the sensor performance particularly for
those working at atmospheric pressure where many groups of
comb drives are needed to obtain large vibration amplitude. For
the lateral-axis TFG proposed in this paper, the mass of the
comb drive is about 10% that of the proof mass.

C. Decoupled Comb Drive Design

The schematic of the proposed comb drive is shown in Fig. 6.
The height of the movable driving comb fingers h,,, is symmet-
rically higher/lower than the height of the fixed comb fingers A s

=
-
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o

o
-

E; E 0 1 2
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Fig. 7. Normalized z-axis force versus the normalized out-of-plane
displacement.

by Ah on both top and bottom sides. By properly choosing Ah,
there will be no disturbing electrostatic force between the fixed
and the movable driving comb fingers along the z-axis induced
by the drive voltage V. Thus, in the first-order approximation,
the STD coupling can be completely eliminated.

Fig. 7 shows the normalized z-axis force versus the normal-
ized out-of-plane displacement under different values of Ah.
While the normalized driving force Fy,/(e9V?) = 0.25 pm~!
for g = 4 pm, the forces are calculated based on the equations
in [36].

As shown in Fig. 7, the normalized force F/(goV?) for
the combs with equal height (Ah = 0) is inconstant and sub-
stantially large when compared with the desired driving force,
which will deteriorate the performance of a gyroscope if it is
not suppressed efficiently.

With the increase of Ah, F, /(e9V?) decreases and becomes
zero when the normalized displacement D, /g is within a
certain range. Furthermore, the zero-force range increases with
increasing Ah. Thus, the disturbing electrostatic force F, can
be efficiently suppressed by carefully choosing the parameters
of the comb drive. For example, F, can be neglected when
Ah >25¢gand D, /g € (—0.5,0.5). One can also come to the
same conclusion by simulation using numerical tools such as
ANSYS [37].

Higher aspect ratio structures can increase the proof mass
and thus improve the resolution and stability of the device,
but they also increase the difficulty of fabrication. Based on
the SOG process developed at Peking University (PKU), fine
silicon structures can be fabricated when the minimum gap
is 4 pm and the aspect ratio is within 20. Therefore, the gap
of the neighboring fingers of the comb drive is selected to
be 4 pm, and the thickness of the movable comb fingers and
the width of all the drive fingers are taken as h,, = 80 um
and wq, = 80 pm, respectively. Hence, Ah = 10 pum can be
selected in the TFG.

The length of the finger [,,, = Iy and the initial engaged
length of the fingers /4. are designed not only to allow a large
travel range for the proof masses but also to keep a constant
force—voltage relationship even when acceleration is present.
In the proposed TFG, a travel range of +10 pm is designed
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TABLE 1
MAIN PARAMETERS OF THE COMB DRIVE (IN MICROMETERS)
War g hm hf ldp lm (l f)
5 4 80 60 20 50

for the proof masses. As shown in Fig. 8(a), the minimum
engaged length [, ,;, can be set to 2¢g in order to obtain a
constant force—voltage relationship when the movable finger
has the maximum z-axis displacement [33]. On the other hand,
the electrostatic force at the tips of the fingers should be small
enough when the movable finger has a maximum —z-axis
displacement, as shown in Fig. 8(b). Therefore, the minimum
distance D, iy can be given by

1
Warg ) 2
0

where § = F/Fg, x 100 and F, and Fy, are the electrostatic
force at the finger tips and the drive force, respectively. Consid-

ering the operating environment such as external acceleration,
the initial engaged length [4. can be expressed as

Dimin > 10 ( )

lde > le min + 2l)dx + 2DACC (2)

where Dy is the displacement of the movable finger, D¢ =
Ace/(2nwg)? is the displacement caused by acceleration Acc,
and wy = 3.23 kHz is the resonate frequency of the driving
mode of the TFG.

Therefore, the length of the drive finger I,,, = [y = l4,, and

ldr > lemin + 2Ddx + 2DACC + Dtmin- (3)

When § = 5 and Acc = 50G ( G is the gravitation acceler-
ation), lg4e and l4, are 20 and 50 pm, respectively. The main
parameters of the comb drive are listed in Table I.

D. Torsional Sensing Comb

The torsional sensing comb design in this TFG can differ-
entially detect the rotational displacement induced by Coriolis
acceleration. It is also robust and insensitive to fabrication
imperfections. Moreover, the torsional sensing fingers are

z ., B B-B

Fig. 9. Two types of torsional sensing combs: (a) type A and (b) type B.

CB2

Cai
(b)

arranged to balance the electrostatic force induced by the bias
voltage on the sensing electrodes.

