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Abstract— In this paper, for the first time, we present a dual-
shell architecture for fabrication of 3D Fused Quartz resonators.
The architecture is realized by defining two encapsulated and
concentric cavities using plasma-activated wafer bonding fol-
lowed by the high-temperature glassblowing. A finite element
model is presented to simulate the fabrication process and predict
the final geometry of the dual-shell device from process param-
eters. We developed the fabrication process and demonstrated
manufactured micro-structures. The dual-shell architecture pro-
vides a protective shield as well as a fixed-fixed anchor for the
sensing element of the resonators. The proposed structure can
be instrumented to operate as a resonator, a gyroscope, or other
vibratory sensor and anticipated to have advantages for precision
operation in a harsh environment.

I. INTRODUCTION

The implementation of Micro-Electro-Mechanical Systems
(MEMS) gyroscopes in high-performance guidance and navi-
gation applications require sensitivity to a low rate of rotations
while maintaining the sensor integrity and survivability during
the high-spin and high-g shock events. The mechanical stresses
induced by such a harsh dynamic environment would result
in the initiation of microcracks at high-stress concentration
locations and fracture of the sensor’s structural material. The
displacement induced by the external shocks and vibrations
during the operation of an electrostatically driven MEMS
gyroscope, would reduce the threshold of the dynamic pull-in
stability and result in snap-down of the resonant structure [1].

3D shell structures have been recently instrumented as
the sensing element of microresonators and gyroscopes [2],
[3]. The Fused Quartz (FQ) shell resonators were fabricated
by thermoplastic bulk deformation of FQ material at high
temperatures using micro glassblowing or blow-torch molding
[4], [5]. For the gyro operation, the 3D FQ shell resonators
were assembled on a substrate for capacitive actuation and
detection. The shells were anchored to the substrate solely
through the inner stem. Although the shell geometry provides
a rugged structure for harsh environments, the limited bonding
surface at the stem would become the weakest point of the
assembled structure.

In this paper, for the first time, a concept of a dual-
shell structure is experimentally demonstrated for fused quartz
as the core sensing element for timing and inertial navi-
gation applications. The structure of a dual-shell resonator
is anticipated to improve the shock survivability and reduce
vibration sensitivity by providing a fixed-fixed anchor for shell
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Fig. 1. Schematics of a 3D dual-shell structure, co-fabricated in a single
glassblowing step. The cap shell and the stem are anchored to form a fixed-
fixed boundary condition for the vibrating shell. (The schematics show a
released dual-shell resonator)

attachment [6], and stiffening the spurious tilt and out-of-plane
modes of vibration [7]. A fabrication process is developed,
and a Finite Element (FE) model is presented to study the
effect of process parameters on the final dual-shell geometry.
A first prototype is demonstrated, validating the proposed
approach for fabrication of the dual-shell structure for MEMS
resonators.

II. DUAL-SHELL RESONATOR ARCHITECTURE

The dual-shell structure consists of an outer (cap) and an
inner (device) shell, co-fabricated in the micro glassblowing
process, sharing a common inner stem. The inner shell is free
to vibrate while the inner stem and the outer shell are bonded
to a substrate, providing a fixed-fixed anchor for the vibrating
shell, Fig. 1. The inner shell would operate in its degenerate
wineglass modes using capacitive excitation and detection to
perform the gyro operation. The fixed-fixed anchor of the dual-
shell structure improves the structural rigidity, high-g shock
survivability, and is anticipated to enable operation through
shock and external vibrations. The outer shell provides a
housing for the vibrating shell, enabling an in-situ vacuum
sealing capability. The surface of the outer shell can be coated
with a low emissivity material for low power ovenization as
well as radiation protection. The co-fabrication of the cap
and device shells was developed using the high-temperature
glassblowing of triple-stacked wafers with concentric cavities.
The concurrent glassblowing forms the dual-shell in a single
step, eliminating the post-fabrication alignment and bonding
of the cap shell to the device shell.
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a) Device wafer cavity etch

b) Cap wafer cavity etch

c) Triple wafer bonding

d) High-temperature glassblowing

f) Integration with through wafer via electrodes
for electrostatic excitation

e) Back-lapping for substrate removal

Capacitive gap
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Fig. 2. FQ dual-shell fabrication process flow: a) cavity pre-etching on the
device wafer, b) cavity pre-etching on the cap wafer, c) substrate/device/cap
triple stack plasma-assisted wafer bonding, d) glassblowing at > 1500 ◦C,
e) substrate removal and planarization by lapping, f) assembly on a substrate
with through wafer vias.

