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ABSTRACT
In this paper, for the first time, we report Q-factor over

1 million, on both modes, and high frequency symmetry (∆f/f ) of
132 ppm on wafer-level micro-glassblown 3-D fused silica wineglass
resonators at a compact size of 7 mm diameter and center frequency
of 105 kHz. In addition, we demonstrate for the first time, out-of-
plane capacitive transduction on MEMS wineglass resonators. High
Q-factor is enabled by a high aspect ratio, self-aligned glassblown
stem structure, careful surface treatment of the perimeter area, and
low internal loss fused silica material. Electrostatic transduction is
enabled by detecting the spatial deformation of the 3-D wineglass
structure using a new out-of-plane electrode architecture. To the
best of our knowledge, work presented in this paper is the highest
reported Q-factor on a degenerate mode device at 7 mm diameter or
smaller. Micro-glassblowing may enable batch-fabrication of high
performance fused silica wineglass gyroscopes at a significantly
lower cost than their precision-machined macro-scale counterparts.

INTRODUCTION
Recently, there has been a growing interest in 3-D MEMS

wineglass resonator architectures for use in inertial sensing appli-
cations due to potential advantages in symmetry, minimization of
energy losses, and immunity to external vibrations [1]–[5].

Q-factor and frequency symmetry are key parameters for high
performance degenerate mode Coriolis Vibratory Gyroscope (CVG)
operation, as they directly relate to gyro performance metrics such
as rate sensitivity, noise performance, and power consumption.
However, obtaining high-Q factor and the required symmetry on
3-D MEMS devices remains to be a challenge due to factors such as
thermoelastic dissipation, granularity of thin films, intrinsic material
losses, high surface roughness, lack of a functional stem structure,
and the associated anchor losses. Primarily, two main methods
are employed in fabrication of MEMS wineglass structures: (1)
deposition of thin-films on pre-defined molds, (2) blow molding
the device layer into a pre-defined cavities. For example, Q-factor
of 19.1k have been demonstrated on poly-silicon shell structures
deposited in pre-etched cavities [1]. Q-factors up to 6.3k [2] were
measured on poly-diamond wineglass shells deposited in pre-etched
cavities and up to 20k were measured on sputtered ultra low
expansion (ULE) glass shells deposited on precision ball lenses [3].
Blow molding was used to demonstrate Q-factors as high as 7.8k
on bulk metallic glass shells [4] and 300k on fused silica shells [5].

In this paper, we explore an alternative fabrication paradigm
under the hypothesis that surface tension and pressure driven micro-
glassblowing process may serve as an enabling mechanism for wafer-
scale fabrication of extremely symmetric and atomically smooth
wineglass resonators. Micro-glassblowing process relies on viscous
deformation of the device layer under the influence of surface tension
and pressure forces to define the 3-D shell structure as opposed to
conventional deposition, molding, or etching techniques. During the
brief duration, while the device layer is still viscous, surface tension
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Figure 1: 1 million Q-factor fused silica wineglass structure pre-
sented in this paper (left), close-up of capacitive gaps (right).

forces act on the 3-D shell structure, at an atomic level, to minimize
surface roughness and structural imperfections; this leads to levels
of smoothness and structural symmetry that is not available through
conventional fabrication techniques. In addition, current MEMS
fabrication techniques restrict the material choice to a few materials
limiting the maximum achievable Q-factor. Available materials such
as single-crystal silicon, have relatively high coefficient of thermal
expansion (CTE) and consequently high thermoelastic dissipation
(TED). Materials with low CTE, such as fused silica (0.5 ppm/◦C) or
ultra low expansion titania silicate glass, provide a dramatic increase
in fundamental QTED limit (ULE TSG is a glass that consists
of SiO2 & TiO2; this engineered material has the lowest known
isotropic CTE of 0.03 ppm/◦C). However, when compared to silicon,
titania silicate glass and fused silica dry etching suffers from an order
of magnitude higher surface roughness, lower mask selectivity (1:1
for KMPR photoresist), and lower aspect ratio, < 6:1 [6]. Micro-
glassblowing allows the use of fused silica material on a wafer-level
without the need for these challenging dry etching techniques.

Micro-glassblowing of borosilicate glass spherical shell struc-
tures has been demonstrated for nuclear magnetic resonance appli-
cations [7]. Later, fused silica and ultra low expansion glass micro-
glassblowing of inverted-wineglass structures has been demonstrated
at temperatures as high as 1700 ◦C [8]. Assembled electrode struc-
tures and a piezo-pinger setup were developed in [9] for electrostatic
and mechanical excitation of micro-glassblown structures. Finite
element analysis of the micro-glassblowing process [10], and further
improvement in the fabrication process led to frequency splits (∆f )
as low as < 1 Hz on borosilicate glass wineglass structures [11].