To differentially detect the out-of-plane rotational displace-
ments, two types of torsional sensing combs can be used, which
are shown in Fig. 9. The thickness of the comb fingers are the
same but the movable comb fingers are either higher (type A)
or lower (type B) than the fixed finger. When the movable
comb fingers have a rotational angle of 6, the changes in the
capacitances of the two types of combs can be described as [21]

ACA(Q) = CA1(9) — CAQ(Q) = 4?75()67"569 (4a)
ACp(0) =Cpi1(0) — Cp2(0) = —4%7@9 (4b)

where Iy is the engaged length of the sense finger, rg. is the
rotation radius of the center of the engaged finger, and g, is
the gap between neighboring fingers. The fringe capacitances
are neglected here.

The changes in the capacitances of the two types of combs
can also be simulated using numerical tools such as ANSYS.
Fig. 10 shows the simulated result of the increase of type B
capacitance versus rotational angle using ANSYS, where [, =
425 pm, 1y = 237 pm, gso = (4 pm, and the width, thickness,
and height differences in the z-axis of the fingers are 12, 70,
and 10 pm, respectively. For comparison, the calculated result
using (4b) is also shown in Fig. 10. The difference between the
calculated result and the simulated result is small; therefore, it
is reasonable to estimate the changes in the capacitances of the
combs by (4).

Therefore, both types of combs can differently sense the
rotational displacements with respect to the y-axis with good
linearity if the rotational angle is within a few degrees.

However, fabrication imperfections normally exist in high-
aspect-ratio silicon deep reactive ion etching (DRIE) [38]-
[40]. For example, the sidewalls of comb fingers are often not
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(a) Vertical and (b) upper sides are wider than the bottom side.

perfectly straight. Fig. 11 schematically shows a typical case of
torsional comb fingers with sloped sidewalls. By neglecting the
fringe capacitance and assuming that the center of the engaged
fingers has a AZ displacement, the capacitance for the cases in
Fig. 11(b) can be expressed as

elge 2(hge — Az) tan «
Az) = —-1 5
Car(Bz2) tan o . ( + gso + (Ahs + Az) tana) (52)
2(hse + Az) tan «
gso + (Ahs — Az) tana> (59)

else
CB](AZ) = m In (1 +

where gso and hg, are the minimum finger gap and the initial
engaged finger height, respectively.

Fig. 12 shows the relative changes of the capacitances
AC/C(0) calculated using (6) when o = 2°. If the two types
of combs are combined, such as C,.; = —C41 + Cpa, the lin-

0.8

02+ CorCar -

AC/C (0)
o

04} i
-06 ¢} 1

_0.8 1 1 L
-20 0 20

z-axis displacement (um)

Fig. 12. Relative changes of the capacitances.

Fig. 13.

Topology of the sensing comb.

earity of the capacitance changes of C.; will be more immune
to the fabrication imperfections than that of the capacitors
composed of only one type of torsional comb. As shown in
Fig. 12, the nonlinearity is reduced from 0.4% down to 0.04%.

Furthermore, in order to make the capacitors insensitive to
rotational displacements with respect to the x-axis, the two
types of combs are arranged symmetrically with a centroidal
topology, as shown in Fig. 13.

For such an arrangement, the changes in total sensing
capacitance Cs caused by a rotation about the y-axis can be
written as

AC; =2n[(Ca1 + Cp2) — (Caz + Cp1)] (6)
or
ACs =2n[(Ca1 — Ca2) + (Cp2 — Cp1)]. (N

Equation (6) indicates that the torsional combs with such an
arrangement can differentially detect the rotational displace-
ment with respect to the y-axis while (7) shows that C does
not change with the displacements of the movable fingers along
the z-axis.

Moreover, the electrostatic force along the z-axis induced by
the bias voltage on the sensing electrodes is also balanced by
such an arrangement. The cross-sectional view of the sensing
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TABLE 1II
MAIN PARAMETERS OF THE SENSING COMB (IN MICROMETERS)
Wr &g50 ty Ahg lx lse
12 4 70 10 450 425

fingers is schematically shown in Fig. 14. All the fingers
have the same thicknesses but different heights with a height
difference of Ah,. In order to balance the electrostatic force
in the z-axis, the overall layout of all the fingers is symmetric
with respect to the y-axis, as shown in Fig. 14. When a voltage
is applied to the sensing comb, electrostatic forces will be
generated along the z-axis, i.e., Fs,1 and F§,s, as shown in
Fig. 14. These two forces will be equal and counteracted.
Thus, the net electrostatic force, F, = Fi.o + F.1, 1S zero.
According to [33] and for the sake of the compatibility of
the fabrication processes with that of the decoupled comb
drive, Ahg is also 2.5 times the finger gap, i.e., gso = 4 pm.
Hence, Ahs, = 10 pm, and the thickness of the fingers ¢, is
70 pm. Based on our previous work and the optimization of
the capacitive sensitivity of the TFG, the width wj, length [,
and engaged length [y, of the sensing fingers are 12, 450, and
425 pm, respectively. The major parameters of the sensing
combs are listed in Table II.