III. PROCESS DEVELOPMENT

The fabrication of dual-shell structures was developed based
on wafer bonding and high-temperature glassblowing pro-
cesses [8]. Initially, cavities were pre-etched on the cap and the
device FQ wafers in the isotropic wet etching process using
Hydrofluoric (HF) acid (48 wt. % in water solution). The de-
vice wafer was bonded to a blank FQ substrate wafer, and the
cap wafer was aligned and bonded to the substrate/device pair
using plasma-assisted wafer bonding. The substrate/device/cap
wafer stack creates an array of aligned cavities in the device
and cap wafer. At the glassblowing temperature, > 1500 ◦C,
the pressure builds up simultaneously inside the two cavities,
and viscosity of FQ layers drops. The encapsulated cavities
expand and create a 3D dual-shell structure with a self-
centered stem. During the viscous deformation of FQ, the
surface tension would minimize the surface area and form a
hemi-toroidal (or hemispherical) geometry.

The inner shell was released by removing the substrate and
polished using parallel back-lapping. The outer shell rim, inner
shell rim, and the inner stem were planarized in the lapping
step and formed a reference plane for subsequent integration
of the dual-shell resonator with a flat substrate for electrostatic
actuation and detection. The schematics of the fabrication
process is illustrated in Fig. 2.

Cap Cavity Pressure

Device Cavity Pressure

0 20 40 60 80 100 120
time (s)

1

2

3

4

5

6

P
re

ss
u

re
 (

k
P

a)

Cap cavity
Device cavity

x100

Fig. 3. Illustration of pressure change in the cap and device cavity in a generic
glassblowing simulation, the pressure drops as cavity volume increases and
reaches an equilibrium with the ambient pressure.
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Fig. 4. Evolution of cap and device shell height in a generic glassblowing
simulation, demonstrating the self-limiting nature of the process. As cavity
volume increases, the deformation rate reduces. The inset figure shows the
deformation due to blowing on the substrate side of the triple stack.

IV. FINITE ELEMENT SIMULATION

The glassblowing is a self-limiting process. The rate of
deformation reduces over time until an equilibrium condition is
reached and the 3D shell is fully developed. The final geometry
of the glassblown shells depends on the initial geometry and
process parameters. The volume of the pre-etched cavity,
initial thickness, radius, glassblowing temperature, pressure,
and wafer bonding pressure define the final geometry of a
glassblown shell [9].

The dual-shell glassblowing was simulated with a Newto-
nian isothermal fluid flow model with adaptive re-meshing
in COMSOL Multiphysics FE Package. The thickness of the
substrate, device, and cap wafer was 1 mm, 500 µm, and 500
µm, respectively, in all of the simulations. In this model, the
instantaneous volume and pressure of the two cavities were
calculated at each time step of the simulation. The initial
volume of cavities was calculated based on the volume of
the isotropic pre-etched cavities. It was assumed that wafers
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Fig. 5. Parametric finite element results of the dual-shell glassblowing
simulations at different cap/device thickness ratios. The device thickness was
100 µm, the device radius was 4.5 mm, and the cap shell radius was 5 mm
in all cases.

were bonded in atmospheric pressure and the initial pressure
in the simulation was proportional to temperature rise. Fig. 3
demonstrates the pressure change in the cap cavity and device
cavity during the simulation. As the pressure drops, the rate of
deformation is reduced. The shells deform until the pressure
reaches an equilibrium and limits the glassblowing height, Fig.
5. During the glassblowing, the bottom substrate would deform
and change the geometry of the final structure. The larger
backside blowing, the shell height would become smaller.
In general, a thicker substrate wafer reduces the unwanted
backside blowing.