In this work, we report the most recent developments in
the wafer-level, micro-glassblowing paradigm for fabrication of 1
million Q-factor, highly symmetric (∆f/f = 132 ppm) fused silica
wineglass resonators at 7 mm diameter and first demonstration
of out-of-plane electrostatic transduction on MEMS wineglass res-
onators, Fig 1.
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Figure 2: Out-of-plane electrode architecture consists of a micro-
glassblown fused silica wineglass resonator and planar Cr/Au elec-
trodes defined on fused silica, enabling batch-fabrication.
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Figure 3: Out-of-plane transduction scheme utilizes out-of-plane
component of wineglass modes to drive and sense in-plane motion.

DESIGN
Out-of-plane electrode architecture and parameters affecting Q-

factor are discussed in this section.

Out-of-plane electrode architecture
Wineglass coriolis vibratory gyroscopes typically utilize 8 or

more electrodes to drive and sense the primary wineglass modes. One
of the main challenges of fabricating micro-wineglass resonators is
the definition of the electrode structures in a manner compatible with
batch-fabrication. 3-D side-walls of the wineglass geometry makes
it challenging to fabricate radial electrodes with small capacitive
gaps and to keep the gap uniform across the height of the structure.
Even though post-fabrication assembly techniques have been suc-
cessfully demonstrated [9], these approaches create a bottle-neck in
batch-fabrication of the devices at wafer level.

In this paper, we explore an alternative transduction paradigm
based on out-of-plane electrode architecture. Out-of-plane electrode
architecture consists of a micro-glassblown fused silica wineglass
resonator and planar Cr/Au electrodes defined on a fused silica
substrate, Fig. 2. Out-of-plane capacitive gaps are formed between
the Cr/Au metal traces and the perimeter of the wineglass resonator.
Electrostatic transduction is made possible by the 3-D mode shape
of the wineglass resonator: in-plane deformation of wineglass modes
is accompanied by an out-of-plane deformation, Fig. 3. This permits
the use of out-of-plane transduction to drive and sense the in-plane
oscillations, which are sensitive to coriolis forces along the z-axis
of the structure [12]. This kind of electrode structure has several
advantages over radial electrode structures:

• Even though a smaller surface area is utilized for capacitive

This design

Figure 4: Out-of-plane to in-plane displacement ratio for mushroom
resonators: Due to the 3-D nature of the resonator, the ratio is close
to 1:1. Star marks the design presented in this paper.

800 mμ

Figure 5: Array of micro-glassblown wineglass structures (left),
glassblown self-aligned stem structure (right).

gaps compared to radial electrodes, planar nature of the elec-
trode structure makes it easier to obtain smaller capacitive
gaps, which helps compensate for the loss of surface area.

• Sacrificial layers and wafer-to-wafer bonding techniques can
be used to define the capacitive gaps, which makes the
process very robust to alignment errors, as the gap uniformity
is defined by the thickness of the sacrificial layer and not the
wafer to resonator alignment accuracy.

• The metal traces for the electrodes can be defined on the
same material used for the resonator (i.e. fused silica),
providing uniform coefficient of thermal expansion between
the electrode die and the resonator.

• For mushroom type geometries the ratio of out-of-plane
motion to in-plane motion is close to 1:1, leading to very
efficient out-of-plane transduction, Fig. 4.

Optimization of Q-factor
Total Q-factor of the vibratory structure can be calculated

from contribution of individual dissipation mechanisms in a manner
analogous to solving a parallel resistor network, Eq. 1. For this
reason the total Q-factor is dominated by the dissipation mechanism
with the lowest Q-factor (weakest link).

Q−1
total = Q−1

visc +Q−1
anchor +Q−1

mat +Q−1
surf +Q−1

etc . (1)

In order to optimize the Q-factor all loss mechanisms affecting
the system need to be individually addressed:

• Viscous damping, Qvisc, is the most dominant affect with
Q-factor of several thousands at atmospheric conditions.
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Figure 6: Wafer-level fabrication process for fused silica micro-
wineglass structures.

However, it can easily be eliminated by operating the device
in moderate to high vacuum.

• Anchor losses, Qanchor , are caused by acoustic losses into
the substrate and are minimized by decoupling the resonator
and the substrate through a self-aligned, solid stem structure,
Fig. 5.

• Material losses, Qmat, can be divided into several individual
loss mechanisms. Thermoelastic dissipation is caused by an
interaction between the thermal fluctuations and mechanical
oscillations and is minimized by using materials with low
coefficient of thermal expansion (CTE), such as fused silica
(0.5 ppm/◦C). Additional material losses are caused by
microscopic effects, such as presence of foreign materials
within the matrix of the resonator material and lattice defects
at grain boundaries [13]. These effects are minimized by
using a high purity, isotropic fused silica material.