E. Other Parameter Designs

The beams and the proof masses have the same thickness
of 80 pm, as discussed previously. A proof mass with a large
area helps to improve the performance, such as the noise floor
of the device, but this may decrease the capacitive sensitivity
because a larger proof mass increases the inertia moment
of the rotational sensing TFG. The area of the proof mass
is 2.1 mm x 2.4 mm in this design, and the device size
is 6 mm x 7 mm.

In order to decrease the squeeze-film damping, large gaps
between the proof masses and the substrate are needed. How-
ever, large gaps also increase the difficulty of fabrication of
the structures particularly for the decoupled comb drive and
the sensing combs. A gap of 30 um is used in the TFG
and other lateral-axis torsional sensing gyroscopes from our
group [29]-[33].

The dimensions of in-plane driving and out-of-plane sensing
beams are designed according to the proof masses and are listed
in Table III.

TABLE III
MAIN PARAMETERS OF THE BEAMS

Width Length Thickness Total
(um) (um) (um) number
Driving 10 500 80 16
beams
Sensing 25 360 80 4
beams
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Fig. 15. Main steps of the fabrication process.

III. DEVICE FABRICATION

The TFG with decoupled comb drives and torsional sensing
combs can be fabricated using a five-mask SOG process involv-
ing silicon/glass wafer bonding and DRIE, which is developed
at PKU and has been used in our previous work [1], [27]-[33].
Fig. 15 shows the main steps of the fabrication process. First,
the bottom sides of the comb fingers are defined by mask2
and DRIE (a). Then, the spacer between the glass substrate
(Pyrex7740) and the proof masses are formed by maskl and
the second DRIE (b). The electrical connections are formed
on the glass substrate by a lift-off process using mask3 (c).
After anodic bonding and KOH thinning (d), the structure
is prereleased by the third DRIE and mask4 (e). Then, the
structure is released by the last DRIE and maskS5, and the top
sides of the fingers are formed at the same time (f).

Although this process needs two more masks than the
z-axis gyroscope process reported in [34] to realize the height
difference of the comb fingers, the two processes are fully
compatible, which makes it applicable for the realization of
monolithic IMUs.

Fig. 16(a) shows a photo of a fabricated gyroscope. The die
size is 6.5 mm x 7.5 mm. Fig. 16(b) shows a scanning electron
microscopy (SEM) image of a closed-up view of the comb
drive. The finger width and gap of the comb drive are 4.5 and
5.0 pm, respectively. The gap is about 1 pum larger than the
designed value due to the DRIE CD loss. The finger length
and overlap length are 50 and 20 pm, respectively, leaving a
maximum travel range of 10 pm for the proof mass. Fig. 16(c)
shows a SEM of a closed-up view of the torsional sensing comb.
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Fig. 16. (a) Photograph of the whole device. SEM images of (b) the decoupled
comb drive and (c) the torsional sensing comb.

The finger width and gap are 12 and 4.5 pm, respectively. The
finger height difference is 8 pm, which is about 2 pum less than
the designed value.

IV. TEST RESULTS

The TFG was tested at atmospheric pressure. The frequency
responses of the two working modes are shown in Fig. 17,
which were tested using the dynamic analyzer Agilent35670.
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Fig. 17. Mode test. (a) Driving mode with resonant frequency = 3.05 kHz
and @@ = 340 and (b) sensing mode with resonant frequency = 3.23 kHz and
Q =4.5.
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Fig. 18.  Schematic of the coupling test setup of the TFG.
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Fig. 19. Coupling test result.

The ) factor of the driving mode is 340, which is much
larger than that of the sensing mode, which is only 4.5. This
is because the squeezed-film damping between the proof mass
and the substrate is still significant due to the large overlap
area even though the gap is as large as 30 pym. Thus, improved
performance can be expected when the TFG works in a vacuum
environment. Perforated proof masses can also be used to lower
the damping.

Fig. 18 shows the implementation of the coupling test setup.
The test result of the coupling between the two working modes
is shown in Fig. 19. The coupling from the driving mode to the
sensing mode is —41 dB, while the coupling from the sensing
mode to the driving mode is —50 dB, which indicates that the
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Fig. 21. Bias drift of the TFG in half an hour.

efficiency of the decoupled comb drive is as good as that of the
mechanical isolation method.

As there are several cross-coupling sources such as electro-
static, electromechanical, and mechanical couplings [18], resid-
ual cross-coupling may exist when only one decoupling method
is adopted [19], which can be seen in Fig. 19. Because the
mechanical isolation and decoupled comb drive can suppress
most of the cross-coupling, the residual cross-coupling can be
nulled by other decoupling methods such as electrostatic-force
compensation [5], [9].