The dual-shell process was simulated for two cases. In the
first case, the etch depth of cap wafer was changed in a
parametric FE simulation from 100 µm to 400 µm, and the
etch depth of device wafer was 400 µm. Thus, the thickness
ratio of the cap layer to the device layer was varied from 4 to
1. Fig. 5 shows the predicted final geometry for four different
thickness ratios. The thinner the cap shell, the initial volume
of the cap cavity would be larger, and subsequently, the cap
shell would blow higher.

In the second case, the volume of the cap and device cavities
were constant. The initial pressure of the cap cavity was varied
to provide different cap-to-device pressure ratios, resembling
the wafer bonding of the cap layer at different pressures.
The cap wafer bonding at a lower pressure would reduce the
blowing height of the cap shell, Fig. 6.

The simulation results revealed that a variety of dual-shell
geometries could be realized by controlling the pressure ratio
and thickness ratio of the device and cap wafers.

V. A PROTOTYPE

High-purity FQ wafers with an initial thickness of 500 µm
were used to fabricate the dual-shell structure. The wafers were
coated with a 2 µm LPCVD doped polysilicon as a masking

pressure ratio: 1.0

pressure ratio: 0.5

pressure ratio: 0.75

pressure ratio: 0.25

Fig. 6. Parametric finite element results of the dual-shell glassblowing
simulations at different cap/device pressure ratios. The cap and device
thickness were 100 µm, the device radius was 4.5 mm, the cap shell radius
was 5 mm, and the device cavity pressure was 1 atm in all cases.
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Fig. 7. (Left) cross-section of a double-cavity triple stack, (right) a bonded
wafer stack showing the concentric cavities before the glassblowing.

material for the isotropic wet etching. The device wafer and
the cap wafer were time-etched in HF 48% to achieve 430
µm, and 250 µm etch depth, respectively. The device wafer
was manually bonded to a 1 mm thick FQ substrate wafer.
The substrate/device wafer stack and the cap wafer were
aligned and bonded in an AML-AWB aligner wafer bonder.
The plasma-assisted direct bonding in atmospheric pressure
was used for both wafer bonding steps. Fig. 7 shows the
cross-section of a triple-stack FQ die before the glassblowing.
Fundamentally, the glassblowing process can be performed
on the wafer scale using a high-temperature furnace with
a uniform temperature distribution across the wafer. In the
current fabrication process, the wafers were dices after the
bonding step, and the glassblowing was performed on the die-
level to operate the process in the uniform temperature zone
of the furnace.

The glassblowing process was performed using a sliding
tube Rapid Thermal Processing (RTP) furnace at 1800 K. The
process time was between two to three minutes to fully develop
a shell structure. Fig. 8 illustrates a dual-shell structure after
the glassblowing. The substrate was removed using the parallel
back-lapping to release the inner shell. The rim of the inner
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TABLE I
COMPARISON OF FE PREDICTION AND MEASUREMENTS ON THE

FABRICATED DUAL-SHELL PROTOTYPE.

Parameter FE Simulation Measurement
Rim thickness (um) 86.2 86.2
Stem radius (mm) 0.32 0.48
Inner shell radius (mm) 3.33 3.24
Outer shell radius (mm) 4.06 3.9
Total dual-shell height (mm) 2.57 2.67
Resonant frequency (kHz) 8.7 9.6

shell was polished using a 0.5 µm diamond abrasive polishing
film.

The frequency response of the released shell resonator
prototype was characterized using a bulk piezo stack for
the excitation and a Laser Doppler Vibrometer (LDV) for
detection. The cap shell was attached to a bulk piezo stack,
and the motion of the device shell was captured from the rim
area using the LDV. Fig. 9 shows the frequency response of
the dual-shell prototype, demonstrating a 9.6 kHz resonant
frequency with an as-fabricated frequency split of 70 Hz. The
amplitude of the inner stem and the cap layer were recorded for
the range of sweep frequency. The results revealed no modal
coupling between the device shell and the cap layer.