• Surface losses, Qsurf , are mainly caused by high surface
roughness and metallization losses [13]. These effects are
minimized through atomically smooth surfaces of micro-
glassblown structures [8] and keeping the thickness of the
metal layer very small with respect to the resonator shell
thickness (50 nm of sputtered Iridium).

• Additional loss mechanisms, Qetc, such as Akheiser dissi-
pation have typically very high Q-factors at kHz range and
are not taken into account [14].

FABRICATION
Micro-glassblowing is a wafer-level process, Fig. 5, which

utilizes surface tension and pressure forces to minimize surface

Δf = 14 Hz

Q = 1.14 million

Figure 7: Frequency sweep revealed a Q-factor of 1.14 million and
as fabricated freq. split (∆f ) of 14 Hz at 105 kHz center freq.

roughness and structural asymmetries (∆f ) [11]. Fabrication process
starts with ∼ 2 µm thick LPCVD poly-silicon deposition on 1 mm
thick fused silica wafers. The poly-silicon mask is used to etch hemi-
toroidal cavities into fused silica wafers down to ∼ 300 µm depth.
The next step of the fabrication process is plasma assisted fusion
bonding of a 500 µm thick fused silica device layer (Corning 7980),
Fig 6(a) [8]. The wafer stack is later glassblown at > 1600 ◦C
for ∼ 2 minutes and rapidly cooled to room temperature, Fig 6(b).
During glassblowing the device layer at the central post merges
to create a solid, self-aligned stem structure, critical for high-Q
operation, Fig. 5. This is followed by back-lapping the wafer stack to
release the inverted wineglass structures using an Allied Multiprep
12” lapping system, Fig 6(c). A series of diamond lapping films
with descending grit size of 30 µm ⇒ 6 µm ⇒ 3 µm ⇒ 1 µm ⇒
0.5 µm ⇒ 0.1 µm are used for lapping, final polish is done using
polishing cloth and 50 nm colloidal suspension to obtain optical
polish at the perimeter of the shell structure.

Interior surface of the wineglasses is metallized with 50 nm
thick sputtered Iridium on a two axis planetary stage for film
uniformity. For the out-of-plane electrode structures, separate fused
silica wafers are patterned with Cr/Au (100 nm / 500 nm) elec-
trodes and coated with a thin layer of photo-resist sacrificial layer.
Subsequently, lapped and metalized wineglass wafer is bonded to the
out-of-plane electrode wafer at the stem of each wineglass using low
out-gassing epoxy, Ablebond JM7000, Fig 6(d). Once the bonding
is complete, the sacrificial layer is removed to release the inverted
wineglass structures around their perimeter, creating capacitive gaps
between the metalized inverted wineglass structures and the Cr/Au
electrodes, Fig 6(e).
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τ = 3.18 s

Figure 8: Ring-down experiment at 19 µTorr shows τ = 3.18 s,
giving 1.05 million Q-factor at 105 kHz, confirming the sweep.

EXPERIMENTAL RESULTS
Frequency sweep using out-of-plane electrodes revealed Q-

factor of 1.14 million and frequency split of 14 Hz at a center
frequency of 105 kHz (∆f/f = 132 ppm), Fig. 7. A separate
ring down experiment was performed where the device was excited
with a narrow bandwidth swept sine-wave impulse and resonator
output during free vibration was recorded. Ring down experiment
demonstrated a time constant of 3.18 seconds and Q-factor of 1.05
million, confirming the frequency sweeps, Fig. 8. In order to observe
the effect of viscous damping on the overall Q-factor, the frequency
sweep was repeated at different pressure levels. Q-factor of 1 million
was obtained below < 20 µTorr, Fig. 9. No further improvement in
Q-factor was observed below < 20 µTorr.

CONCLUSIONS
Micro-glassblown fused silica wineglass resonators with out-

of-plane electrode structures have been fabricated. Q-factor over
1 million, on both modes, and high frequency symmetry (∆f/f ) of
132 ppm have been experimentally demonstrated at a compact size
of 7 mm diameter. In addition, out-of-plane capacitive transduction
on MEMS wineglass resonators have been demonstrated for the first
time.

To the best of our knowledge, work presented in this paper is
the highest reported Q-factor on a degenerate mode device at 7 mm
diameter or smaller. Low internal dissipation of fused silica com-
bined with high structural symmetry of MEMS micro-glassblowing
paradigm may enable batch-fabrication of high performance fused
silica wineglass gyroscopes on a wafer surface at a significantly
lower cost than their precision-machined macro-scale counterparts.
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