The scale factor, bias drift, and noise spectrum of the TFG
were also tested. The schematics of the control and readout
electronics of the TFG are intensively introduced in [41].

The relationship between the outputs of the TFG under
different input angular rates is shown in Fig. 20. With a full
range of 1000 ° /s, the TFG has a sensitivity of 17.8 mV /° /s and
the nonlinearity is 0.6%. The measurement range is 500 ° /s,
which is limited by the maximum angular rate of the rotating
rate table. The basic sensitivity of the TFG is 31.7 aF/°/s
and the electrical gain of the capacitance/voltage converter
is 3.55 pV/aF.

The output of the TFG under zero input has been recorded
for approximately half an hour, as shown in Fig. 21. The
standard deviation of the output under zero input is defined
as the bias stability of the TFG in this paper. For 30 min, the

i Pwr Spec 1
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Mag (Log) -

1E-06 : :
0 Hz 100 Hz

Fig. 22. Noise spectrum analysis of the TFG.

TABLE IV
PERFORMANCE OF THE LATERAL-AXIS
GYROSCOPES DEVELOPED AT PKU

2006 2009
2005 [27)/ 2008  Vibrate This
Y
o [22] 2009 [29]  wheel FF 3(]} work
[28] [31] °
Measurement
o 240 400 300 450 400 500
range *(°/s)
Sensitivity )
(mV//s) 0.8 6.7 3 3.1 2.9 17.8
Nonlinearity
%) N/A 0.51 1.1 0.77 0.9 0.6
Noise Y
(/s/HZ"?) 0.1 N/A 0.1 0.45 0.035 0.02
Bias (f,t/*s‘l)"hty NA  NA  NA NA  NA 005
Sensitive to
acceleration Y Y Y N N N
in principle

TFG has a bias stability of 0.05 °/s (1), resulting into the
86-dB dynamic range of this TFG. Considering the limit of the
turntable, even higher dynamic range can be anticipated. Long-
term stability and the error sources of the TFG are still needed
to be investigated in the future.

Fig. 22 shows the output noise spectrum analysis after a
25-Hz cutoff low-pass filtering using the Agilent35670
analyzer. The equivalent noise angular rate is calculated to be
0.02 °/s/Hz'/2.

The performance of this TFG and the performances of other
lateral-axis gyroscopes developed at PKU are listed in Table I'V.
Overall, this TFG has the highest resolution and a good bias
stability. However, the resolution of the TFG still has a large
gap when compared with high-vacuum-packaged MEMS gy-
roscopes [5], and the bias stability is not as good as those of
capacitive MEMS gyroscopes from industry [6]-[8].

V. CONCLUSION

A doubly decoupled lateral-axis micromachined TFG with
decoupled comb drives and torsional sensing comb capacitors
has been successfully demonstrated. Because torsional sens-
ing area-changing comb capacitors are used and the driving
mode of the gyroscope is dominated by slide-film air damping,
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the TFG can work even at atmospheric pressure. Due to the
centroidal topology of the sensing combs, the TFG can not
only differentially detect the rotational displacement but also
significantly reduce the nagative effects caused by fabrication
imperfections and can balance the electrostatic force along the
z-axis. The TFG is fabricated with a five-mask SOG process
and tested at atmospheric environment. The measured coupling
from driving mode to sensing mode is —41 dB while the
coupling from sensing mode to driving mode is —50 dB. The
result indicates that the proposed novel comb drive can effi-
ciently decouple the mechanical crosstalk from sensing mode
to driving mode, the decoupling capability of which is proved
to be as good as the mechanical insulation method used for
the decoupling of driving to sensing mode. The successful
combination of the two decoupling methods can simplify the
structure of the sensor and also increase the effective proof
mass within the same chip area, since the movable driving
combs are also part of the proof mass, which is particularly
important for the development of low-cost gyroscopes working
at atmospheric pressure. The sensitivity is 17.8 mV/°/s, and
the nonlinearity is 0.6% with a full scale of 1000 °/s. The
bias stability in 30 min is 0.05 °/s (1o), and the noise floor
is 0.02 °/s/Hz'/2.

However, there are some limitations to the TFG; for example,
the fabrication process is more suitable for a bulk micromachin-
ing process than for a surface process as comb fingers need to
be thinned on both top and bottom sides.

Although the area-changing comb capacitors can lower the
air damping between the movable and fixed sensing electrodes,
the quality factor of the sensing mode of the TFG is still as low
as 4.5 when working at atmospheric pressure. This is because
the proof masses have a very large area (2.1 x 2.4 mm?) and
the squeezed-film air damping is still significant even a large
gap of 30 pum is used. To further improve the performance of
the gyroscope, the gap should be increased or perforated proof
masses and/or vacuum packaging could be used.
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