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Abstract: This paper proposes a novel gear-like disk resonator (GDR). The design, fabrication, and
characterization of GDR are presented. In comparison with a ring-like disk resonator (RDR), a GDR
replaces the circular rings with meander-shaped rings consisting of linear beams. The finite element
method (FEM) is implemented, and the simulation results show that the GDR has a much lower
frequency and effective stiffness, higher quality factor (Q), and better immunity to crystal orientation
error. Affected by high Q and small frequency splits, the mechanical sensitivity (S,,..) is shown to
increase greatly. GDR and RDR with the same structure parameters are built side-by-side on the same
wafer, and prototypes are fabricated through the SOI fabrication technique. The frequency response
test and ring-down test are implemented using a readout circuit under a vacuum condition (5 Pa)
at room temperature. The frequency split (9.1 Hz) of the GDR is about 2.8 times smaller than that
(25.8 Hz) of the RDR without electrostatic tuning. Compared with the RDR, the Q (19.2 k) and decay
time constant (0.59 s) of the GDR are improved by 145% and 236%, respectively. The experimental
results show great promise for the GDR being used as a gear-like disk resonator gyroscope (GDRG).

Keywords: gear-like disk resonator; quality factor; mechanical sensitivity; frequency split

1. Introduction

Micro-electro-mechanical system (MEMS) vibrating gyroscopes are the dominant
technology used in consumer, industrial, and aerospace fields due to their small size, low
power consumption, low cost, and batch fabrication [1]. In types of MEMS gyroscopes, the
disk resonator gyroscope (DRG), especially the ring-like disk resonator gyroscope (RDRG),
has become an attractive candidate because of the symmetry of the resonator structure, low
anchor loss, large modal mass, and immunity to external vibrations [2].

A DRG is based on the energy transfer between drive mode and sense mode induced
by Coriolis force [3]. Sy is the ratio between the amplitude of sense mode and the input
angular velocity, which is an important performance parameter for DRGs. Due to the
micro-scale of the resonator, S, should be improved to prevent the weak angular signal
of the gyroscope from being submerged by noise. The design strategy indicates that the
main way of improving S, is to increase the Q value or reduce the frequency split [4].
Thermoelastic damping (TED) is considered as the main energy dissipation mechanism in
DRGs. Under the condition of ultra-vacuum, it imposes an upper limit on the achievable Q
of DRGs working in the elliptical mode [5]. Therefore, thermoelastic quality factor (Qrgp)
improvement is the main target in the optimization of DRGs. Some researchers have studied
the influence of structural parameters of DRGs on the Q. The results show that optimizing
DRGs’ structural parameters can effectively improve the quality factor limited by TED [5-7].
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The optimum spoke length distribution (SLD) is obtained by using the particle swarm
optimization method, and the Q is greatly improved [8,9]. Some studies use the stiffness-
mass decoupling method to improve Q by adding masses on the DRG frame [10,11]. This
method can also be used to lower the resonant frequency for a given resonator size or
reduce the resonator size for a given resonant frequency. Thermoelastic dissipation occurs
in any material that experiences thermal expansion, and selecting materials with a low
coefficient of thermal expansion can also improve Qrrp [12].

Frequency split is the difference between driving frequency and sensing frequency,
which is mainly caused by the non-uniformity of a material and asymmetry in the struc-
ture [11]. Structural design and optimization can influence the immunity of DRGs to crystal
orientation error and fabrication error [13]. Honeycomb-like disk resonator gyroscopes
(HDRGs) [14] and cobweb-like disk resonator gyroscopes (CDRGs) [15] have achieved
good results in reducing frequency split. Electrostatic tuning is a widely used method to
reduce frequency split in DRGs because of its simple implementation and wide applicabil-
ity [16-19]. However, this method requires a high tuning voltage when the frequency split
is large, and it is difficult to control the magnitude of large voltages with high precision [20].
Structural trimming is a common practice for the frequency matching of the two operating
modes. Laser trimming [21], directional lapping [22], and tailored etch profiles [23] are
widely used in the precision mode matching of micro-gyroscopes. Improving processing
technology can obtain a higher symmetry resonator; this method has the ability to keep the
frequency split below 1 Hz [24].

In this paper, we proposed a novel resonator for gyroscope application. The structure
was made up of meander-shaped rings consisting of linear beams that were interconnected
by spokes, which had the potential to provide higher Qrgp. The expression of S
considering frequency split was derived, and it was proved via the FEM that the GDR
had higher S, than the RDR because of its lower stiffness, higher Q value, and smaller
frequency split. The prototypes of GDR were fabricated through the SOI fabrication
technique, together with a conventional RDR on the same wafer. The basic characterizations
of the GDR and RDR are presented for comparison.

