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Abstract— This paper analyzes energy dissipation mechanisms
in in-phase and anti-phase actuated micromachined z-axis vibra-
tory gyroscopes. The type of actuation is experimentally identified
as the key factor to energy dissipation. For in-phase devices,
dissipation through the die substrate is the dominant energy
loss mechanism. This damping mechanism depends strongly on
the die attachment method; rigid attachment increases Q)-factor
at the cost of reduced isolation of the MEMS device from
package stresses and vibrations. In contrast, anti-phase operation
suppresses dissipation through the die substrate while providing
immunity to external vibrations. Higher Q)-factors in anti-phase
devices are explained by effective subtraction of stresses applied
to the substrate during vibrations. Based on the experimental
investigation and the developed analytical model for energy
dissipation through the die substrate, the limiting ()-factor for
in-phase devices is generally below 20 thousand, while Q-factors
much higher than 100 thousand can be achieved with balanced
anti-phase actuated gyroscopes.

I. INTRODUCTION

Performance limits of various vibratory micromachined
devices, including Coriolis gyroscopes, are dictated by the
maximum achievable ()-factors of the operational vibratory
modes [1], [2]. For gyroscopes packaged at pressures near
atmospheric, viscous gas damping dominates the other dissi-
pation mechanisms [3]; extensive literature on gas damping in
different types of MEMS is available [4].

Dissipation of energy in micromachined vibratory gyro-
scopes operated in vacuum is defined by a combination of
several mechanisms [2], including thermoelastic dissipation
(TED), surface losses, dissipation through support, and elec-
tronic damping [5]. Existing publications on dissipation in
vacuum operated gyroscopes mainly focus on TED limitations
[51, [6].

While thermoelastic dissipation often becomes the ()-factor
limiting mechanism in vacuum packaged micromechanical res-
onators due to their decreasing size and increasing frequency
(MHz range) [6], it does not necessarily dominate damping
in micromachined gyroscopes which usually have a bulky
proof mass and operate in lower frequencies (kHz range).
The observed limiting non-viscous Q-factor, (;,, of most
micromachined gyroscopes in vacuum is in the range of 10° to
10%. In contrast, finite element modeling shows that @)-factor
due to solely TED is usually higher than 106.
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The other important non-viscous energy loss mechanism,
dissipation of energy through the substrate, is not sufficiently
studied, especially in the context of MEMS gyroscopes [2].
Limited literature is available on this dissipation mechanism
and mostly studies propagation of vibrational energy of mi-
cromachined beams into a much larger substrate, e.g. [7]-[9].

In this paper, we comparatively analyze dissipation of en-
ergy through the die substrate in in-phase and anti-phase actu-
ated z-axis micromachined vibratory gyroscopes and study the
effects of die attachment method. First, in Section II, we report
the measurements of drive-mode (Q-factors in gyroscopes with
in-phase and an anti-phase actuation packaged using different
die attachment methods. Then, in Section III, we propose a
lumped element model that considers damped dynamics of a
finite die substrate and provides insight into experimentally
observed effects of actuation type and die attachment method
on the effective (Q-factor. Finally, the paper is concluded with
a summary of the obtained results and a discussion on the
high-@ sensor design and packaging trade-offs in Section IV.

II. EXPERIMENTAL CHARACTERIZATION
A. Testbed Gyroscopes and Experimental Setup

Two different types of gyroscopes were used for experi-
mental study of Q-factors. The first gyroscope [10] has only
one degree of freedom (DOF) drive-mode corresponding to
a single resonance of the proof mass. The second gyroscope
[11] has a 2-DOF drive-mode which allows for two distinct
resonances: the lower frequency in-phase mode and the higher
frequency anti-phase mode. In the in-phase mode the two proof
masses of [11] translate in unison, similarly to the gyroscope
with a 1-DOF drive-mode [10]. Because of the similarity
between the 2-DOF in-phase mode and the single resonant
mode of a 1-DOF device, we will refer to both cases as “in-
phase” or “in-phase actuated”. Correspondingly, the anti-phase
resonance of a 2-DOF drive-mode will be referred to as “anti-
phase” or “anti-phase actuated”.

The tested gyroscopes were fabricated using an in-house
wafer-scale SOI process, singulated, packaged in CDIP-24
packages, and wirebonded for experimental characterization,
Fig. 2(a). In order to investigate effect of the die attachment
on the measured (-factor, the gyroscopes were attached to
the packages using three different methods: SPI conductive
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(a) Gyroscope [10] with a 1-DOF  (b) Gyroscope [11] with a 2-DOF
drive-mode. drive-mode.

Fig. 1. SEM images of gyroscopes with 1-DOF and 2-DOF drive-modes.
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(a) Packaged gyroscope [10]. (b) Vacuum setup.