The FE predictions were compared with measurements of
the fabricated dual-shell prototype. The final mesh of the
glassblowing simulation was exported to a CAD software, the
substrate region was trimmed, and the 3D dual-shell geometry
was reconstructed for the modal analysis. A comparison be-
tween measurements and predictions are summarized in Table
I.

VI. CONCLUSION

A novel structure for 3D fused quartz dual-shell resonators
was demonstrated, and the fabrication process was developed.
A finite element model was presented to simulate the dual-
shell glassblowing process and predict the final geometry
based on the initial process parameters. A prototype of the
dual-shell resonator was fabricated using the high-temperature
glassblowing. The frequency response characterization re-
vealed the 9.6 kHz resonant frequency of the wineglass mode
of the inner shell with no coupling to the inner stem and

Cap shell Vibrating
shell

Released shell

stem
Cap layer

Fig. 8. (Left) a prototype of a glassblown dual-shell structure fabricated using
triple-stack wafer bonding and high temperature glassblowing. The inner shell
was metallized for a better visibility in the picture, (right) a released dual-
shell die after substrate removal and planarization using back-lapping and
polishing.
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Fig. 9. An initial frequency response characterization of the dual-shell
prototype using a bulk piezo stack excitation and LDV for detection. No
coupling was observed between the inner and outer shell.

the cap shell. The proposed dual-shell architecture can be
implemented as a core sensing element with a compact form
factor in micro- resonators and gyroscopes operating through
shock and vibration.

REFERENCES

[1] M. I. Younis, F. Alsaleem, and D. Jordy, “The response of clamped–
clamped microbeams under mechanical shock,” International Journal of
Non-Linear Mechanics, vol. 42, no. 4, pp. 643–657, 2007.

[2] M. H. Asadian, Y. Wang, S. Askari, and A. Shkel, “Controlled capacitive
gaps for electrostatic actuation and tuning of 3d fused quartz micro
wineglass resonator gyroscope,” in IEEE International Symposium on
Inertial Sensors and Systems (INERTIAL), Kauai, HI, March 2017.

[3] C. Boyd, J. K. Woo, J. Y. Cho, T. Nagourney, A. Darvishian, B. Shiari, and
K. Najafi, “Effect of drive-axis displacement on mems birdbath resonator
gyroscope performance,” in 2017 IEEE International Symposium on
Inertial Sensors and Systems (INERTIAL), 2017, pp. 1–2.

[4] D. Senkal, M. J. Ahamed, M. H. Asadian, S. Askari, and A. M. Shkel,
“Demonstration of 1 million Q-factor on microglassblown wineglass
resonators with out-of-plane electrostatic transduction,” IEEE Journal of
Microelectromechanical Systems, vol. 24, no. 1, pp. 29–37, 2015.

[5] J. Y. Cho, J.-K. Woo, J. Yan, R. L. Peterson, and K. Najafi, “Fused-silica
micro birdbath resonator gyroscope,” IEEE Journal of Microelectrome-
chanical Systems, vol. 23, no. 1, pp. 66–77, 2014.

[6] A. Shkel and D. Senkal, “Environmentally robust micro-wineglass gyro-
scope,” Aug. 30 2016, US Patent 9,429,428.

[7] K. Najafi, J. Y. Cho, A. Darvishian, G. He, B. Shiari, and T. Nagourney,
“Gyroscope and fabrication process,” Aug. 31 2017, US Patent App.
15/444,450.

[8] M. H. Asadian, Y. Wang, and A. M. Shkel, “Design and Fabrication of
3D Fused Quartz Shell Resonators for Broad Range of Frequencies and
Increased Decay Time,” in IEEE SENSORS, New Delhi, India, October,
2018.

[9] M. H. Asadian, Y. Wang, R. Noor, and A. M. Shkel, “Design space
exploration of hemi-toroidal fused quartz shell resonators,” in IEEE
International Symposium on Inertial Sensors and Systems (INERTIAL),
Naples, FL, April, 2019.

8