2. Design and Analysis
2.1. Structure Design

A GDR is topologically reformed from the traditional nested-ring disk resonator. It
consists of a central anchor, concentric meander-shaped rings, spokes, and some electrodes
around the resonator for driving and detection, as shown in Figure 1a. In contrast to an
RDR, a GDR consists of two kinds of straight beams with different lengths instead of a
concentric ring frame, and the lengths of all short beams are the same. Compared with the
arc-shaped structure, the micromachining technique has higher adaptability to the linear
structure [25]. Therefore, a GDR is more immune to fabrication error. The straight beams
between the same layer are connected end to end, and different layers are interconnected
by shared spokes. The meander-shaped rings are parallel to each other, and the spokes are
perpendicular to the short beams at the junction with the rings. The side of the electrodes
facing the resonator is paralleled to the outermost ring; it is more similar to a parallel plate
capacitor. A GDR operates at the second elliptic degenerate mode, which is composed
of a 0-degree mode and a 45-degree mode. Ideally, the two degenerate modes will have
the same resonant frequency and similar modal shape, as shown in Figure 1b. When the
gyroscope is operating, an electrostatic force is applied to the driving electrodes, and the
0-degree mode is stimulated to vibrate with a constant amplitude. Meanwhile, the vibration
of the 45-degree mode is excited by the Coriolis force induced by the rotational angular
velocity. The amplitude of the 45-degree mode is proportional to the input angular velocity,
so the angular velocity can be measured by detecting the amplitude.
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Figure 1. Design strategy: (a) the structure of GDR; (b) the working mode of GDR.
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The basic structure parameters of the GDR studied in this paper included the radius
of the anchor (r), radius of the outermost ring (R), long beam length (L;,), short beam
length (Lg,), bending angle (0), ring width (H), structure thickness (T), spoke length (L),
and the number of rings (N), as shown in Figure la. L;, was determined by 6 and Lg,.
The resonant frequency of the GDR could be changed by adjusting 6 and Ly, while other
structure parameters were determined. A low-resonant frequency would reduce the shock
resistance of the device, and a higher resonant frequency would reduce the quality factor.
In this paper, a compromise design scheme was chosen: 6 was set as 130° and Ly, was set

as 80 pm. The final design scheme is shown in Table 1.

Table 1. Structure parameters of GDR.

Structure Parameters Value
Anchor radius (7) 1300 pm
Outer radius (R) 3615 um

Short beam length (Lgy,) 80 um
Bending angle (6) 130°
Ring width (H) 20 um

Structure thickness (T) 60 um

Spoke length (L) 190 um

Ring number (N) 10
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2.2. Theory

Considering the asymmetry between the drive mode and sense mode, which is caused
by the unequal stiffness and damping of the drive axis and the sense axis, the dynamic
equation of the GDR can be expressed as follows [26]:

Meprd a(t) + 1494 () +kaga(t) = Farive

. . 1
merrdp(t) +vpqp(t) +kpq(t) = Feoriolis M)

where 4, k4, and g4(t) are the damping coefficient, effective stiffness, and vibration
displacement of the drive mode, respectively; g, kg, and gp(t) are the damping coefficient,
effective stiffness and vibration displacement of the sense mode, respectively; g, Fayive,
and Fcyigris are the effective mass, driving force generated from applied voltage, and
Coriolis force caused by input angular velocity, respectively.
When the DC part and double-frequency part in F,;y is ignored, Fg;y can be simpli-
fied as [27]:
Farive = Fosin(wat) ()

where Fy is the amplitude of drive force; ws = /ka/m,yy is the resonant frequency of

drive mode.
When angular velocity (Q?) is inputted, Coriolis force is generated, which is given
as [28]:
Feoriotis = 2nAgi,sr Qg 4 (t) ©)

where 7 is the circumferential wave number and Ay is the angular gain. For a DRG working
at n = 2 wineglass mode, Equation (1) can be simplified according to Equations (2) and (3)
as below:

Mepfia(t) +7aq4(t) +whmerpqa(t) = Fosin(wat)

J ; : 4
Mef il (1) + Vi (£) + Wterqn(t) = AAgimgr O 4 (1) ()

where the wg = | /kp/m,fy is the resonant frequency of sense mode. The quality factor of
the drive mode and sense mode can be given as:

Qa = (wamepr)/va

Qp = (wpmesr)/ 18 ©)

The driving amplitude (g4¢9) and sensing amplitude (gpp) can be derived from
Equations (4) and (5):