Fig. 2. Experimental setup for characterization of Q)-factors in vacuum.

double-sided carbon adhesive tape, Circuit Works two-part
conductive epoxy, and SPM Au-Sn 80/20 solder preform. In
order to experimentally measure dependency of the Q-factor
on pressure and identify the limiting non-viscous value Qi
the packaged gyroscopes were characterized in a vacuum
chamber, Fig. 2(b).

B. Effects of Actuation Type and Die Attachment

For each tested device, Q-factors were measured at different
pressure levels between atmospheric and 10 mTorr vacuum.
The measured Q-factors as functions of pressure were then
analyzed to separate out the effect of gas damping and extract
the limiting non-viscous Qy;,. Fig. 3 presents the experimental
results for both in-phase and anti-phase actuated gyroscopes
packaged using different die attachment methods.

Fig. 3(a) shows -factors of the in-phase and anti-phase
resonant modes of the gyroscope [11]. The in-phase mode
Quim strongly depends on the die attachment method, with
Qiim of approximately 3.6 and 10.6 thousand for adhesive
and epoxy die attachment, respectively. At the same time,
Quim of the anti-phase mode is not significantly affected by
the die attachment method. In the tested range of vacuum,
the dissipation is governed by molecular gas flow damping
mechanism and shows Qj;,,, of approximately 200 thousand,
more than an order of magnitude higher than for the in-phase
mode.

The effect of die attachment on the limiting )-factor,
Quim»> Was further investigated using a batch of identical in-
phase actuated gyroscopes [10] with a single-DOF drive-mode,
Fig. 3(b). These devices were packaged using three different
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(a) Gyroscope [11] with a 2-DOF drive-mode having both an in-
phase and and an anti-phase mode.
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(b) In-phase gyroscope [10] with a single-DOF drive-mode.

Fig. 3. Experimental study of Q-factor in in-phase and anti-phase actuated
gyroscopes packaged using different die attachment methods.

die attachment methods: 1) carbon adhesive, 2) epoxy, 3) eu-
tectic solder preform. The measurements reveal an increasing
Q1im of approximately 4.3, 9.6, and 18 thousand, respectively.
The experimental results suggest that the limiting energy
dissipation mechanism in in-phase actuated devices is dissi-
pation of energy through the die substrate into the package
via the die attachment interface with the more rigid and less
viscous attachment material resulting in higher Qy;y,.

III. MODELING
A. Finite Element Modeling of Thermoelastic Dissipation

In this subsection, we report a numerical simulation of
thermoelastic dissipation to verify the experimental conclu-
sions on the nature of the dominant ()-factor limiting loss
mechanism. The gyroscope [11] with 2-DOF drive-mode was
modeled using the finite element software package COMSOL
Multiphysics. Finite Element Modeling (FEM) of the gyro-
scope’s in-phase and anti-phase modes is shown in Fig. 4(a)
and Fig. 4(b), respectively. For both the in-phase and the anti-
phase modes, Q-factor due to thermoelastic damping, QT gp,
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(a) In-phase mode, Qrgp = 1.7 X (b) Anti-phase mode, Qrgp =
109, resonance is at 1.46 kHz. 1.3 x 109, resonance is at 2.18 kHz.

Fig. 4. FEM of TED in gyroscope [11] predicts Q-factors higher than 10°
for both in-phase and anti-phase modes (colors represent z-displacement).

exceeds a million, which is orders of magnitude higher than
the experimentally observed @, These modeling results
support the experimental conclusions on importance of energy
dissipation through the die substrate as the (-factor limiting
mechanism.

B. Dissipation in In-Phase Actuated Devices

It is apparent from the reported experiments and finite
element modeling that dissipation of energy through the vi-
brating die substrate via the die attachment interface can be the
dominant energy dissipation mechanism. Thus, the dynamics
of the die substrate needs to be considered together with the
dynamics of a MEMS gyroscope’s drive-mode. Fig. 5(a) shows
a lumped model of a single-DOF vibratory element m; on a
mobile die substrate ms. The ratio between the device and the
die substrate masses depends mostly on the relative thicknesses
of the layers and the relative area of the device; for the in-phase
actuated SOI devices discussed in this paper mo =~ 20 X m;.
The interaction between the vibratory element m; and the die
substrate my is described by stiffness k; and damping c1;
die attachment interface between the die substrate mqy and the
fixed package is represented by ko and cs.