A
4Agmf_,ff0wA/kB (6)

qBo = - 5
V- T (g 2’
Then, the mechanical sensitivity S, can be derived [29]:
4A.QaFowa
2 2
kay/ ( — wh)” + (U5
The mechanical sensitivity can be maximized when there is no frequency split
(wa = wg):

@)

Smech =

®)

where wy is the resonant frequency when there is no frequency split (wy = w4 = wg); Q
is the quality factor when there is no frequency split (Q = Q4 = Qp). It follows that the
mechanical sensitivity should be improved by increasing the quality factor or reducing the
frequency split.
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2.3. FEM Simulations

To verify that the GDR has better performance and immunity to crystal orientation
error than the RDR, the FEM was used to compare the two kinds of disk resonators through
COMSOL Multiphysics. In the simulation process, the structure parameters of the GDR
and RDR were the same.

We used the modal analysis and thermal expansion analysis of the software to solve
the frequency and quality factor and used Equation (8) to solve the mechanical sensitivity.
In order to reduce the computational effort, the constraints could be equated. The principle
of equivalence was that there was no effect on the results of the FEM before and after
equivalence. The central anchor was not displaced because it was fixed to the substrate,
and no temperature gradient due to deformation was generated. Therefore, the constraint
that the central anchor was fixed to the substrate could be equated: the central anchor was
deleted and the fixed constraint was applied to the contact surface of the central anchor
and the spokes, as shown in Figure 2. The material of the resonator was isotropic silicon,
and the values of material parameters are shown in Table 2.

Figure 2. The equivalent constraint in COMSOL Multiphysics.

Table 2. The value of material parameters used in FEM calculation.

Material Parameters Value
Elastic modulus (E) 170 GPa
Thermal conductivity (x) 130 W/(m-K)
Coefficient of thermal expansion («) 26 x10701/K
Constant pressure heat capacity (Cp) 700]/(kg-K)
Density (p) 2329 kg/m?>
Poisson’s ratio (v) 0.28

Without considering the frequency split, the resonant frequency, effective stiffness,
Qrep, and S;;.¢; of the GDR and RDR were compared, and the simulation results are shown
in Figure 3. Compared with the RDR, the resonant frequency of the GDR was reduced
by 33.1%, the effective stiffness was reduced by 61.7%, the Qrrp was increased by 19.9%,
and the S, was increased by 450%. The simulation results demonstrate that the overall
performance of the GDR was better, its effective stiffness and resonant frequency were
significantly reduced, and its Qrgp and S, were significantly improved.
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Figure 3. Performances comparison between GDR and RDR.

The elliptical flexural modes of DRGs have a high demand for symmetry. A single-
crystal silicon wafer cut in the (111) plane (Si (111)) has isotropic mechanical properties,
and it is an attractive material to manufacture DRGs. However, due to the limitations of
microfabrication technology, there is an error in the process of fabricating Si (111) wafers,
which is manifested by the fact that the crystal plane of actual (111) and ideal (111) is not
the same; there is a pinch angle («) between them, which can be expressed as the crystal
orientation error. This error leads to the stiffness asymmetry of the resonator, which will
increase the frequency split and reduce S;;,c;. The finite element model of crystal orientation
error can be built in COMSOL Multiphysics by performing tensor transformation [30]. The
frequency mismatch between the drive mode and sense mode can be characterized by the
relative frequency split:

|wa — w|
"= (wa+wp)/2 )

The value of w4 and wp affected by the crystal orientation error of the GDR and RDR
were calculated, and the effects are shown in Figure 4. It is clear that the increase in 17 was
almost linear with increasing «. Therefore, the value of # can be expressed as follows:

n=A-u (10)

where A is the slope in Figure 4 and represents the sensitivity of the frequency split to a
crystal orientation error. The values of A could be calculated to be 1743.84 ppm/deg and
321.64 ppm/deg for the RDR and GDR, respectively. It is clear that the value of A of the
GDR was much smaller than the RDR, and it can be concluded that the GDR had higher
immunity to crystal orientation error than the RDR.
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Figure 4. Effects of a on frequency split.
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3. Fabrication Processes

The prototypes of the GDR and RDR with similar structure parameters were placed
side-by-side on the same wafer and were fabricated using the Silicon-On-Insulator (SOI)
process. The wafer-level fabrication process flow is shown in Figure 5. A 4-inch SOI wafer
with a 60 pm (111) single-crystal silicon device layer was used as the structure wafer, and
a 4-inch BF33 glass wafer was used as the substrate wafer. (a) The surface of the device
layer of the SOI wafer was cleaned. (b) The device layer of the SOI wafer was etched via
DRIE at a depth of 5 um, and the anchor point support structure was fabricated. (c) Anodic
bonding was carried out between the etched SOI wafer and the glass wafer. (d) The handle
layer and buried oxygen layer were removed by polishing and etching. (e) A 400 nm thick
aluminum (Al) layer was sputtered and patterned to form the wire bonding pads. (f) The
resonator structure was formed in the device layer via photo-patterning and deep reactive
ion etching (DRIE). The scanning electron microscope (SEM) images of the GDR and RDR
are shown in Figure 6.

8 N
| |N—
(©)

T O
(e) ®

S1 S10, Al

(d)

Glass

Figure 5. Fabrication process flow of GDR and RDR.

Figure 6. SEM images of fabricated GDR and RDR: (a) overview of GDR; (b) overview of RDR;
(c) detailed view of GDR; (d) detailed view of RDR.
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4. Resonator Characterization

A GDR and RDR with the same structure parameters were fabricated successfully. To
further verify the performances of the GDR, a frequency response test and ring-down test
were implemented. A schematic diagram of the experimental setup is shown in Figure 7.
During the test, the resonators were placed in a vacuum probe station with a chamber
temperature of 25 °C and a pressure of 5 Pa. Switch S1 was used to switch between two
test modes.

Amplifier BPF

Resonator

Amplifier

Driving |
DC Bias I Sensing
]
1

Figure 7. Experimental setup for frequency response test and ring-down test.

Tuning

4.1. Frequency Response Test

The frequency response test was performed to characterize the basic performances of
the GDR and RDR. The drive electrodes of the resonators were connected to the output
interface of the network analyzer (Keysight E5061B) which could produce a 5 Hz-10 MHz
swept AC signal to drive the gyroscope. The capacitance signal of the resonator was
converted into an AC signal by a charge amplifier. A band-pass filter was applied to reduce
the noise, and then, the output signal was amplified. The output signal was collected by the
input interface of the network analyzer (Keysight E5061B). Figure 8 shows the measurement
results for the GDR and RDR. For the GDR, the resonant frequencies were 10.4163 kHz
and 10.4254 kHz, and they were 16.6214 kHz and 16.6472 kHz for the RDR. The frequency
split was 9.1 Hz for the GDR and 25.8 Hz for the RDR without tuning. The test results
show that the symmetry of the GDR increased by about 64.7% compared with the RDR.
This asymmetry came from a crystal orientation error and fabrication error, which could
be reduced by structural trimming or electrostatic tuning. The improvement of the GDR
over the RDR topology resulted in a lower effective stiffness and higher effective mass,
and therefore a lower frequency. Additionally, the GDR had better immunity to crystal
orientation error and fabrication error and therefore had a lower frequency split.
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Figure 8. Experiment results of frequency response and ring-down test: (a) GDR. (b) RDR.

4.2. Ring-Down Test

With the drive signal of the resonator turned off, the resonant amplitude of the free
decay followed the exponential law due to the presence of dissipation:

A(t) = Agexp(—t/T) (11)
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where T is the time constant which is directly proportional to the Q:

Q=mntfo (12)

where f) is the resonant frequency. The ring-down test could be used to evaluate Q more
precisely. At first, the resonator was excited at the resonant frequency which was produced
by a Signal Generator (AFG1062). After waiting for the oscillation to stabilize, the excitation
signal was turned off and the decaying signal was recorded using a NI-DAQ capture card
in LabVIEW. Finally, the data were calculated in MATLAB and the envelope was obtained.
T was calculated by fitting the envelope with Equation (11), and Q could be estimated
based on Equation (12). The ring-down test result is shown in Figure 8. The decaying time
constant T of the GDR was determined to be 0.59 s, and Q was calculated to be 19.2 k. The
7 of the RDR was 0.25 s, and Q was calculated to be 13.2 k. The experimental results show
that the GDR had better performance than the RDR.

5. Conclusions

This paper reported on the design, fabrication, and characterization of a GDR. The
relationship between S, and Q and frequency split was derived. The FEM was used to
verify that the GDR had a lower resonant frequency and effective stiffness, higher Q and
Spech, and higher immunity to crystal orientation error than the RDR. The designed GDR
and the traditional RDR with the same structure parameters were fabricated using the SOI
process, and the resonator performances were characterized. For the GDR fabricated in this
paper, the frequency split was decreased by 64.7%, and Q and T were improved by 145%
and 236%, compared with the RDR. The experimental results show that the proposed design
is feasible in and applicable to the creation of a high-performance gyroscope. Moreover,
by adjusting the structure parameters and keeping the resonator under an ultra-vacuum
condition, the performance of the GDR could be further improved.
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