According to this approach, an ideal single mass MEMS res-
onator, such as a 1-DOF drive-mode of a vibratory gyroscope,
is in fact a coupled dynamic system with 2 degrees of freedom,
where the observed characteristics of the main resonant mode
are affected by the coupling from the die substrate dynamics.
Fig. 5(b) illustrates the concept by comparing the nominal
1-DOF and the coupled frequency responses of a single-
DOF resonator with intrinsic ()-factor of 200 thousand on
a mobile die substrate. For this simulation, the following
numerical parameters, based on the identified properties of the
test devices, were used: m; = 7.3e-7 kg, mo = 1.4e-5 kg, k1 =
115 N/m, k2 = 9e3 N/m, and ¢; = 4.6e-8 N/(m/s). The damping
value ¢y associated with the energy loss at the die attachment
interface was defined by ¢y = kama/Q sup, where the quality
factor of the die attachment Q. was iterated through 101,
102, 10, and 10*. Due to the die substrate coupling, the
observed Q-factor of the MEMS device can drop drastically.
For instance, for Qs = 10 [12] the simulation shows that
effective (Q-factor can drop from 200 thousand to below a

k, sl force F

| coupling with substrate dynamics reduces
Q to 115e3, 43e3, 6e3 and 0.6e3, respectively

—70[— Ideal 1-DOF
_goll=— 2-DOF, qub=104
— 2-DOF, Q, =10° ideal 1-DOF
b Q=200e3
— 2-DOF, Q=10

— 2-DOF, Q,=10'

Gain, dB (force to displacement)
b
[=}

—120f

—-130f

~14056 1.97 1.98 1.99 2 2.01

Frequency, kHz

(b) Nominal and die substrate coupled frequency responses for
different die attachment damping values.

Fig. 5. Modeling of energy loss through the substrate by coupling a high-Q
gyroscope with a mobile die substrate with damped die attachment interface.

thousand. Values of Qs on the order of several hundred result
in effective ()-factors observed in the experiments.

C. Dissipation in Anti-Phase Actuated Devices

Similarly to the case of a drive-mode with a single degree
of freedom discussed in the previous subsection, dissipation
of energy through the substrate in devices with 2-DOF, such
as drive-mode of tuning fork gyroscopes, can be modeled by
augmenting the lumped model with an extra DOF representing
the mobile die substrate. Fig. 6(a) shows a lumped model,
where m; and mg are the two tines of a tuning fork type
gyroscope, and m3 is the mobile die substrate. Each tine is
suspended relative to the substrate with stiffnesses ki o and
damping c; o respectively; the two tines are also coupled to-
gether with stiffness k12 and damping c12. The die attachment
interface between the mobile die substrate ms and the fixed
package is represented by stiffness k3 and damping cs.

Typically, the two tines of a tuning fork gyroscope are
designed to be structurally balanced, i.e. mi = mo, k1 = ko,
and ¢; = co. For the SOI anti-phase actuated gyroscopes
described in this paper, mz ~ 120 x mq 2. Fig. 6(b) shows
simulation of the substrate dissipation using the lumped 3-
DOF model. In the simulation, the frequency response of a
balanced tuning fork gyroscope with an anti-phase mode Q-
factor of 200 thousand is compared to the response of the 3-
DOF system that includes the damped die substrate dynamics.
The following numerical parameters, based on the properties
of the gyroscopes with a 2-DOF drive-mode implemented in a
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Fig. 6. Modeling of energy loss through the substrate in 2-DOF devices by
augmenting the system dynamics with a damped die substrate DOF.

3.5 mm die size, were used for the simulation: m; » = 1.16e-7
kg, ms = 1.4e-5 kg, c1,2 = 7.3e-9 N/(m/s), k12 = 4.6 N/m,
k12 =7 N/m, k3 = 9e3 N/m, and c3 ~ 1 N/(m/s). Similarly to
the experimental results in Section II, the modeled frequency
responses illustrate that the effective @)-factor of the in-phase
mode can drastically drop due to dynamic coupling with the
damped die substrate. The anti-phase mode @Q-factor of a
balanced tuning-fork is robust to the die substrate damping.

IV. CONCLUSIONS

We presented a study of @)-factor limitations in microma-
chined z-axis vibratory gyroscopes. The type of actuation was
identified as the key factor to the dominant energy dissipation
mechanism and the maximal achievable Qy;y,.

For in-phase actuated devices, energy dissipation through
the die substrate is the dominant damping mechanism. Rigid
die attachment, such as eutectic bonding, minimizes the sub-
strate dissipation and allows for y;,,, on the order of 10
thousand. In practice, however, compliant die attachments are
often used to reduce vibrational and stress isolation of the
MEMS device from the package [13], which results in a
several-fold reduction of Q..

Well balanced anti-phase operation suppresses dissipation
through the substrate due to effective cancelation of stresses
applied by the mobile structures to the die substrate, achieving
Q@-factors much higher than 100 thousand. The high Q-factor
of anti-phase operational modes does not depend on the die at-
tachment properties, allowing for compliant die attachment in
order to minimize the mechanical stress coupling between the

package and the sensing element [13]. In addition, anti-phase
driven gyroscopes inherently provide mechanical rejection of
common mode vibrations [11].
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